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ABSTRACT

Owing to extensive manufacturing and widespread uses, synthetic dyes can
cause substantial environmental pollution and are severely harmful for human
health. Though, the increasing influence of environmental protection on industrial
development promotes the development of green technologies which are eco-
friendly. The dyes present in water reduce the photosynthetic activity of aquatic
plants by interrupting the entering sun rays, resulting in the annihilation of the water
ecosystem. As a result, pollution related diseases are becoming more and more
prominent. Also, several dyes and their metabolite products are found to be
mutagenic and carcinogenic for humans.

Consequently, different chemical biological and physical methods are used
for environmental remediation of dyes. Although, thus implied methods are found
to be insufficient for the removal of all potentially hazardous dyes and may generate
toxic secondary pollutants into ecosystem. Therefore, an effective method is needed

for complete mineralization of organic pollutants from waste water.

In recent years, semiconductor photocatalysis as the pioneering purification
technology draws attention, because it is able to generate highly reactive transient
species for complete mineralization of dyes. But, the efficacy of photocatalysis is
limited as most of the catalysts show response in UV light only, and hence, it is
necessary to modify photocatalyst to enhance their photocatalytic activity in visible
light region.

Perovskites are the mixed metal oxides with the general formula ABOs. In
the typical crystal structure of perovskite material, the A site is engaged by the
larger cation, while the B site is occupied by the smaller cation. Perovskites are one
of the most important families of materials exhibiting properties suitable for
numerous technological applications. Perovskite materials have been studied for
photocatalytic degradation of various pollutants such as phenols, dyes and drugs
from waste water. Thus this thesis presents a study of the synthesis of BaBiOz and
Bao6Ko.4BiO3 perovskites via Pechini method and their subsequent use as a
photocatalyst in photodegradation of various dyes i.e. Crystal violet, Malachie
green and Congo red. The initial rates of the photo-degradation are calculated for

various initial dye concentrations. The Langmuir-Hinshelwood model is used for



interpreting the initial rate data and for the development of a rate equation for
degradation of the studied dye. An adsorption study has also been discussed.

The structural, morphological and optical characteristics of the synthesized
nanoparticles were studied by Thermo Gravimetric Analysis (TGA), powder X-ray
diffraction, Fourier Transform Infra-Red spectroscopy, UV-Vis Diffuse
Reflectance Spectroscopy (UV DRS) and Scanning Electron microscopy (SEM).

The XRD patterns suggest that BaBiOs crystallizes in the distorted
monoclinic structure while BaoeKo.4BiO3 crystallizes in the cubic structure. The
strong and sharp peaks in the diffractograms indicate the crystalline nature and
phase purity of the prepared samples. The phase evolution of both the catalysts with
increasing temperature was done by DT-TGA. The TGA curves show that above
final calcination temperatures (800°C for BaBiOs and 720°C for BagsK004BiO3),
no weight loss is observed, hence it is concluded above this temperature, the
perovskite are stable. FTIR spectrum shows the presence of the bands around
465cm™ in both the catalysts confirming the metal-oxygen bond formation, which
Is the characteristic property of perovskite materials. The diffuse reflectance
spectroscopy showed that the catalysts have a broad absorbance in visible region of
light. The onset optical absorption edge was around 600 and 660 nm for barium
bismuthate and K doped barium bismuthate respectively. The band gap calculation
was done by Tauc’s plots through the converted KM functions. The band gap of
BaBiOz and Bao sKo.4BiO3 was found to be 2.07eV and 1.87eV, respectively. Owing
to the low band gap, the catalysts were supposed to be promising in displaying
their activity in photocatalysis under visible light irradiation. The SEM studies
show that both the samples are homogeneous uniform nanoparticles, having 520nm
size for BaBiOz and 45-101nm for Bao.cKo.4BiO3. SEM images reveal the nano rod
type structure for BaBiOs and plate like layered structure for Bao.sKo.4BiOz.

The feasibility of adsorption and photocatalytic degradation of all the three
studied dyes dye using BaBiO3z and Bao.sKo4BiOs as in the form of aqueous
suspension under visible light irradiation has been investigated. Since, the
photocatalytic degradation is directly related to the adsorbed quantities of the
pollutant, the adsorption properties of all the three studied dye on to BaBiOs and

Bao 6Ko0.4BiO3 are also discussed in terms of Langmuir and Freundlich adsorption



isotherms. The photocatalytic degradation was expressed in terms of LH kinetic
model, and the subsequent rate constants are also determined. The effect of different
operational parameters such as initial dye concentration, catalyst dose, solution pH
and temperature on the rate of photo degradation is studied. Moreover, reusability
of these catalysts is studied. Furthermore, to estimate the degree of mineralization,
measurements of total organic carbon has also been conducted In the present
studies, the percentage removal of three studied dyes through photocatalytic
degradation by BaBiO3z and BaosKo4BiO3 was also compared with the TiO;
(Degussa P-25).

It is to be noted here, that among the three studied dyes, Crystal violet
suffers degradation with highest rate followed by Malachite green and then by
Congo red in the end. It seems that the triphenyl amine structure of Crystal violet
dye is more susceptible to degradation in photocatalytic reaction in comparison to
Malachite green having two dimethyl amino group and Congo red having a bulky
ensemble, including one central biphenyl group and two symmetric amino

substituted naphthalene group.

In summary this work provides better photocatalytic activity of synthesised

materials using a green chemistry route for environmental purification.
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Dyes are categorized by structural stability and colour stability imparted by
their high degree of aromaticity and extensively conjugated chromophore. The
manufacture and widespread use of dyes results in their unintended release into the
environment, where they pose potential threat to environment [1-2]. The colour of
the waste is the most apparent meter of the water pollution and it should be reduced
before their drop. The existence of lesser amount of dyes (belowlppm) is evidently
visible and noticeably impacts the water environment. The severely affected water
contain significant amount of carcinogenic and mutagenic organic substances. So
removal of these dyes is highly desirable like other colourless organic pollutants [3-
4].

Conventional treatment processes such as physical, biological and chemical
treatments on their own are only able to remove dyes to a certain degree.
Furthermore, some of these treatments produce additional problems such as sludge
disposal and phase transfer of pollutants [5,6]. Consequently substantial approaches
has been mad to develop advanced methods for remediating dye-contaminated
water. Among the treatment methods, photocatalytic technologies are commonly
useful due to their potential capability for complete mineralisation of organic dye
molecule to into CO2, H2O and other non-toxic end products. Visible light
photocatalysis has attained emergent consideration as one type of photocatalysis.
The most significant advantage is it can be driven by visible light rather than UV
light which is the only energy source utilized in traditional photocatalysis [7,8].
Perovskite materials are well-known for their narrow band gap and extraordinary
photocatalytic activity, and hence have become more noticeable in the field of
visible light photocatalysis [9,10].

This chapter delivers the general background and shows an extensive
literature review related to dyes and their impact on environment, all the relevant
aspects of the photocatalysis and different photocatalysts used in the waste water
treatment. It also explains the background information needed to understand the
chemistry behind photocatalysis using perovskite oxides as for the degradation of

dyes.
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1.1 Dyes and their toxicity

Textile dyes are particles designed to impart permanent colours to clothing &
textiles. There are several ways of classifying commercial dyes whereby it can be
catalogued in terms of its colour, structure and application methods.

Dyes are typically categorized by their Colour Index (Cl), established by the
Society of Dyes and Colourist (1984), which is modified in every three months. It
lists dyes firstly by a generic name based on its application and colour, then by
assigning a 5-digit Cl number based on its chemical structure, if known [11,12].
Dyes could also be classified according to its solubility. Soluble dyes include direct,
basic, acid, metal complex, reactive and mordant dyes. On the other hand, insoluble
dyes encompass azoic, sulphur, disperse and vat dyes [13,14]. Based on the
functional group that constitutes the dyes, dyes are classified as azoic,
anthraquinonic, hetero-polyaromatic, aryl methane, indigo, nitro, aryl methane.

Dyes contain two groups; auxochromes and chromophores. Chromophore are
the group of atoms which are responsible for the colour of dye. The other group is
auxochrome, which can be defined as an electron withdrawing or donating
substituents that essential for the colour enhancement of the chromophores. The
most important chromophores are the azo (-N=N-), carbonyl (-C=0), methine (-
CH=) and nitro (-NO2) groups. The most important auxochromes are amine (—
NHs3), carboxyl (—-COOH), sulfonate (—-SOsH) and hydroxyl (-OH) groups. The
intensity of the colour of any dye depend upon the number of auxochrome groups
[15]. Dye molecules are coloured because they absorbs in the visible range of the
solar spectrum at a definite wavelength.

The release of dye-containing effluents into the water bodies impacts water
ecosystem adversely. Several studies demonstrated that dyes released in the form
of effluents are metabolized into toxic end products which are carcinogenic and
mutagenic to humans and other mammalians [16,17]. Also, without appropriate
treatment these dyes can exist in the environment persistently.

The major environmental concern with dyes is that they absorb and reflect the
incoming sunlight into water bodies. Which further reduces photosynthetic activity

of marine plants and thus critically effects the food chain and water ecosystem. The
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existence of very small amounts of dyes in the water, which are however extremely
noticeable, disturbs the quality and transparency of water bodies such as lakes,
rivers and others, which further leading to harm to the water environment.
Prolonged human exposure towards coloured effluents resulted in a wide range of
immune suppression, cardiovascular, breathing, central nervous and
neurobehavioral disorders indications such as vomiting, allergy, salivation,

cyanosis, leukaemia and lung edema amongst others [18-20].

In current scenario, environmental pollution can certainly be considered as one
of the main problems in established and emerging nations. There are several factors
which affects the environment, such as the misuse of natural resources, inefficient
legislation and a lack of environmental awareness. Providentially, in current years
there has been a trend for change and a sequence of scientific research are being
used as a significant tool in the improvement of new treatment methods and even

in the application of procedures and ecologically friendly actions.

1.2 Degradation of dyes

Owing to the hazards of dyes in water bodies, inventions of a wide variety
of treatment technologies has stimulated a dramatic progress in the scientific
society. The available technologies for dye removal can be classified into three
categories: physical, biological and chemical. Each method has few advantages and
disadvantages.

1.2.1 Biological treatment methods

In biological treatment approaches microorganisms such as bacteria are used,
for the decomposition of various effluents to stable end products. More
microorganisms, or sludge, are formed and a portion of the waste is transformed to
carbon dioxide, water and other end harmless end products. Generally, biological
treatment methods can be divided into two parts, aerobic method and anaerobic
method.

These methods are not much effective, as bacteria or fungi cannot efficiently
degrade the bulky, and stable dyes, so treatment cannot based on biodegradation

alone. Further, aerobic procedures yields huge quantities of biological slurry and
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required a huge disposal area. Anaerobic processes do not lower the pollutant
content to a proper level [21,22].
1.2.2 Physical treatment methods

These methods are technically easy and low cost process but non-destructive,
that is, they just transfer the pollutants from aqueous solution to another phase rather
than destroy them. Physical methods such as coagulation, adsorption, reverse
osmosis, nano- filtration, membrane-filtration and electro-dialysis were
applicable for textile wastewater treatment [23-25].

Adsorption which is also comes with a few restrictions such as the requirement
of regeneration after material exhaustion and the loss of adsorption efficiency
following regeneration [26], in addition it requires pre-treatment of the wastewater
to lower the suspended solid content before it was fed into the adsorption column
and the eco-friendly disposal of the spent adsorbents.

1.2.3 Chemical treatment methods

Processes such as oxidation, sodium hypochlorite (NaOCI) and chemical
precipitation (coagulation) are some of the chemical treatment procedures that
could be performed on wastewaters containing dyes. Among the chemical methods,
the oxidation methods are more efficient and are applicable for large-scale
treatment of industrial effluent [27].

1.2.4 Advanced Oxidation Processes(AOP)

Advanced oxidation processes (AOPs), have received great consideration for
waste water treatment during the last few years. Advanced Oxidation Processes
involve the generation of highly reactive radicals generally hydroxyl radicals (‘OH)
at ambient temperature and pressure conditions. [28]. Hydroxyl radicals are
extremely reactive species that outbreak most of the organic pollutants. The kinetics
of reaction is generally first order with respect to the concentration of hydroxyl
radicals and to the concentration of the species to be degraded. These processes can
be classified as heterogeneous and homogeneous photocatalysis. The
semiconductor mediated photocatalysis is known as heterogeneous photocatalysis.
The hydroxyl radicals can be generated in different processes, such as ozonation

(O3), ultraviolet (UV) [29], hydrogen peroxide combined with ultraviolet radiation



Chapter 1

(H20,/UV), Fenton reagent (Fe**/H.0,) [30], Os/UV [31], Os/H20, and by
irradiation of semiconductors such as zinc oxide (ZnO), titanium dioxide (TiO2)
[32-34].

Heterogeneous photocatalysis may be considered a practical alternate for
the removal of stable waste organics due to numerous significant advantages such
as: complete mineralization or formation of more readily decomposable
intermediates when complex organic compounds are treated, no need of auxiliary
chemicals, no residual formation, easily operation and maintenance of the

equipment [35].

The summary of previously reported analytical methods used for the

degradation of dyes has been presented in Table 1.1.

Table 1.1 Summary of analytical methods used for the degradation of dyes

S. No. Technique Advantage Disadvantage Referen
ce
1 Biological e Require extra
Treatment - : residence time [36]
: ¢ Environment friendly
1. Aerobic method ot and cost effecti o Enzyme
e Efficient and cost effective .
2 Anaerobic production  has
method e Low energy demand also been shown
e Mineralize organic pollutants in to be unreliable
. . . e Under  aerobic
relatively nontoxic constituents conditions  Azo
e Certain dyes have a particular dyes are not
affinity to binding with specific readily
metabolized
microbial species .
P e Not effective for
all dyes
2 Chemical e Coagulation
Treatment [Filtration/Precipi
L /Cf:qﬁgutl_atlc/)g | eSuspended and  colloidal tation
pi':atri?)rllon rect particles can be easily separated |e  These agents
e Frequently adopted method due needs to be | [37-39]
2. Oxidative to its simplicity of application activated by some
Methods ¢ Both anionic and cationic dyes means as UV light
can be removed e High cost
3. I(;g;);(;hange ¢ No loss of absorbent Not effective for
P disperse dyes




Chapter 1

3 Physical Some of the
Treatment_ adsorbents are
1. Adsorption Good removal of wide variety very  expensive

technique
of dyes Secondary
2. Stripping High selectivity and efficiency treatment is | [40-42]
technique can remove non-biodegradable needed
dyes Secondary
3. Reverse Can remove volatile organic treatment is
%?{Tr];t?ésnand Compounds needed
Favourable for large water Energy is needed
stream Several
operational
difficulties
High capital
difficulties

4 Advanced

Oxidation process Fentos’s reagent is a suitable Not effective for
) high
1. Fenton’s chemical means concentration of
Reagent Simplicity of applications certain [43-47]

2. Ozonation

3. Ultrasonication

Can Treat Hardly Degradable
Organics

Mineralise organic pollutants
into relatively non-toxic
constituents

Operates at room Conditions
and Do not Require Addition
of Extra Chemicals

refractory
containments

High
operational cost

Unstable {Short

half Life (20
Min.)}
Substantial
Amount of

Energy Needed
in  Generating
the radicals

Thus in search for highly effective methods to degrade the dyes into

environmentally

compatible

non-toxic

end products.

Alternatively, a

photochemical approach has been adopted. In recent times, advanced oxidation

processes have been recommended for decontamination of waste water. Among

these processes, photocatalysis can play an important role in new technologies of

wastewater purification.
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In the process of photocatalytic treatment for waste water, holes are
generated in Valence band. These holes play the important role in photocatalysis.
It induce oxidative decomposition of various organic pollutants. These positive
holes (h™) further react hydroxide ion (OH™) of water to yield the hydroxyl radical
(OH®). Hydroxyl radical is a strong oxidant with the oxidation potential of 2.8 V
(NHE). “OH rapidly attacks pollutants at the surface and in solution and it directly
mineralizes the organic pollutants into simple inorganic species such as CO», H,O
[48,49].

1.3 Photocatalysis

Photocatalysis concerns a sequence of innovative light-induced oxidation
routes including the generation and consequent reaction of electron-hole pairs in a
photocatalyst which has been excited by photons. This includes a series of redox
reactions resulting in the degradation and mineralization of organic pollutants in
aqueous solution in the presence of O2. As one of the methodologies to chemical
solar energy conversion, photocatalysis is an effective technique to remove
refractory toxic organic contaminants in our environment, and a promising way to
provide clean hydrogen energy via water splitting.

Photocatalytic activity was first popularized by the study of the ‘Honda-
Fujishima effect’” on photo-electrochemical water splitting by titania (TiO>)
electrode. Thereafter, is has been broadly used in many application including water
cleavage, domestic and industrial wastewater treatment, air cleaning and self-
cleaning surfaces. Self-sterilizing tiles to cover the walls of operation rooms in
hospital is made of TiO,. Sand supported TiO2 is used in the disinfection of
photogenic, microbial contaminated industrial water. Several other application of
photocatalysis like antitumor activity, preparation of sound-proofed walls and
super-hydrophilic materials for car mirrors are already at or near the stage of
application and commercialization [50-54].

Over the past few spans, photocatalysis has been the focus of widespread
research in the elimination of pollutants in air and water streams [55]. Several
features, such as ambient operating conditions, complete destruction of compounds

and their intermediate compounds, and relatively low operating cost, have
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established its applicability to water treatment. In photocatalysis, semiconductor

materials are activated by light (generally UV light).

1.3.1. Homogeneous photocataysis

In homogeneous photocatalysis, the reactants and the photocatalysts are in
the same physical state. The most normally used homogeneous photocatalysts
comprise ozone and Fenton systems (Fe*/H20.). The reactive species is the OH"

which is the key component in the dye degradation process.

The generation of hydroxyl radicals in Fenton reaction take place in the

following reaction sequence:

Fe?* + H,0,— OH® + Fe3* + OH™
Fe** + H202— Fe** + 20H" + H*
Fe?* + OH" — Fe3* + OH™

In photo-Fenton type processes, additional sources of OH radicals should be
considered: through photolysis of H20, and through reduction of Fe* ions under
UV light:

H20; + hv — OH’ + OH’
Fe** + H20 + hv — Fe** + OH" + H*

The effectiveness of Fenton type procedures is governed by numerous operating
factors like initial concentration of hydrogen peroxide, pH and intensity of UV
light. The key advantage of this method is the ability to utilizing sunlight with light
sensitivity up to 450 nm. So in this method expensive UV lamps or any other
electrical energy is not required. This method is found to be more effective than the
other photocatalysis methods. The main drawback of the process are the low pH
values which are required for the degradation of pollutants. But at higher pH values

iron precipitates, and that iron has to be separated after treatment [56].
1.3.2 Heterogeneous photocatalysis

In heterogeneous catalysis the catalysts and the reactants, both are in the

different physical state. Heterogeneous photocatalysis is a discipline which
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comprises a large multiplicity of reactions such as: partial or complete oxidations,
dehydrogenation, hydrogen transfer, *80,-°0, and deuterium-alkane isotopic

exchange, metal deposition, water detoxification, removal of gaseous pollutant etc.

1.4 Semiconductor Photocatalysis

In the past few years, photocatalytic reactions on semiconductors have been
applied for numerous applications, such as air cleaners, self-cleaning materials, and
antibacterial materials. The reactions are usually accepted as potential technique,
initiating from electrons and holes excited by adsorption of photons with energy
greater than the band gap of semiconductors. The holes have a strong ability to eject
electrons out of organic and inorganic pollutants, resulting in the total degradation
of contaminated substances present in effluents [57].

A semiconductor, by definition, is honconductive in its un-doped ground
state because an energy gap, the band gap, exists between the top of the filled
valence band and the bottom of the vacant conduction band. Thus, electron
transport between these bands must occur only with appreciable energy change.
Semiconductors are particularly useful as photocatalysts because of a favourable
combination of electronic structure, light absorption properties, charge transport

characteristics and excited-state lifetimes [58].

1.4.1 Mechanism of semiconductor photocatalysis

Usually, a fundamental photocatalytic reaction comprises three basic steps
[59-61]: 1) excitation of charge carriers in light irradiation; 2) separation and
dispersion of charge carriers to the surface; 3) photocatalytic reaction on the
photocatalyst surface.

In the primary step, when semiconductor material absorbs lights with
photon energy equal to or higher than its band gaps (A> Eg), the lone electrons will
be excited from valence band to conduction band and, at the same time, an empty
valence band holes (h™) are left behind.

After the electron-hole pairs have been formed under light irradiation, the
charge carriers start to dispersed from inside to the surface of photocatalyst
molecules. These e h™ pairs are known as surface trapped e - h* pairs.

Photocatalyst + hv — Phototcatalyst* + (ecs + hvs*)
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At the same point, thus prepared charge carriers can be recombined in
nanosecond and releasing the heat energy.

€ce+ hve"——» €'+ heat

In the presence of absorbed oxygen, the excited photocatalyst, eject an €.
This e is accepted by molecular oxygen (electron acceptor) to form superoxides
radical (O2™) which could be further forms hydroperoxyl radical (HO2") by
accepting one proton, and consequently becoming H20o.

Consequently, hydroxyl radicals (OH") could not be formed without the
presence of adsorbed water molecules. Hence, both O2™ radical and HO;" radical
could extend the recombination time of e™-h+ pair in the complete photocatalysis
reaction.

Photocatalyst (h*vs) + H-O —— > Photocatalyst+ H*+°OH

Photocatalyst (h*vs) +OH-——Photocatalyst+ ‘OH

Photocatalyst (e'cs) + Oo — > Photoatalyst + O,

Oy +H*——— HOy’

The degradation of effluence take place on the surface of photocatalyst by the
means of thus prepared OH"° radical. Different bulky organic compounds could be
completely degraded into non-toxic carbon dioxide and water by OH°. Here, it is
worth mentioning that these OH® are generated in the presence of dissolved
oxygen and water.

Dye+ hv —— > dye”

Dye*+*OH — > Degraded product

Dye*+ hvg'——»  Oxidized products

Dye” + ece — > Reduced products
Therefore, the overall process can be summarised as follows

Organic pollutants+ O, ~Smeiconductor & UViSolar light 0,4+ H,0 + Mineral acids

1.4.2 Band gap energy
The electronic energy structure of a semiconductor comprises of three

differentiated constituents, i.e. the conduction band (CB), the valence band (VB)

10
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and the forbidden band. The forbidden band symbolises a region in which for an
ideal un-doped semiconductor energy state do not exist. Energy state only exists
above and below this region. TO00aking the energy level of the electron in the
vacuum as reference and as the uppermost level, the upper band is called the
conduction band and the lower one the valence band. In terms of energy the
difference between upper edge of the valence band and the lower edge of the
conduction band is called the band gap (Eg) of the semiconductor. If the two levels
can be defined with the same wave vector the semiconductor is considered to have
a direct band gap or otherwise it has an indirect band gap [62].

Band gap correspond to difference in potential of CB bottom and VB top.
Optical band gap can be estimated form Kubelka—Munk (K-M) function which
is defined as [63,64]:

_(R)? _a

Where, Rq is diffused reflectance, a is an absorption coefficient and s is
scattering coefficient. For samples diluted with a medium of less photo absorption,
K—M function can be a measure of sample concentration. The K—M function is often
recognized, through this requires assumptions, to be proportional to the absorption
coefficient. Usually optical band gap is evaluated from the following relation,
where scattering coefficient is supposed to be constant throughout a wavelength

range for measurement.

_ (hv—E )"

— —--(1.2)

In this equation, h is Planck constant, v is oscillation frequency, Eg is optical
band gap and n is constant relating to a mode of transition. The constant n is 1/2,
3/2 or 2 for allowed direct transition, forbidden direct transition and indirect
transition. But the forbidden direct transition has often been neglected [64,65].

In indirect transition, the electron cannot shift from the lowest energy state
in the conduction band to the highest energy state to valence band without a change

in momentum. In this case the band gap energy is analysed from the following

relation by extrapolation to om = 0.

11
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(et - hv) V2= f(hv) ---(1.3)

In the case of the direct transition, the electron can shift from the lowest-
energy state in the conduction band to the highest energy state to valence band
without a change in momentum (Figure 1.1). Here, the band gap energy is analysed

from other relation by the same extrapolation as in previous case [64,67].
(agm - hv)? = f(hv) ---(1.4)

Conduction Band
Conduction Band

Photo assisted
transition

Valence Band

Energy
Energy

Valence Band

momentum momentum

Figure 1.1 Indirect transition (left) and direct transition (right)

1.4.3 Strategies in the development of semiconductor photocatalysis

Several efforts have effectively made extensive range of effective
semiconductor based photocatalysts. Being a member of metal-oxide
semiconductor photocatalysts family, there is a general agreement among
researchers that TiO> is more better because of its high photocatalytic activity, large
chemical stability and anti-photo corrosion activity, low price, and nontoxicity
[68,69].

Numerous approaches have been used to make commercial samples of TiO>
by changing purity, particle size, and crystal structure and phase configuration to
improve photocatalytic efficacy. Degussa P25 grade is one of the best photocatalyst
it is the combination of 30% rutile phase and 70% anatase phase of TiO2 powders
[70-72].

Nevertheless, commercial utilisation of this method is insufficient because

titania is only active with UV light i.e. radiation with wavelength lower than 387nm.

12
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As the UV light is only a very small portion of the complete solar energy (5%) and

the rest is mainly visible light, any apparent shift in the photocatalytic activity of

TiO2 from UV to visible light region would improve its photocatalytic activity.

Considerable research has been directed at overcoming this fundamental drawback

of TiOz besides, other shortcomings such as hassle in separation after synthesis and

stirring during complete reaction. Numerous researches have been focused on the

synthesis and modification of TiO2 nanostructured by making composite

photocatalysts with ceramics like SiO2, ZrO;, Al203 and TiO2 coated polymer

nanostructures to remove the above mentioned drawbacks of TiO [73-75].

behaviour have been presented in Table 1.2.

Table 1.2 Photocatalytic activity of modified TiO;

Several reviews on the properties of modified TiO2 and its photocatalytic

S.No. | Technique Photocatalyst Organic Light Refer
Compound Source ence
Ag-TiO, Crystal Violet Simulated Solar | [76]
light
Au -TiO; Rhodamine-B 500 W halogen | [77]
1 Doping Lamp
Fe,Co -TiO2 Basic Green Sunlight [78]
N-TiO; Orange-G Visible [79]
TiO; coated Methylene Blue | 300 W high | [80]
FeTiO; pressure Hg Lamp
TiO»-CdS Methyl Violet Xe Lamp [81]
2 |Retero SIO-TIO Methyl Orange | Visible Light [82]
structuring
TiO,-Cement Agueous Phenol | UV Light [83]
Tris(4,4’-
dicarboxy-2,2’- | CCls Visible Light [84]
bipyridyl)
3 Sensitization | ruthenium
complex-TiO;
Al;03-TiO, Rhodamine B Visible Light [85]
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Reactive  Red | Phenol Visible Light [86]
Dye 198-TiO;

However, doping with transition metals decreases the photo excitation
energy of TiO2 to some level, the metal ions also act as the charge recombination
centres for the electron-hole-pairs, thus weaken the inclusive efficacy of the doped
TiOz. Furthermore, procedure of doping is generally difficult and involves high
temperatures, under which the anatase phase is likely to suffer phase transformation
into the less active rutile phase. In addition, a large-scale application of TiOz in
industrial waste water treatment operations is very non-economic due to its high
price and rareness in existence [87,88].

So far, many categories of semiconducting materials have been considered
for photocatalysis such as ZnO, ZnS, CdS, WOs and Fe»Os. Zinc oxide is an
outstanding wide band gap, natural n-type semiconducting material. It can absorb
wider range of spectrum of radiation which also makes it more applicable for dye
sensitized solar cells and solar photovoltaic uses. But, the implementation of ZnO
(Band gap=3.2eV) photocatalytic systems has not increased like TiO2 systems have,
because it is unstable in irradiated aqueous solutions [89,90].

CdS, Fe203 and WOz have similar properties and narrow band gaps, 2.25,
2.1and 2.6eV, respectively. The lowered band gap values of these materials make
them proficient for being active in visible light. In the field of photo-
electrochemistry, CdS has been the most frequently studied II-IV group
semiconductor. But due to the hazardous properties of Cd, it is avoided for
industrial purpose [91]. Hematite (o-Fe203), which is economical, naturally
occurring and has low band gap for utilize solar energy. But the main disadvantage
of this material is that it undergoes quick e-h* charge recombination and a short
charge carrier dispersal distance. As a result of these draw backs, renewed interest
in this material has focused on its alteration with cationic dopants such as Cr and
Mo to increase its charge transport properties [92,93]. Similarly WO3 (tungsten
trioxide) is also a narrow band gap photocatalyst with band gap value of 2.7 eV,

has the drawback of a low electron conduction band. To overcome this

14
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shortcoming, WO3 coupled with Pt, has been proved to be suitable as alternative
multiple-electron reduction processes with lower reduction potentials. This has
increased the use of WOs as extremely visible-light-active single-phase oxide
photocatalyst [91,94].

In addition, to single phase binary photocatalysts, photocatalytic
degradation of organic compounds using binary or ternary mixed transition metal
oxide in visible light irradiation has also been repeatedly described in the various
works. The most interesting characteristic of using these oxides as photocatalysts
results from at least two important features: (1) Their ability of absorbing photon in
the visible light range (A> 420nm) due to suitably modified electronic band
structures, and (2) The huge options of groupings of different elements, thus
offering a potential tool in designing of visible-light-driven photocatalysts. Many
of these ternary mixed metal oxides have a perovskite structure and behave as
semiconductor.

In recent years, perovskite photocatalysts have shown their capability in
waste water remediation of waste water. Perovskites and their use in photocatalysis
have been elaborated in the coming section.

1.5 Perovskite

The crystal perovskite was discovered and named by Gustav Rose in 1839
from CaTiOs samples found in the Ural Mountains. The name perovskite is entitled
after Russian mineralogist, Count Lev Aleksevich Von Perovski [95]. The name
later was used to define the ABOs structure. A symbolises a comparatively large
cation of with small charge, such as group 3 metals, group 2 metals or alkanine
metals. The smaller B cations are generally d or f block metals. O is most often a
simple anion as oxide or fluoride.

Since the 1980s perovskites have appeared as fascinating nanomaterials for
wide applications in catalysis, fuel cells, and electrochemical sensing. In catalysis
application, mixed oxides of transition and rare earth metals possessing perovskite
structure appear to be suitable for such high-temperature processes as catalytic
combustion, methane reforming, ammonia oxidation, sulfur dioxide reduction, etc
[96-98].
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The origin of such novel photo-physical and electronic properties lies in the crystal
structure of perovskites. Properties such as electron and hole effective mass, excited
state lifetime and diffusion length, binding energy affect the electron-hole
separation and transport within the lattice. These properties are known to strongly
influence the performance (kinetics/efficiency) of the photocatalytic reactions.
Defects in the lattice, defect-induced energy states, localization of electrons on
specific defect sites could determine the fate of the photo-exited electron-hole pair.
Finally, the electron transfer across semiconductor-electrolyte interface is
significantly affected by surface states, surface band structure (depletion region
induced electric field), and band bending. Such electronic properties of materials
could be altered to suit specific photocatalytic applications [99,100].

For this purpose, perovskites have shown excellent promise for efficient
photocatalysis under visible light irradiation, as their crystal structure offers an
excellent framework to tune the band gap values to enable visible light absorption

and band edge potentials to suit the needs of specific photocatalytic reactions.

1.5.1 Structure of perovskite

The simplest case of the perovskite structure is that of a simple cubic cell with
one ABO3 formula unit per unit cell. In the ABO; form, B is a transition metal ion with
small radius, larger A ion is an alkali earth metals or lanthanides with larger radius, and O
is the oxygen ion with the ratio of 1:1:3. In the cubic unit cell of ABO; perovskite, atom
A is situated at the body center, atom B is located at the cube corner site, and oxygen atoms
are located at face-centered positions (Figure 1.2). The 6-fold coordination of B cation
(octahedron) and the 12-fold coordination of the A cation resulted in the stabilization of
the perovskite structure. The perfect perovskite structure was described by Hines et al. as
corner linked BOs octahedra with interstitial A cations [101-104].
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Figure 1.2 Cubic perovskite unit cell.
(Blue spheres represent the A cations, yellow spheres represent the B cations, and red spheres
represent oxygen anions forming an octahedra.)
(Source:https://www.intechopen.com/source/html/49438/media/figl.png )

Certain distortions may occur in the perfect cubic arrangement of perovskite
giving rise to several transformations such as orthorhombic, hexagonal,
rhombohedral, hexagonal, and tetragonal structures. Generally, all perovskite
distortions keeping the A- and the B-site oxygen coordination is attained by the
leaning of the BOs octahedra and an related dislocation of the A cation [105].

V.M. Goldschmidt first established the principle of the tolerance factor t,
which is valid to the experimental ionic radii at room temperature [106-108]:

— _Tat’o S
- \/2(T3+1"0) (15)

where, ra is the radius of the A-site cation, rg is the radius of the B-site cation,
and ro is the radius of oxygen ion 0% [109].

The tolerance factor can be used to determine the suitability of the
incorporation of different cations in the perovskite structure. It is an actual extent
of the degree of the distortion of perovskite from the ideal cubic structure. The
structure of these different perovskite is based on the value of their tolerance factor
value. The tolerance factor value 1.00<t<1.13,0.9<t<1.0,and 0.75 <t <0.9, is
assigned to the perovskite structure is hexagonal, cubic, and orthorhombic,

respectively.
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1.5.2 Synthesis of perovskite

The distinct features of perovskites and their photocatalytic activity are
extremely influenced by their method of synthesis, calcination temperature, and
duration, and doping at A- and/or B-sites in the perovskite structure. Upon doping
A- and/or B-sites in ABOs perovskite oxides, the catalytic activity (through
oxidation state modification, the generation of oxygen vacancies, the mobility of
oxygen lattice, and the formation of structural defects [110-113] ionic and
electronic conductivity, and flexible physical and chemical properties can be
improved for application in numerous applications [114,115].

Several methods can be used to synthesize perovskite materials, comprising
solid state reaction, co-precipitation, hydrothermal, spray and freeze drying, and
sol-gel process. The choice of the synthesis technique is very significant for the
performance of the compounds.

I. Solid state reaction

The solid state synthesis method is the most extensively used in preparation of
different solid materials. It involves direct heating of starting materials, which are
generally solid metal oxides. One of the advantages of the solid state reaction is that
the starting materials react in absence of any solvent. In this process, predetermined
quantities of commercially available starting materials such as carbonates and
oxides are precisely weighed out, followed by mixing and subsequent heating.
However, this method has several drawbacks such as elongated processing time,
low surface area, large particle size of the final product and limited degree of

chemical uniformity [116-117].

Il.  Combustion synthesis
The combustion synthesis of nano materials are classified on the physical
nature of the initial reaction medium: (I) Conventional, solvo-thermal synthesis of
nanoscale materials, i.e. initial reactants are in solid state (condensed phase
combustion). (1) Solution-combustion synthesis (SCS) of nanosized powders, i.e.
initial reaction medium is aqueous solution. (I11) Synthesis of nanoparticles in

flame, i.e. gas-phase combustion.
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However, the list of compound synthesised by this method is comparatively
small and low efficacy of this technology currently orders high cost of the final
products [118].

I11.  Microwave synthesis
The microwave irradiation process (MIP), is extensively applied in food
drying, inorganic/organic mixture, plasma chemistry, and microwave-induced
catalysis. This method show some interesting features such as: fast reaction rate and
clean energy. This method is recently used to synthesise perovskites nanomaterials
with relatively lower calcination temperature and lower calination period [119,120].

Although, several expensive pre-treatments are required.

IV.  Hydrothermal synthesis

Amongst the low temperature methods, the hydrothermal method is extensively
used for the synthesis of nano-phase materials. When water is used as a solvent, the
process is called hydrothermal process and when any solvent including water or
organic solvents such as methanol, ethanol polyol, etc. are used, the process is
termed solvothermal processes. Thus the latter term encompasses all solvents
including water. This method, leads to homogeneous and low crystalline products
at relatively low temperatures, but they usually require expensive initial compounds

and/or complicated synthesis procedures [121,122].

V. Sol-gel method

The sol-gel technique can be classified in two general routes. The first one
consists in the colloid chemistry of aqueous media, whereas the second one consists
in the formation of polymeric chains connected with the metal ions in solution.
Basically, the first step is the formation of a sol by the mixture of molecular
precursors that are either metal salts or metal organics. Condensation reactions are
carried out in the sol stage, forming colloids or clusters, which lead to the formation
of a gel when they agglomerate and cross-link each other. After the gel stage, there
is a heat treatment stage when drying and calcination steps take place. The heat
treatment stage determines the nature of the perovskite, since the used temperature

may lead to a material containing residual organics (80-350 °C). The following step
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Is the calcinations process in which densification occurs and the final perovskite is
formed. The best significant benefits of this method is the low temperature required
for the comparatively low calcination process, high purity and precise control of the
composition of the final product [123].

A range of sol-gel methods are utilized for synthesizing perovskites,
comprising alkoxide, alkoxide-salt, and Pechini methods.

a. Alkoxide route

Metal alkoxides are used as precursors in this route. The incompatibility of
water with a non-polar solvent gives rise to regions where the concentration of
water is very high resulting in reactions of hydrolysis and condensation with
formation of hydroxides or oxides [36]. Organic by-products are easily removed by
volatilization resulting in very pure products. In this method hydrolysis and
subsequent condensation reaction takes place in the following manner:

M(OR)x + xH20 E— M(OH)x + xROH

2M(OH)x - M20x + xH20

Various perovskites materials have been prepared by this procedure, showing lower
reaction temperatures (around 100 °C) when compared to other conventional

methods, as well as calcination temperatures [124].

b. Alkoxide-salt route

This variance of the alkoxide route uses metal salts, or hydroxides, of some of
the starting materials instead of metal alkoxides, since metal alkoxides of groups |
and Il are solid and non-volatile, making their purification challenging.
Furthermore, metal salts are easily converted to metal hydroxides and oxides and
these are more soluble in organic solvents. A solution with the metal alkoxides is
prepared followed by the addition of metal salts in either alcoholic solution or in
aqueous solution, which can be used to enhance the hydrolysis reaction.
Compounds dissolved in the system are uniformly distributed throughout the

volume and gelation immobilizes them in a rigid network [123].
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c. Pechini method
The Pechini method is a route associated to the sol-gel route (Pechini, 1967) named
after its American discoverer, Maggio Pechini. It has been shown to be an operative
method for mixture of multicomponent oxide materials [124].

Basically, the procedure involves of three main stages as follows:

(1) The complexation of metal ions with citric acid in water without
regulating pH,

(i)  The polymerization, where the designed chelates undergo
polyesterification when they are treated with a poly hydroxyalcohol,
such as ethylene glycol, with the formation of a stable polymeric
network, and finally,

(ili)  The decay of the formed organic linkage to attain the powder precursor
after boiling at moderate temperature (~ 363 K). On removal of the
excess solvent, a transparent resin containing the metals in solid solution
was made.

The temperature has been proved to be very important: at temperatures
higher than 363 K, the solution becomes turbid in time, generating nontransparent
final resin, which can be explained by the formation of insoluble precipitates from
the rapid hydrolysis of the metal-citrate species. At lower temperatures, a longer
time is needed to obtain the stable polyester network.

An advantage of the Pechini method is providing single-phase,
homogeneous synthesized powders at low crystallization temperature with high
surface area. Several researchers had synthesized perovskite via the Pechini
method. [125,126]

1.5.3 Uses of perovskite

The physical and compositional flexibility of perovskite materials delivers
the option to synthesize new photocatalysts with preferred properties. Therefore
perovskite materials have attracted widespread attention in many functional and
important area of solid state chemistry, physics, advanced materials, and catalysis
[127-140].
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Table 1.3 shows the usefulness of the perovskite materials, and the extensive series

of properties and resulting technical applications.

Table 1.3 Representative Perovskite materials and their applications.

S.No. | Material Application Reference
1 Er®, Ho®* doped YLaOs Optical laser [127]
2 Rh doped BaTiOs Photorefractive materials, First | [128]
generation harmonic generator
3 (La,Sr)(Ga,Mg)0s.s Solid electrolyte for ionic conductivity [129]
4 SrTiOs, KTaOs Tunable microwave devices [130]
5 LaFeOs NOx sensors [131]
6 LaMnOs.s Potentiometric sensors response [132]
7 BaTiOs; Capacitors PTC for hair dryer [133]
8 [(Lio.0aNao.44Ko52) Lead-free high temperature piezoelectric | [134]
(NbOo_aeTao,lsbo,o4)]O3 ceramic
9 Eu**MnSO; Light emitting device [134]
10 LaBOs; B= Fe,Co,Ni Direct conversion of methane to C; | [135]
hydrocarbon via Oxidative coupling
11 NaBiOs Degradation of 2-Propanol [136]
12 Lao.75Sr025Mno.gs- Solid oxide fuel [137]
xCOxNi0.00s03+3
13 LaNiOs Electrode for fatigue-free ferroelectric | [138]
random access memories Solid oxide fuel
cells Methane reforming reaction
14 CHsNHsPX3 X=CI,Br,I Light harvesters for solar cell [139]
15 CHsNH3Pb (114Bry)s3 Colourful solar cells [140]
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1.5.4 Photocatalytic activity of perovskite

Amongst several photocatalysts that have been investigated, perovskite
based photocatalysts have attained much importance because of their high
photocatalytic activities therefore the preparation, characterization and
photocatalytic activity of perovskite related compounds have been extensively
studied. To improve their photocatalytic performance; there are 3 fundamental
approaches: 1) variation of band gap; 2) creation of semiconductor composites; and
3) alteration of morphology.

Transition metals such as Ti(IV), Nb(V), Ta(V) based perovskite
photocatalysts are found to be effective photocatalysts for complete water splitting
and photodegradation of dyes and other contaminants. Though, the comparatively
large band gaps of these compounds (3.8-4 eV) are not fit for visible light-induced
photocatalysis [141,142].

Initially, various materials such as SrTiOs, and KTaOs were reported as
potential UV-light-active photocatalysts. SrTiOs as a photosensitive material could
be used to produce hydrogen under UV light. Transition metals such as Fe, Co,
Mn, Pt, Ru have been substituted into SrTiOz to allow visible light absorption [143,
144].

ATaOsi.e. Alkali metal tantalates are mostly known for effective total water
splitting reaction under UV irradiation as they possess both valence bond and
conduction band abilities appropriate for water splitting reaction [145]. Also,
Niobium (Nb)-based perovskites such as KNbOs (Eg 3.14eV) and NaNbOs (Eg
3.08eV) are UV-responsive, though appropriate alterations of the band structure
have caused in visible light photocatalysis [146,147].

Most of the Ti-based perovskites (BaTiO3, PbTiO3) have band gap energy
(Eg) value more than 3.0eV, nevertheless they have shown outstanding
photocatalytic properties under UV radiation [144,148].

For the complete consumption of solar energy i.e. to prolong the
photosensitive absorption of the UV- sensitive photocatalysts into the profound

23



Chapter 1

visible light range, several researchers have contributed to developing novel visible
light active photocatalysts.

Most of the Fe- based perovskites have lower band gaps and they have
shown activity in the visible light region. Pt- doped LaFeOs is prepared by So-gel
method, showed complete mineralization of contaminants under visible light. Mn
doped LaFeOz has also been studied, and it shows advanced photocatalytic activity.
New studies has revealed that BiFeOs (Eq=3.2eV) could be used as a visible light
photocatalyst. The ferroelectric assets of BiFeOs could be used to increase the
electron-hole separation and improved photocatalytic activity in visible region of

light [149-153].

Along with the above mentioned perovskite, several other metal oxide

exhibit potential for visible light photocatalysis, which are summarised in Table

1.4.

Table 1.4: Promising photocatalytic systems for organic compounds degradation

under visible light.

S.No.
Perovskite Material Photocatalytic Reaction Band Gap Reference
(Year)

Hydrogen Evolution from

1. PrFeOs; Ethanol [154]

2. YFeOs RhB Degradation 243 eV [155]

3. GaFeO; Water Splitting [156]

4, Na doped NaNbO; 2-propanol Degradation & [157]
Water Splitting

5. AgNDbO3 O Evolution Reaction 2.7eV [158]

6. AgVOs RhB Degradation 2.4 eV [159]

7. NiTiOs Degradation of Nitrobenzene | 2.16 eV [160]

8. PbTiOs Photodegradation of Methyl | 2.75 eV [161]
orangedye
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9. CdTiOs Photodegradation of | 2.8 eV [162]
Rhodamine 6G Dye
10. FeTiOs 2-Propenol Degradation 2.8eV [163]

Several bismuth based compounds such as Bi(III) containing oxides such
as BiVOgs, Bi2WOe, KBIiOs3, LiBiO3z and BiPO4 as well as have been reported to be
promising photocatalysts under visible light irradiation. In particular, application of
perovskite photocatalysts in visible-light-driven photocatalysis has been in lime
light during recent years, although the choice of applicable materials for direct

photocatalytic degradation processes is still limited [163-167].

For above said purpose, therefore, the present research work is being
conducted to develop newer materials, with lowered band gap and good absorption

properties to fully harness the solar light.

1.6 Scope of the present study

In the search of alternative green photocatalysts we propose in this work to
develop Barium, Bismuth and potassium containing novel visible-light-driven
mixed metal oxides by Pechini method. The structural analysis of thus prepared
photocatalysts through various characterization techniques such as X-ray
diffraction (XRD), Ultra-violet visible spectroscopy (UV-DRS), Scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR) and Thermo
gravimetric analysis (TGA) has helped in evaluation of photo-absorption
properties, particle morphology with size, bonding and phase evolution. This
approach has been quite effective and instrumental in utilizing solar and indoor
lamp energy besides engineering a novel visible light sensitive photocatalysts with

enhanced photocatalytic activity.

In the present work, three dyes; Crystal violet, Malachite green and Congo
red are utilized to undergo photocatalytic processes through heterogeneous
photocatalytic reactions using prepared catalysts. The Kinetics related to the
adsorption and degradation phenomena during photocatalytic degradation of dyes

are also investigated using a batch reactor in visible light irradiation. Effect of
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different experimental parameters like, effect of initial dye concentration, reaction
temperature, catalyst loading and temperature was studied. At the same time, a
systematic study is carried out to achieve the optimum operating conditions for

different dye degradation.

Therefore, the synthesis via a green chemistry root, characterization of thus
prepared photocatalyst and the photocatalytic properties via the degradation of
organic dyes have paved a new path in the field of tailoring and designing new

visible-light-active photocatalyst.
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Chapter 2

In this chapter, a detailed description of the experimental procedures adopted
for the present research work are presented. This chapter provides the experimental-
related issues, including the lists of chemicals and apparatus employed during catalyst
preparation and characterization as well as reaction studies. Moreover, the theoretical
fundamentals and operational dealings of the catalyst characterization instruments are
also be discussed. Finally, a detailed description of procedure for studying adsorption

and photodegradation Kinetics is also presented.

2.1 Materials

This section gives all the materials used in the research work. In this research,
all materials were used as received without further purification unless otherwise noted.

All the reagents were purchased from Merck, India.

i.  Barium nitrate (Ba(NOs))
The molecular mass of barium nitrate is 261.337gmol™. 1M solution of barium nitrate
was prepared by dissolving 26.13gm of barium nitrate into 100mL of distilled water.
Further dilutions were made accordingly.

ii.  Bismuth nitrate (Bi(NO3)2.5H20)
The molecular mass of bismuth nitrate is 485.07gmol™. 1M solution of bismuth nitrate
was prepared by dissolving 48.5gm of barium nitrate into 200mL of 5N HNOs solution.

ii.  Citric acid (CeHgO7.H20)
The molecular mass of citric acid is 210.14gmol™. 1M solution of citric acid
was prepared by dissolving 210.47gm of citric acid into 100mL of distilled water.

iv. Ethylene glycol (C2HsO>)
The molecular mass of ethylene glycol is 62.07gmol™. It is taken by weighing
appropriate amount of Ethylene glycol in w/w ratio. In this work, the CA: EG ratio was
fixed to 3:2.
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v. Hydrochloric Acid (HCI)
0.1N HCI was used to adjust the pH in acidic range. 0.87mL of HCI was added
in 100mL of distilled water to obtain 0.1NHCI solution.

vi. Nitric acid (HNO3)
5N HNO3 was used to dissolve Bismuth nitrate. 31.5mL of HNO3 was taken in
100mL of water to prepare 5N HNO3 solution.

vii.  Sodium hydroxide (NaOH)
0.1N NaOH was used to adjust the pH in basic medium. 0.4g of NaOH was
dissolved in 100mL of distilled water to obtain 0.1NNaOH solution.

viii.  Potassium nitrate (KNO3)
The molecular mass of potassium nitrate is 101.103gmol™. 1M solution of
potassium nitrate was prepared by dissolving 10.11gm of potassium nitrate into 100mL
of distilled water.

iX. P25TiO;
The molecular mass of p 25 TiOz is 79.87 gmol™. The particle size of this
commercial photocatalyst is 21nm.

X. Dyes
In the present work, three dyes; Malachite green, Crystal Violet, and Congo red

are utilized to undergo photocatalytic processes through heterogeneous photocatalytic
reactions using prepared catalysts. A stock solution of 100ppm was prepared by
dissolving 0.1gm of dye into 1000mL of distilled water. Further dilutions were made
by this stock solution.

The structures and properties of these dyes are given in Table 2.1.
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Table 2.1: Physical characteristics and molecular structure of Malachite green, Crystal
Violet, and Congo red dyes.

Dye Crystal Violet Malachite Green Congo red

HaC<{-CHa NH,

L ) 3¢

‘ cl” _ O N N0 Nt
Structure | < c O

SashuP -

HaC. O O _CHg HCoy Sy CHa 0" oNa* Q
N N | |
HN

CHs CHa CH3 CHg

Alternate Aniline violet, Basic Aniline green, Basicc C.1. Direct red 28,direct red
Names violet, Hexamethyl-p- | green4, Diamond green B 28, Hemorrhagyl
rosaniline chloride

IUPAC Tris(4- 4-{[4- disodium 4-amino-3-[4-[4-(1-
name (dimethylamino)phen (dimethylamino)phenyl)] amino-4-sulfonato-
yl)methyium chloride | (phenyl)methylidene}-N,N- naphthalene-2-yl)
dimethylcyclohexa-2,5- diazenylphenyl] pheyl]
dien-1-iminium chloride diazenyl-naphthalene-1-
sulfonate
Molecular C2sN3H30Cl Ca3H2sN> Cs2H22NsNa206S:
Formula
Color Violet Green Brownish red
Molecular
weight 407.99gmol* 364.911gmol* 696.66 gmol™*
Amax 590nm 618nm 500nm
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2.2 Apparatus
This section includes the list of various apparatus employed during the whole
experimental procedure.
i. Centrifuge
After the photodegradation treatment of the dye sample, the suspended photocatalyst

particles were separated from the de sample before measuring its absorbance. The
photocatalyst were separated by LABPRO digital bench top centrifugal machine.

ii. Crucible
A silica crucible is used for the calcination of polymeric precursor used for the

preparation of catalysts.

iii.  Cuvettes
Thoroughly cleaned quartz cuvettes (M labs, MCQ-104) are used for the observation
of the transmittance of the colored dye solution.

iv.  Electronic Balance
Citizen Electronic balance, C x 200 is used for weighing purpose. The least count of

balance is 0.0001mg.

v. Filter paper
After photocatalytic degradation treatment suspended photocatalyst was filtered using

Whatman filter paper grade- 4.

vi. Hot Plate
LABPRO (Temperature-500°C) hot plate is used for heating purposes.
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vii.  Mini Rotator Flask Shaker
Mac mini rotator flask shaker (MSW 303) is used for shaking solution.

viii.  Muffle Furnace

Unitech sales, muffle furnace is used for heat treatment during catalyst synthesis

procedure (Figure 2.1).

Figure 2.1: Muffle Furnace

ix. pH Meter
In our study, the pH of the collected samples is measured using a Eutech-pH meter
(EC-pH 6500 42S Model). The pH meter is calibrated before each measurement using
standard buffer solution at pH 4.00, 7.00 and 10.00. The samples are placed in a 35°C

water bath then pH is measured.
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Xx. Oven
LABPRO hot air oven is used for drying purpose.

xi.  Stirrer

Remi 2 LH stirrer is used for stirring purpose at a fixed and suitable rpm.

xii. TOC analyzer

Total organic carbon (TOC) was measured using a multi N/C 3000 TOC analyzer
(Analytik jena AG, Germany) to evaluate the mineralization of studied dyes.

xiii.  Ultra Pre water purification System
Ultra-pure water purification system (Elix UV 3 model) is used to obtain de-ionized

ultra-pure water (Figure 2.2).

Figure 2.2: Ultra-Pure Water Purification System.
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XiV.

UV Visible spectrophotometer

Computer based Systronics double beam spectrophotometer 166 is used for the

determination of remaining concentration of dye (Figure 2.3).

Figure 2.3: Double beam spectrophotometer.

2.3 Synthesis of catalysts

This section describes the main steps taken to synthesize the BaBiOz and K- doped
BaBiOs.

The physicochemical properties and hence the activity, of a photocatalyst strongly
depend on the preparation method [1,2]. Since catalyst preparation and design are a
major part of this work, careful attention was devoted to the preparation of all catalysts

including monitoring and controlling related variables such as mixing speed, timing
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and temperature. In this work we adopted Pechini method for the synthesis of both the
catalysts [3].

Figure 2.4 shows the flow chart of the Pechini process for preparing barium
bismuthate and potassium doped bismuthate powders. Both the catalysts were prepared
under identical conditions other than the calcination temperature. Stoichiometric
amounts of analytical grade metal nitrates were dissolved in distilled water and while
bismuth nitrate is dissolved in dil. HNOs solution under continues stirred with a
magnetic stir bar. Quantities of citric acid, in a 4:1 molar ratio with respect to the total
amount of cations, and ethylene glycol in a 3:2 molar ratio with respect to CA was
added to the above solution under constant strong stirring. Thus obtained solution is
transferred to a hot plate where it is heated up to 90°C resulting in the formation of
brown resin.

After this resin is pulverized at 350°C. Thus obtained precursor material is
powdered with an agate mortar. 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 600°C and 12hours at 850°C for
BaBiOzand 6 hours at 650°C and 12 hours at 720°for Bag.sKo.4BiO3).

Overall chemical reaction of the above procedure can be written as follows
Metal nitrates - C4Hg0,.H,0 — metal citrate solution - C,Hg0, —
metal nitrate — CA/EG poyester network — BaBiO3;/Bag¢Ko4BiO3 +
xH,04 + xCOzg + xNozg
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[ Metal nirates ]
Stirring

l Citric acd ‘
Stirring 70 °C

‘ Metal-citrae solution ‘

Stirring 100 °C

[ Ethylene glycol }

Stirring 100 °C

‘ polyester network ‘

Stirring 100 °C

‘ Gel ‘

Stirring 350 °C

{ Powder precurssor J

Grinding

[ Nanopowder }

Figure 2.4: Flow chart for the synthesis of BaBiOs and Bao.sKo.4BiOs of catalysts.

2.4  Characterization of catalysts

In this section, the as-synthesized samples are characterized using the different

characterization techniques as mentioned in the third part.

i. Thermo-Gravimetric / Differential Thermal Analyses (TGA/
DTA)

The as-synthesized sample was first subjected to thermal analysis in order to
find the decomposition, stability and phase formation of the material using Perkin
Elmer, Diamond Thermo-gravimetric /differential analysis (TG/DTA) 6300 thermal
analyzer [Figure 2.5]. The TGA curve was recorded in the range from 40 to 850 °C
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with a heating rate of 20 °C/min under nitrogen atmosphere at Sophisticated Analytical
Instrument Facility (SAIF) at STIC, Kochi.

TGA/DTA is a characterization technique that is performed on samples to
determine changes in weight in relation to change in temperature. TGA/DTA is
commonly used to determine the degradation temperatures, absorbed moisture content
of materials, the level of inorganic and organic components in materials, decomposition
points of explosives, and solvent residues. TGA/DTA is carried out by raising the
temperature of the sample and reference gradually and measuring weight and
temperature difference between the sample and the reference [4]. The sample and
reference pan are heated and the temperature difference is measured by a
thermocouples which are embedded into the bottom of the two pan holders. To the
sample pan is also attached a laser which shoots a light beam onto a photo-diode array.
As the sample and reference are heated, changes in weight are recorded by measuring
the relative deflection of the beam in relation to the diodes. Since TGA/DTA enables

both the weight loss and the temperature difference to be recorded simultaneously, the

nature of the thermal events associated with the weight loss can be obtained [5].

Figure 2.5: Thermogravimetric/differential thermal analyzer
Source: (http://www.uop.edu.pk/labs/crl/2g=Facilities&r=Thermo-Gravimetric-and-Differential-
Thermal-Analyzer )
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ii. X-ray Diffraction (XRD)

X-ray diffraction (XRD) technique is used to characterize the phase
components, structure, and phase symmetry and lattice parameters of the materials
prepared in this work. Powder X-Ray diffraction analysis (XRD) was carried out for
the calcined samples with a Panalytical’s Xpert Pro model (Figure 2.6) at Sophisticated
Analytical Instrument Facility (SAIF) at Chandigarh. The X-ray diffraction pattern is
obtained from 10° to 90° and was inspected using JCPDS data (if available) to identify
the crystallographic phases.

X-rays are generated by using a cathode ray tube in which electrons are
accelerated towards a Cu target that will be the source of the X-ray radiation. When the
cathode ray strikes the target, penetrating electrons eject other electrons out of core
atomic orbitals, specifically from the inner most (K) shell. An electron from a higher
energy (L) orbital relaxes to fill the lower energy orbital while emitting its excess
energy in the form of an intense X-ray beam. Since the energies of the shells are well

defined, each transition produces a monochromatic wavelength of radiation [6].

Figure 2.6: X-ray Diffractometer
Source: (https://www.cenimat.fct.unl.pt/services/laboratory-electronic-and-optoelectronic-materials-

and-devices/x-ray-diffraction-panalytical-xpert-pro)
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iii. Fourier Transformed Infrared Spectroscopy (FT-IR)

Infrared Spectroscopy is one of the most common and powerful techniques used
by organic and inorganic chemists. The FT-IR measurements have been performed in
the potassium bromide mode (KBr) using the model Thermo Nicolet, Avatar 370 FT-
IR spectrophotometer in the spectral range of 400-4000 cm™ with a resolution of 4cm’
! at Sophisticated Analytical Instrument Facility (SAIF) at STIC, Kochi (Figure 2.7).

Basically, it is the absorption measurement of the IR electromagnetic waves
within different frequencies. Electromagnetic waves used in infrared spectroscopy
have frequencies ranging from 1.9x10% to 1.2x10'*Hz, corresponding to photon
energies ranging from 0.078 to 0.5eV from the Plank relation

E=hv ---(2.1)
Where h is the Planck constant and v the frequency. This level of energy is inadequate
to excite electrons but may induce vibration excitation of covalently bonded atoms or
groups. The frequencies that absorption happens are closely related to the structure of
the molecules, i.e. atom species, bonding types and ways of possible vibration
(stretching, scissoring, rocking and twisting). For a typical IR spectrum, studied
samples are exposed to a beam of infrared light and transmitted light is collected which
reveals the absorption of the samples. From their characteristic absorption frequencies,

different functional groups can be quickly identified [7].
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Figure 2.7: FT-IR Spectrometer

Source: (http://www.sticindia.com/images/LARGE/14.jpq)

iv. UV-Vis. Diffuse reflectance spectroscopy (UVDRS)

Diffuse reflectance spectroscopy (DRS) is one of the most powerful
spectroscopic techniques for the powdered or crystalline materials in mid-IR and near
IR region. It is also known as Elastic Scattering Spectroscopy (ESS) in which the
characteristic reflectance spectrum is measured, which is produced when light passed
through the medium. In UV/Vis spectroscopy, the change in transmittance of light is
determined when it passes through a solution. It is well known that when a light passes
through a sample it may get reflected transmitted or absorbed. The diffuse reflection
reveals the part of the incident light beam scattered within the sample and comes back
to the surface. The incident light beam scattered in different directions belongs to
diffuse reflection, while light beam reflected symmetrically is associated to specular
reflection. In this project, the UV-Vis transmission spectra of the as-synthesized
catalysts are recorded at Sophisticated Analytical Instrument Facility (SAIF), STIC,
Kochi, with HP Hewlett Packard 8452A Diode Array Spectrophotometer over the
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wavelength range of 200-800nm, in order to determine the proper wavelength of the
incoming light source (Figure 2.8).

The UV-Vis spectra not only uniquely define the material, but also identity the
possibility of using the materials for photocatalytic studies either in the UV or visible
light range. To be more specific, the UV-Vis Spectra give the information necessary to
decide the maximum wavelength (minimum frequency and energy) required in the
incoming light source in order to excite the photocatalyst. The spectra generated here
is due to the optical transitions from the ground state to an excited state of the catalyst
molecules, i.e. a transition of electrons from valence band to conduction band [8].

According to Wood and Tauc studies, estimation of the optical band gap energy
(Eg) of a crystalline material can be done by a graphical method. The following relation
expression is used

(hva)'/™ = A (hv — E ) ---(2.2)

Where, h, v,a A and Eq are plank constant, vibrational frequency, absorption
coefficient, proportionality coefficient, respectively. Here, value of n is taken %
considering the direct allowed transition. [9]

A plot of (ahv)? as a function of hv (photon energy), where the optical band gap
energy (EQ) is obtained by extrapolation of the linear portion (absorption edge) till

interception with the hv axis for (ahv) =0 [10].
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Figure 2.8: UV-Vis Spectrophotometer
Source: (https://cdn.labx.com/labvista/2018/01/28/www-bidservice-com/39852e21-8715-

4ac0-8de1-51d1802ae5a6.jpg )

v. Scanning Electron Microscope (SEM)

Diffraction techniques are powerful and irreplaceable in crystallography;
however atomic arrangements are obtained indirectly by analyzing diffraction patterns
and subsequent Riveted analysis. Furthermore diffraction is insensitive to atoms in
amorphous phase. Imaging of samples at reasonable magnification provides valuable
complementary information. A Scanning Electron Microscope (SEM) is a powerful
magnification tool that utilizes focused beams of electrons to obtain high-resolution,
three-dimensional images for topographical and morphological information. Most
SEM instruments are equipped with Energy Dispersive Spectroscopy (EDS) detectors
which can also provide compositional information for a selected area in the SEM
image. Scanning electron microscopy (SEM) is commonly used for study of

atmospheric chemical species. It gives us a better insight about the morphology and
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origin of aerosol particles that whether emitted from anthropogenic or the natural
processes.

Scanning electron microscopy (SEM) is a method for high resolution surface
imaging. The SEM uses an electron beam for surface imaging. Different elements and
surface topographies emit different quality of electrons, due to which the contrast in a
SEM micrograph (picture) is representative of the surface topography and distribution
of elemental composition on the surface [11].

Atmospheric samples of free fall particulates matter are analyzed by SEM at
Sophisticated Analytical Instrument Facility (SAIF) at STIC, Kochi. The particles size
and morphology of the synthesized sample has been studied by The SEM analysis is
carried out with the help of computer controlled field emission scanning electron
microscope JEOL JSM 7600F FEG SEM equipment (Figure 2.9). The working
conditions are set at an accelerating voltage of 0.5 kV to 30kV, resolution: 4 nm
(30kV), magnification: 300,000.

Figure 2.9: Field emission gun- scanning electrone microscope.

Source: (http://www.rsic.iitb.ac.in/IMG/feg-sem1.ipg)
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2.5 Photodegradation of various dyes

This section gives the experimental set-up and the procedures used for studying
photodegradation experiments.

The photocatalytic activities of the synthesized BaBiOz and Bao.sKo.4BiOzsamples
were quantified by measuring the rates of photo degradation of different dyes. The
experiments were performed in indigenously prepared immersion type photocatalytic
reactor for the photodegradation of dyes. The schematic diagram of reactor is depicted
in Figure 2.10. The reactor consists of a jacketed glass tube, which houses the radiation
source. A 500 W Xe arc lamp with intensity of 137mW cm was used for the emission
of visible light radiation. The mixture of dye and catalyst is taken in the outer
borosilicate reactor. Cold water was circulated in the outer reactor to maintain the
solution temperature at 308K. The inner glass tube is immersed in the solution of dye
and photocatalyst. In all the studies the mixture was magnetically stirred before
enduring illumination at specific time interval, 5mL of the sample was collected and
centrifuged prior to the absorbance measurement. The residual concentration of dye
was monitored by change in absorbance using Systronics double beam
spectrophotometer 166. Before irradiation, the suspension was stirred in the dark for
30 min to obtain a state of sorption equilibrium. Controlled experiments, without the
catalyst were performed to demonstrate the extent of photocatalysis. Therefore A
preliminary control experiment was carried out to examine the effect of visible light on

dye, by illuminating dye solution without photocatalyst.
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Visible Light
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Figure 2.10: Schematic of the immersion type photocatalytic reactor set up for the degradation of
dye solution.

A flow chart of photodegradation of dyes is shown in Figure 2.11.
The degradation efficiency was observed in terms of change in intensity of the
dye before and after light irradiation. Photocatalytic performance was quantified by the

degradation of crystal violet as a model organic pollutant under visible light irradiation.

—C"C‘Ct x 100 ---(2.3)

o

Where, Co= concentration of dye solution before photo irradiation (mgL™?), Ci=

Concentration of dye solution after photo irradiation (mg L™2).
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Figure 2.11: Flow chart of the photodegradation of studied dyes by the synthesized catalysts.
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2.6 Kinetic modeling

This section describes the various kinetic model (Adsorption isotherms, and
photodegradation kinetic model) to provide theoretical support for evaluating the
photocatalytic efficiency of the samples.

I.  Adsorption Isotherm

Since, the photo-assisted degradation of the dyes occurs predominantly on the
photocatalyst surface. Therefore, adsorption of the dye is an important parameter in
determining photocatalytic degradation rate. Experiments of adsorption of dyes on both
the catalysts were conducted in the reactor at a temperature of 308K. Operating
conditions for the reactor were the same as in the photodegradation experiments. First,
the reactor was filled with certain dye initial concentration (20, 40, 60 and, 80mgL™).
One sample was taken at this point in order to measure the actual concentration of the
dye (Co). Then, 0.75gL™ of the respective catalysts was added to the solution. The
reacting solution, with the catalyst, was left running for 30 minutes in order to reach
adsorption equilibrium. After this period of time, a sample was taken in order to
measure the concentration in the liquid at equilibrium (Ce). With these two
concentration values, the adsorption capacity at equilibrium time has been determined.

Analysis of the adsorption isotherm is of fundamental importance to describe
how adsorbate molecules interact with the adsorbent surface. Equilibrium studies
determine the capacity of the adsorbent and describe the adsorption isotherm by
contents whose values express the surface properties and affinity of the adsorbents. The
relationship between equilibrium data and either theoretical or practical equations is
essential for interpretation and prediction of the adsorption.

Several adsorption isotherms have been investigated for the adsorption process
of organic pollutants, out of them, the Langmuir and Freundlich models are the most
common isotherm due to their simplicity and capability to describe experimental results

in wide range of concentration [12].
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a) Langmuir isotherm

Langmuir model is valid for single layer adsorption [13]. It is based on the
assumption that all adsorption sites have equal affinity for molecules of the adsorbate
in the plain surface. The Langmuir description of adsorption provides the most
common equation, and is applied to kinetic modelling for quantitative analysis of the
adsorption-desorption process due to its simplicity and its ability to fit a variety of

adsorption data. It is based on four major assumptions:
o All of the adsorption sites are equivalent and each site can only accommodate

one molecule.

e The surface is energetically homogeneous and adsorbed molecules do not

interact.
e There are no phase transitions.

e At the maximum adsorption, only a monolayer is formed. Adsorption only
occurs at localized sites on the surface, and not with other adsorbates.

The Langmuir isotherms are represented by the following equations.

b
qe = 2 ---(2.4)
Le 1 Ce - --(2.5)

ge  Qob Q,
Where C. is the concentration of the adsorbate (mg/l) at equilibrium, ge is the
amount of adsorbate per unit mass of adsorbent at equilibrium in mgg™, Qo is the
maximum adsorption at monolayer coverage in mgg™?, b is the adsorption
equilibrium constant related to the energy of adsorption in Lmg™.

The adsorbate uptake ge (Mmgg™?), can be calculated as

Co—Cp)V
q, = LotV i ) ---(2.6)
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Where Co is the initial adsorbate concentration (mgL™), V is the volume of solution
(L), W is the mass of adsorbate (g). The value of Qo and b was found from the

intercept and slope of the Ce/ge Vs Ce curve respectively.

b) Freundlich models

The equilibrium removal of dye was mathematically expressed in terms of
adsorption isotherm. The adsorption isotherm is a function of expression for the
variation of adsorption with concentration of adsorbate in bulk solution at constant
temperature. The relation between the dye uptake capacity of the adsorbent ge (mgg™)
and the residual dye concentration at equilibrium Ce (mgL™) is given by equation 9
which will have a straight line with a slope of 1/n and an intercept of log(Kr) when
log(qe) is plotted against log(Ce), where Kr and 1/n are empirical constants dependent
on several environmental factors [14].

Here the intercept logKr is a measure of adsorbent capacity and the slope 1/n,
is the sorption intensity. The value of 1/n is less than 1, indicates a favorable
adsorption.

A plot of Ce/qge versus Ce indicates a straight line of slope 1/qm and an intercept of
1/(KiQgm).

1
Log(q.) = Llog(C,) + logK; - (27)

C 1 1
- — +
de 9max. K1 Qmax.

Ce ---(2.8)

__ 9max. Kj Ce 29
Qe = ikt ce (2:9)

The essential characteristics of Langmuir equation can be expressed in terms of

dimensionless separation factor Ry.

_ 1
L= 1+K;.C,

---(2.10)
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ii.  Photodegration kinetic model (Langmuir- Hinshelwood
kinetics)
Consider that only two reactants take part in the reaction on the surface of
photocatalyst.
The most common surface reaction mechanism is that where both reactants are
adsorbed on the surface and subsequently they collide and create products. This is
known as the Langmuir -Hinshelwood mechanism. It was derived from ideas proposed

by Hinshelwood based on Langmuir’s principles for adsorption [15].

This mechanism is based on the following hypotheses

e Surface is homogeneous

Adsorption occurs only on the specific places of surface

Each active center use only one molecule of adsorbed reactant

Adsorbed molecules do not react with each other

Only monolayer is formed during the adsorption process
Analysis of heterogeneous kinetics of photocatalytic reaction can be simply
quantified by the rate equation; by Langmuir-Hinshelwood equation.
Assuming that the hydroxyl radical OH" is the primary oxidant for the
degradation of dye, a chemical kinetics for the process may be written as:
OH’ + Dye — Products

The rate of degradation of dye can be expressed as:

. dC _ kKe
T dt ~ 1+KC

Where r is the rate of degradation of reactant (mgL*min™), C concentration of

-~ (2.12)

the reactant (mgL™), t the illumination time (min.) and K is the reaction rate constant
(min't) and K is the adsorption coefficient of the reactant (Lmg™).
When the reactant concentration is avoidable, equation (2) can be simplified to

an apparent-first-order equation:

In% =kK,=K

- app .- (2.12)
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A plot of In(Co/Cy) against time represents approximately linear straight lines,
showing the case of first-order reaction. The slope of the line equals the apparent first-

order rate constant Kapp.

ii.  Goodness of fit
Goodness of fit is a fundamentally key parameter that approximate how well the
predicted curve correlates with the experimental data [16]. Usually least squares
method is used to measure the degree of the goodness of fit. Previously, nonlinear data
would be transformed into a linear form and accordingly analyzed the data by the least
squares fit method (i.e. conversion of Ctinto InCy). The coefficient of determination,
R? gives the proportion of the variance of one variable that is predictable from the other
variable. The coefficient of determination is such that 0 < R%< 1, and indicates the
strength of the linear association between experimental data. In all the kinetic
modelling (adsorption isotherms and LH kinetics) linear and non-linear regression

were applied using MS Excel spreadsheet.
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3.1 Introduction

A large number of metal oxides have been examined as photocatalysts for
environmental application in dye degradation. There is a majority of the simple metal
oxide photocatalysts; however, they are primarily active under UV irradiation, utilizing
only a small portion of solar light. Till now, TiO. has been used, for the above said
purpose, which has wide band-gap energy 3.0~3.2eV which prevents the utilization of
visible-light that accounts for most of solar spectrum [1,2]. In recent times, significant
efforts have also been made to develop new semiconductor photocatalyst with visible
light photocatalytic activity. For this purpose, many approaches have been used which
includes metal ion doping, nonmetallic element doping, coupling with other
photocatalysts, sensitization with organic dyes. [3-5].

The increasing necessity of stable and durable visible light active photocatalyst
(green photocatalyst) has been the motivation of many investigations in order to

develop new materials with a more efficient use of natural sunlight [6-8].

The perovskite type oxides (ABOz), where A and B represent 12-coorbination
and 6-coordination metal cations, respectively, own special physical and chemical
features because of their stable crystal structure, electromagnetic behavior, 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’1yBO3} [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’1.yO3} [15-
16]. Perovskite exhibits much higher activity compared to TiO> for the decomposition

of various dyes and phenolic compounds under visible light [17,18].

Owing to the novel physical properties and potential applications, perovskites
have been studied intensively. Many of these like LaNiOs, PbTiOs, and LnVVO3 which
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are commonly used in waste water treatment are synthesized from costly and
complicated methods [19-21].

It is to be noted that the photocatalyst synthesized during this research work can
be prepared at laboratory level through Pechini method besides being synthesized in a
very cost effective manner. In the present research work, perovskite BaBiOs is selected
with Ba at ‘A’ site and Bi at ‘B’ site along with a new catalyst i.e. K doped BaBiOs3
(Bao.sKo.4BiO3) for photodegradation studies.

There is a major advantage for using barium owing to its properties related to
fixed valance band state (Ba%*) and large ionic radius (1.60A) [22]. These combined
properties are very attractive, thus favoring the creation of large lattice spacing and
facilitating the desired tailoring of the photocatalyst being synthesized. To complement
barium, bismuth was chosen as a cation dopant since it has ionic radius variability at
different valance states (Bi** and Bi®*) and coordination numbers which allowed
flexible incorporation of bismuth in A-site and/or B-site [23]. Many Bi** containing
oxides exhibit photocatalytic properties due to the hybridized O (2p) and Bi (6s)
valence bands [24,25].

Hence, in the search for alternative green photocatalysts, this work takes the
advantage of these combined features of barium (as discussed above) with the
flexibility of bismuth in the manipulation of the perovskite structure.

The present research works aims at synthesizing a novel visible light active
photocatalyst (independent of TiO2) BaBiOz through Pechini method. Furthermore,
different photochemical and physical properties of as synthesized BaBiO3z are studied
in detail. Besides that, to improve the physical and absorption properties of parent
BaBiOs perovskite compound while retaining its ideal properties, efforts were taken to
develop a newly designed perovskite through partial substitution of Ba by K at ‘A’ site.
In addition, the photo degradation properties of thus prepared BaBiOsz and
Bao 6Ko0.4BiO3 photocatalysts are studied to degrade the three dyes viz Crystal violet,

Malachite green and Congo red.
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As the physicochemical properties of different photocatalysts and hence their
activity are potentially influenced by, calcination conditions (temperature, time and
atmosphere) , substitution of A and B sites and the synthesis methods [26], therefore,
many routes have been used to synthesize perovskite materials, such as solid state
reaction, co-precipitation, hydrothermal, spray and freeze drying, and sol-gel process
[27-31].

The sol-gel process is a very useful technique for preparing many materials in
a variety of shapes and forms. Applying the sol-gel process, it is possible to fabricate
ultrafine oxide material at relatively low temperatures with high purity and nano-scale
powder along with accurate control of the composition of the final material [32]. The
Pechini method is based on rigorous mixing of positive ions in a solution, precise
alteration of the solution into a polymer gel, elimination of the polymer matrix and

development of an oxide precursor with a high degree of uniformity [33, 34].

3.2 Pechini method

In the present research work we have adopted the Pechini method to achieve a
good crystallized, single phase, under 100 nm size, mono disperse and homogeneous
morphology compound which is ideal for a semiconductor material in order to be an

efficient and chemically stable photocatalyst.

The Pechini method is a widely used option for the synthesis of many mixed
oxides. It has been idealized on the ability of some compounds, such as, lactic, glycolic,
citric, and ethylene diamine tetra acetic (EDTA) acids, to form polybasic acid chelates
with cations dissolved in the system [35]. Chelating agents are used to prevent the
partial segregation of metals in the final compound, which may be caused by different
interactions between metal ions present in the solution [36]. A subsequent step may be
performed with the addition of a polyol, such as ethylene glycol, promoting the
polymerization with the chelating agent. It has been reported that the use of ethylene
glycol can result in a material with increased homogeneity and high surface area when

compared to samples prepared using only chelating agents, since polyester net can
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minimize further segregations of particular metals during the decomposition process at
the required temperatures in the heat treatment. [35,37]. The addition of a poly-hydroxy
alcohol (here EG), allied with heating the solution, leads to the poly-esterification of
the chelates, creating a cross-linked chain of metal atoms bonded to organic radicals.
The heat treatment, which requires lower temperatures than conventional methods,
leads to the removal of organic material and formation of the mixed oxides (Figure
3.1). These oxides are finely divided and exhibit high purity as well as high
homogeneity. As a consequence, the system is in a highly desirable state for

successfully synthesizing a good photocatalyst for degradation of dyes.
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Figure 3.1: Mechanism of Pechini reaction
(Source: https://media.springernature.com/lw785/springer-static/image/chp%3A10.1007%2F978-3-
319-19454-7 123-1/MediaObjects/339104 0 En_123-1 Fig2 HTML.qif)

BaBiOs perovskite, an indirect semiconductor material that was discovered by
Cox et al in 1976 [38]. As far as our knowledge, the earlier studies on the use of
BaBiOs as photocatalyst has not been reported much except its use in a recent study
where it was synthesized through soft chemical technique [39]. In all the research work,

emphasis has been given to its superconductivity and magneto-electric properties, and
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dielectric properties, where it was synthesized via vapor phase synthesis, solid state
reaction and microwave assisted hydrothermal reaction [40-43], rather than their
utilization in photodegradation of organic pollutants.

Potassium doped BaBiOs perovskite semiconductor material was discovered by
Mattheiss et al. in 1988 [44]. Conventionally, potassium doped BaBiO3z powders have
been prepared by a traditional solid state reaction [45] and powder sintering technique
[46] which needs high temperature and may lead to the presence of impure phases like

Bi2Os in the prepared catalyst [47].

In order to overcome these disadvantages, we used Pechini method (sol-gel
technique) [34] which is simple and economical, low processing temperature and wide
range of possibility to change the properties by varying the composition of the solution
[35].

It is to be noted that the synthesis of Bao.sKo.4BiOs via Pechini method followed
by its utilization in photodegradation of dyes is being reported for the first time. In this
chapter, we report on the successful synthesis of crystalline and single-phase BaBiOs

and Bao.6Ko.4BiO3 photocatalysts using Pechini method.

3.3 Synthesis

Synthesizing uniform, mono disperse particles with reliable reproducibility
with control over nanostructure phase, size and morphology is experimentally
challenging. Moreover, elimination of impurities associated with the final nano
materials is also difficult. In this section, we report on the successful preparation of

crystalline and single-phase BaBiO3z and Bao.sKo.4BiO3 photocatalysts

66



Chapter 3

3.3.1 Synthesis of BaBiO3
BaBiOs perovskite is prepared by the Pechini method as depicted in flow

diagram in Figure 3.2 (A). All the reagent materials are carefully weighed to calculated
values of mass (g) in order to achieve stoichiometric products. In a typical procedure,
the starting material barium nitrate {Ba(NOz3).} is dissolved in 100 ml distilled water
applying strong stirring for 15 min., while bismuth nitrate {Bi(NO3)..5H.0} s
dissolved in dil.HNOs solution, to avoid the precipitate of the bismuth ions [48]. These
Barium nitrate and bismuth nitrate solutions are used as starting materials. Both the
above solutions are mixed and then magnetically stirred to get a uniform solution. Once
the starting materials are dissolved, 1M citric acid (CsHsO7.H20) is added to above

solution as complexing agent under constant stirring for next 30 minutes.

After homogenization of the solution containing the Ba and Bi cations, ethylene
glycol (C2HeO2) was added to promote mixed citrate polymerization by the poly-
esterification reaction. Upon continued heating at 80-90 'C, the solution became more

viscous, without any visible phase separation.

The solution was heated for several hours to evaporate the excess water and
subsequently to accelerate poly-esterification reactions between citric acid and
ethylene glycol results in the formation a viscous, bubbly mass that formed a brown
resin upon cooling. Here, citric acid and ethylene glycol are used as complexing agents.
The molar ratio among Barium, Bismuth cations is 1:1. The citric acid/metal ratio is
fixed at 4.0 while keeping the citric acid/ethylene glycol ratio as 3:2. This resin is
pulverized at 350° C {Figure3.2 (B)} and then calcined at 600 ° C for 5 hours and then
finally at 800° C for 12 hours to obtain distorted monoclinic BaBiOs perovskite. In the
end, the calcined compound {Figure3.2 (C)} is ground to fine powder once more for

further characterization.
The chemical reaction taking place during the process is given below:

Ba(N03);.5H;0 pciaic Ba(NO3),,, - CcHg07.H,0 —

metal citrate solution - C,H;0, - metal nitrate — CA/
EG poyester network — BaBiO3¢ + xH,0,4 + xCozg + xNOZg

67



Chapter 3

Ag. Sol
BailN,.

DL HNO, Sol.
Bi(NO,), SHO

i
W

Cinric Acikd

Stiming S

Ethvlene glveool

Stiming S

Ba-Bi

Hormo@ e meows
Solu tion

BaBi0, Gel

BaRBi0,
Poweer

P reCirsor

BaRi(,
nanoparticles

l Metal Che lation

a l Evaporation

l Evaporation

l Paolyesterification

Grimding l Calcination at different Temperatnes

(B)

(A)

Figure 3.2: (A) Flowchart for the preparation of BaBiOs (B) BaBiOs powder precursor at 350°

C/2h. (C) BaBiOs perovskite at 800°C /12h
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3.3.2 Synthesis of Bao.sKo.4BiO3

Potassium doped BaBiOs i.e. BaosKo.4BiOs is prepared by Pechini method as
depicted in flow diagram Figure 3.3 (A) and the structural properties of BaosKo.4BiO3
are examined by various characterization techniques. 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.

All the reagent materials are carefully weighed to calculated values of mass (g)
in order to achieve stoichiometric products. For the preparation of Bags Ko.4BiOs3
particles, barium nitrate {Ba(NO3)2}, potassium nitrate (KNO3) and bismuth nitrate
{Bi(NOz3)2.5H.0} 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 deionized water under stirring condition. Bismuth nitrate is
separately dissolved in minimum amount of dilute HNOgz to avoid precipitation of Bi
ions, then it is added drop wise to the barium nitrate and potassium nitrate solution
[48]. Citric acid (CsHgO7.H20) is then added proportionally to the above metal
solution, followed by the addition of ethylene glycol (C2HeO-) as a chelating agent.
The citric acid/ethylene glycol ratio is kept as 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 [49]. This produces a viscous, bubbly mass that forms a resin
upon cooling. This precursor is burned at 350°C for 2 hours followed by grinding in
mortar to achieve fine powder {Figure3.3 (C)}. 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 650°C for 6 hours and then at 720°C for 12 hours
{Figure3.3 (C)}. The calcination removes most of the residual carbon and thus cubic

phase perovskite is finally obtained which is then ground to fine powder once more for
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further characterization. The chemical reaction taking place during the process is given
below:
Ba(NO3)Z. 5HZOAcidic + Ba(NOg)qu + KN03Aq - C6H807- Hzo g

metal citrate solution - C;Hz0, - metal nitrate — CA/
EG poyester network — Bay¢K¢4BiO3, + xH,0,4 + xCOZH + xNOzg
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(B) (©)

Figure 3.3: (A) Flowchart for the preparation of BaocKo.4BiOs (B) BaosKo.4BiOs powder

precursor at 350° C/2h. (C) Bao.sKo.4BiOs perovskite at 720° C /12h.

3.4. Results and discussion

In the consecutive sections, the techniques used in this work to characterize the
compounds through their structural, morphological and optical analysis, are described
followed by their results and discussion.

The as-synthesized sample was first subjected to thermal analysis in order to
find the decomposition, stability and phase formation of the material using Perkin
Elmer, Diamond TG/DTA 6300 thermal analyzer. The TGA curve was recorded in the
range from 40 to 850 °C with a heating rate of 20 °C/min under nitrogen atmosphere.
Powder X-Ray diffraction analysis (XRD) was carried out for the annealed samples
with a Panalytical’s Xpert Pro model 1 kV, and 30mA. The X-ray diffraction pattern is
obtained from 10° to 90° and was inspected using JCPDS data (if available) to identify
the crystallographic phases. The FT-IR measurements have been performed in the
potassium bromide mode (KBR) using the model Thermo Nicolet, Avatar 370 FT-IR
spectrophotometer in the spectral range of 400-4000 cm™ with a resolution of 4cm™.
The particles size and morphology of the synthesized sample has been studied by JEOL
JSM 7600F FEG SEM microscope operated at 20 kKV. The optical absorption study of

the synthesized sample has been carried out in the range of 200-800 nm using Cary
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5000 high resolution spectrophotometer. The band gap calculations are done with the

help of KM function and corresponding Tauc’s plot.

3.4.1. Characterization of BaBiOs3

3.4.1 (A) Thermal Studies

To determine the best annealing conditions and to evaluate the crystallization
temperature necessary to obtain a single phase BaBiOs by the Sol-gel method, thermal
analyses were performed using TG-DTA analyses of BaBiOs powder obtained by
heating of polymeric precursor at 90° C. It can be seen that the decomposition of
BaBiOsz precursor resin takes place in three distinct steps. The first weight loss region
(31°C -185 °C) corresponds to the loss of physio-absorbed water and accompanied by
8.9% weight [50]. The second weight loss (60.80%) region is in temperature range of
186 °C - 416 °C, which can be attributed to the pyrolysis and combustion of organic
compounds and the degradation of intermediate species formed during the
polymerization process. The next weight loss around 13.0 % lies in the range of 417 °C
- 440 °C and can be attributed to the decomposition of nitrates and nitrites residue. The
DTA curve shows three weak exothermic peaks at 200 °C, 259 °C, 292 °C and one
strong exothermic peak at 456 °C, which are correlated to the weight loss mentioned
above and subsequent crystallization of the residual amorphous phase. The DTA curve
shows a strong exothermic peaks around 459°C, which is correlated to the weight loss
that must be considered as the crystallization of the residual amorphous phase [51].
This observation is supported by powder X-ray diffraction (XRD) of the sample
obtained from calcinations of the precursor at 350°C, 600°C and 800°C (Figure 3.4).
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Figure 3.4: TGA and DTA curves of BaBiOs precursor prepared by Pechini method

3.4.1 (B) X-ray diffraction (XRD) patterns

The XRD pattern of the characterized BaBiOs samples was measured within
the range (5°-90°) with scan rate of 5°min™t. The XRD patterns of a given material
consist of the intensity of the light diffracted by the lattice of the material as a function
of the angle 20, resulting in a plot of narrow peaks with different intensities. Crystalline
structure evolution of pure BaBiOz as a function of calcinations temperature i.e. 350°C,
600°C & and 800°C is shown in Figure 3.5(a), 3.5(b) and 3.5(c), respectively, which
indicates that well crystallized monoclinic BaBiOz can be synthesized by calcination at
800°C. On the other hand, at lower calcinations temperatures (350°C & 600°C) intense
and well defined diffraction peaks are absent, suggesting the compound have an
amorphous structure. As Figure 3.5 shows, BaBiOs exhibits a crystalline perovskite
phase with relevant diffraction peaks properly indexed. In the XRD pattern we can
identify the presence of (110), (112), (220), (312), (240), (332) and (316) crystal planes.
All the diffraction peaks are found to be in accordance with the distorted monoclinic

73



Chapter 3

BaBiO; phase having space group 12/m, with the lattice parameters a = 6.18 A, b =
6.14 A, c=8.67 A, p=90.17°. These values match well with the JCPDS data card 79-
1864 [52]. Table 3.1 reports the parameters of BaBiOs3 crystals prepared by Pechini
method, calcined at 800°C for 12 hours. This table summarizes the lattice parameters,

space group and structure of the prepared compound.
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Figure 3.5: XRD patterns of BaBiOs at different calcinations temperatures. (A) At 350°C/2 hours

(B) at 600°C/5hours (C) at 800°C/12hours.

Thus, BaBiOs crystallizes in distorted monoclinic perovskite structure [39],
and this distortion is attributed to the coexistence of two valence states, Bi* (6s?) and
Bi®* (6s°) [23]. The resulting distortion contained an ordered alternation of Bi** and
Bi®* sites. A schematic illustration of the crystal structure of BaBiOs is shown in Figure
3.6, where BiOg octahedra connect by sharing corners with each other, forming a
diamond tunnel, and Ba is located in the tunnel. Earlier reports indicate the material’s
structure contains two kinds of distorted BiOs octahedra: Bi'Os and Bi?Og. In other
words, structurally, this is manifested as two distinctly different Bi—O distances the
shorter Bi*>-O (2.12A) and the larger Bi*®-O (2.31A ) which result in alternately
expanded and contracted BiOs octahedra, which further leads to the distortion in the
symmetry of the compound [53,54].

Crystallographic parameters of powder calcined at 800 °C/12hours are listed in
Table 3.1.
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Figure 3.6: Three-dimensional packing diagrams of BaBiOs [39].

Table 3.1: Structural results for BaBiOs nano powder calcined at 800°C/12h.

20° (hKI) | Structure Lattice Space
Parameter Group

20.53 (110)

29.23 (112)

4157 (220) a=6.18A

51.68 (312) | Distorted b=6.14A 12/m

60.41 (240) | Monoclinic c=8.67A

68.28 (332) 0=90.17°

83.37 (316)

3.4.1(C) Fourier Transform infrared spectroscopy

FTIR was used to study the purity and functional group composition of the
BaBiOs. The dried BaBiOs3 particles were mixed with KBr to form pellets and then
characterized with FTIR. The different functional groups existing in BaBiO3 calcined

76



Chapter 3

at 800°C/12hours sample are analyzed using FTIR spectra given in Figure 3.7.
Absorption bands around 3496cmtand 1697cm™ can be assigned to OH and HOH
bending motion which are caused by surface adsorbed water [55]. Band, produced by
acetate groups, are observed at 1548cm™! (asymmetrical stretching vibration of COO~
) [56]. In addition, the medium bands at 1082cm™ can be attributed to the stretching
vibration of CO3? [57], which is in accordance with the results obtained from TGA
analysis showing the carbonates generated by the decomposition of organics and
nitrates. The FTIR spectrum of pure BaBiOs also shows two more bands at 799.11cm”
! and 459.30cm™ which is considered to be a characteristic feature of the sample and is
attributed to the vibration of Ba-O and Bi-O bond respectively [58,59]. A small broad
peak around 924cm s related to vibration of Bi-O bonds in BiOg octahedra.

The observed band frequencies and their corresponding assignment of the
functional groups are given in Table 3.2.

Y Transmittance

400 3500 3000 2500 2000 1500 1000 50
Wavenumbers (cm-1)

Figure 3.7: The FTIR spectra of BaBiOs calcined at 800°C/12hours.
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Table 3.2: Interpretation of the peaks obtained by the FTIR spectra of the synthesized

BaBiOs/12hours.

Wave number Intensity Significance
(cm™)
459.30 Sharp and | Bi-O bond vibration
intense
799.11 small Ba-O bond vibration
924.70 Small and | Vibration in BiOs octahedra
broad
1082.74 small Stretching vibration of COs*
1548.24 small Asymmetric vibration of COO
1697.21 weak HOH bending motion
3496.97 small OH bending motion

3.4.1(D) UV-Vis. Diffuse Reflectance spectroscopy

The diffuse reflectance spectra of BaBiOs showed in Figure 3.8 shows a strong

fundamental absorption edge at 600nm, which indicates the photocatalytic activity in

the visible light as well as in the solar light. The optical band gap Eg of prepared

compound can be determined by its absorption and reflectance spectrum shown in this

Figure 3.8.
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Figure 3.8: (A) Reflectance and (B) absorption spectrum of BaBiOs calcined at 800°C/12hours.
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The optical absorption near the band edge was determined from Tauc’s

formula [60],
ahv « (hv —E,)"

Where, o=4miZ\ is the absorption coefficient, E is the photon energy, and
n decides the characteristics of the transition in a semiconductor is a constant. Since
semiconductor shows allowed indirect transition for which the value of n is decided 2
[61].
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Figure 3.9: Kubelka-Munk converted Tauc plot of BaBiOs

To calculate the band gap, the (ahv)? is plotted against energy (Tauc’s plot)
given in Figure 3.9. The value associated with the point of intersection of the line is
tangent to the plotted curve inflection point with the horizontal axis becomes the band
gap energy. The value of band gap is found to be 2.08eVVwhich is slightly greater than
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the one previously published by Tang et al. in which the band gap energy is about ~
2.05eV for BaBiOs powder prepared by Soft chemical technique [39].

In many Bi based oxides the VB are composed of Bi 6s and O 2p orbitals and
the CB are composed of d orbitals or p orbital. While in BaBiOs both VB and CB
contains Bi 6s orbitals.(top of the VB is mainly composed of Bi®* 6s and O 2p and the
bottom of the CB is Bi®* 6s and Bi 6p) This unique band structure is responsible for its
enhanced photocatalytic property. The photo-generated electrons usually transfer from
the top of the VB (HOMO) to the bottom of the CB. There are four predominant bands
near the Fermi level; Ba 5p orbital, VB (comprised of O 2p, Bi 6s and Bi 6p ), CB
(comprised of Bi 6s, Bi 6p and O 2p), and a hybridized orbital comprised of Bi 6p and
Ba 6s, as reported earlier [62,63].

As we know, to be an efficient photocatalyst with a narrow band gap, it is
important to control the position of VVB. As reported, enhanced visible light activity of
Bi based oxides is due to the transfer of photoelectrons from the 6s orbital of Bi** to 6s
orbital of Bi** during the light exposure. The feasibility of e transfer is affected by
three dimensional alignment of the orbitals. Since, s orbitals have spherical symmetry
so, s to s transition might have the lowest barrier which further increases the mobility
of charge carriers as this may lead to the suppression of the recombination of e hole
pair and therefore, relatively higher photooxidation potential the material, which allow
them to easily reach the surface of the photocatalyst. Besides this under strong
dispersion e excited by irradiation possess a small effective mass which causes high

mobility of e” towards the surface, hence higher photooxidation [64].

Therefore, it is concluded that the large contribution of s orbitals in both VB
and CB, increases the feasibility of electron transition through the reduction of band
gap thereby resulting in the synthesis of a highly efficient photocatalyst under visible

light irradiation.
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3.4.1 (E) Scanning electron Microscopy

The scanning electron micrograph of BaBiOs sample was taken at different
magnifications and shown in Figure 3.10. As seen in the micrographs, morphology of
the BaBiO3z particles were rods likes with average width 520 nm and length up to
2.55um. SEM was used to study the surface morphology for the prepared powders. The
scanning electron micrograph of BaBiOs sample prepared at 800°C/12h was taken at
different magnifications and shown in Figure 3.10(a-d). As seen from the SEM images
all the samples have high degree of crystalline, homogeneously distributed rod like
shape. The low magnification micrograph shown in Figure 3.10(a) demonstrates
homogeneous morphology with uniform particle distribution. As seen in the high
magnification micrograph {Figure 3.10(d)}, morphology of the BaBiO3z particles were
in nano-range having rods like shape, with average width 520 nm and length up to
2.55um.

20kv X10,000 12 43 SEI
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Figure 3.10: Scanning electron micrograph of BaBiOs calcined at 800°C/12h at different
magnifications. (A) at 10,000 (B) at 5,000, (C) at 2,000 (D) at 10,000

3.4.2. Characterization of BaosKo4BiO3
3.4.2 (A) Thermal Studies

Simultaneous TG and DTA investigations are carried out to evaluate the
crystallization temperature. Figure 3.11 shows DTA-TGA curve of polymeric resin for
Bao.sKo.4BiO3 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% up to 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 [50].
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
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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 (Figure 3.12) and FTIR (Figure 3.14) analysis. The total
weight loss of this powder is 72.51% [51].
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Figure 3.11: TGA and DTA curves of BaosKo.4BiOs precursor prepared by Pechini method

3.4.2(B) X-ray diffraction (XRD) patterns
The as-prepared Bao.sKo4BiOs nanoparticles synthesized by using Pechini method at
720°C for 12 hours were used for structural measurement with XRD technique. Figure
3.12 depicts the XRD patterns of the as-obtained Bao.sKo.4BiO3 nanoparticles. The peak
is very strong and narrow, demonstrating a high degree of crystallinity of the prepared
catalyst. Moreover, there are no other distinct peaks from impurities detected,
indicating that the product is very pure. It is observed that all the diffraction peaks are
in good agreement with the standard BaoKo.4BiOs cubic crystalline structure, with
measured lattice constants (a = b = ¢=3.2498A) being the same as the indexed ones.
Patterns in Figure 3.12 (a) reveal that the sample burned at 350°C is amorphous

in nature. Upon calcination at 600°C the sample becomes more crystalline. {Figure
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3.12(b)}. The sample calcined at 720°C for 12 hours is highly crystalline with
predominantly perovskite structure. {Figure 3.12(c)} Though, its JCPDS card is not
available, it could be seen that the diffraction peaks can be well indexed to cubic phase
BaosK04BiOs (pm3m space group and lattice parameter of 3.2498 A) which are in
accordance with the earlier studies [65]. In the Figure 3.12(c) 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,O3 are not observed in XRD pattern
confirming the purity of the synthesized compound [47]. Table 3.3 reports the
parameters of Bao.sKo.4BiO3 crystals prepared by Pechini method, calcined at 720°C
for 12 hours. This table summarizes the lattice parameters, space group and structure

of the prepared compound.
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Figure 3.12: XRD patterns of Bao.sKo4BiOs at different calcinations temperatures. (A) At 350°C/2
hours (B) at 650°C/6 hours (C) at 720°C/12 hours.
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. Ba+K

Figure 3.13 Three-dimensional packing diagrams of Bao.sKo.4BiOs [66].

Table 3.3: Structural results for BaosKo.4BiO3s nano-powder calcined at 720°C/12hours.

20° | (hkl) | Structure | Lattice Space
Parameter Group

20.53 | (110)

29.23 | (112)

41.57 | (220) | Perfect a=4.284A Pm3m

51.68 | (312) | Cubic a=90°

60.41 | (240)

68.28 | (332)

83.37 | (316)

3.4.2 (C) Fourier Transform infrared spectroscopy

Figure 3.14 shows the FTIR spectra of BaosKo4BiOs. 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 [67]. For the Pechini method, as ethylene glycol is used for poly-

esterification with citric acid to form a rigid polymer network, a strong band around

1105cm™? is attributed to the C-C-O structure confirming the polymerization process
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[68]. The FTIR results thus confirm that complex formation between citric acid and
metallic ions occurred in the sol-gel route, and that poly- esterification of ethylene
glycol and citric acid and complexation with metallic ions occurred in the Pechini
Method. It is seen from the Figure 3.14 that the peak at 1425cm™ is attributed to Ba-O
bending vibrations [69]. Thus, the bands at 615cm™ and 1425cm™ are due to creation
of new active sites in the photocatalyst, which results in the higher activity of

Bao.6Ko.4BiO3 photocatalyst.

The observed band frequencies and their corresponding assignment of the

functional groups are given in Table 3.4.

YeTransmittance
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Figure 3.14: The FTIR spectra of BaosKo4BiOs calcined at 720°C/12hours.

88



Chapter 3

Table 3.4: Interpretation of the peaks obtained by the FTIR spectra of the synthesized
Bao sKo.4BiO3 calcined at 720°C/12hours.

Wave number Intensity | Significance

(cm™)

464.59 Sharp Bi-O bond vibration

614.94 Sharp Anisotropic  oxygen bending

vibration (owing to K ion
distribution)

1105.24 Sharp and | C-C-O bending motion
intense
1425.23 Weak Ba-O bond vibration
1594.18 Very weak | Asymmetrical vibration of
CoO

3.4.2(D) UV-Vis. Diffuse Reflectance Spectroscopy

The diffuse reflectance spectra of Bao.sKo4BiOs (calcined at 720°C/12 hours)
{Figure 3.15} show a strong fundamental absorption edge at 600nm, which indicates
the photocatalytic activity in the visible light as well as the solar light. Further, the
optical band gap Eg was determined from Tauc’s formula.
The optical absorption near the band edge was determined from Tauc’s formula,

ahv « (hv—E,)"

Where, a=4nw/\ is the absorption coefficient, E is the photon energy, and n decides the
characteristics of the transition in a semiconductor is a constant. Since semiconductor

shows allowed indirect transition for which the value of n is decided 2. (Ref)

Figure 3.16 shows the Tauc plot i.e. (whv)? versus hv, whose intercept on
energy axis gives the direct band gap energy Eg of the prepared sample. The value of
band gap is found to be 1.87eV.
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Figure 3.15: (A) Reflectance and (B) absorption spectrum of Bao.sKo.4BiOs calcined at 720°C/12

hours.
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Figure 3.16: Kubelka-Munk converted Tauc’s plot of BaosKo4BiO3
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The value of band gap for K doped BaBiO3 is found to be lower than the
parent compound. The chemical substitution of monovalent alkali K* at the divalent
Ba®* site introduces free charge carriers. Since K* ion has one valence electron rather

than the two of the Ba?* ion, the substitution of each set of two Ba?* for two K* ions

produces hole pair in Bi6s-O2po” which produces an additional unoccupied energy

level between HOMO and LUMO. This newly created unoccupied e  donor level
contains freed e” which further increases the degradation potential of thus prepared
compound by inducing a red shift of light absorption towards higher wavelength of

visible region.
3.4.2(E) Scanning electron Microscopy

To investigate the morphology of the as-obtained product, we carried out
scanning electron microscopy SEM analysis. The scanning electron micrograph of
BaBiOs sample prepared at 720°C/12h was taken at different magnifications and shown
in Figure 3.17(a-d). All the SEM images show well packed plate-like crystals of
different size assembled into textured structure. The layered plate-like morphology is
a characteristic feature of the bismuth and potassium containing compounds [70].
Figure 3.17(a) is the low magnification micrograph of BaosKo.4BiO3 showing
agglomerated non uniform particle distribution. SEM image at higher magnification
{Figure 3.17(d)} shows the morphology of the sample having step-like-triangular-

platy- nano-scale particles.

Micrographs show weakly bound agglomeration process, which is attributed to
Vander-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 [71].
The nano-particles have an average size in the range of 45-101 nm.
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Figure 3.17: Scanning electron micrograph of BaosKo4BiOs (calcined at 720°C/12hours) at
different magnifications. (A) at 60,000 (B) at 50,000, (C) at 40,000 (D) at 20,000.
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3.5 Conclusion

The present work aimed at synthesizing pure and doped barium bismuthate
nanoparticles using Pechini method. Herein, BaBiO3z and Bao.¢Ko4BiO3 nanopowders
were prepared at comparatively low temperature (800°C and 720°C) by Pechini method
using ethylene glycol, citric acid and metal nitrates as raw materials. The structural,
morphological and optical characteristics of the synthesized nanoparticles were studied
by Thermo Gravimetric Analysis (TGA), powder X-ray diffraction, Fourier Transform
Infra-Red spectroscopy, UV-Vis Diffuse Reflectance Spectroscopy (UV DRS) and
Scanning Electron microscopy (SEM).

The XRD patterns suggest that BaBiOs crystallizes in the distorted monoclinic
structure while BaosKo.4BiO3 crystallizes in the cubic structure. The distortion in the
structure of BaBiOs is attributed to the coexistence of two different types of Bi-O bond.
Further, by the incorporation of K, the resulting material gets transformed to perfect
cubic structure. The strong and sharp peaks in the diffractograms indicate the

crystalline nature and phase purity of the prepared samples.

The phase evolution of both the catalysts with increasing temperature was done
by DT-TGA. The TGA curves show that above final calcination temperatures (800°C
for BaBiOz and 720°C for BapsK00.4BiOs), no weight loss is observed, hence it is

concluded above this temperature, the perovskite are stable.

FTIR spectrum shows the presence of the bands around 465cm™ in both the
catalysts confirming the metal-oxygen bond formation, which is the characteristic
property of perovskite materials. In the FTIR spectra, there was no peak observed
related to nitrate and carbonate group, showing the total decomposition and subsequent

formation of pure desired product.

The diffuse reflectance spectroscopy showed that the catalysts have a broad
absorbance in visible region of light. The onset optical absorption edge was around 600
and 660 nm for barium bismuthate and K doped barium bismuthate respectively. The
band gap calculation was done by Tauc plots through the converted KM functions. The
band gap of BaBiOz and BaosKo4BiOs was found to be 2.07eV and 1.87eV,
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respectively. Owing to the low band gap, the catalysts were supposed to be promising
in displaying their activity in photocatalysis under visible light irradiation.
Incorporation of K ion partially at Ba site creates a new level between HOMO and
LUMO of the parent BaBiO3 which further decreases the band gap of Bao.sKo.4BiOz.

The SEM studies show that both the samples are homogeneous uniform
nanoparticles, having 520nm size for BaBiO3z and 45-101nm for Bao.sKo.4BiO3. SEM
images reveal the nano rod typle structure for BaBiOs and plate like layered structure
for Bao.sKo.4BiO:s.

The photocatalytic activity of as-synthesized BaBiOs and Bao.sKo.4BiOs3
nanoparticles was demonstrated over degradation of dyes viz. Crystal violet, Malachite
green and Congo red under visible light irradiation and are fully described in Chapter

4, 5and 6 respectively.
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Chapter 4

4.1 Introduction

Synthetic dyes comprise an important part of industrial water effluents, as
they are discharged in abundance by many manufacturing and textile industries.
The impact of these dyes on the environment is a major concern because of the
potentially carcinogenic properties of these chemicals [1-4]. Organic dyes can
undergo transformation in aquatic media and can form harmful carcinogenic and
mutagenic intermediates, this way causing a serious risk for survival of
microorganisms, aquatic life and environmental media — water and soil [5, 6]. The
effect of such contamination on human health may be unpredictable hazard
inflicting different diseases like immune-suppression, respiratory, central nervous,
neuro-behavioral disorders, allergy, tissue necrosis, skin or eye infections and
irritation and even lung edema [7, 8].

Triarylmethane dyes, part of a group trivially named aniline dyes, are among
the first ones to be produced and marketed, Mauvein, being the first synthetic
aniline dye to be synthesized in 1856 by William Perkin [9]. Due to their high
coloring power and relatively inexpensive production methods, these aniline dyes
initially gained great popularity [10].

Crystal violet or gentian violet is a triarylmethane cationic dye and widely
used as a purple dye for textiles such as cotton and silk, for paints and as printing
ink on papers. It is a component of navy blue and black inks for printing, ball-point
pens and ink-jet printers. It is also used to colorize diverse products such as
fertilizers, anti-freezes, detergents, and leather jackets [11-14]. The dye is also used
as a histological stain, particularly in Gram's Method for classifying bacteria [15].
Crystal violet has antibacterial, antifungal, and anthelmintic properties. When
conducting DNA gel electrophoresis, crystal violet can be used as a non-toxic DNA
stain as an alternative to fluorescent, intercalating dyes such as ethidium bromide
[16, 17]. Used in this manner, it may be either incorporated into the agar-rose gel
or applied after the electrophoresis process is finished. Used at a 0.001%
concentration and allowed to stain a gel after electrophoresis for 30 minutes, it can

detect as little as of DNA. When crystal violet is used as an alternative to fluorescent
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stains, it is not necessary to use ultraviolet illumination; this has made crystal violet
popular as a means of avoiding UV-induced DNA destruction when performing
DNA cloning in-vitro [18].

Apart from its versatile uses in different areas, CV has some harmful effects
on environment and human health (Figure 4.1). It is a mutagen and mitotic poison
[19]. Therefore, there are both environmental and health concerns of this particular
dye. Like malachite green (MG), crystal violet (CV) is readily absorbed into fish
tissue from water exposure and is reduced metabolically by fish. Several studies by
the National Toxicology Program reported the carcinogenic and mutagenic effects

of crystal violet in rodents [20, 21].

‘ DNA replication error in living tissue ‘
A

Human Bladder Cancer

Carcinogenic

HARMFUL EFECTS OF
CRYSTALVIOLET

e

Renal, Hepatic and Lung Tumor ‘

SN

v

‘ Mouth and throat Ulcer ‘

Figure 4.1. Harmful effects of CV dye.

The release of waste water containing this dye poses a dramatic source of
water pollution, eutrophication and perturbation of aquatic life. Therefore, it is
treated as a serious pollutant in waste water and difficult to remove by common
removal methods. Many techniques have been developed to remove the pollutant
from wastewater such as, coagulation, flocculation combined with floatation [22],
ozonation [23], chemical oxidation [24], membrane separation process [25],
electrochemical treatment [26,], biological degradation including ,aerobic and
anaerobic microbial degradation [27-29], precipitation [30], adsorption [31-34] ,
advanced oxidation processes (AOPs) such as Fenton reaction [35,36], and
photocatalytic degradation [37-40].
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Among these methods, photodegradation has been extensively studied as
low-cost and simple technology during past decades [41-43].

Despite the good removal of CV dye by the above mentioned methods it is
found that most of the photocatalysts used above are not visible light active,
following which various doping methods were invented for the conventionally used
photocatalysts [44,45]. Under this category, perovskite-type oxides have attracted
a great interest for the development of environment friendly catalytic materials.
Perovskites are the class of compounds presenting the general formula ABOs.
Generally, in this crystal structure, the A site is occupied by the larger cation,
while the B site is occupied by the smaller cation. Perovskites are one of the most
important families of materials exhibiting properties suitable for numerous
technological applications [46].

They have been used in processes such as catalytic combustion for the
automotive control emission and catalytic destruction of chlorinated compounds
[47]. These metal oxides are known for their narrow band gap and high
photocatalytic activity and hence have become prominent in the field of visible light
photocatalysis [48,49]. Perovskite like metal oxides have also been reported to
possess oxygen storage capacity that can be successfully utilized for direct

oxidation of environmental contamination [50, 51].

However, application of perovskite catalyst in the field of water treatment
is still limited. The present study attempts to investigate the performance of barium,
bismuth and potassium containing binary and ternary perovskite oxides for the

treatment of crystal violet dye solution under visible light irradiation.

In this chapter, doped and undoped Barium bismuthate, used for the
degradation of CV dye from aqueous solution, have been synthesized by Pechini
method, details of which have been elaborated in chapter 3. The degradation
potential of these catalysts has been evaluated by different characterization methods
such as TG-TGA, XRD, UV-DRS, SEM and FTIR, results of which have been

described in chapter 3.

FTIR spectrum shows the presence of a band around 465cm™ in both the

catalysts conforming the metal-oxygen bond formation, which is the characteristic
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property of perovskite materials. The SEM studies show that both the samples are
homogeneous uniform nanoparticles, having size 520 nm and between 45-101nm
for the BaBiO3s and Bao.sKo.4BiOs3, respectively. SEM images reveal the nano rod
type structure and plate like layered structure of BaBiOs and for BaosKo.4BiOs,
respectively. The XRD patterns suggest that BaBiOz crystallizes in the monoclinic
structure while Ba0.6Ko.4BiO3 crystallizes in cubic structure. XRD patterns exhibit
the typical pattern corresponding to perovskite structure. The phase evolution of

both the catalysts with increasing temperature was done by DT-TGA.

The diffuse reflectance spectroscopy showed that the catalysts have a broad
absorbance around 600 and 660 nm with a band gap of 2.07 and 1.87eV for barium
bismuthate and K doped barium bismuthate respectively. Due to the low band gap,
the catalysts are supposed to be promising in displaying their visible light activity
and hence they are tested further for the degradation of CV dye under visible light

irradiation.

The objective of this work is to study the photodegradation of CV dye using
the prepared catalysts. The photodegradation rates and efficiency of the
photocatalytic system are highly dependent on a number of operational parameters
that govern the photodegradation of the organic molecule [52] such as initial dye
concentration catalyst dose, solution pH and temperature. Optimization of such
conditions will greatly help in the development of industrial-scale dye removal

treatment process.

Therefore, herein, the dependence of the photodegradation rate on various
parameters viz. initial dye concentration, catalyst dose, pH and temperature is
studied. The reaction Kkinetics was studied and the applicability of the first order
kinetic model is also discussed. The agreement of the experimental results with the
Langmuir-Hinshelwood kinetic model has been examined which led to the
determination of both photo-reaction kinetics and adsorption equilibrium constants
[53]. In addition, photolysis and adsorption study of dye on prepared catalyst is also
discussed. The adsorption experiment data is fitted to Langmuir isotherm model
and Freundlich isotherm model [54]. Furthermore, to estimate the degree of

mineralization, measurements of total organic carbon has also been conducted
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4.2. Material & Method

4.2.1. Chemical reagents

The reagents used for the synthesis of BaBiO3z and Bao.sKo.4BiOz are Barium
nitrate, Bismuth nitrate, potassium nitrate as starting materials while, citric acid and
ethylene glycol are used as complexing agents. Details of synthesis procedure are
given in chapter 3. Crystal violet dye (Mol. Wt. = 407.9 mgmol™?) is purchased from
Sigma-Aldrich Company (India). A solution of 100 mgL™* CV dye solution was
prepared as stock solution. Different dye solutions of various concentrations are
made from the stock solution (100mgL) by appropriate dilutions. Ultra-pure water
(18.2 MQcm ™) was used to prepare all solutions in this study. The pH of the
solutions is adjusted using 0.INNaOH and 0.1NHCI. All the chemicals except CV
dye is purchased from Merck (India). Analytical grade p 25TiO: is purchased from
Sigma-Aldrich Company (India). The chemicals used in this experiment are of the
analytical grade and are used without further purification.

4.2.2. Experimental procedure and analytical methods

An experimental setup for the photocatalytic activity test has been explained
in chapter 2. The visible light irradiation experiments are carried out in an
indigenously prepared immersion type photocatalytic reactor. A 500W Xe arc lamp
(intensity=137 mWcm™) is used as a visible light source. This lamp is placed in a
quartz tube which is sealed from one side. This tube is then immersed in a
cylindrical borosilicate reactor (capacity 1L). In this, mixture of catalyst and dye
solution are taken following which the mixture is placed in a water bath circulated
at a constant speed to keep the above suspension homogenous. Only in experiments
dealing with the effect of pH on the dye degradation, initial pH was adjusted with

buffer solutions and measured with pH meter.

Since some dyes can be degraded by direct UV or visible irradiation without
the assist from catalysts [53], it is important to find out the extent to which the
degradation of CV dye in aqueous solution takes place directly by the visible light
or in other words, to find out the extent of direct photolysis of CV dye. So, some
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control experiments are carried out in the absence of the catalysts, while holding all
other parameters the same. Following this, their respective photodegradation rates

are measured to evaluate their photolysis.

Since, the photo-assisted degradation of the dyes occurs predominantly on
the surface. Therefore, adsorption of the dye is an important parameter in
determining photocatalytic degradation rate. Photocatalysts, dispersed into CV dye
solution is allowed to reach adsorption-desorption equilibrium under continuous
magnetic stirring at 600 rpm for 30 min in the dark, before illumination. Irradiation
was then provided. Dye samples are withdrawn at 5 min time intervals and then
centrifuged to remove the suspended catalyst. The clear supernatant fluid followed
by filtration is then analysed by a spectrophotometer (Double beam
spectrophotometer-2203, Systronics) at Amax =590nm with a calibration curve based
on Beer Lambert’s law [55].

The degradation efficiency is observed in terms of change in intensity of the
dye before and after light irradiation. Photocatalytic performance is quantified by
the degradation of CV dye under visible light irradiation.

%degradation = % x 100 ---(4.1)

o

Where, Co= concentration of dye solution after adsorption-desorption
equilibrium (mgL™), Ci= concentration of dye solution after photo irradiation (mg
L.

4.3. Results and Discussion
4.3.1. UV-VIS spectra of CV dye

Crystal violet is a basic tri phenyl methane dye with high water solubility,
and its molecular formula is C2sH3oNs. The UV-vis. absorbance spectrum of CV is
drawn to determine its absorption maxima. Figure 4.2 shows the typical time
dependent UV-vis spectrum of CV dye. It is clear that CV dye has an intensive
absorbance at 590nm. The rate of degradation was investigated with respect to

change in absorption maxima of CV dye (Amax.=590nm).
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Figure 4.2. UV-VIS spectra of CV dye. (Amax=590nm)

4.3.2. Photolysis of crystal violet dye

Photolysis is the process of decomposition of dyes in the presence of light
radiation only. Direct photolysis of the dye in the absence of photocatalysts showed
no considerable degradation even after 1 hour. Figure 4.3 shows the results of

photocatalysis in terms of % degradation.
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Figure 4.3 Photolysis of CV in presence of irradiation. (Experimental condition: [CV]
=40mgL?'; pH=6.0; Temp.= 308K).

107



Chapter 4

The constant absorbance with time verifies that CV dye is not
homogeneously degraded by light. Therefore, the self-degradation of the dye by
visible light irradiation can be ignored. Similar results are obtained in the study of

CV dye under UV-Vis irradiation in earlier reports [56].

4.3.3. Adsorption studies in dark:

Since, the photo-assisted degradation of the dyes occurs predominantly on
the surface. Therefore, adsorption of the dye is an important parameter in
determining photocatalytic degradation rate. The adsorbed dye on the surface of the
semiconductor particles act as an electron donor, injecting electrons from its excited
state to the conduction band of the semiconductor under light irradiation, so in the
heterogeneous photocatalytic degradation process, adsorption of dye on the
catalytic surface was assumed to be a primary step of the reaction [57-59] The
adsorption experiments are carried out to evaluate the experiments the equilibrium
quantity of adsorbent. The equilibrium adsorption isotherm is fundamental in
describing the interactive behaviour between adsorbates and adsorbent and is
important in the design and analysis of adsorption systems. For the sake of
convenience, explicit and simple models are preferred and commonly used [60]
Equilibrium adsorption data collected in this study could be fitted to both Langmuir

and Freundlich isotherms.
A. Langmuir isotherm

Langmuir isotherm [53, 61] model was used to interpret the experimental

data. The Langmuir isotherms are represented by the following equations.

Qob
Qe = 707 ---(42)
Lo 1 G

qde N Qob Qo S (43)

Where Ce is the concentration of the adsorbate (mgL™) at equilibrium, de is the
amount of adsorbate per unit mass of adsorbent at equilibrium in mgg™, Qo is the
maximum adsorption at monolayer coverage in mgg?, b is the adsorption

equilibrium constant related to the energy of adsorption in Lmg™.
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The adsorbate uptake e (mgg™?), can be calculated as

o = Lol ---(4.4)
Where Co is the initial adsorbate concentration (mgL™), V is the volume of solution
(L), W is the mass of adsorbate (g).

The essential characteristic of the Langmuir isotherm can be described by a

separation factor which is called the equilibrium constant, R.

The equilibrium factor thus is defined as:

L x1 ---(45)

- 1+K; gy Co

Ry

Where, Kin is the affinity constant (mg™), C, is the initial concentration of
the adsorbate (mg/L). The Ry value is to be favourable at 0<R.<1 [62].

Adsorption experiments are carried out in the same experimental setup,
taking dye solutions of different initial concentration. The constants of isotherm are
obtained by least square fitting of the adsorption equilibrium data. Adsorption
experiments for the dye CV dye are carried out by selecting a concentration range
of 20mgL™ to 80mgL™* with an adsorbent dosage of 0.75g of both the adsorbents
i.e. BaBiOs and BaosKo4BiOs at 308K {Figure 4.4 (a &b)}. The effect of initial
dye concentration depends on the immediate relation between the concentration of
the dye and the available sites on an adsorbent surface. In general, the percentage
of dye removal increases with increase in initial dye concentration because it will
cause an increase in the capacity of the adsorbent and this may be due to the high

driving force for mass transfer at a high initial dye concentration [62].
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Figure 4.4 (a): Adsorption isotherm from aqueous CV dye solution
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Figure 4.4 (b): Adsorption isotherm from aqueous CV dye solution with Bao6Ko.4BiOs

catalyst.

The plot of Ce/ge versus Ce are linear and represented in Figure 4.5(a) and
4.5(b) for BaBiOs and Bao sKo.4BiOs respectively. The value of Qo and b was found

from the intercept and slope of the Ce/qe vs Ce curve respectively.
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Figure 4.5(a): Langmuir plots for the adsorption of CV on BaBiOs. (Experimental condition:

BaBiOs =0.75gL"*; Temp.= 308K; pH=6.0).
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Figure 4.5(b): Langmuir plots for the adsorption of CV on Bao.sKo04BiOs. (Experimental

condition: BaoeKo4BiO3 =0.75gL™; Temp. = 308K; pH=6.0).
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The maximum absorbable dye quantity (Qo) and Langmuir adsorption
constant (b) are calculated from the Figures 4.5(a) and 4.5(b) as 0.052 mgg™, 0.030
mgg* for BaBiO3z and 0.05Lmg™, 1.325 Lmg* for Bao sKo.4BiOs3, respectively.

The value of separation constants for different initial concentration are
determined from equation 4.5 and found to be in range of 0.0526-0.0131 and 0.051-
0.0128 for BaBiO3 and Bao.sKo.4BiO3 catalysts and are listed in Table 4.1.

Table 4.1: Separation constants (R.) values for the adsorption of CV dye on
BaBiOsand Bao,eKo‘4BiO3

Co 20mgL* 40mgL*! 60mgL? 80mgL™*!
BaBiOs 0.0526 0.0263 0.0175 0.0131
BaosKo4BiO3 | 0.0515 0.025 0.0171 0.0128

The values of RL are found in the range of O<R.<1, indicating that the
adsorption is favoured.

B. Freundlich isotherm

The Freundlich isotherm equation assumes a heterogeneous adsorption
surface with sites that have different energies of adsorption and are not equally

available [54, 60]. The Freundlich exponential equation is given as-
q. = KsCe'/™ ---(4.6)

Where, qe is the amount adsorbed (mgg?), Ce is the equilibrium
concentration of the adsorbate (mgL™), Kt (Lg™) and n are Freundlich constants
related to the adsorption capacity and adsorption intensity, respectively.

The linear logarithmic form of Freundlich equation is mathematically given by
logqe=logKf+%log C. ---(4.7)

The value of 1/n represents the favourable adsorption conditions.
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Figure 4.6(a): Freundlich plots for the adsorption of CV on BaBiOs. (Experimental
condition; BaBiOs= 1gL™!; Temp.= 308K; pH=6.0).

1.2

R?=0.8736
0.8

0.6

log ge

0.4

0.2

log Ce

Figure 4.6(b): Freundlich plots for the adsorption of CV on BaosKo.4BiOs. (Experimental
condition: Bao.6Ko.4BiOs =1gL™; Temp.=308K; pH=6.0).
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Ks and n can be calculated from the intercept and slope of the plots in
Figures 4.6(a) and 4.6(b) for BaBiOz and Bao.sKo.4BiO3 respectively.
Langmuir and Freundlich constants for the adsorption of CV dye on BagsKo.4BiO3
has been represented in Table 4.2.
Table 4.2: Langmuir and Freundlich constants for the adsorption of CV dye on
BaBiOzand Ba0 ¢Ko.4BiO3

Adsorbent Langmuir Constants Freundlich Constants
catalyst Qo (mgg™?) b (Lmg?) R? Ks(Lg?) n R?
BaBiOs 0.052 0.05 0.977 1.97 2.975 0.8677

Ba0sKo.4BiO3 0.0307 1.325 0.929 7.74 1.68 0.717

Since the R? values are fairly close to 1, both the models describe the system
well but Langmuir isotherm model is considered to be best fit because for this model

R? was ~0.9 as comparison to R? ~0.87 for Freundlich isotherm.

4.3.4. Photodegradation studies under visible light irradiation

In order to assess the rate of photocatalytic degradation of dyes over BaBiOs
and Bao.sKo.4BiO3, the observed dye degradation results are kinetically analysed by
Langmuir-Hinshelwood kinetic equation [53,63]. Langmuir-Hinshelwood kinetic
equation describes the following relationship between the initial rate constant and

initial concentration of the organic substrate.

dC  K,.Kiy.C,
r, = ——— I LH o ---(4.8
o dt 14+K,.C, (4.8)

1 1
To = ot ke
r rRLHGo

- -~ (4.9)

Where C, is the initial concentration of organic substrate (mgL™), rois initial rate
(mgLmin™), Kun is the Langmuir-Hinshelwood adsorption equilibrium constant

(Lmg™) and K is the rate constant of surface reaction (mgLtmin).

The degradation of organic pollutants over catalysts follows the pseudo-

first-order kinetics with respect to the initial concentration of the pollutant [64].

Ty = =20 = Kapp --- (4.10)
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Following equation was used to determine the initial rate by multiplying the
apparent first-order rate constant Kapp With the initial concentration of dye, Co

In (%) = Kqapp- Co - (4.11)

In which Kapp is the apparent pseudo-first-order rate constant in min. The
apparent reaction rate constant Kapp (Mint) is given by the slope of the graph of In

Ct/Co, versus time (minutes).

As we have seen that in the absence of catalyst, the concentration of CV dye
shows no significant variation indicating that CV cannot be degraded by photolysis.
Hence, any change in the CV concentration can be attributed to the
adsorption/photocatalytic process. The pseudo-first-order kinetic model is usually
used to fit all data sets (dye concentration, photocatalyst dose, initial pH solution,
and temperature) [65].

4.3.4.1 Effect of initial dye concentration on photocatalytic

degradation

It is important from both mechanistic and application point of view to study
the dependence of the photocatalytic reaction rate on the substrate concentration. It
is generally noted that the degradation rate increases with the increase in dye
concentration to a certain level and a further increase in dye concentration leads to
decrease the degradation rate of the dye. The effect of the initial dye concentration
of dye on the rate of degradation is studied by varying the initial dye concentration
from 20to 80mgL ! initial pH 6.0, with a constant catalyst dose of 0.75gL* (for both
the catalysts). It is observed that up to 40mgL the degradation efficiency increases
due to the greater availability of dye molecules for excitation and consecutive
degradation; hence there is an increase in the rate. After this, as the dye
concentration is increased, the equilibrium adsorption of dye on catalyst surface
increases; hence competitive adsorption of OH on the same site decreases, which
further decreases the rate of formation of OH"radical, which is the principal oxidant
necessary for a high degradation efficiency. Our results are in accordance with an
earlier research work [66]. The corresponding results with both the catalysts have

been described below.
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On the other hand, considering Beer-Lambert law, as the initial dye
concentration increases, the path length of photon entering the solution decreases,
resulting in the lower photon adsorption on the catalyst particles and consequently
a lower photodegradation rate [66]. Also, the high concentration of dye would have
acted as a filter for the incident light, which ultimately reduces the degradation
efficiency [67,68].

a. Results with BaBiOs3

The experimental results shows that the rate of photocatalytic degradation
increases with increase in concentration of dye up to 40mgL™.The rate of reaction
was then, found to decrease with further increase in the concentration of dye. It is
clear from the Table 4.3(a) to 4.6(a), initially % degradation of dye increases

rapidly and thereafter slowly attains the limiting value.

Figure 4.7.a (A-D) shows the plots of change in % degradation with time

for various concentration of dye at various amount of catalyst.

Table 4.3(a): Effect of initial dye concentration on degradation of CV
(Experimental Condition: [BaBiOs] = 0.25gL*; pH=6.0; Temp. = 308K)

Dye 20 mgL? 40 mgL? 60 mgL™! 80 mgL!
Concentration
Time (min) | %Degradation %Degradation %Degradation %Degradation

0 0.00 0.00 0.00 0.00

3 8.59 12.20 6.69 4.89

5 15.00 21.58 12.81 9.87

7 23.34 30.36 20.57 13.92
10 33.54 39.58 29.38 21.65
15 46.27 55.70 40.57 35.02
20 57.65 68.54 51.24 43.90
25 67.14 76.10 61.24 54.96
30 73.50 81.54 70.41 64.82
35 81.39 85.67 78.83 71.58
40 83.41 87.14 80.35 79.08
0 83.67 87.45 81.45 80.50
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Table 4.4 (a): Effect of initial dye concentration on degradation of CV
(Experimental Condition: [BaBiOs] = 0.75gL*; pH=6.0; Temp. =308K)

Dye
Concentration

20 mgL?

40 mgL?

60 mgL™!

80 mgL™!

Time (min) | %Degradation %Degradation %Degradation %Degradation
0 0.00 0.00 0.00 0.00
3 17.81 20.98 14.22 11.07
5 26.39 32.75 21.15 16.89
7 35.56 40.17 30.58 24.87
10 46.29 54.12 40.75 36.87
15 63.59 68.57 57.95 51.23
20 77.48 81.69 70.47 63.29
25 84.59 89.67 80.55 74.58
30 87.69 92.89 83.59 80.39
35 90.36 95.27 87.26 85.85
40 91.57 95.89 89.21 88.62
0 91.66 95.90 89.21 89.25
Table 4.5 (a): Effect of initial concentration on degradation of CV
(Experimental Condition: [BaBiOs] = 1.00gL™; pH=6.0; Temp. =308K)
Dye 20 mgL* 40 mgL* 60 mgL* 80 mgL*

Concentration

Time (min) | %Degradation %Degradation %Degradation %Degradation
0 0.00 0.00 0.00 0.00
3 13.27 15.56 11.61 9.25
5 23.81 26.88 20.52 15.69
7 31.81 35.72 25.83 21.51
10 38.73 44.88 35.51 31.73
15 54.21 64.06 46.72 41.98
20 67.61 75.74 59.84 53.83
25 76.78 85.75 71.93 66.49
30 82.83 90.36 78.26 75.89
35 85.36 91.11 82.41 80.47
40 87.61 93.57 85.55 83.66
0 87.78 93.65 85.9 83.75
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Table 4.6 (a): Effect of initial concentration on degradation of CV

(Experimental Condition: [BaBiOs] = 1.25gL*; pH=6.0; Temp. = 308K)

Dye 20 mgL? 40 mgL? 60 mgL™! 80 mgL™!
Concentration
Time (min) | %Degradation %Degradation %Degradation %Degradation
0 0.00 0.00 0.00 0.00
3 11.36 14.57 8.29 5.74
5 21.29 23.22 17.42 10.60
7 27.53 30.28 22.24 15.83
10 34.29 38.34 30.42 25.19
15 50.91 57.55 47.09 40.14
20 63.11 72.47 58.81 50.85
25 72.59 81.26 65.79 57.66
30 78.15 85.10 74.90 66.94
35 84.69 90.90 82.69 76.47
40 87.96 93.06 84.06 79.88
0 88.01 93.01 84.01 79.78
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Figure 4.7 (a): Effect of concentration of CV on its visible light degradation in BaBiOs
[(A) Catalyst dose: 0.25gL™; (B) Catalyst dose: 0.75gL*; (C) Catalyst dose: 1.00gL™; (D)
Catalyst dose: 1.25gL™; pH=6.0; Temp. = 308K].

The photodegradation kinetics of initial dye concentration is illustrated in
Figure 4.8(a), which depicts the dark adsorption-desorption equilibrium and the
additional decrease in CV concentration caused by visible light irradiation at
optimum catalyst dose i.e. 0.75gL™.

dark 9 light exposure
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Figure 4.8(a): Variation of dye concentration versus time for different CV initial
concentration. (Experimental condition: BaBiOs= 0.75gL™; pH=6.0, Temp. =308K).
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With respect to initial concentration, the rate expression is given by
equation:

—-d[CV
T = KapplClo ---(4.12)

Integration of the above equation yields:

Co
I = Kopp-t .- - (4.13)

Where, Kapp is a pseudo first order rate constant (min). [C]o is the equilibrium
concentration of the CV dye solution after adsorption, and it is taken as the
concentration of the dye solution at visible light irradiation time ‘#=0’ for Kkinetic

analysis.
Initial rate (ro) is determined by the following equation

To = Kopp[Clo ---(4.14)
Where, 1, is initial rate (mgL*min™).

The plot of In C+/C, versus t with different initial concentration of CV is shown
in Figure 4.9(a). The figure shows that the photocatalytic degradation follows

perfectly the pseudo-first order Kinetic with respect to CV concentrations.

It is found that a plot between InCi/C, versus time represents a straight line, the
slope of linear regression equals the apparent first order rate constant Kapp which is

consistent with the reported first order reaction [69].
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Figure-4.9 (a): Linear variation of In C/C, versus time for the photocatalytic degradation
of CV dye at different initial concentration. (Experimental condition: [BaBiOs] = 0.75gL™;
pH=6.0; Temp. = 308K).

The values of rate constants Kapp, Which corresponds to different initial

concentration, along with the initial rate (ro) and corresponding regression
constants, are listed in Table 4.7(a).
Table 4.7 (a): Pseudo-first order apparent rate constant and initial rate values for

the different initial concentration of dye
(Experimental condition: [BaBiO3] = 0.75gL*; pH =6.0; Temp. = 308K)

S. No. Initial Rate constant Initial rate rox107 R?
concentration | Kapp(min) (mgLmin™?)
(mgL™)
1 20 0.0653 1.306 0.993
2 40 0.0922 3.68 0.994
3 60 0.0556 2.61 0.998
4 80 0.0302 241 0.986

The rate of degradation increases with the initial concentration of CV dye
then finds a tendency towards independent vales with the higher initial

concentrations.

According to the equation 4.9 the plot of 1/r, versus 1/C, represented in
Figure 4.10(a) shows a linear variation, confirming the Langmuir-Hinshelwood

relationship for the initial rates of photodegradation. The values of K; and Kpn
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calculated from the intercept (1/ Ky .Krn) and the slope (1/ K) of the straight line
(R?=0.95) are 6.90 mgL*min"tand 2.76 Lmg respectively.

0.45
2 _

04 R? = 0.9563
0.35
0.3
0.25

=
0.2
0.15
0.1
0.05
0
0 10 20 30 40 50
1/c,

60

Figure-4.10(a): Langmuir-Hinshelwood plot for visible light photodegradation of CV dye by
BaBiOs photocatalyst. (Experimental condition: [BaBiOs] =0.75gL*; pH=6.0; Temp. = 308K).

b. Results with BagsKo4BiO3

The experimental results shows that the rate of photocatalytic degradation
increases with increase in concentration of dye up to 40mgL™. The rate of reaction
was then, found to decrease with further increase in the concentration of dye. It is
clear from the Table 4.3(b) to 4.6 (b), initially % degradation of dye increases
rapidly and thereafter slowly attains the limiting value. Figure 4.7.b. (A-D) shows
the plots of change in % degradation with time for various concentration of dye at

various amount of catalyst.
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Table 4.3 (b): Influence of initial concentration on degradation of CV

xperimental Condition: [BaosKo4BiOs] = 0.25gL*; pH=6.0; Temp.=
(Experi | Condition: [BaosKo4BiOs] = 0.25gL™%; pH=6.0; T 308K)

Dye
Concentration

20 mgL?

40 mgL?

60 mgL™!

80 mgL™!

Time (min) | %Degradation %Degradation %Degradation %Degradation
0 0.00 0.00 0.00 0.00
3 8.33 10.42 6.35 5.29
5 16.14 21.13 15.88 11.29
7 25.44 30.21 21.59 15.23
10 37.39 41.26 31.38 25.60
15 49.77 58.61 41.80 36.50
20 58.99 69.87 52.00 45.68
25 71.66 78.78 68.15 57.76
30 78.31 84.78 75.36 68.11
35 83.12 90.24 81.11 75.09
40 87.00 93.09 84.52 80.46
0 87.02 93.11 84.55 80.57
Table 4.4 (b): Influence of initial concentration on degradation of CV
(Experimental Condition: [BaosKo4BiOs] = 0.75gL1; pH=6.0; Temp. =308K)
Dye 20 mgL* 40 mgL* 60 mgL* 80 mgL*

Concentration

Time (min) | %Degradation %Degradation %Degradation %Degradation

0 0 0 0 0

3 20.36 25.59 16.80 14.26
5 29.20 37.73 25.36 19.53
7 37.84 44.59 35.48 27.93
10 48.29 58.42 44.03 36.49
15 63.98 75.35 59.16 50.23
20 80.19 84.24 70.27 62.03
25 87.19 95.73 83.29 73.02
30 91.64 97.60 86.39 80.70
35 96.41 98.27 91.29 89.43
40 95.17 98.89 93.12 90.88
0 95.20 99.90 93.15 90.9
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Table 4.5 (b) Influence of initial concentration on degradation of CV

(Experimental Conditions: [BaosKo4BiOs] = 1.00gL™?; pH=6.0; Temp.=308K)

Dye
Concentration

20 mgL?

40 mgL?

60 mgL*!

80 mgL™!

Time (min) | %Degradation %Degradation %Degradation %Degradation
0 0 0 0 0
3 18.95 22.06 15.18 11.65
5 28.60 30.39 24.12 17.30
7 34.59 38.50 29.57 22.39
10 42.02 47.25 37.59 32.29
15 58.63 65.62 50.29 43.35
20 71.43 81.51 65.33 54.91
25 80.96 87.28 77.01 68.23
30 84.84 93.57 81.29 78.37
35 88.02 95.81 86.47 83.49
40 92.95 96.57 89.50 86.05
0 92.97 96.61 89.52 86.07
Table 4.6 (b): Influence of initial concentration on degradation of CV
(Experimental Conditions: [BaosKo4BiOs] = 1.25gL1; pH=6.0; Temp. =308K)
Dye 20 mgL* 40 mgL* 60 mgL* 80 mgL*

Concentration

Time (min) | %Degradation %Degradation %Degradation %Degradation

0 0 0 0 0

3 12.47 17.89 10.51 8.91
5 22.14 28.98 19.57 13.54
7 27.79 32.29 23.67 17.90
10 36.69 41.30 31.46 27.86
15 52.10 61.08 45.49 40.91
20 67.78 75.03 60.84 54.80
25 75.18 84.55 67.80 60.02
30 80.40 88.85 76.24 68.31
35 85.74 94.01 82.71 79.88
40 89.80 95.78 86.65 83.32
0 89.83 95.81 86.68 83.35
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Figure 4.7 (b): Effect of concentration of CV on its visible light degradation in BaosKo4BiOs
[(A) Catalyst dose: 0.25gL1; (B) Catalyst dose: 0.75gL™; (C) Catalyst dose: 1.00gL" ; (D)
Catalyst dose: 1.25gL"%; pH=6.0; Temp. =308K].
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The photodegradation kinetics of initial dye concentration is illustrated in Figure
4.8(b), which depicts the dark adsorption-desorption equilibrium and the additional
decrease in CV concentration caused by visible light irradiation at optimum catalyst
dose i.e. 0.75gL™.

90
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Figure 4.8(b): Variation of dye concentration versus time for different CV initial
concentration. (Experimental condition: [BaosKo4BiOs] = 0.75gL™* at initial pH=6.0, Temp.
=308K).

Keeping the rate expression with respect to initial concentration given in
equation 4.12 to 4.14 in mind, graphs are plotted between InCi/Co and time.

The plot of In Ci/C, versus t with different initial concentration of CV is shown
in Figure 4.9(b). The figure shows that the photocatalytic degradation follows
perfectly the pseudo-first order kinetic with respect to CV concentrations.

It is found that a plot between InC¢/C, versus time represents a straight line, the

slope of linear regression equals the apparent first order rate constant Kapp which is

consistent with the reported first order reaction [69].
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Figure 4.9(b): Linear variation of InC/Co versus time for photocatalytic degradation of at
different initial dye concentration.

The values of rate constants Kapp, Which corresponds to different initial
concentration, along with the initial rate (ro) and corresponding regression
constants, are listed in Table 4.7 (b).

Table 4.7 (b): Pseudo-first order apparent constant values for the different initial

dye concentration of dye
(Experimental condition: [BaosKo.4BiOs] = 0.75gL?; pH =6.0; Temp. = 308K)

S. No. Initial Rate constant Initial rate rox103 R?
concentration Kapp. (Min) (mgLmin?)
(mgL™)
1 20 0.785 1.57 0.99
2 40 0.113 452 0.988
3 60 0.0665 3.96 0.994
4 80 0.0413 3.28 0.985

The rate of degradation increases with the initial concentration of CV dye
then finds a tendency towards independent vales with the higher initial

concentrations.

According to equation 4.9, the plot of 1/r, against 1/C, as shown in Figure
4.10(b) gives linear relationship between 1/r, and 1/C, confirming the Langmuir-

Hinshelwood relationship for the initial rate of photodegradation. The values of K
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and Ky calculated from the slope (1/K:) and intercept (1/ K. KLn) of the above
figure are found to be, 7.14 mgLmin"*and 1.5 Lmg™, respectively.
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Figure-4.10 (b): Langmuir-Hinshelwood plot for visible light photodegradation of CV dye by
Bao.6Ko.4BiOs. (Experimental condition: [BaoKo.4BiOs] =0.75gL™; pH=6.0 Temp. = 308K).

Here, for both the catalysts adsorption equilibrium constant i.e. Kin
obtained from the linearization of inverse of initial rate (1/ro) and initial
concentration (1/C,), is different to the constant obtained from the dark adsorption
(b). This is due to the photo adsorption and very rapid photoreaction of the dyes on
the catalyst surface. These results are consistent with the earlier studies on
photodegradation of dyes [70].

4.3.4.2 Effect of catalyst dose on photocatalytic degradation
of CV

The optimization of catalyst dose is an important issue that is significant for
avoiding the use of excessive catalyst and ensuring the maximum absorption of
photon light. Hence, a series of experiments is carried out by varying the amount of
both the catalysts from 0.25 to 1.25 gL* at pH 6.0 and 40mgL?* CV dye
concentration at 308K. The degradation is studied till the maximum degradation is
achieved.
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It is observed that for both the cases, up to 0.75 gL doses of photocatalysts,
degradation rate increases and then with further increase in dose, the rate decreases.
The enhancement of removal rate may be due to the increase in the availability of
active sites on the surface of the photocatalysts, which in turn increases the
adsorption of dye species and, hence, the proportion of the excited species by the
incoming photons. Larger amount of the catalyst favours the degradation efficiency
due to the generation of free radicals O2° and OH". Therefore, the rate of degradation
increases with the increase of catalysts from 0.25 to 0.75gL™. A further increase in
catalyst dose beyond the optimum will result in non-uniform light intensity
distribution, so that the reaction rate would, indeed, be lowered with increased
catalyst dosage. The tendency toward agglomeration (particle-particle interaction)
increases at high solids concentration, resulting in a reduction in surface area
available for light absorption and hence a drop in photocatalytic degradation rate.
Although the number of active sites in solution will increase with catalyst dose, a
point will be appeared to reach where light penetration is to be compromised
because of excessive particle concentration. Thus, the trade-off between these two
opposing phenomena results in an optimum catalyst dose for the photocatalytic
reaction [71,72] Since the maximum degradation of CV dye is observed with
0.75gL%, the other experiments are performed using the same catalyst dose. Similar
results have been obtained in the earlier reports on photodegradation of dyes [66,73-
76]. The corresponding results with both the catalysts (BaBiOsz and Bag.sKo.4BiO3)

have been elaborated below:
(a) Results with BaBiOs3

A series of experiments is carried out by varying the amount of catalyst from
0.25 t01.25gL™ at pH 6.0 and 40mgL"* CV dye concentration. The degradation is

studied till the maximum degradation is achieved.

Table 4.8 (a) shows the influence of the catalyst dose on the %
photodegradation of CV under visible light irradiation and the corresponding

graphs is shown in Figure 4.11(a).
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Table 4.8 (a): Influence of BaBiO; dose on degradation of CV
(Experimental Conditions: [CV] = 40mgL*; pH=6.0; Temp. =308K)

Catalyst dose 0.25gL* 0.75gL* 1.00gL™* 1.25gL*
Time (min) | 9 Degradation | % Degradation | % Degradation | % Degradation
0 0.00 0.00 0.00 0.00
3 12.20 20.98 15.56 14.57
5 21.58 32.75 26.88 23.22
7 30.36 40.17 35.72 30.28
10 39.58 54.12 44.88 38.34
15 55.70 68.57 64.06 57.55
20 68.54 81.69 75.74 72.47
25 76.10 89.67 85.75 81.26
30 81.54 92.89 90.36 85.10
35 85.67 95.27 91.11 90.90
40 87.14 95.89 93.57 93.06
00 87.25 96.91 93.61 93.08

120.00
100.00
3 80.00
}‘% 60.00 022811
g 0.75gL-1
a 1.00gL-1
X 40.00
/ 1.25gL-1
/
20.00 /
0.00 /
20 30 40 50
Time (Min.)

Figure 4.11(a): Influence of BaBiOs dose on visible light degradation of CV dye.
(Experimental condition: [CV] = 40mgL*pH=6, Temp. =308K)
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The photodegradation kinetics at different catalyst loading is illustrated in
Figure 4.12(a), which depicts the dark adsorption-desorption equilibrium and the

additional decrease in CV concentration caused by visible light irradiation.
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Figure 4.12(a): Variation of residual dye concentration at different BaBiOs. (Experimental
conditions: [CV] = 40 mgL"* pH=6.0, Temp. =308K).

For the calculation of the rate constant (Kapp) the logarithm of remaining
concentration of CV is fitted to the Langmuir Hinshelwood kinetic model (given
by equation 4.11) by plotting InCi/C, against the irradiation time at different

catalyst dose, which has been shown in Figure 4.13(a).
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Figure 4.13(a): Linear variation of InCi/C, versus time for photocatalytic degradation of CV
dye at different BaBiOs loading. (Experimental condition: [CV] = 40mgL™?; pH=6.0; Temp. =
308K).
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The pseudo-first-order rate constants, Kapp (Min), are calculated from the slopes
of the above Figure 4.13(a) and are listed in Table 4.9(a).

Table 4.9(a): Pseudo-first order apparent constant values for the different BaBiOs

dose (Experimental condition: [CV] = 40mgL™; pH =6.0; Temp. = 308K)

S.No. Catalyst Dose Rate Constant R?
(gL Kapp. (Min™)
1 0.25 0.0558 0.991
2 0.75 0.0935 0.988
3 1.00 0.0783 0.993
4 1.25 0.0653 0.989

An empirical relationship between the catalyst dose and initial dye

concentration has been reported by Galindo et al (roa/catalyst]" [dye]), where n is

an exponent less than 1 for all the dyes studied relative to low concentration of

catalyst. [29]

Figure 4.14(a) shows the log-log plots of rate constant against the catalyst

dose which results in a straight line with a slope of 0.62 (equal to reaction order
with respect to photocatalyst and intercept of -2.29. {Figure 4.14(a)} thus the initial

degradation rate can be expressed by equation 4.15.

roo[BaBi03]%%2 [CV] ---(4.15)
In BaBiO3
0
-1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4
-0.5
-1
a
&
R?=0.9454
0.945 15 %
-2
-2.5
-3
-3.5

Figure 4.14(a): Relationship between InKap and the amount of BaBiOs. (Experimental
condition: [CV] = 40mgL!; pH =6.0; Temp. = 308K).
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(b) Results with Bao.sKo.4BiOs

The catalyst loading was varied from 0.25gL to 1.5gL™* with an initial dye
concentration of 40mgL™, initial pH 6.0 at 308K. The degradation is studied till the
maximum degradation is achieved. Table 4.8(b) shows the influence of the catalyst
dose on the % photodegradation of CV under visible light irradiation and the
corresponding graphs is shown in Figure 4.11(b).

Table 4.8 (b): Influence of BaosKo.4BiO3s dose on degradation of CV
(Experimental Conditions: [CV] = 40mgL™*; pH=6.0; Temp. =308K)

Catalyst dose 0.25gL* 0.75gL* 1.00gL* 1.25gL1
Time (min) | % Degradation % Degradation | % Degradation % Degradation
0 0.00 0.0 0.00 0.00
3 10.42 25.59 22.06 17.89
5 21.13 37.73 30.39 28.98
7 30.21 44.59 38.50 32.29
10 41.26 58.42 47.25 41.30
15 58.61 75.35 65.62 61.08
20 69.87 84.24 81.51 75.03
25 78.78 95.73 87.28 84.55
30 84.78 97.60 93.57 88.85
35 90.24 98.27 95.81 94.01
40 93.09 98.89 96.57 95.78
© 93.10 98.90 96.60 95.98
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Figure 4.11(b): Influence of BaosKo.4BiOs dose on visible light degradation of CV dye.
(Experimental condition: [CV]= 40mgL?; pH=6.0; Temp. =308K).

The photodegradation kinetics at different catalyst loading is illustrated in
Figure 4.12(b), which depicts the dark adsorption- desorption equilibrium and the
additional decrease in CV concentration caused by visible light irradiation.
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Figure 4.12(b): Variation of residual dye concentration at different BaosKo.4BiOs.
(Experimental conditions: [CV] = 40 mgL* pH=6.0, Temp. =308K).
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For the calculation of the rate constant (Kapp) the logarithm of remaining

concentration of CV is fitted to the Langmuir Hinshelwood kinetic model by

plotting InC¢/C, against the irradiation time at different catalyst dose, which has

been shown in Figure 4.13(b).
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Figure 4.13(b): Linear variation of InC/C, versus time for photocatalytic degradation of CV
dye at different Bao.sK04BiO3 loading (Experimental condition: [CV] = 40mgL*; pH=6.0; Temp.

= 308K).

The pseudo-first-order rate constants, Kapp (Min™), are calculated from the slopes of
the above Figure 4.13(b) and are listed in Table 4.9(b).

Table 4.9 (b): Pseudo-first order apparent constant values for the different
Bap sK0.4BiO; dose (Experimental condition: [CV] =40mgL™; pH =6.0; Temp. = 308K)

S.No. Catalyst Dose Rate Constant R?
gL Kapp. (Min™)
1 0.25 0.0638 0.988
2 0.75 0.1089 0.988
3 1.00 0.0856 0.987
4 1.25 0.0754 0.982

Also, an empirical relationship between the initial dye concentration has

been reported by Galindo et al (roa/catalyst/" [dye]) , where n is an exponent less

than 1 for all the dyes studied relative to low concentration of catalyst. [29]
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Figure 4.14(b) shows the log-log plots of rate constant against the catalyst
dose which results in a straight line with a slope of 0.82 (equal to reaction order
with respect to photocatalyst) and intercept of -1.84. {Figure 4.14(b)} thus the

initial degradation rate can be expressed by equation 4.16.

roo[BaosKo.4BiO3]°8? [CV] ---(4.16)
In Ba, K, ,BiO;
0
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Figure 4.14(b): Relationship between InKapp and the amount of Bao.sKo.4BiOs. (Experimental
condition: [CV] = 40mgL; pH =6.0; Temp.= 308K).

From the experimental results, it was observed that the increase in catalyst
dose from 0.25gL to 0.75gL™ increased the rate and with further increase in the
catalyst dose the reaction rate decreases which is the characteristics of
heterogeneous photocatalysis and results are in a good agreement with the earlier
studies [77,78]. In order to have a better dye removal efficiency, we used 0.75gL™*
BaBiOs or BagsKo.4BiO3 suspension concentration for the rest of the experimental
runs. The photocatalytic destruction of other organic pollutants has also exhibited

the same dependency over the catalyst dose [79,80].
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4.3.4.3 Effect of initial pH on photocatalytic degradation of
CV dye

Organic compounds in wastewater differ greatly in several parameters,
particularly in their speciation behaviour, solubility in water and hydrophobicity.
While some compounds are uncharged at common pH conditions typical of natural
water or wastewater, other compounds exhibit a wide variation in speciation (or
charge) and physico-chemical properties. Besides, because of the amphoteric
behaviour of most semiconductor oxides, an important parameter governing the rate
of reaction taking place on semiconductor particle surfaces is the pH of the
dispersions [73,81,82]. Since, pH influences the surface-charge-properties of the
photocatalysts; therefore, the effect of pH on the rate of degradation needs to be
considered. The interpretation of pH effects on the efficiency of the photocatalytic
degradation process is a very difficult task because of its multiple roles. Most
significantly, it is related to the acid base property of the metal-oxide surface as

explained above on the basis of their amphoteric nature [83,84].

In the present research work also, both the catalysts despite having status of
p-type (BaBiOs) and n-type (Bao.sKo.4BiO3) semiconductors are supposed to be
electrically neutral, making them amphoteric in nature [85]. It is known that the
metal oxide particles suspended in water behave similarly to diprotic acids. The
adsorption of water molecules at sacrificial metal sites is followed by the
dissociation of OH" charged groups leading to coverage with chemically equivalent
metal hydroxyl group (M-OH) due to amphoteric behaviour of most metal
hydroxides, the following 2 equilibrium reactions are considered [86]:

M-OH + H* —— M-OH;,
M-OH ———— M-O +H*

Experiments are carried out at pH values in the range of 4.0-8.0, using 40mgL"
1 CV solution and 0.75gL! BaBiOs dose. For CV, the extent of photocatalysis
increases with increase in pH up to 6.0 and with further increase in pH the
degradation efficiency decreases. An increase in the rate of degradation with

increase in the pH is due to the generation of more OH" ions. These ions loose an
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electron to the hole generated at the semiconductor surface and OH" free radicals
are formed. These formed free radicals cause oxidation of the dye. On further
increase in pH above 6.0, a decrease is observed because at very high pH, CV
becomes negatively charged and so it repels negatively charged OH" ions. This
repulsive force does not allow the approach of OH" ions to the surface of catalyst
and free radical generation is retarded. Similar results have been obtained in the

earlier reports of photodegradation of dyes by semiconductor photocatalysts

[87,88].

(a) Results with BaBiO3

The influence of the initial pH of the solution on the % photocatalytic

degradation of CV is depicted in Table 4.10 (a) and corresponding graphs are

shown in Figure 4.15(a).

Table 4.10 (a): Influence of solution pH on degradation of CV
(Experimental Conditions: [CV]=40mgL*; [BaBiOs] =0.75 gL*, Temp.=308K)

pH pH=4.0 pH=5.0 pH=6.0 pH =7.0 pH=8.0
Time (min) % Degradation | % Degradation | % Degradation % Degradation | % Degradation
0 0.00 0.00 0.00 0.00 0
3 11.40 14.14 20.98 19.79 16.03
) 18.86 22.72 32.75 28.71 26.15
7 28.73 30.21 38.71 3591 33.15
10 43.39 45.15 54.12 51.44 47.60
15 62.87 66.25 73.27 70.94 69.50
20 72.01 73.39 83.09 79.28 75.98
25 86.12 87.77 94.41 90.48 88.84
30 89.71 90.73 95.68 94.56 93.43
35 84.91 87.79 96.38 93.03 90.90
40 88.50 91.49 97.24 93.95 92.88
00 88.61 91.56 97.35 93.98 92.90
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Figure 4.15(a): Effect of initial pH on % degradation of CV. (Experimental condition: [CV] =
40 mg L™%; [BaBiO3] = 0.75gL1; Temp.= 308 K).

The photodegradation kinetics of different pH loading is illustrated in Figure
4.16(a), which depicts the dark adsorption-desorption equilibrium and the

additional decrease in CV concentration caused by visible light irradiation
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Figure 4.16 (a) Effect of pH on the residual dye concentration. (Experimental conditions: [CV]
=40 mgL™%; [BaBiOs] = 0.75gL"%; Temp. =308 K).
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The photocatalytic degradation of CV under a wide range of pH values was
fitted to the Langmuir-Hinshelwood model by plotting In(Ci/C,) versus irradiation

time which has been shown in Figure 4.17(a).
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Figure 4.17 (@) Linear variation of InC/Co versus time for photocatalytic degradation of CV
dye at different initial solution pH. (Experimental condition: [CV] = 40mgL!; [BaBiOs] = 0.75gL"
- Temp.= 308 K).

The pseudo-first-order rate constant, Kapp (Min), are calculated from the
slopes of the plots {Figure 4.17(a)} and are presented in Table 4.11(a).
Table 4.11(a): Pseudo-first order apparent constant values for the photodegradation

of CV at different solution pH (Experimental condition: [CV] = 40mgL?; [BaBiO3] =
0.75gL™ Temp.= 308 K)

S. No. pH Rate Constant R?
Kapp. (Min)
1 4.0 0.0595 0.991
2 5.0 0.0646 0.991
3 6.0 0.0931 0.993
4 7.0 0.0840 0.991
5 8.0 0.0687 0.993

The pseudo-first-order rate constant (Kapp) values of dye degradation obtained by
performing photodegradation reactions under different initial pH are reported in
Figure 4.18(a). These Kapp values indicate that the highest degradation is achieved
at neutral pH i.e. pH 6.0.
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Figure 4.18 (a) Effect of the pH on the reaction rate constant for CV dye degradation
(Experimental condition: [CV] = 40mgL!; [BaBiOs] = 0.75gL!; Temp.= 308K).

(b) Results with Bao.sKo.4BiO3

The influence of the initial pH of the solution on the % photocatalytic

degradation of CV is depicted in Table 4.10(b) and corresponding graphs are

shown in Figure 4.15(b). For CV dye degradation, the extent of photocatalysis

increases with increase in pH up to 6.0 and with further increase in pH the

degradation efficiency decreases.

Table 4.10(b): Effect of solution pH on degradation of CV

(Experimental Conditions: [CV]=40mgL™; [BaosKo.4BiOs] = 0.75gL*; Temp.= 308K)

pH pH=4.0 pH =5.0 pH=6.0 pH=7.0 pH=8.0
Time (min) | % Degradation % Degradation | % Degradation % Degradation | % Degradation

0 0.00 0.00 0 0.00 0

3 16.87 18.44 25.59 23.42 21.25
5 30.05 31.70 37.73 35.96 34.19
7 36.95 39.29 44.59 43.38 42.17
10 48.05 50.08 58.42 55.61 52.80
15 67.23 69.59 75.35 73.54 71.74
20 75.63 77.89 84.24 82.21 80.17
25 87.02 89.07 95.73 93.79 91.86
30 90.92 93.29 97.60 96.53 95.47
35 88.55 90.83 98.27 95.74 93.22
40 91.43 92.96 98.89 97.37 95.86
o0 91.50 92.99 98.99 97.42 95.90
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Figure 4.15 (b) Influence of solution pH on % degradation of CV. (Experimental condition:

[CV] =40 mg L™, [Bo.6Ko.4BiO3] = 0.75gL"1, Temp. =308K).

The photodegradation kinetics of different pH loading is illustrated in
Figure 4.16(b), which depicts the dark adsorption-desorption equilibrium and the
additional decrease in CV concentration caused by visible light irradiation.
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Figure 4.16 (b) Effects of solution pH on the residual dye fractions. (Experimental conditions:

[CV] = 40 mgL™?; [Bao.sK0.4BiO3] =0.75gL™* Temp. =308K).
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A plot between In(Cy/Co,) versus irradiation time (t) was fitted to the
Langmuir-Hinshelwood model. The pseudo-first-order rate constants, Kapp.

(min™Y), are calculated from the slopes of the plots {Figure 4.17(b)}.

5.00 © pH=4
_ R2=0.9936
450 pH=5
pH=6
4.00 pH=7 R2=0.9884
® pH =8
3.50 _R2=0.9951
e
3.00 e .-
—~ R2=0.9935
Q ’ K
g 20 g SRe=0.9013
2.00 -2
1.50 ’
N s
1.00 R
0.50 .3
R\
0.00 @*
0 5 10 15 20 25 30 35 40 45
Time (Min.)

Figure 4.17 (b) Linear variation of InCy/C, versus time for photocatalytic degradation of CV
dye at different initial pH. (Experimental condition: [CV] = 40mgL; [Bao.sKo.4BiO3s] = 0.75gL%;
Temp.= 308K)

The pseudo-first-order rate constant, Kapp (mint), are calculated from the
slopes of the plots {Figure 4.17(b)} and are presented in Table 4.11(b).
Table 4.11(b): Pseudo-first order apparent constant values for the photodegradation

of CV at different solution pH (Experimental condition: [CV] = 40mgL™;
[BaosKo.4BiOs] = 0.75gL1; Temp. = 308K).

S.No. pH Rate Constant R?
Kapp. (Min™)
1 4.0 0.0658 0.991
2 5.0 0.0692 0.993
3 6.0 0.1128 0.993
4 7.0 0.1055 0.988
5 8.0 0.0831 0.995

The pseudo-first-order rate constant (Kapp) values of dye degradation
obtained by performing photodegradation reactions under different initial pH are
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reported in Figure 4.18((b). These Kapp Values indicate that the highest degradation
Is achieved at neutral pH i.e. pH 6.0.
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Figure 4.18(b) Effect of the initial pH on the reaction rate constant for CV dye degradation
(Experimental condition: [CV] = 40mgL!; [Bao.sKo.4BiOs] = 0.75gL"*; Temp.= 308K).

4.3.4.4 Effect of temperature on photocatalytic
degradation of CV dye

Generally, photocatalysis is not temperature dependent. However, an
increase in temperature can affect the amount of adsorption and helped the reaction
to complete more efficiently with e’h® recombination [72,89]. An increase in
temperature helps the reaction to compete more efficiently with e /h* recombination
as a result of increased collision frequency of molecules; leading to an enhancement
of the degradation activity [90]. Several previous research work indicate that the
rate of the photocatalytic degradation is temperature dependent and is favoured with
the increase of solution temperature [91,92]. The apparent activation energy (Ea)
has been calculated from the Arrhenius equation [93]:

Kgpp = Aexp. [— %] ---(4.17)
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Where, A is a temperature independent factor (min'), Ea is the apparent
activation energy of the photocatalytic degradation (J/mol), R is the gas constant
(8.31 J/JK mol) and T is the solution temperature. The linear transform of In (Kapp)

= f (1/T), gives a straight line whose slope is equal to - E«/R.

The effect of temperature was investigated by studying the photocatalytic
degradation at different solution temperatures (298-308 K) under the same
operating conditions i.e. [CV] = 40mgL™; Catalyst dose = 0.75gL™ and initial
pH=6.0.

(a) Results with BaBiOs

The influence of solution temperature on the % photodegradation of CV dye
as a function of time is depicted in Table 4.12(a) and the corresponding graph is
shown in Figure 4.19(a). The figure indicates that the rate of the photocatalytic
degradation is temperature dependent and is favoured with the increase of solution
temperature.

Table 4.12(a): Influence of temperature on degradation of CV
(Experimental condition: [CV] = 40mgL™?; [BaBiOs] = 0.75gL*; Temp.=308K).

Temperature 298K 303K 308K

Time (min) %Degradation %Degradation %Degradation
0 0.00 0.00 0.00
3 12.32 15.69 20.98
5 17.37 26.59 32.75
7 24.80 32.93 38.71
10 39.64 48.85 54.12
15 63.69 66.84 73.27
20 72.38 76.61 83.09
25 77.74 88.44 94.41
30 76.54 89.31 95.68
35 78.94 89.90 96.38
40 79.54 91.95 97.24
00 79.80 92.05 97.34
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Figure 4.19 (a) Influence of temperature on % degradation of CV. (Experimental condition:
[CV] =40 mg L™, [BaBiOs] = 0.75gL", pH=6.0).

The photodegradation kinetics at different temperature is illustrated in
Figure 4.20(a), which depicts the dark adsorption-desorption equilibrium and the
additional decrease in CV concentration caused by visible light irradiation.
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Figure 4.20(a) Effects of Temperature on the residual dye fractions. (Experimental conditions:
[CV] = 40 mgL!; [BaBiOs] =0.75gL*; pH=6.0).
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The photodegradation of CV dye at different temperature was fitted to Langmuir
Hinshelwood model by plotting InC¢/Co versus time, which has been shown in
Figure 4.21(a).

The pseudo-first-order rate constants, Kapp (Mint), are calculated from the slopes
obtained by the curves plotted between InCy/Co and irradiation time at different

temperatures {Figure 4.21(a)} and are presented in Table 4.13(a).
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Figure 4.21 (@) Linear variation of InCy/C, versus time for photocatalytic degradation of CV
dye at different temperature. (Experimental condition: [CV] = 40 mg L™, [BaBiOs] = 0.75gL™,
pH=6.0).

Table 4.13(a): Pseudo-first order apparent constant values for the different

temperatures.
Experimental condition: [CV] = 40mgL?; [BaosKo4BiOs] = 0.75gL™; pH =6.0

S. No. Temperature (K) Rate Constant R?
Kapp (Min™)
1 298 0.0596 0.991
2 303 0.0719 0.996
3 308 0.0942 0.989

Figure 4.22(a) shows the plot of InKapp Versus Temperature, gives a linear
relationship whose slope gives the apparent activation energy which equals to 34.89
kJmol™. This apparent energy represents the total activation energy of both

adsorption and photocatalytic degradation of dye. [59,89].
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Figure 4.22 (a): Plot of InKapp, versus inverse of temperature (Experimental condition: [CV] =
40 mg L™%; [BaBiO3] = 0.75gL%; pH = 6.0).

(b) Results with Bao sKo.4BiO3

The influence of solution temperature on the % photodegradation of CV dye

as a function of time is depicted in Table 4.12(b) and the corresponding graphs is

shown in Figure 4.19(b). The figure indicates that the rate of the photocatalytic

degradation is temperature dependent and is favoured with the increase of solution

temperature.

Table 4.12(b): Influence of temperature on degradation of CV

(Experimental conditions: [CV] = 40mgL™; [BaosKo.4BiOs] = 0.75gL*; pH=6.0)

Temperature 298K 303K 308K

Time (min) %Degradation %Degradation | %oDegradation
0 0.00 0.00 0.00
3 13.12 21.27 25.59
5 28.14 33.55 37.73
7 30.25 40.14 44.59
10 48.41 54.23 58.42
15 59.29 71.26 75.35
20 74.10 79.71 84.24
25 81.84 90.81 95.73
30 87.09 93.69 97.60
35 85.43 93.94 98.27
40 81.72 94.71 98.89
00 82.07 94.85 98.95
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Figure 4.19(b): Influence of temperature on % degradation of CV. (Experimental condition:
[CV] = 40 mg L™, [BosKo4BiOs] = 0.75gL%, pH =6.0).

The photodegradation kinetics at different temperature is illustrated in
Figure 4.20(b), which depicts the dark adsorption-desorption equilibrium and the
additional decrease in CV concentration caused by visible light irradiation.
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Figure 4.20(b): Variation of CV dye concentration versus time at different
temperature. (Experimental condition: [CV] = 40 mg L™, [Bao.sK0.4BiOs] = 0.75gL; pH=6.0).
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The photodegradation of CV dye at different temperature was fitted to Langmuir
Hinshelwood model by plotting InC¢/Co versus time, which has been shown in
Figure 4.21(b).The pseudo-first-order rate constants, Kapp (min™), are calculated
from the slopes obtained by the curves plotted between InCi/C, and irradiation time
at different temperatures {Figure 4.21(b)} and are presented in Table 4.13(b).
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Figure 4.21 (b): Linear variation of InC/C, versus time for photocatalytic degradation of CV
dye at different temperature. (Experimental condition: [CV] = 40 mg L™, [BaosKo4BiOs] =
0.75gL"L: pH=6.0).

Table 4.13(b): Pseudo-first order apparent constant values for the different
temperatures.

(Experimental condition: [CV] = 40mgL™; [BaosKo.4BiOs] =0.75gL™; pH =6.0)

S. No. Temperature (K) Rate Constant R?
Kapp (Min)
1 298 0.0644 0.993
2 303 0.0837 0.991
3 308 0.1150 0.991

Figure 4.22(b) shows the plot of InKapp versus Temperature, gives a linear
relationship whose slope gives the apparent activation energy equals to 44.55
kJmol?. This apparent energy represents the total activation energy of both

adsorption and photocatalytic degradation of dye [59].
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Figure 4.22 (b): Plot of InKapp versus inverse of temperature (Experimental condition: [CV] =
40 mg LY; [BaosKo4BiOs] = 0.75gL"L; pH=6.0).

4.3.4.5 Regeneration of photocatalysts

Photocatalysis is a clean technology, which normally does not involve any
waste disposal problem. The catalyst can be recycled. The economy of the
photocatalytic process depends upon how many times a catalyst can be reused
without sacrificing its efficiency and the type of regeneration it requires [93].

To evaluate the stability of the as prepared, three recycling experiments are
performed. The used catalyst was regenerated by treating it with boiling distilled
water till a colourless filtrate was obtained and then by drying in it a hot air oven at
a temperature of 90" to 100°C. After this, the catalyst was heated in a muffle furnace
at about 500°C. As shown in Figure 4.23, after being used 3 times for CV dye
degradation, the % degradation of dye declined from 95.74% to 93.12 for BaBiO3
and 98.89 to 95.01% for BaosKo.4BiOs under the same experimental condition.
([CV] = 40mgL™?, [Bap.sK0.4BiO3/BaBiOs] = 0.75gL™, pH=6.0, Temp.=308K).

These results indicate that as prepared catalyst is photo-stable during the
photocatalytic degradation. The slight decrease in the efficiency of the recycled
catalyst may be attributed to the deposition of photo-insensitive hydroxides on the

catalyst surface, blocking its active sites [73].
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Figure 4.23: Regeneration of photocatalyst. (Experimental condition: [CV] =40mgmL™,
[Bao.sKo4BiOs)/[BaBiOs] =0.75gL*, pH=6.0, Temp.=308K).

4.4 Comparison of BaBiOsand Bao.sKo.4BiOs with Degussa
p-25 TiO:

Effectiveness of BaBiOs and BaosKo.4BiO3 has been compared with
commercially available Degussa p25 TiO, under above mentioned identical
optimum experimental conditions (i.e. [CV] =40mgL™*, [Catalysts] = 0.75gL™?,
pH=6.0, Temperature=308K). As shown in Figure 4.24, photocatalytic
degradation potential of the as synthesized photocatalysts is found to be much better
than the commercially available TiO2 owing to their much narrower band gap in
comparison to the ~3.2eV band gap of TiO> [94]. Also, Degussa p-25 adsorbs more
CV dye than BaBiOs and Bao.sKo.4BiOs. As the amount of dye absorbed increases,
thereby the active sites are covered with dye ions, thus decreases the formation of
°OH ions which further decreases the degradation efficiency.

Thus, it proved the worth of this research work in the direction of tailoring

new visible light active photocatalysts.
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Figure 4.24: Comparison of photocatalytic efficiency of as prepared with p25 TiO2 under
visible light irradiation (Experimental condition: [CV] =40mgL, [Bao.sKo.4BiO3]/ [BaBiOs]/
[p25 TiO2] =0.75gL ", pH=6.0, Temp.=308K).

4.5 Visible spectral changes of CV dye

The degradation of CV dye is monitored by UV/vis. spectrophotometry.
Figure 4.25 depicts the UV-vis spectrum of CV dye degradation in the presence of
BaBiOs, BaosKo4BiO3 and p25TiO2 under visible light irradiation. The rate of
degradation is recorded with respect to the change in the intensity of absorption
peak in visible light.
It can be seen by the Figure 4.25 with all the catalysts, light irradiation leads
to the prominent decrease in the characteristic band of CV dye at 590 nm after 40
minutes of visible light irradiation. This also indicates that CV dye has been
effectively degraded by BaosKo4BiOs and BaBiOs. The decrease in intensity of
absorption peak is associated with the discoloration of the dye. The decrease in
absorption peaks at 590nm, indicates the removal of -N=N- bond chromophoric
group from the azo dye. The almost disappearance of the peaks in the spectrum
reveals that dye is eliminated in the presence of BaosKo4BiO3 after 40min of
irradiation. The absorption spectra reveal no evidence of the existence of new

intermediates or products formed in the visible region at the end of the reaction. It
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is clear from the Figure 4.25 that the maximum degradation efficiency is shown by
Bao.6Ko0.4BiO3 owing to its lowest band gap value (1.87eV) in comparison to BaBiOs
(2.07eV) {as discussed in Chapter 3}. P-25TiO2 has shown least degradation
efficiency which is due to its highest band gap.

N C‘l;;
2.0 - — p-253TiO,

400 450 S0 550 G 650 700 750
Wanvelength /mm

Figure 4.25: UV-vis absorbance spectra of CV solution after photocatalytic degradation over
as prepared catalysts. Experimental Conditions: [CV] = 40mgL™; [BaosKo.4BiOs]/ [BaBiOs] /
[p25Ti02]=0.75gL ™%, pH=6.0, Temp. =308K).

4.6 TOC analysis

The complete mineralization of the studied dye is confirmed from the
analysis of total organic carbon (TOC) content. The CV dye degradation takes place
through the oxidative cleavage of the chromophore —N=N- bond resulting in the
production of primary reaction by-products which are then oxidized and ultimately
yielding carbon di oxide and water [95]. The TOC concentration is of importance
as it is the best parameter to indicate the ultimate mineralization of the target
compound. Figure 4.26 shows the TOC reduction of CV dye by as prepared
BaBiOszand Bao.sKo4BiOszat optimum reaction conditions. It can be seen that the %
TOC removal values for Bao.sKo.4BiOz is higher than BaBiOz. As shown in Figure
4.26, % TOC removal for photodegradation (following adsorption) in the presence
of as prepared photocatalysts is higher than that obtained by the commercially
available p25 TiO,, thus indicating the greater reactivity of synthesized
photocatalysts (BaBiOz and Bao.sKo.4BiO3).
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Figure 4.26: TOC removal in CV dye solution obtained by photodegradation by as prepared
catalysts. (Experimental Conditions: [CV] = 40mgL’; catalyst dose=0.75gL™?, pH=6.0,
Temperature =308K). (a) for p25 TiO:2 (b) for BaBiOs (c) for Bao.sKo.4BiOs.

4.7 Proposed mechanism of CV dye photodegradation

Organic pollutants like dyestuffs have the ability to absorb visible light. Initially
the dye molecules are adsorbed on catalyst surface and get excited through the absorption
of light. Thus excited dye (Dye") injects an electron to the conduction band of the
photocatalyst where it is scavenged by O to form active oxygen radicals. The consequence
of electron-ejection into the conduction band results in the charge separation and thus e-
hole pairs are generated. Holes are generated in conduction band while e~ are generated
in valance band. These electron-hole pair are responsible of generating other reactive
species like ‘OH, HO, H.O,and ‘0. These active radicals carry out photodegradation or
mineralization of organic compounds. Proposed mechanism of CV dye degradation by

BaBiO3 and Bao sKo.4BiOsunder visible light irradiation is as follows:

CV+hy —»  CV* (1)
CV* + BaBiO3/Bag 4Ky 4,BiOs—— CV° + BaBiOs/Bay 4K 4BiO3 (e7) 2)
BaBiOs/Bay 4Ky 4BiO3 + hv ————»BaBi0;" /Bay 4Ky 4BiOz T + h* + e~ ®3)
e~ 40, (ads) ——> 0, " (ads) 4)
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0,  +H——» HO, (5)
20,7 4+2Ht 4 20H+0, (6)

CV°+ HO, /°0OH /0, ——» peroxylated or hydoxylated degraded or mineralized
end products {CO:, Nitrates , H,O, Sulphates}

4.8 Conclusion

In summary, BaBiOz and Bao.sKo.4BiOz successfully synthesized by Pechini
method resulted in the formation of, mono phase crystalline nano-sized particles
which proved their potential in visible light owing to their low band gap (2.07eV
and 1.87eV respectively). The feasibility of adsorption and photocatalytic
degradation of CV dye using BaBiO3z and Bao.sKo4BiO3 as in the form of aqueous
suspension under visible light irradiation has been investigated. Since, the
photocatalytic degradation is directly related to the adsorbed quantities of the
pollutant, the adsorption properties of CV on to BaBiO3 and Bao sKo.4BiOz are also
discussed in terms of Langmuir and Freundlich adsorption isotherms. The
photocatalytic degradation was expressed in terms of LH kinetic model, and the
subsequent rate constants are also determined. The effect of different operational
parameters such as initial dye concentration, catalyst dose, solution pH and
temperature on the rate of photo degradation is studied. Moreover, reusability of
these catalysts is studied. Furthermore, to estimate the degree of mineralization,
measurements of total organic carbon has also been conducted In the present
studies, the percentage removal of CV through photocatalytic degradation by
BaBiO3 and Bag Ko.4BiOs was also compared with the one through TiO (Degussa
P-25).

Controlled experiments (photolysis) demonstrated that both visible light and
catalyst are needed for the effective destruction of dye. The data obtained from the
adsorption experiments are fitted into Langmuir and Freundlich isotherms. They
are found to be linear, indicating the formation of mono layer of adsorbate on the
outer surface of adsorbent. Langmuir adsorption model is found to be fit for both
the catalysts. Thus, obtained results argue that a slow adsorption is noticed on both

the catalyst surface, followed by strong photocatalytic degradation.
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The study of parameters influencing the degradation process allowed us to
find the operating conditions for achieving the highest CV dye degradation rate.
The optimization studies revealed the optimum operating conditions: pH value 6.0,

catalyst concentration 0.75gL ™, dye concentration 40mgL™.

The dependence of catalyst concentration on the reaction rate can be
explained as roo[BaBi03]%®? [CV]and roa[BaosKo4Bi03]%# [CV]for BaBiO3 and

Bao.sKo.4BiOs, respectively, when the catalyst concentration is less than 1gL ™.

The Langmuir—Hinshelwood kinetic model showed a good agreement for
the initial rates of degradation with the appropriate reaction rate constant (K) and
the substrate adsorption constant (Ki+) values. Here, K;=6.90 mgL*min* and Kyn
=2.76 Lmg™ are found for BaBiOz while for Bag 6K0.4BiO3 they are: K, =7.14 mgL"
'min? and Kin = 1.5 Lmg™. The value of adsorption coefficient (Kin) in Kinetic
model is found to be different to that found in dark (b) due to the photo-adsorption

and very rapid photoreaction of CV dye on the catalyst surface.

The photocatalytic degradation was temperature dependent with apparent
activation energy for CV dye of 34.89kJmol™? and 44.55 kJmol? while using
BaBiOs and Bao.sKo.4BiO3 as photocatalyst, respectively.

Good reusability of our photocatalyst is obtained after separation from the
reaction solution by filtration and washing followed by re-calcination without an

clear reduced photocatalytic activity for at least 3™ run.

Thus, it can be concluded that both BaBiO3 and Bao.sKo.4BiO3 are efficient
recoverable in CV dye degradation. The complete mineralization of the studied dye
is confirmed from the analysis of total organic carbon (TOC) content. On analysing
the UV-vis spectrum of CV dye degradation in the presence of both the catalysts
under visible light irradiation leads to prominent decrease in the characteristic band
of CV dye at 590nm after 40 minutes. The proposed mechanism indicates the
participation of various active species like ‘OH, HO., H>0, and ‘Oz in the
degradation of CV dye.

Our results prove that the photocatalytic efficiency of BagesKo4BiOs is

shown to be greater than that of BaBiOs in degradation of CV dye. The higher
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activity of BaosKo.4BiO3swas attributed to its narrower band gap in comparison to
the parent compound (BaBiO3).

The photocatalytic degradation potential of the as synthesized
photocatalysts is found to be much better than the commercially available Degussa
P-25 TiO2 owing to their much narrower band gap in comparison to the wider band
gap (~3.2eV) of the later.

Therefore, exploring higher catalytic activity of such perovskite structures
may pave the way for designing useful photocatalytic material.
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Chapter 5

5.1 Introduction

Synthetic dyes are widely used in many industries, such as in textile industry,
as colouring additives in food technology, in leather tanning industry, in paper
production, in agricultural research, in light-harvesting ranges in photo-
electrochemical cells and for hair colouring purposes. Due to large-scale production
and extensive application, synthetic dyes can cause substantial environmental
pollution and are stern health-risk factors. Though, the increasing influence of
environmental protection on industrial development promotes the development of
green technologies which are eco-friendly [1-3].

MG was introduced in aquaculture in 1933, and extensively used in the fish
industry due to its low cost and efficacy [4]. Several studies show that MG is
metabolically reduced to leuco-malachite green [LMG] which is lipophilic and can
be stored in fish tissues for several years [5,6]. Thus, MG has become highly
controversial compound due to the risks it poses to the consumers of treated fish
where it has been detected, since it introduces to DNA causing carcinogenesis,
mutagenesis and teratogenicity. Though, the use of this dye has been banned in
several countries and not approved by US Food and Drug Administration, it is still
being used in many parts of the world due to its low cost, easy availability and
efficacy [7,8] and to lack of a proper alternative. Several harmful effects of MG

dye on environment and human health are depicted in Figure 5.1.
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Figure 5.1: Harmful effects of MG dye
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The dyes present in water reduce the photosynthetic activity of aquatic
plants by interrupting the entering sun rays, resulting in the demolition of the water
ecosystem [9,10]. These dyes has properties that make it difficult to remove from
aqueous solutions and also toxic to major microorganisms. Various waste water
techniques such as chemical treatment, physical treatment and biological treatment
methods are used in waste water purification. Further, these methods produce huge
amount of toxic slurry so secondary treatments are needed [11-13]. So efforts are
carried out to effectively remove the dyes from wastewaters, for this purpose,
researchers have investigated a variety of photo-induced green treatments which
consumes the least amount of chemicals and solar energy.

Advanced oxidation processes (AOPs) compose significant, promising,
effective green methods is a relatively newer, more powerful, and very promising
approach called advanced oxidation processes (AOPs) [14-16]. AOPs are a set of
techniques which normally utilize a strong oxidizing species such as “OH radicals
produced in situ, which causes a sequence of reactions to break down the complex
aromatic structure into smaller and less harmful end products such as CO2 and H20
[17,18].

The emergence and application of solar energy in waste water treatmentis being
intensively studied worldwide [19]. Till date TiO, —based and other simple oxide
materials are studied for photocatalytic degradation of organic pollutants [20-24].
Although, use of these in photocatalysts is obstructed by the lower absorption in visible
region of light. The efficiency of doped TiO. photocatalyst for photocatalytic
degradation is low because of the recombination of photo-generated charge carriers,
less stability of as prepared doped photocatalyst and the back reaction of
intermediate chemical species [25-30]. So from the viewpoint of solar energy
utilization, it is very urgent to develop photocatalysts with visible light response.

Due to their distinct photo-absorption and photo-physical properties perovskite
materials are extensively studied in the past few years [31,32]. Perovskite materials are
the mixed metal oxides with the general formula ABOz. In the typical crystal
structure of perovskite material, the A site is engaged by the larger cation, while the
B site is occupied by the smaller cation [33,34]. Perovskites are one of the most

important families of materials exhibiting properties suitable for numerous
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technological applications [35-37]. Perovskite materials have been studied for
photocatalytic degradation of various pollutants such as phenols, dyes and drugs
from waste water [38-40]. But most of the studied perovskites show the
photocatalytic properties under UV light irradiation due to their large band gap
energy [41-43]. Many efforts are made to develop new perovskite materials which
can efficiently utilize solar light [44,45].

In this chapter, doped and undoped Barium bismuthate, used for the
degradation of MG dye from aqueous solution, have been synthesized by Pechini
method, details of which have been elaborated in chapter 3. The degradation
potential of these catalysts has been evaluated by different characterization methods
such as TG-TGA, XRD, UV-DRS, SEM and FTIR, results of which have been

described in chapter 3.

FTIR spectrum shows the presence of a band around 465cm™ in both the
catalysts conforming the metal-oxygen bond formation, which is the characteristic
property of perovskite materials [46]. The SEM studies show that both the samples
are homogeneous uniform nanoparticles, having size 520 nm and between 45-
101nm for the BaBiO3z and Bao.sKo.4BiOs3, respectively. SEM images reveal the
nano rod type structure and plate like layered structure of BaBiO3z and for
Bao 6Ko0.4BiOs3, respectively. The XRD patterns suggest that BaBiOs crystallizes in
the monoclinic structure while Ba0.6Ko4BiOs crystallizes in cubic structure. XRD
patterns exhibit the typical pattern corresponding to perovskite structure. The phase

evolution of both the catalysts with increasing temperature is done by DT-TGA.

The diffuse reflectance spectroscopy showed that the catalysts have a broad
absorbance around 600 and 660 nm with a band gap of 2.07 and 1.87eV for barium
bismuthate and K doped barium bismuthate respectively. Due to the low band gap,
the catalysts are supposed to be promising in displaying their visible light activity
and hence they are tested further for the degradation of MG dye under visible light

irradiation.

The objective of this work is to study the photodegradation of MG dye using
the prepared catalysts. The photodegradation rates and efficiency of the
photocatalytic system are highly dependent on a number of operational parameters

that govern the photodegradation of the organic molecule [47] such as catalyst dose,
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solution pH, temperature, and initial dye concentration. Optimization of such
conditions will greatly help in the development of industrial-scale dye removal

treatment process.

Therefore, herein, the dependence of the photodegradation rate on various
parameters viz. initial dye concentration, catalyst dose, pH and temperature is
studied. The reaction kinetics is studied and the applicability of the first order
kinetic model is also discussed. The agreement of the experimental results with the
Langmuir-Hinshelwood kinetic model has been examined which led to the
determination of both photo-reaction kinetics and adsorption equilibrium constants
[48]. In addition, photolysis and adsorption study of dye on prepared catalyst is also
discussed. The adsorption experiment data is fitted to Langmuir isotherm model
and Freundlich isotherm model [49,50]. Furthermore, to estimate the degree of

mineralization, measurements of total organic carbon has been conducted.
5.2. Material & Method

5.2.1. Chemical reagents

The reagents used for the synthesis of BaBiOs and Bao.sKo.4BiO3 are Barium
nitrate, Bismuth nitrate, potassium nitrate as starting materials while, citric acid and
ethylene glycol are used as complexing agents. Details of synthesis procedure are
given in chapter 3. MG dye (Mol. Wt. = 364.911 gmol™) dye is purchased from
Sigma-Aldrich Company (India). A solution of 100 mgL? MG dye solution is
prepared as stock solution. Different dye solutions of various concentrations are
made from the stock solution (100mgL) by appropriate dilutions. Ultra-pure water
(18.2 MQcm™2) is used to prepare all solutions in this study. The pH of the solutions
is adjusted using 0.INNaOH and 0.1NHCI. All the chemicals except MG dye is
purchased from Merck (India). Analytical grade p 25TiO> is purchased from Sigma-
Aldrich Company (India). The chemicals used in this experiment are of the

analytical grade and are used without further purification.
5.2.2. Experimental procedure and analytical methods

An experimental setup for the photocatalytic activity test has been explained

in chapter 2. The visible light irradiation experiments are carried out in an
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indigenously prepared immersion type photocatalytic reactor. A 500W Xe arc lamp
(intensity=137 mWcm™) is used as a visible light source. This lamp is placed in a
quartz tube which is sealed from one side. This tube is then immersed in a
cylindrical borosilicate reactor (capacity 1L). In this, mixture of catalyst and dye
solution are taken following which the mixture is placed in a water bath circulated
at a constant speed to keep the above suspension homogenous. Only in experiments
dealing with the effect of pH on the dye degradation, initial pH is adjusted with

buffer solutions and measured with pH meter.

Since some dyes can be degraded by direct UV or visible irradiation without
the assist from catalysts [51], it is important to find out the extent to which the
degradation of MG dye in aqueous solution takes place directly by the visible light
or in other words, to find out the extent of direct photolysis of MG dye. So, some
control experiments are carried out in the absence of the catalysts, while holding all
other parameters the same. Following this, their respective photodegradation rates

are measured to evaluate their photolysis.

Since, the photo-assisted degradation of the dyes occurs predominantly on
the surface. Therefore, adsorption of the dye is an important parameter in
determining photocatalytic degradation rate. Photocatalysts, dispersed into MG dye
solution is allowed to reach adsorption-desorption equilibrium under continuous
magnetic stirring at 600 rpm for 30 minutes in the dark, before illumination.
Irradiation is then provided. Samples are withdrawn at 5 minutes’ time intervals
and then centrifuged to remove the suspended catalyst. The clear supernatant fluid
followed by filtration is then analysed by spectrophotometer (Double beam
spectrophotometer-2203, Systronics) at Amax= 618nm with a calibration curve based

on Beer Lambert’s law [52]

The degradation efficiency is observed in terms of change in intensity of the
dye before and after light irradiation. Photocatalytic performance is quantified by

the degradation of MG dye under visible light irradiation.

%degradation = % x 1000 ---(5.1)

o

171



Chapter 5

Where, Co= concentration of dye solution after adsorption-desorption
equilibrium (mgL™), Ci= concentration of dye solution after photo irradiation (mg
L.

5.3. Results and Discussion

5.3.1. UV-VIS spectra of MG dye

Malachite Green is a basic tri phenyl methane dye with high water
solubility, and its molecular formula is C23HzsN2. The UV-vis. absorbance spectrum
of MG is drawn to determine its absorption maxima. Figure 5.2 shows the typical
time dependent UV-vis spectrum of MG dye. It is clear that MG dye has an
intensive absorbance at 618 nm. The rate of degradation is investigated with respect
to change in absorption maxima of MG dye (Amax=618nm).

3 [ (CH3)2N N(CH3):Cl

LA L

Absorbance

200 400 600
Wavelength (nm)

Figure 5.2: UV-VIS spectra of MG dye. (Amax= 618nm)

5.3.2. Photolysis of Malachite green dye

Photolysis is the process of decomposition of dyes in the presence of light radiation
only. Direct photolysis of the dye in the absence of photocatalyst showed no
considerable degradation even after 1 hour. Figure 5.3 shows the results of

photocatalysis in terms of % degradation.
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Figure 5.3: Photolysis of MG in presence of irradiation. (Experimental condition: [MG]
=40mgL?; pH=6.0; Temp.= 308K)

The constant absorbance with time verifies that MG dye is not
homogeneously degraded by light. Therefore, the self-degradation of the dye by
visible light irradiation can be ignored. Similar results are obtained in the study of

MG dye under UV-Vis irradiation in earlier reports [53].

5.3.3 Adsorption studies in dark:

Since, the photo-assisted degradation of the dyes occurs predominantly on
the surface. Therefore, adsorption of the dye is an important parameter in
determining photocatalytic degradation rate. The adsorbed dye on the surface of the
semiconductor particles act as an electron donor, injecting electrons from its excited
state to the conduction band of the semiconductor under light irradiation, so in the
heterogeneous photocatalytic degradation process, adsorption of dye on the
catalytic surface is assumed to be a primary step of the reaction [54-56]. The
adsorption experiments are carried out to evaluate the experiments the equilibrium
quantity of adsorbent. The equilibrium adsorption isotherm is fundamental in
describing the interactive behaviour between adsorbates and adsorbent and is
important in the design and analysis of adsorption systems. For the sake of

convenience, explicit and simple models are preferred and commonly used [57].
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Equilibrium adsorption data collected in this study could be fitted by both Langmuir

and Freundlich isotherms.
A. Langmuir isotherm

Langmuir isotherm [58] model is used to interpret the experimental data.

The Langmuir isotherms are represented by the following equations.

Qob
Qe = 7o ---(5.2)
o gle ---(53)

a. Qb Q
Where C. is the concentration of the adsorbate (mgL™) at equilibrium, ge is the
amount of adsorbate per unit mass of adsorbent at equilibrium in mgg™?, Qo is the
maximum adsorption at monolayer coverage in mgg?, b is the adsorption

equilibrium constant related to the energy of adsorption in Lmg™.

The adsorbate uptake ge(mgg™?), can be calculated as

Co—Ce)V
g, = O ---(5.4)

Where Cy is the initial adsorbate concentration (mgL™), V is the volume of solution
(L), W is the mass of adsorbate (g).
The essential characteristic of the Langmuir isotherm can be described by a

separation factor which is called the equilibrium constant, R.

The equilibrium factor thus is defined as:

R,=——x+ ---(5.5)

- 1+Ky Co

Where, Ky is the affinity constant (mg™), C, is the initial concentration of
the adsorbate (mgL™). The Ry value is to be favourable at 0<R;<1 [59,60].

Adsorption experiments are carried out in the same experimental setup,
taking dye solutions of different initial concentration. The constants of isotherm are
obtained by least square fitting of the adsorption equilibrium data. Adsorption
experiments for the dye MG dye are carried out by selecting a concentration range
of 20mgL™ to 80mgL™* with an adsorbent dosage of 0.75g of both the adsorbents
i.e. BaBiO3 and BaosKo.4BiO3z at 308K {Figure 4.4 (a & b)}. The effect of initial
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dye concentration depends on the immediate relation between the concentration of
the dye and the available sites on an adsorbent surface. In general, the percentage
of dye removal increases with increase in initial dye concentration because it will
cause an increase in the capacity of the adsorbent and this may be due to the high

driving force for mass transfer at a high initial dye concentration [61].

14

12

ge (mgg™)

Ce (mgL?)

Figure 5.4(a): Adsorption isotherm from aqueous MG dye solution on BaBiOs catalyst

14

Ce (mgL?)

Figure 5.4(b): Adsorption isotherm from agqueous MG dye solution Bao.sKo.4BiOs catalyst

175



Chapter 5

The plot of Ce/ge versus Ce are linear and represented in Figure 5.5(a) and
5.5(b) for BaBiO3 and Bap sKo.4BiOs respectively. The value of Qg and b is found

from the intercept and slope of the Ce/ge vs Ce curve respectively.

6

R?=0.9726

Celge( gL?)
w

Ce (mgL?)

Figure 5.5(a): Langmuir plots for the adsorption of MG on BaBiOs. (Experimental condition:
BaBiOs =0.75gL"1; pH=6.0; Temp. = 308K)
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Figure 5.5(b): Langmuir plots for the adsorption of MG on BaosKo4BiOs. (Experimental
condition: Bao.sKo.4BiOs =0.75gL1; pH=6.0; Temp. = 308K).
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Langmuir adsorption constant (b) and the maximum absorbable dye
quantity (Qo) are calculated from the Figures 5.5(a) and 5.5(b) as 2.663mgg~,
0.0349 Lmg* for BaBiOsand, 3.305mgg™, 0.0268Lmg *for Bag 6K0.4BiOs.

The value of separation constants for different initial concentration are
determined from equation 5.5 and found to be in range of 0.45-0.183 and 0.053-
0.215 for BaBiOs and Bao sKo.4iO3 catalysts and are listed in Table 5.1.

Table 5.1: Separation constants (R.) values for the adsorption of MG dye on
BaBiOsand BagsKo.4BiO3

Co 20mgL™* 40mgL* 60mgL™* 80mgL™*
BaBiO; 0.183 0.0915 0.0610 0.0457
BaosKo4BiO3; | 0.215 0.1076 0.07177 0.0538

The values of R are found in the range of 0<R.<1 for both the catalysts,
indicating that the adsorption is favoured.

B. Freundlich isotherm

The Freundlich isotherm equation assumes a heterogeneous adsorption
surface with sites that have different energies of adsorption and are not equally

available [62]. The Freundlich exponential equation is given as-
q. = K;Ce'/" ---(5.6)

Where, ¢e is the amount adsorbed (mgg?), Ce is the equilibrium
concentration of the adsorbate (mgL™), Kr (Lg™?) and n are Freundlich constants
related to the adsorption capacity and adsorption intensity, respectively.

The linear logarithmic form of Freundlich equation is mathematically given by
logq. = logK; + rlllogCe ---(5.7)

The value of 1/n represents the favourable adsorption conditions.
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Figure 5.6(a): Freundlich plots for the adsorption of MG on BaBiOs. (Experimental condition:
BaBiOs= 1gL™; pH= 6.0; Temp. = 308K]
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Figure 5.6(b): Freundlich plots for the adsorption of MG on BaosKo.4BiOs. (Experimental
condition: BaosKo4BiOs =1gL!; pH=6.0; Temp. = 308K)
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Krand n can be calculated from the intercept and slope of the plots in
Figures 5.6(a) and 5.6(b) for BaBiOs and Bao.sKo4BiOs respectively. Langmuir
and Freundlich constants for the adsorption of MG dye on Bao.sKo.4BiO3 has been

represented in Table 5.2.

Table 5.2: Langmuir and Freundlich constants for the adsorption of MG dye on
BaBiOsand Bao,eKOABiOs

Adsorbent Langmuir Constants Freundlich Constants
catalyst Qo(mgg™) b (Lmg?) R? | Kf(Lg-h) n R?
BaBiO; 2.663 0.0349 0.955 1.77 2.313 0.875

Ba0sKo.4BiO3 3.305 0.0268 0.941 0.313 1.147 0.870

Since the R? values are fairly close to 1, both the models describe the system
well but Langmuir isotherm model is considered to be best fit because for this model
RZis ~0.955 & 0.941 as comparison to R? ~ 0.875& 0.870 for Freundlich isotherm.

5.3.4 Photodegradation studies under visible light
irradiation

In order to assess the rate of photocatalytic degradation of dyes over BaBiOs
and Bap 6Ko.4BiOs3, the observed dye degradation results are kinetically analysed by
Langmuir-Hinshelwood Kkinetic equation [63]. Langmuir-Hinshelwood Kkinetic
equation describes the following relationship between the initial rate constant and

initial concentration of the organic substrate.

dC _ K.Kpy.Co

Yo = =% = 1tx,c, ---(58)

1 1
To = T KKunC
r r®LH%o

---(5.9)

Where C, is the initial concentration of organic substrate (mgL™), ro is initial rate
(mgL*min™), Kin is the Langmuir-Hinshelwood adsorption equilibrium constant

(Lmg™) and K is the rate constant of surface reaction (mgL*min%).

The degradation of organic pollutants over catalysts follows the pseudo-first-order
kinetics with respect to the initial concentration of the pollutant.
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dc
ro=——7=K

= Kapp ---(5.10)

Following equation is used to determine the initial rate by multiplying the apparent

first-order rate constant Kapp with the initial concentration of dye, Co
C
In (C—t) = Kapp- Co - (5.11)

In which Kapp is the apparent pseudo-first-order rate constant in min™t. The apparent
reaction rate constant Kapp(min?) is given by the slope of the graph of In Ci/Co

versus time (minutes).

As we have seen that in the absence of catalyst, the concentration of MG
dye shows no significant variation indicating that MG cannot be degraded by
photolysis. Hence, any change in the MG concentration can be attributed to the
adsorption/photocatalytic process. The pseudo-first-order kinetic model is usually
used to fit all data sets (dye concentration, photocatalyst dose, initial pH solution,

and temperature) [64].

5.3.4.1 Effect of initial dye concentration on photocatalytic

degradation

It is important from both mechanistic and application point of view to study
the dependence of the photocatalytic reaction rate on the substrate concentration. It
is generally noted that the degradation rate increases with the increase in dye
concentration to a certain level and a further increase in dye concentration leads to
decrease the degradation rate of the dye. The effect of the initial dye concentration
of dye on the rate of degradation is studied by varying the initial dye concentration
from 20to 80mgL* initial pH 6.0, with a constant catalyst dose of 0.75gL(for both
the catalysts). It is observed that up to 40mgL™* the degradation efficiency increases
due to the greater availability of dye molecules for excitation and consecutive
degradation; hence there is an increase in the rate. After this, as the dye
concentration is increased, the equilibrium adsorption of dye on catalyst surface
increases; hence competitive adsorption of OH™ on the same site decreases, which
further decreases the rate of formation of OH" radical, which is the principal oxidant

necessary for a high degradation efficiency. Our results are in accordance with an
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earlier research work [65]. The corresponding results with both the catalysts have
been described below.

On the other hand, considering Beer-Lambert law, as the initial dye
concentration increases, the path length of photon entering the solution decreases,
resulting in the lower photon adsorption on the catalyst particles and consequently
a lower photodegradation rate [66]. Also, the high concentration of dye would have
acted as a filter for the incident light, which ultimately reduces the degradation
efficiency [67].

(a) Results with BaBiOs

The experimental results shows that the rate of photocatalytic degradation
increases with increase in concentration of dye up to 40mgL1.The rate of reaction
was then, found to decrease with further increase in the concentration of dye. It is
clear from the Table 5.3(a) to 5.6(a), initially % degradation of dye increases

rapidly and thereafter slowly attains the limiting value.

Figure 5.7.a (A-D) shows the plots of change in % degradation with time

for various concentration of dye at various amount of catalyst

Table 5.3 (a): Effect of initial dye concentration on degradation of MG
(Experimental Condition: [BaBiOs] = 0.25gL*; pH=6.0; Temp.=308K).

Dye 20 mgL! 40 mgL? 60 mgL! 80 mgL™!
Concentration
Time (min) | % Degradation % Degradation % Degradation % Degradation

0 0.00 0.00 0.00 0.00

3 6.41 4.67 3.70 3.00

5 12.30 11.67 9.75 7.11

7 18.30 19.69 16.83 11.22
10 27.97 32.11 25.49 18.24
15 40.50 48.23 38.88 30.14
20 51.08 61.26 48.11 40.11
25 62.08 70.91 60.42 51.44
30 69.97 73.41 67.28 61.14
35 78.41 83.84 76.11 69.22
40 80.74 84.25 78.19 75.25
0 81.15 84.88 78.59 75.75
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Table 5.4 (a): Effect of initial dye concentration on degradation of MG
(Experimental Condition: [BaBiOs] = 0.75gL*; pH=6.0; Temp.=308K).

Dye
Concentration

20 mgL?

40 mgL?

60 mgL™!

80 mgL™!

Time (min) | % Degradation % Degradation % Degradation | % Degradation

0 0.00 0.00 0.00 0.00

3 10.40 15.09 7.77 8.85

5 20.52 27.20 17.37 15.44

7 27.17 35.14 23.61 22.24
10 40.23 49.42 39.08 31.18
15 57.47 66.67 52.95 45.02
20 71.16 79.21 68.21 57.16
25 79.54 88.12 76.12 66.73
30 84.36 93.56 79.29 75.19
35 87.25 95.25 83.90 81.13
40 89.35 95.29 88.02 84.35
0 89.74 95.29 88.54 84.85
Table 5.5 (a): Effect of initial dye concentration on degradation of MG
(Experimental Condition: [BaBiOs] = 1.00gL™; pH=6.0; Temp.=308K)
Dye 20 mgL*! 40 mgL? 60 mgL™! 80 mgL™!

Concentration

Time (min) | % Degradation % Degradation % Degradation % Degradation
0 0.00 0.00 0.00 0.00
3 9.12 11.13 2.35 7.25
5 17.65 20.90 9.64 12.36
7 24.30 30.09 16.09 18.48
10 35.50 42.20 29.65 27.74
15 50.97 59.82 40.62 40.47
20 64.41 74.20 57.10 52.28
25 74.57 82.22 63.85 63.25
30 81.11 88.90 71.15 71.11
35 84.59 89.65 77.77 77.27
40 86.86 90.00 77.82 81.25
0 87.23 90.58 78.14 81.87
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Table 5.6 (a): Effect of initial dye concentration on degradation of MG
(Experimental Condition: [BaBiOs] = 1.25gL*; pH=6.0; Temp.=308K).

Dye 20 mgL* 40 mgL* 60 mgL* 80 mgL*
Concentration
Time (min) | % Degradation % Degradation | % Degradation % Degradation
0 0.00 0.00 0.00 0.00
3 8.08 7.90 6.01 5.21
5 15.50 17.20 12.64 10.43
7 21.27 24.42 18.87 15.43
10 30.63 36.42 26.40 23.73
15 45.41 54.09 42.10 36.40
20 57.08 67.82 53.70 47.13
25 67.30 76.39 64.30 57.24
30 75.65 84.09 72.72 66.51
35 81.54 88.12 77.50 73.20
40 84.97 89.65 81.91 77.67
0 85.24 89.97 82.11 77.89
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Figure 5.7(a): Effect of concentration of MG on its visible light degradation in BaBiOs [(A)
Catalyst dose: 0.25gL™!; (B) Catalyst dose: 0.75gL™; (C) Catalyst dose: 1.00gL™; (D) Catalyst

dose: 1.25gL™1, pH=6.0, Temp. =308K].

The photodegradation kinetics of initial dye concentration is illustrated in
Figure 5.8(a), which depicts the dark adsorption-desorption equilibrium and the
additional decrease in MG concentration caused by visible light irradiation at
optimum catalyst dose i.e. 0.75gL™.

dark light exposure

60 =@ 20ppm
=@ 40ppm

60ppm

Ct(mgL-1)
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0
-40 -30 -20 -10 0 10 20 30 40 50
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Figure 5.8(a): Variation of dye concentration versus time for different MG initial
concentration. (Experimental condition: BaBiOs= 0.75gL™; pH=6.0, Temp. =308K).
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With respect to initial concentration, the rate expression is given by equation:

—d[CV]
dt

= Kapp[c]o ---(5.12)

Integration of the above equation yields:

COZK

In C_t app-

t ---(5.13)

Where, Kapp is a pseudo first order rate constant (min™). [C]o is the equilibrium
concentration of the MG dye solution after adsorption, and it is taken as the
concentration of the dye solution at visible light irradiation time ‘t=0" for Kkinetic

analysis.

Initial rate (ro) is determined by the following equation

ro = Koy, [MG], ---(5.14)

app
Where, rois initial rate (mgL*min™).

The plot of In C/C, versus t with different initial concentration of MG is
shown in Figure 5.9(a). The figure shows that the photocatalytic degradation

follows perfectly the pseudo-first order Kinetic with respect to MG concentrations.

It is found that a plot between InC/C, versus time represents a straight
line, the slope of linear regression equals the apparent first order rate constant

Kappwhich is consistent with the reported first order reaction [68].
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Figure 5.9(a): Linear variation of In C/C, versus time for the photocatalytic degradation of
CMG dye at different initial concentration. (Experimental condition: [BaBiOs] = 0.75gL™%;
pH=6.0; Temp.= 308K).

The values of rate constants Kapp, Which corresponds to different
initial concentration, along with the initial rate (ro) and corresponding regression
constants, are listed in Table 5.7 (a).

Table 5.7(a): Pseudo-first order apparent rate constant and initial rate values for the

different initial concentration of dye
(Experimental condition: [Catalyst] = 0.75gL*; pH =6.0; Temp. = 308K)

S.No. Initial dye Rate Constant Initial rate rox107 R?
concentration Kapp. (Mint) (mgLtmin?)
QLY
1 0.02 0.0588 1.17 0.986
2 0.04 0.0868 3.47 0.990
3 0.06 0.0481 2.88 0.992
4 0.04 0.0404 3.23 0.99

The rate of degradation increases with the initial concentration of MG dye
then finds a tendency towards independent vales with the higher initial

concentrations.

According to the equation 5.9 the plot of 1/r, versus 1/C, represented in
Figure 5.10(a) shows a linear variation, confirming the Langmuir-Hinshelwood

relationship for the initial rates of photodegradation. The values of K; and Kpn
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calculated from the intercept and the slope of the straight line (R?=0.928) are 1.1
mgL*min?and 4.5Lmgrespectively.
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0.6 R?=0.9289

0.5

0.4

1/ry

0.3

0.2

0.1

0 10 20 30 40 50 60
1/C,

Figure-5.10(a): Langmuir-Hinshelwood plot for visible light photodegradation of MG dye by
BaBiOs photocatalyst. (Experimental condition: [BaBiOs] =0.75gL!; pH=6.0; Temp. = 308K).

(b)Results with BagsKo.4BiO3

The experimental results shows that the rate of photocatalytic degradation
increases with increase in concentration of dye up to 40mgL.The rate of reaction
was then, found to decrease with further increase in the concentration of dye. It is
clear from the Table 5.3 (b) to 5.6(b), initially % degradation of dye increases

rapidly and thereafter slowly attains the limiting value.

Figure 5.7.b. (A-D) shows the plots of change in % degradation with time

for various concentration of dye at various amount of catalyst
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Table 5.3 (b): Influence of initial concentration on degradation of MG

xperimental Condition: [BaosKo4BiOs] = 0.25gL*; pH=6.0; Temp. =
(Experi | Condition: [BaosKo4BiOs] = 0.25gL™%; pH=6.0; T 308K)

Dye
Concentration

20 mgL?

40 mgL?

60 mgL™!

80 mgL!

Time (min) | % Degradation % Degradation | % Degradation % Degradation
0 0 0 0 0
3 9.65 8.65 5.32 6.1
5 15.54 15.65 10.57 10.21
7 21.54 23.67 14.84 14.32
10 31.21 35.98 22.35 21.34
15 43.74 52.21 36.21 33.24
20 54.32 65.24 50.35 43.21
25 65.32 74.89 62.35 54.54
30 73.21 82.67 72.25 64.24
35 81.65 88.98 78.35 72.32
40 83.98 92.32 81.35 78.35
0 84.14 92.87 81.78 78.88
Table 5.4(b): Influence of initial concentration on degradation of MG
(Experimental Condition: [BaosKo4BiOs] = 0.75gL?; pH=6.0; Temp. = 308K)
Dye 20 mgL* 40 mgL* 60 mgL* 80 mgL*

Concentration

Time (min) | % Degradation % Degradation | % Degradation % Degradation

0 0 0 0 0

3 13.52 18.54 12.63 11.95
5 23.64 30.65 22.56 18.54
7 30.29 38.59 28.69 25.34
10 43.35 52.87 39.25 34.28
15 60.59 70.12 53.58 48.12
20 74.28 82.66 64.98 60.26
25 83.97 91.57 77.31 69.83
30 90.22 97.01 82.81 78.29
35 93.55 97.89 88.39 84.23
40 94.12 98.74 91.60 87.45
0 94.66 98.75 91.90 87.88
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Table 5.5 (b): Influence of initial concentration on degradation of MG

(Experimental Conditions: [BaosKo4BiOs] = 1.00gL™; pH=6.0; Temp. = 308K)

Dye
Concentration

20 mgL*

40 mgL*

60 mgL*

80 mgL*

Time (min) | % Degradation % Degradation | % Degradation % Degradation

0 0 0 0 0
3 12.36 14.58 10.32 10.35
5 20.89 24.35 16.35 15.46
7 27.54 33.54 23.67 21.58
10 38.74 45.65 34.21 30.84
15 54.21 63.27 48.57 43.57
20 67.65 77.65 60.32 55.38
25 77.81 85.67 72.59 66.35
30 84.35 92.35 80.32 74.21
35 89.21 95.00 85.32 80.37
40 90.10 95.57 88.65 84.35
© 90.54 95.89 89.10 84.94

Table 5.6(b): Influence of initial concentration on degradation of MG

(Experimental Conditions: [BaosKo4BiOs] = 1.25gL1; pH=6.0; Temp. =308K)
Dye 20 mgL? 40 mgL? 60 mgL™! 80 mgL™!

Concentration

Time (min) | % Degradation % Degradation | % Degradation % Degradation

0 0 0 0 0

3 11.32 11.35 7.38 8.35
5 18.74 20.65 13.68 13.57
7 24.51 27.87 19.65 18.57
10 33.87 39.87 28.89 26.87
15 48.65 57.54 42.35 39.54
20 60.32 71.27 55.68 50.27
25 70.54 79.84 67.54 60.38
30 78.89 87.54 76.87 69.65
35 84.78 91.57 82.35 76.34
40 88.21 93.89 85.32 80.81
© 88.70 94.19 85.69 81.26
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Figure 5.7(b): Effect of concentration of MG on its visible light degradation in Bao.sKo.4BiOs
[(A) Catalyst dose: 0.25gL"*; (B) Catalyst dose: 0.75gL*; (C) Catalyst dose: 1.00gL" ; (D) Catalyst
dose: 1.25gL"*; pH=6.0; Temp. =308K].

The photodegradation kinetics of initial dye concentration is illustrated in

Figure 5.8(b), which depicts the dark adsorption-desorption equilibrium and the
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additional decrease in MG concentration caused by visible light irradiation at

optimum catalyst dose i.e. 0.75gL™.

90
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Figure 5.8(b): Variation of dye concentration versus time for different MG initial
concentration. (Experimental condition: [Bao.sKo.4BiO3] = 0.75gL; pH=6.0, Temp. =308K).

Keeping the rate expression with respect to initial concentration given

in equation 5.12 to 5.14 in mind, graphs are plotted between In Ci/Co and time.

The plot of In C¢/C, versus t with different initial concentration of MG is
shown in Figure 5.9(b). The figure shows that the photocatalytic degradation

follows perfectly the pseudo-first order kinetic with respect to MG concentrations.

It is found that a plot between In C+/C, versus time represents a straight line,

the slope of linear regression equals the apparent first order rate constant Kappwhich

is consistent with the reported first order reaction [68].
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Figure 5.9(b): Linear variation of In C/C, versus time for photocatalytic degradation of at
different initial dye concentration.

The values of rate constants Kapp, Which corresponds to different initial
concentration, along with the initial rate (ro) and corresponding regression
constants, are listed in Table 5.7(b).

Table 5.7(b): Pseudo-first order apparent constant values for the different initial dye

concentration of dye
(Experimental condition: [BaosKo.4BiOs] = 0.75gL?; pH =6.0; Temp. = 308K)

S.No. Initial Rate constant Initial rate rox10° R?
concentration Kapp. (Min?) $(mgL*min?)
(mgL)
1 0.02 0.0739 1.47 0.989
2 0.04 0.126 5.04 0.993
3 0.06 0.0491 2.94 0.990
4 0.04 0.0501 4.008 0.991

According to equation 5.9, the plot of 1/roagainst 1/C, as shown in Figure
5.10(b) gives linear relationship between 1/r, and 1/C, confirming the Langmuir-
Hinshelwood relationship for the initial rate of photodegradation. The values of K
and Kpn calculated from the slope (1/K;) and intercept (1/K:.KpH) of the above
figure are found to be, 5.06 mgL*min™and 3.2 Lmg?, respectively.
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Figure-5.10(b): Langmuir-Hinshelwood plot for visible light photodegradation of MG dye by
Bao.sKo.4BiOs. (Experimental condition: [Bao.sKo4BiO3] =0.75gL™!; pH=6.0; Temp. = 308K).

Here, for both the catalysts adsorption equilibrium constant i.e. Kin
obtained from the linearization of inverse of initial rate (1/ro) and initial
concentration (1/C,) is different to the constant obtained from the dark adsorption
(b). This is due to the photo adsorption and very rapid photoreaction of the dyes on
the catalyst surface. These results are consistent with the earlier studies on
photodegradation of dyes [65,66].

5.3.4.2 Effect of catalyst dose on photocatalytic degradation
of MG

The optimization of catalyst dose is an important issue that is significant for
avoiding the use of excessive catalyst and ensuring the maximum absorption of
photon light. Hence, a series of experiments is carried out by varying the amount of
both the catalysts from 0.25 to 1.25 gL* at pH 6.0 and 40mgL? MG dye
concentration at 308K. The degradation is studied till the maximum degradation is

achieved.

It is observed that for both the cases, up to 0.75 gL doses of photocatalysts,
degradation rate increases and then with further increase in dose, the rate decreases.

The enhancement of removal rate may be due to the increase in the availability of
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active sites on the surface of the catalyst which in turn increases the adsorption of
dye species and, hence, the proportion of the excited species by the incoming
photons. Larger amount of the catalyst favours the degradation efficiency due to the
generation of free radicals O2" and OH°. Therefore, the rate of degradation increases
with the increase of catalysts from 0.25 to 0.75gL™. A further increase in catalyst
dose beyond the optimum will result in non-uniform light intensity distribution, so
that the reaction rate would, indeed, be lowered with increased catalyst dosage. The
tendency toward agglomeration (particle-particle interaction) increases at high
solids concentration, resulting in a reduction in surface area available for light
absorption and hence a drop in photocatalytic degradation rate. Although the
number of active sites in solution will increase with catalyst dose, a point will be
appeared to reach where light penetration is to be compromised because of
excessive particle concentration. Thus, the trade-off between these two opposing
phenomena results in an optimum catalyst dose for the photocatalytic reaction
[69,70]. Since the maximum degradation of MG dye is observed with 0.75gL ™, the
other experiments are performed using the same catalyst dose. Similar results have
been obtained in the earlier reports on photodegradation of dyes [66,71,72].

The corresponding results with both the catalysts (BaBiOs and

Bao 6Ko0.4Bi03) have been elaborated below:

(a) Results with BaBiOs

A series of experiments is carried out by varying the amount of catalyst from
0.25 to1.25gL* at pH 6.0 and 40mgL* MG dye concentration. The degradation is

studied till the maximum degradation is achieved.

Table 5.8(a) shows the influence of the catalyst dose on the %
photodegradation of MG under visible light irradiation and the corresponding

graphs are given in Figure 5.11(a).
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Table 5.8 (a): Influence of BaBiOsdose on degradation of MG
(Experimental Conditions: [MG] = 40mgL*; pH=6.0; Temp.= 308K)

Catalyst dose 0.25gL? 0.75gL* 1.00gL™* 1.25gL*
Time (min) % Degradation % Degradation | % Degradation % Degradation
0 0.00 0.00 0.00 0.00
3 4.67 15.09 11.13 7.90
5 11.67 27.20 20.90 17.20
7 19.69 35.14 30.09 24.42
10 32.11 49.42 42.20 36.42
15 48.23 66.67 59.82 54.09
20 61.26 79.21 74.20 67.82
25 70.91 88.12 82.22 76.39
30 73.41 93.56 88.90 84.09
35 83.84 95.25 89.65 88.12
40 84.25 95.29 90.00 89.65
0 84.76 95.74 90.23 89.98
120.00
100.00
© 80.00
>
% 60.00 0.25gL-1
g 0.75gL-1
2 4000 lgt-1
1.25gL-1
20.00
0.00
0 5 10 15 20 25 30 35 40 45
Time (Min.)

Figure 5.11(a): Influence of BaBiOs dose on visible light degradation of MG dye.
(Experimental condition: [MG] = 40mgL"1; pH=6; Temp. =308K)

The photodegradation kinetics at different catalyst loading is illustrated in

Figure 5.12(a), which depicts the dark adsorption-desorption equilibrium and the

additional decrease in MG concentration caused by visible light irradiation.
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Figure 5.12(a): Variation of residual dye concentration at different BaBiOs. (Experimental
conditions: [MG] = 40 mgL™*; pH=6.0; Temp. =308K).

For the calculation of the rate constant (Kapp) the logarithm of remaining
concentration of MG is fitted to the Langmuir Hinshelwood kinetic model (given
by equation 5.11) by plotting In Ci/C, against the irradiation time at different

catalyst dose, which has been shown in Figure 5.13(a).

4.00
3.50 ®0.25 mgl-1 R? =0.9913
0.75mgl-1
3.00 1.00 mgl-1
| R? = 0.9886
1.25mgl-1
20 R2 = 0.9894
3
5 2.00
e 0. " ®r2 - 0.9873
s | e e e
1.50 Q
1.00 e
...... ®
050 |  Letenriie
..... v
e v
0.00 W&
0 5 10 15 20 25 30 35 40 45
Time (Min.)

Figure 5.13(a): Linear variation of InC/C, versus time for photocatalytic degradation of MG
dye at different BaBiOs loading. (Experimental condition: [MG] = 40mgL; pH=6.0; Temp.=
308K).

The pseudo-first-order rate constants, Kapp(min™), are calculated from the

slopes of the above Figure 5.13(a) and are listed in Table 5.9(a).
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Table 5.9(a): Pseudo-first order apparent constant values for the different BaBiOs

dose

(Experimental condition: [MG] = 40mgL™*; pH =6.0; Temp. = 308K)

S.No. Catalyst Dose Rate Constant R?
(gL Kapp. (Min™)
1 0.25 0.0493 0.987
2 0.75 0.0857 0.991
3 1.00 0.066 0.989
4 1.25 0.059 0.987

An empirical relationship between the catalyst dose and initial dye

concentration has been reported by Galindo et al (roa/catalyst]" [dye]), where n is

an exponent less than 1 for all the dyes studied relative to low concentration of

catalyst. [29,73]

Figure 5.14(a) shows the log-log plots of rate constant against the catalyst
dose which results in a straight line with a slope of 0.75 (equal to reaction order

with respect to photocatalyst and intercept of -2.21 {Figure 5.14(a)} thus the initial

degradation rate can be expressed by equation 5.15.

roa/BaBi0s]*"® [MG]

---(5.15)

-1.6

-1.4

-1.2 -1

InBaBiO,

-0.8 -0.6 -0.4 -0.2

-0.5

R2=0.9917 -1

-15

-2.5

-35

InKapp

0.2

0.4

Figure 5.14(a): Relationship between InKap and the amount of BaBiOs. (Experimental
condition: [MG] = 40mgL"*; pH =6.0; Temp. = 308K).
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(b) Results with Bao.sKo.4BiOs

The catalyst loading was varied from 0.25gL* to 1.5gL"* with an initial dye
concentration of 40mgL™, initial pH 6.0 at 308K. The degradation is studied till the

maximum degradation is achieved.

Table 5.8(b) shows the influence of the catalyst dose on the %

photodegradation of MG under visible light irradiation and the corresponding

graphs are given in Figure 5.11(b).

Table 5.8(b): Influence of BaosKo.4BiOs dose on degradation of MG
(Experimental Conditions: [MG] = 40mgL; pH=6.0; Temp. = 308K)

Catalyst dose 0.25gL* 0.75gL* 1.00gL™* 1.25gL*

Time (min) % Degradation % Degradation | % Degradation % Degradation
0 0 0 0 0
3 8.65 18.54 14.58 11.35
5 15.65 30.65 24.35 20.65
7 23.67 38.59 33.54 27.87
10 35.98 52.87 45.65 39.87
15 52.21 70.12 63.27 57.54
20 65.24 82.66 77.65 71.27
25 74.89 91.57 85.67 79.84
30 82.67 97.01 92.35 87.54
35 88.98 97.89 95.00 91.57
40 92.32 98.74 95.57 93.89
o0 92.74 99.89 95.98 94.14
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Figure 5.11(b): Influence of BaosKo4BiOs dose on visible light degradation of MG dye.
(Experimental condition: [MG]= 40mgL™*; pH=6.0; Temp. =308K).

The photodegradation kinetics at different catalyst loading is illustrated in
Figure 5.12(b), which depicts the dark adsorption- desorption equilibrium and the
additional decrease in MG concentration caused by visible light irradiation.

4
dark S light exposure
8:e.q 0 o 025mgl1
35 0.75mgl-1
o 1.00 mgl-1
30 e 1.25mgl-1
3 25 o
(o))
£
3 20 o
15 ®
10 (@]
(@)
5 ®
m
0
-40 -30 -20 -10 0 10 20 30 40 50
Time (Min.)

Figure 5.12(b): Vvariation of residual dye concentration at different BaosKosBiOs
(Experimental conditions: [MG] = 40 mgL™; pH=6.0, Temp. =308K).
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For the calculation of the rate constant (Kapp) the logarithm of remaining
concentration of MG is fitted to the Langmuir Hinshelwood kinetic model by
plotting InC¢/C, against the irradiation time at different catalyst dose, which has

been shown in Figure 5.13(b).

4.50
4. R2=0.991
00 0.25 mgl-1
3.50 0.75mgl-1
1.00 mgl-1 R?=0.987
3.00 1.25mgl-1
= R2=0.986
8 2.50
s) R?=0.985
= 2.00
1.50
1.00
0.50
0.00
0 5 10 15 20 25 30 35 40 45
Time (Min.)

Figure 5.13(b): Linear variation of InC/C, versus time for photocatalytic degradation of MG
dye at different Bao.sKo.4BiOz loading. (Experimental condition: [MG] = 40mgL!; pH=6.0; Temp.
= 308K).

The pseudo-first-order rate constants, Kapp(min™), are calculated from the
slopes of the above Figure 5.13(b) and are listed in Table 5.9(b).

Table 5.9(b): Pseudo-first order apparent constant values for the different

Bao.sKo.4BiO3 dose
(Experimental condition: [MG] = 40mgL™*; pH =6.0; Temp. = 308K)

S.No. Catalyst Dose Rate Constant R?
(gL Kapp. (Min™)
1 0.25 0.067 0.985
2 0.75 0.103 0.991
3 1.00 0.078 0.987
4 1.25 0.057 0.986

Also, an empirical relationship between the initial dye concentration has
been reported by Galindo et al (roa/catalyst/" [dye]), where n is an exponent less
than 1 for all the dyes studied relative to low concentration of catalyst. [29,73]
Figure 5.14(b) shows the log-log plots of rate constant against the catalyst dose

which results in a straight line with a slope of (equal to reaction order with respect
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to photocatalyst) and intercept of -2.25. {Figure 5.14(b)} thus the initial

degradation rate can be expressed by equation 5.16.

roa/Bao sKo 4BiO3]%*® [MG] ---(5.16)
InBa, ¢K, 4BiO;
0
-1.5 -1 -0.5 0 0.5

-0.5

1 o

g

R2=0.9305 £
-15
-2
-2.5
-3
-3.5

Figure 5.14(b): Relationship between InKapp and the amount of Bao.sKo.4BiOs. (Experimental
condition: [MG] = 40mgL!; pH =6.0; Temp. = 308K).

From the experimental results, it was observed that the increase in catalyst
dose from 0.25gL*to 0.75gL* increased the rate and with further increase in the
catalyst dose the reaction rate decreases, which is the characteristics of
heterogeneous photocatalysis and results are in a good agreement with the earlier
studies [74,75]. In order to have a better dye removal efficiency, we used 0.75gL"
1BaBiO3 or Bap.sK0.4BiO3 suspension concentration for the rest of the experimental
runs. The photocatalytic destruction of other organic pollutants has also exhibited

the same dependency over the catalyst dose [76].

5.3.4.3 Effect of initial pH on photocatalytic degradation of
MG dye

Organic compounds in wastewater differ greatly in several parameters,
particularly in their speciation behaviour, solubility in water and hydrophobicity.
While some compounds are uncharged at common pH conditions typical of natural
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water or wastewater, other compounds exhibit a wide variation in speciation (or
charge) and physico-chemical properties. Besides, because of the amphoteric
behaviour of most semiconductor oxides, an important parameter governing the rate
of reaction taking place on semiconductor particle surfaces is the pH of the
dispersions [77,78].Since, pH influences the surface-charge-properties of the
photocatalysts; therefore, the effect of pH on the rate of degradation needs to be
considered. The interpretation of pH effects on the efficiency of the photocatalytic
degradation process is a very difficult task because of its multiple roles. Most
significantly, it is related to the acid base property of the metal-oxide surface as
explained above on the basis of their amphoteric nature [79].

In the present research work also, both the catalysts despite having status of
p-type (BaBiOz) and n-type (BaosKo.4BiOs) semiconductor are supposed to be
electrically neutral, making them amphoteric in nature [80,81]. It is known that the
metal oxide particles suspended in water behave similarly to diprotic acids. The
adsorption of water molecules at sacrificial metal sites is followed by the
dissociation of OH" charged groups leading to coverage with chemically equivalent
metal hydroxyl group (M-OH) due to amphoteric behaviour of most metal

hydroxides, the following 2 equilibrium reactions are considered [82]:
M-OH + H* ——» M-OH;
M-OH —— M-O+H"

Experiments are carried out at pH values in the range 4.0-8.0, using 40mgL™
MG solution and 0.75gL'BaBiOs; dose. For MG, the extent of photocatalysis
increases with increase in pH up to 6.0 and with further increase in pH the
degradation efficiency decreases. An increase in the rate of degradation with
increase in the pH is due to the generation of more OH"ions. These ions loose an
electron to the hole generated at the semiconductor surface and OH" free radicals
are formed. These formed free radicals cause oxidation of the dye. On further
increase in pH above 6.0, a decrease is observed because at very high pH, MG
becomes negatively charged and so it repels negatively charged OH-ions. This
repulsive force does not allow the approach of OH" ions to the surface of catalyst

and free radical generation is retarded. Similar results have been obtained in the
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earlier reports of photodegradation of dyes by semiconductor photocatalysts

[83,84].

(a) Results with BaBiO3

The influence of the initial pH of the solution on the % photocatalytic

degradation of MG is depicted in Table 5.10(a) and corresponding graphs are

shown in Figure 5.15(a).

Table 5.10 (a): Influence of solution pH on degradation of MG
(Experimental Conditions: [MG] = 40mgL?; [BaBiOs] = 0.75 gL . Temp: 308K)

pH pH=4.0 pH=5.0 pH=6.0 pH =7.0 pH=8.0
Time | % Degradation | % Degradation | % Degradation | % Degradation | % Degradation
(min)
0 0.00 0.00 0.00 0.00 0
3 9.46 10.69 15.09 13.16 11.93
5 20.00 21.96 27.20 25.88 23.92
7 29.12 30.53 35.14 33.35 31.94
10 41.29 43.38 49.42 47.58 45.48
15 58.22 60.25 66.67 64.31 62.28
20 72.69 74.27 79.21 77.43 75.85
25 80.65 82.47 88.12 86.11 84.29
30 88.40 89.50 93.56 91.70 90.60
35 86.57 88.66 95.25 92.85 90.75
40 86.81 88.82 95.29 93.27 90.84
o0 86.80 88.83 95.28 93.26 90.83
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Figure 5.15(a): Effect of initial pH on % degradation of MG. (Experimental condition: [MG]
=40 mg L%; [BaBiOs] = 0.75gL™Y; Temp. = 308K).

The photodegradation kinetics of different pH loading is illustrated in Figure
5.16(a), which depicts the dark adsorption-desorption equilibrium and the
additional decrease in MG concentration caused by visible light irradiation.

45

dark light exposure

Ct(mgL™?)

0
-40 -30 -20 -10 0 10 20 30 40 50

Time (Min.)

Figure 5.16(a): Effect of pH on the residual dye concentration. (Experimental conditions:
[MG] =40 mgL?; [BaBiOs] = 0.75gL!; Temp. =308K).
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The photocatalytic degradation of MG under a wide range of pH values was
fitted to the Langmuir-Hinshelwood model by plotting In(Ci/C,) versus irradiation

time which has been shown in Figure 5.17(a).

4.00
®PH=4
3.50 PH =5 R*=0.991
PH =6 R? = 0.9926
PH =7
3.00 .
©PH -3 9 R2=0.9924
) R?=0.9919
2.50 g R2=0.991
o ¥
& 2.00 ®
= e.-:
. 8.,-'
1.50 R
o .“..
1.00 oy X
o
0.50 R Rl
0
0.00 @
0 5 10 15 20 25 30 35 40 45
Time (Min.)

Figure 5.17 (a): Linear variation of InC+/Co versus time for photocatalytic degradation of MG
dye at different initial solution pH. (Experimental condition: [MG] = 40mgL; [BaBiOs] =
0.75gL"%; Temp.= 308K).

The pseudo-first-order rate constant, Kapp (Min), are calculated from the
slopes of the plots {Figure 5.17(a)} and are presented in Table 5.11(a).
Table 5.11(a): Pseudo-first order apparent constant values for the photodegradation

of MG at different solution pH
(Experimental condition: [MG] = 40mgL*; [BaBiOs] = 0.75gL™*; Temp. = 308K)

S.No. pH Rate Constant R?
Kapp. (Min™)
1 4.0 0.0709 0.992
2 5.0 0.0699 0.991
3 6.0 0.0842 0.991
4 7.0 0.077 0.992
5 8.0 0.0622 0.991

The pseudo-first-order rate constant (Kapp) values of dye degradation

obtained by performing photodegradation reactions under different initial pH are

207



Chapter 5

reported in Figure 5.18(a). These Kapp values indicate that the highest degradation

Is achieved at neutral pH i.e. pH 6.0.

0.09

0.08

pH

Figure 5.18(a): Effect of the pH on the reaction rate constant for MG dye degradation
(Experimental condition: [MG] = 40mgL!; [BaBiOs] = 0.75gL*; Temp= 308K).

(b) Results with Bao.sKo.4BiOs3

The influence of the initial pH of the solution on the % photocatalytic

degradation of MG is depicted in Table 5.10(b) and corresponding graphs are

shown in Figure 5.15(b). For MG dye degradation, the extent of photocatalysis

increases with increase in pH up to 6.0 and with further increase in pH the

degradation efficiency decreases.

Table 5.10(b): Effect of solution pH on degradation of MG

(Experimental Conditions: [MG]=40mgL; [BaosKo.4BiO3] =0.75gL™*; Temp.=308K)

pH pH=4.0 pH=5.0 pH=6.0 pH =7.0 pH =8.0
Time (min) | % Degradation | % Degradation | % Degradation | % Degradation | % Degradation
0 0.00 0.00 0 0.00 0
3 10.98 13.72 18.54 17.29 15.15
5 23.31 26.04 30.65 29.48 27.17
7 30.37 32.49 38.59 36.58 33.75
10 44.87 47.60 52.87 51.45 48.85
15 62.07 64.18 70.12 68.15 65.38
20 74.02 76.76 82.66 80.32 78.17
25 83.94 86.17 91.57 90.03 87.21
30 88.67 90.91 97.01 95.00 92.33
35 90.54 93.01 97.89 96.48 94.08
40 91.05 93.66 98.74 97.73 94.78
o0 91.06 93.66 98.73 97.71 94.77
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Figure 5.15(b): Influence of solution pH on % degradation of MG. (Experimental condition:

[MG] = 40 mg L%, [Bo.sKo.4BiOs] = 0.75gL™, Temp. =308K).

The photodegradation kinetics of different pH loading is illustrated in

Figure 5.16(b), which depicts the dark adsorption-desorption equilibrium and the

additional decrease in MG concentration caused by visible light irradiation.
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Figure 5.16(b): Effects of solution pH on the residual dye fractions. (Experimental conditions:

[MG] = 40 mgL*; [Bao.sK0.4BiO3] =0.75gL"*; Temp. =308K).
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A plot between In(Cy/Co,) versus irradiation time (t) was fitted to the
Langmuir-Hinshelwood model. The pseudo-first-order rate constants, Kapp.
(min™Y), are calculated from the slopes of the plots {Figure 5.17(b)}.
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R? = 0.9908
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Figure 5.17(b): Linear variation of InCy/C, versus time for photocatalytic degradation of MG
dye at different initial solution pH. (Experimental condition: [MG] = 40mgL™; [BaosK04BiOs] =
0.75gLt; Temp. = 308K)

The pseudo-first-order rate constant, Kapp (min™), are calculated from the
slopes of the plots {Figure 5.17(b)} and are presented in Table 5.11(b).

Table 5.11(b): Pseudo-first order apparent constant values for the

photodegradation of MG at different solution pH
(Experimental condition: [MG] = 40mgL; [Bao.sKo.4BiOs] = 0.75gL*; Temp. = 308K).

S.No. pH Rate Constant R?
Kapp. (Min™)
1 4.0 0.068 0.9916
2 5.0 0.0752 0.992
3 6.0 0.101 0.990
4 7.0 0.0913 0.99
5 8.0 0.0805 0.991

The pseudo-first-order rate constant (Kapp) values of dye degradation

obtained by performing photodegradation reactions under different initial pH are

210



Chapter 5

reported in Figure 5.18(b). These Kapp values indicate that the highest degradation
Is achieved at neutral pH i.e. pH 6.0.

0.12

0.1

0.08

0.06

Kapp( Min)

0.04

0.02

initial pH

Figure 5.18(b): Effect of the initial pH on the reaction rate constant for MG dye degradation
(Experimental condition: [MG] = 40mgL?; [Bao.sKo.4BiOs] = 0.75gL1; Temp. = 308K).

5.3.4.4 Effect of temperature on photocatalytic degradation of MG
dye

Generally, photocatalysis is not temperature dependent. However, an
increase in temperature can affect the amount of adsorption and helped the reaction
to complete more efficiently with eh® recombination [85]. An increase in
temperature helps the reaction to compete more efficiently with e /h* recombination
as a result of increased collision frequency of molecules; leading to an enhancement
of the degradation activity [86,87]. Several previous research work indicate that the
rate of the photocatalytic degradation is temperature dependent and is favoured with
the increase of solution temperature [88]. The apparent activation energy (Ea) has
been calculated from the Arrhenius equation [89]:

Eq
K., = Aexp. [— =T ---(5.17)

Where, A is a temperature independent factor (min), Ea is the apparent activation
energy of the photocatalytic degradation (J/mol), R is the gas constant (8.31 J/K

211



Chapter 5

mol) and T is the solution temperature. The linear transform of In (Kapp) = f (1/T),

gives a straight line whose slope is equal to - E4/R.

The effect of temperature is investigated by studying the photocatalytic
degradation at different solution temperatures (298-308 K) under the same
operating conditions i.e. [MG] = 40mgL™*; Catalyst dose = 0.75gL™* and initial
pH=6.0.

(a) Results with BaBiOs3

The influence of solution temperature on the % photodegradation of MG
dye as a function of time is depicted in Table 5.12(a) and the corresponding graph
is shown in Figure 5.19(a). The figure indicates that the rate of the photocatalytic
degradation is temperature dependent and is favoured with the increase of solution
temperature.

Table 5.12(a): Influence of temperature on degradation of MG
(Experimental conditions: [MG] = 40mgL™*; [BaBiOs] = 0.75gL*; Temp. =308K)

Temperature 298K 303K 308K
Time (min) %Degradation %Degradation %Degradation
0 0.00 0.00 0.00
3 7.30 9.85 15.09
5 16.18 20.05 27.20
7 24.39 30.53 35.14
10 38.24 42.02 49.42
15 59.13 61.76 66.67
20 70.84 76.48 79.21
25 76.37 81.95 88.12
30 83.38 89.01 93.56
35 84.56 89.05 95.25
40 81.98 88.00 95.29
o0 81.99 88.02 95.28
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Figure 5.19(a): Influence of temperature on % degradation of MG. (Experimental condition:
[MG] = 40 mg L%, [BaBiOs] = 0.75gL%; pH=6.0).

The photodegradation kinetics at different temperature is illustrated in
Figure 5.20, which depicts the dark adsorption-desorption equilibrium and the

additional decrease in MG concentration caused by visible light irradiation.
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Figure 5.20(a): Effects of Temperature on the residual dye fractions. (Experimental
conditions: [MG] = 40 mgL™%; [BaBiOs] =0.75gL"*; pH=6.0).
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The photodegradation of MG dye at different temperature was fitted to

Langmuir Hinshelwood model by plotting InCi/Co versus time, which has been

shown in Figure 5.21(a).

The pseudo-first-order rate constants, Kapp (Mint), are calculated from

the slopes obtained by the curves plotted between InCy/C, and irradiation time at

different temperatures {Figure 5.21(a)} and are presented in Table 5.13(a).
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R? =0.9915

45

Figure 5.21(a): Linear variation of InC/C, versus time for photocatalytic degradation of MG
dye at different temperature. (Experimental condition: [MG] = 40 mg L™, [BaBiOs] = 0.75gL™,

pH=6.0).

Table 5.13(a): Pseudo-first order apparent constant values for the different
temperatures

(Experimental condition: [MG] = 40mgL%; pH =6.0; Temp. = 308K)

S. No. Temperature (K) Rate Constant R?
Kapp(Min™)
1 298 0.0537 0.991
2 303 0.0687 0.990
3 308 0.0832 0.992

Figure 5.22(a) shows the plot of InKapp versus Temperature, gives a linear

relationship whose slope gives the apparent activation energy which equals to 33.34
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kJmol™. This apparent energy represents the total activation energy of both

adsorption and photocatalytic degradation of dye [90].

-2.45
0.00324, 0.00326 0.00328 0.0033 0.00332 0.00334 0.00336 0.00338
-2.5
-2.55
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-2.65
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-2.75 R?=0.9961
-2.8

-2.85
-2.9

-2.95
Tempreature °C

Figure 5.22(a): Plot of InKapp versus inverse of temperature (Experimental condition: [MG] =
40 mg L™%; [BaBiOs] = 0.75gL1; pH=6.0).

(b) Results with Bao.sKo.4BiO3

The influence of solution temperature on the % photodegradation of MG
dye as a function of time is depicted in Table 5.12(b) and the corresponding graphs
is shown in Figure 5.19(b). The figure indicates that the rate of the photocatalytic
degradation is temperature dependent and is favoured with the increase of solution

temperature.

Table 5.12(b) Influence of temperature on degradation of MG

(Experimental conditions: [MG] = 40mgL™*; [BaoKo.4BiO3s] = 0.75gL™)

Temperature 298K 303K 308K

Time (min) %Degradation %Degradation %Degradation

0 0.00 0.00 0.00
3 1.93 11.78 18.54
5 20.94 25.97 30.65
7 24.69 33.27 38.59
10 41.33 46.53 52.87
15 56.70 65.17 70.12
20 71.45 77.66 82.66
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25

83.29 88.86 91.57
30 85.31 91.13 97.01
35 86.99 93.27 97.89
40 87.67 93.61 98.74
00 87.7 93.62 98.73
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Figure 5.19(b): Influence of temperature on % degradation of MG. (Experimental condition:
[MG] =40 mg L™; [BosKo4BiOs] = 0.75gL%; pH =6.0).

The photodegradation kinetics at different temperature is illustrated in

Figure 5.20(b), which depicts the dark adsorption-desorption equilibrium and the
additional decrease in MG concentration caused by visible light irradiation.
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Figure 5.20(b): Variation of MG dye concentration versus time at different temperature.
(Experimental condition: [MG] = 40 mg L™%; [Bao.sKo.4BiOs] = 0.75gL™; pH=6.0).

The photodegradation of MG dye at different temperature was fitted to

Langmuir Hinshelwood model by plotting InCi/Co versus time, which has been
shown in Figure 5.21(b).

The pseudo-first-order rate constants, Kapp (min), are calculated from

the slopes obtained by the curves plotted between InCy/C, and irradiation time at
different temperatures {Figure 5.21(b)} and are presented in Table 5.13(b).
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Figure 5.21(b): Linear variation of InC/C, versus time for photocatalytic degradation of MG
dye at different temperature. (Experimental condition: [MG] = 40 mg L™%; [BaosKo4BiOs] =
0.75gL%; pH=6.0).
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Table 5.13(b): Pseudo-first order apparent constant values for the different

temperatures
(Experimental condition: [MG] = 40mgL™*; pH =6.0; Temp. = 308K)

S. No. Temperature (K) Rate Constant R?
Kapp(Min™)
1 298 0.0622 0.990
2 303 0.0799 0.990
3 308 0.1034 0.991

Figure 5.22(b) shows the plot of InKapp versus Temperature, gives a linear
relationship whose slope gives the apparent activation energy equals to 38.77
kJmol™. This apparent energy represents the total activation energy of both

adsorption and photocatalytic degradation of dye [91].

0
0.00324 0.00326 0.00328 0.0033 0.00332 0.00334 0.00336 0.00338

-0.5

R?=0.9997

-1.5

In Koo

-2.5

Temperature °C

Figure 5.22(b): Plot of InKapp versus inverse of temperature (Experimental condition: [MG] =
40 mg L™; [Bao.sKo4BiOs] = 0.75gL"Y; pH=6.0).

5.3.4.5 Regeneration of photocatalysts
Photocatalysis is a clean technology, which normally does not involve
any waste disposal problem. The catalyst can be recycled. The economy of the
photocatalytic process depends upon how many times a catalyst can be reused
without sacrificing its efficiency and the type of regeneration it requires [92].
To evaluate the stability of the as prepared, three recycling experiments are

performed. The used catalyst was regenerated by treating it with boiling distilled
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water till a colourless filtrate was obtained and then by drying in it a hot air oven at
atemperature of 90" to 100°C. After this, the catalyst was heated in a muffle furnace
at about 500°C. As shown in Figure 5.23, after being used 3 times for MG dye
degradation, the % degradation of dye declined from 95.6% to 94.67% for BaBiOs,
and 98.7 to 95.01% for BaosKo4BiOs under the same experimental condition.
([IMG] = 40mgL?, [catalyst] = 0.75gL™%, pH=6.0, Temp.=308K).

These results indicate that as prepared catalyst is photo-stable during the
photocatalytic degradation. The slight decrease in the efficiency of the recycled
catalyst may be attributed to the deposition of photo-insensitive hydroxides on the

catalyst surface, blocking its active sites [93].

100

® Ba0.6K0.4BiO3
99

m BaBiO3
98
97
96
95
94
93
92
91
1 2 3

Figure5.23: Regeneration of photocatalyst. (Experimental condition: [MG] =40mgmL,
[Bao.sKo.4BiO3]/[BaBiO3] =0.75gL™*’; pH=6.0; Temp=308K).

% degradation

5.4 Comparison of BaBiOz and Bao.sKo.4BiO3 with Degussa
p-25 TiO>

Effectiveness of BaBiOs and BaosKo4BiOs has been compared with
commercially available Degussa p25 TiO2 under above mentioned identical
optimum experimental conditions (i.e. [MG] =40mgL™?, [Catalysts]=0.75gL™?,
pH=6.0, Temp.=308K). As shown in Figure 5.24, photocatalytic degradation
potential of the as synthesized photocatalysts is found to be much better than the
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commercially available TiO2 owing to their much narrower band gap in comparison
to the ~3.2eV band gap of TiO2[94]. Also, Degussa p-25 adsorbs more MG dye
than BaBiOz and Bao.sKo.4BiO3. As the amount of dye absorbed increases, thereby
the active sites are covered with dye ions, thus decreases the formation of “OH ions
which further decreases the degradation efficiency.

Thus, it proved the worth of this research work in the direction of tailoring

new visible light active photocatalyst.

120.00

100.00
o 80.00
=
k]
5 Ba0.6K0.4BiO3
% 60.00 .
= BaBiO3
g p25TiO2
8 40.00

20.00

0.00

0 5 10 15 20 25 30 35 40 45
Time (Min.)

Figure 5.24: Comparison of photocatalytic efficiency of as prepared with p25 TiO2 under
visible light irradiation (Experimental condition: [MG] =40mgL?, [Bao.6Ko.4BiO3]/ [BaBiOs]/ [p25
TiO2] =0.75gL™?; pH=6.0; Temp=308K).

5.5 Visible spectral changes of MG dye

The degradation of MG dye is monitored by UV/vis. Spectrophotometry Figure
5.25 depicts the UV-vis spectrum of MG dye degradation in the presence of
BaBiOs, BaosKo4BiO3 and p25TiO2 under visible light irradiation. The rate of
degradation is recorded with respect to the change in the intensity of absorption
peak in visible light.

It can be seen by the Figure 5.25 with all the catalysts, light irradiation leads
to the prominent decrease in the characteristic band of MG dye at 618 nm after 40
minutes of visible light irradiation. This also indicates that MG dye has been

effectively degraded by BaoeKo.4BiOs and BaBiOs. The decrease in intensity of
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absorption peak is associated with the discoloration of the dye. The decrease in
absorption peaks at 618 nm, indicates the removal of -N=N- bond chromophoric
group from the azo dye. The almost disappearance of the peaks in the spectrum
reveals that dye is eliminated in the presence of BaosKo.4BiOsafter 40minutes of
irradiation. The absorption spectra reveal no evidence of the existence of new
intermediates or products formed in the visible region at the end of the reaction. It
is clear from the Figure 5.25 that the maximum degradation efficiency is shown by
Bao.sKo4BiOs. Owing to its lowest band gap value (1.87eV) in comparison to
BaoeKo.4BiO3 (2.07eV) {as discussed in Chapter 3}. P-25TiO> has shown least
degradation efficiency which is due to its highest band gap.

4

3.5

2,5

Absorbance
L]

200 250 S 35U 400 450 =1 R4} 550 bBOL

Wavelenght (nm)

Figure 5.25: UV-vis absorbance spectra of MG solution after photocatalytic degradation over
as prepared catalysts. Experimental Conditions: [MG] = 40mgL!; [BaosKo.4BiOs]/ [BaBiO3] /
[p25TiO2] = 0.75gL"%; pH=6.0; Temp. =308K).

5.6 TOC analysis

The complete mineralization of the studied dye is confirmed from the
analysis of total organic carbon (TOC) content. The MG dye degradation takes
place through the oxidative cleavage of the chromophore —N=N- bond resulting in
the production of primary reaction by-products which are then oxidized and
ultimately yielding carbon di oxide and water [95]. The TOC concentration is of

importance as it is the best parameter to indicate the ultimate mineralization of the
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target compound. Figure 5.26 shows the TOC reduction of MG dye by as prepared
BaBiOzand Bao.sKo.4BiOszat optimum reaction conditions. It can be seen that the %
TOC removal values for Bao sKo.4BiO3 is higher than BaBiOs. As shown in Figure
5.26 (a), %TOC removal for photodegradation (following by adsorption) in the
presence of as prepared photocatalysts is higher than that obtained by the
commercially available p25 TiO2, thus indicating the greater reactivity of

synthesized photocatalysts (BaBiOz and Bao.sKo.4BiO3).

90

85

80

% TOC removal

75

70

65
p25 BaBiO3 Ba0.6K0.4BiO3

Figure 5.26: TOC removal in MG dye solution obtained by photodegradation by as prepared
catalysts. (Experimental Conditions: [MG] = 40mgL"; catalyst dose=0.75gL ™, pH=6.0, Temp.
=308K). (a) for p25 TiO2 (b) for BaBiOs (c) for Bao.sKo.4BiOs.

5.7 Proposed mechanism of MG dye photodegradation

Organic pollutants like dyestuffs have the ability to absorb visible light. Initially
the dye molecules are adsorbed on catalyst surface and get excited through the
absorption of light. Thus excited dye (Dye") injects an electron to the conduction
band of the photocatalyst where it is scavenged by Oz to form active oxygen
radicals. The consequence of electron-ejection into the conduction band results in

the charge separation and thus e-hole pairs are generated. Holes are generated in
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conduction band while e~ are generated in valance band. These electron-hole pair
are responsible of generating other reactive species like ‘OH, HO2, H.Oz and "Oz".
These active radicals carry out photodegradation or mineralization of organic
compounds. Proposed mechanism of MG dye degradation by BaBiOs and

Bao.sKo.4BiOsunder visible light irradiation is as follows:

MG+hv — 5 MG @
MG* + BaBiO3/Bay¢K,4,Bi0; —————> MG’ + BaBiO3/Bay¢K,,BiO; (e) )
BaBiO;/Bay¢Ky4BiOs+hv —_ BaBiO;*/Bay¢K,4BiOs" + h* + e~ A3)
e +0,(ads) ——> 0, (ads) (4)
0, "+H'—_ HO, (5)
20, +2H* __, 20H +0, (6)

MG’ + HO, /°OH /0,'—— peroxylated or hydoxylated degraded or mineralized end
products { CO2, Nitrates , H20, Sulphates}

5.8 Conclusion

In summary, BaBiOz and Bao.sKo.4BiO3 successfully synthesized by Pechini
method resulted in the formation of, mono phase crystalline nano-sized particles
which proved their potential in visible light owing to their low band gap (2.07eV
and 1.87eV respectively). The feasibility of adsorption and photocatalytic
degradation of MG dye using BaBiOs and Bao.sKo.4BiOz as in the form of aqueous
suspension under visible light irradiation has been investigated. Since, the
photocatalytic degradation is directly related to the adsorbed quantities of the
pollutant, the adsorption properties of MG on to BaBiOz and Bag sKo.4BiOzare also
discussed in terms of Langmuir and Freundlich adsorption isotherms. The
photocatalytic degradation was expressed in terms of LH kinetic model, and the
subsequent rate constants are also determined. The effect of different operational
parameters such as initial dye concentration, catalyst dose, solution pH and
temperature on the rate of photo degradation is studied. Moreover, reusability of

these catalysts is studied. Furthermore, to estimate the degree of mineralization,
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measurements of total organic carbon has also been conducted In the present
studies, the percentage removal of MG through photocatalytic degradation by
BaBiO3 and Bag sKo.4BiO3 was also compared with the one through TiO, (Degussa
P-25).

Controlled experiments (photolysis) demonstrated that both visible light and
catalyst are needed for the effective destruction of dye. The data obtained from the
adsorption experiments are fitted into Langmuir and Freundlich isotherms. They
are found to be linear, indicating the formation of mono layer of adsorbate on the
outer surface of adsorbent. Langmuir adsorption model is found to be fit for both
the catalysts. Thus, obtained results argue that a slow adsorption is noticed on both
the catalyst surface, followed by strong photocatalytic degradation.

The study of parameters influencing the degradation process allowed us to
find the operating conditions for achieving the highest MG dye degradation rate.
The optimization studies revealed the optimum operating conditions: pH value 6.0,

catalyst concentration 0.75gL™%, dye concentration 40mgL™.

The dependence of catalyst concentration on the reaction rate can be
explained as roa[BaBiOs]%"® [MG]and roa[Bao.sKo4BiO3]**® [MG]for BaBiO3 and
Bao.sKo.4BiOs,respectively, when the catalyst concentration is less than 1gL™,

The Langmuir-Hinshelwood kinetic model showed a good agreement for
the initial rates of degradation with the appropriate reaction rate constant (K) and
the substrate adsorption constant (K.n) values. Here, Kr=1.1 mgLmin? and Kin
= 4.5 Lmgare found for BaBiOs while for BaosKo.4BiOs they are: K= 5.06mgL"
'min? and Kin =3.2 Lmg™. The value of adsorption coefficient (Kin) in Kinetic
model is found to be different to that found in dark (b) due to the photo-adsorption
and very rapid photoreaction of MG dye on the catalyst surface.

The photocatalytic degradation was temperature dependent with apparent
activation energy for MG dye of 33.34kJmol™? and 38.77 kdmol™* while using
BaBiOs and Bao.sKo.4BiO3 as photocatalyst, respectively.

Good reusability of our photocatalyst is obtained after separation from the
reaction solution by filtration and washing followed by re-calcination without an

obviously reduced photocatalytic activity for at least 3 run.
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Thus, it can be concluded that both BaBiO3 and Bao.sKo.4BiO3 are efficient
recoverable in MG dye degradation. The complete mineralization of the studied dye
is confirmed from the analysis of total organic carbon (TOC) content. On analysing
the UV-vis spectrum of MG dye degradation in the presence of both the catalysts
under visible light irradiation leads to prominent decrease in the characteristic band
of MG dye at 618 nm after 40 minutes. The proposed mechanism indicates the
participation of various active species like OH’, HO2, H2O2 and ‘Oz in the

degradation of MG dye.

Our results prove that the photocatalytic efficiency of BaoeKo4BiO3 is
shown to be greater than that of BaBiOz in degradation of MG dye. The higher
activity of BaosKo.4BiOswas attributed to its narrower band gap in comparison to

the parent compound (BaBiOs).

The photocatalytic degradation potential of the as synthesized
photocatalysts is found to be much better than the commercially available Degussa
P-25 TiO2 owing to their much narrower band gap in comparison to the wider band
gap (~3.2eV) of the later.

Therefore, exploring higher catalytic activity of such perovskite structures
may pave the way for designing useful photocatalytic material and could be useful
for the large scale mineralization of the industrial effluents. Also, the degradation

of water would enable the recycling of waste water.
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Chapter 6

6.1 Introduction

Everyday dye factories across the world are dumping a huge amount of dye
effluents into the water bodies thereby, polluting the water ecosystem. High
concentrations of textile days in water bodies stop the re-oxygenation capacity of
the receiving water and cut-off sunlight, thereby disturbing biological activity in
aquatic life and also the photosynthesis process of aquatic plants [1-3]. These
contamination may cause different diseases like immune-suppression, respiratory,
central nervous, neuro-behavioral disorders, allergy, tissue necrosis, skin or eye
infections and irritation in humans [3,4].

Azo dyes symbolises a main class of synthetic dyes that are widely used for
dyeing in the textile industry. Azo dyes are categorized by the presence of one or
more azo (-N=N-) groups and sulphonate substituted aromatic rings [6,7]. These
dyes are highly stable to light, heat, water, detergents, bleach and dampness due to
their resonance and n-conjugated azo bond characteristics. These properties make
them highly suitable for use in the textile, paper, pharmaceutical, cosmetic and
various chemical industries [8,9].

Congo red is a benzidine-based diazo dye, which was first synthesised by
Paul Bottiger in 1883 [10]. It is commonly used in textile industries for dyeing
purposes as it is highly water soluble, as well as in molecular biology laboratories
for staining [11,12]. The aqueous solution of CR dye is used as secondary gamma-
ray dosimeter. Congo red is used as acid-base indicator, histology for staining of
amyloid in the cell wall of fungi, plants and several other gram-negative bacteria.
Congo red has been used as an anti-amyloid agent in curing Alzheimer’s disease by
obstructing amyloid-f peptide aggregation [13-15].

Many studies prove that Congo red is found to be toxic to daphnids
(planktonic crustaceans) [16]. Congo red have been known to cause an allergic
reaction and to be metabolized to benzidine, which is a human carcinogen
compound [17]. Congo Red (CR) can also restrict the replication of the infectious
agent and delay the onset of clinical disease when administered directly into the
brain or peritoneum at or near the time of infection of mice or hamsters [18,19].
Considering the potential adverse effects of CR dye, it should be removed from the

environment.
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Figure 6.1: Harmful effects of CR dye

Synthetic dyes are highly stable as they have complex aromatic structure,
therefore it is very tough to eliminate them from waste water. It is difficult to
eliminate impurities containing large, stable and refractory compounds of dyes from
waste water. A wide range of approaches have been applied for removal of CR dye
from waste water has been studied by several biological, physical and chemical
treatment methods [20-22]. Though the overall high treatment cost, lower extent of
dye removal, and generation of secondary pollutants, are some of inherent
limitations of these conventional methods [23,24].

Advanced oxidation process has been widely studied as an innovative
technique, because it can effectively purifies the polluted water [25]. In this process
the organic pollutants are completely mineralized into simple oxides converted to
less or more harmful compounds based on the stability of that intermediates [26,27].
For this purpose, TiO2 semiconductor has been extensively employed as a
photocatalyst in waste water treatment [28-30]. Although, TiO2 has shown excellent
photocatalytic performance, nevertheless its large band gap (~3.2eV) is a limitation
for its visible light photo-catalysis applications [31-33].

Perovskite materials covers a big family of promising photocatalysts. The
ideal perovskite structure has a cubic arrangement with common formula of ABOs

[34,35]. The A and B sites can accommodate most of the metal elements of the
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periodic table. The ideal cubic structure of these materials can be altered by multiple
metal cation substitutions at A site or B site which leads to structural distortion
which further can change the physical and photocatalytic properties of these
materials [36,37]. However, most of the perovskite materials have large band gap
causing lack of photo-catalytic activity under visible light irradiation [38-40].
Therefore, many new efforts are made to reduce optical band gaps of perovskite
materials [41-43].

Though, several perovskites have been studied for photocatalytic
applications in waste water remediation [44,45]. Nevertheless, application of
perovskite catalyst in the field of water treatment is still limited. The present study
attempts to investigate the performance of barium, bismuth and potassium
containing binary and ternary perovskite oxides for the treatment of crystal violet
dye solution under visible light irradiation.

In this chapter, doped and undoped Barium bismuthate, used for the
degradation of CR dye from aqueous solution, have been synthesized by Pechini
method, details of which have been elaborated in chapter 3. The degradation
potential of these catalysts has been evaluated by different characterization methods
such as TG-TGA, XRD, UV-DRS, SEM and FTIR, results of which have been
described in chapter 3.

FTIR spectrum shows the presence of a band around 465cm™ in both the
catalysts conforming the metal-oxygen bond formation, which is the characteristic
property of perovskite materials. The SEM studies show that both the samples are
homogeneous uniform nanoparticles, having size 520 nm and between 45-101nm
for the BaBiOsz and Bao.sKo.4BiO3, respectively. SEM images reveal the nano rod
type structure and plate like layered structure of BaBiOsz and for Bao.eKo.4BiOs,
respectively. The XRD patterns suggest that BaBiOs3 crystallizes in the monoclinic
structure while Ba0.6Ko.4BiOs3 crystallizes in cubic structure. XRD patterns exhibit
the typical pattern corresponding to perovskite structure. The phase evolution of
both the catalysts with increasing temperature is done by DT-TGA.

The diffuse reflectance spectroscopy showed that the catalysts have a broad
absorbance around 600 and 660 nm with a band gap of 2.07 and 1.87eV for barium
bismuthate and K doped barium bismuthate respectively. Due to the low band gap,
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the catalysts are supposed to be promising in displaying their visible light activity
and hence they are tested further for the degradation of CR dye under visible light

irradiation.

The objective of this work is to study the photodegradation of CR dye using
the prepared catalysts. The photodegradation rates and efficiency of the
photocatalytic system are highly dependent on a number of operational parameters
that govern the photodegradation of the organic molecule [46] such as catalyst dose,
solution pH, temperature, and initial dye concentration. Optimization of such
conditions will greatly help in the development of industrial-scale dye removal

treatment process.

Therefore, herein, the dependence of the photodegradation rate on various
parameters viz. initial dye concentration, catalyst dose, pH and temperature is
studied. The reaction kinetics is studied and the applicability of the first order
kinetic model is also discussed. The agreement of the experimental results with the
Langmuir-Hinshelwood kinetic model [47] has been examined which led to the
determination of both photo-reaction kinetics and adsorption equilibrium constants.
In addition, photolysis and adsorption study of dye on prepared catalyst is also
discussed. The adsorption experiment data is fitted to Langmuir isotherm model
and Freundlich isotherm model [48,49]. Furthermore, to estimate the degree of

mineralization, measurements of total organic carbon has been conducted.

6.2. Material & Method

6.2.1. Chemical reagents

The reagents used for the synthesis of BaBiOs and Bao.sKo.4BiO3 are Barium
nitrate, Bismuth nitrate, potassium nitrate as starting materials while, citric acid and
ethylene glycol are used as complexing agents. Details of synthesis procedure are
given in chapter 3. CR dye (Mol. Wt. = 696.66 gmol™?) dye is purchased from
Sigma-Aldrich Company (India). A solution of 100 mgL™? CR dye solution is
prepared as stock solution. Different dye solutions of various concentrations are
made from the stock solution (100mgL 1) by appropriate dilutions. Ultra-pure water

(18.2 MQcm™Y) is used to prepare all solutions in this study. The pH of the solutions
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is adjusted using 0.1NNaOH and 0.1NHCI. All the chemicals except CR dye is
purchased from Merck (India). Analytical grade p 25TiO. is purchased from Sigma-
Aldrich Company (India). The chemicals used in this experiment are of the

analytical grade and are used without further purification.

6.2.2. Experimental procedure and analytical methods

An experimental setup for the photocatalytic activity test has been explained
in chapter 2. The visible light irradiation experiments are carried out in an
indigenously prepared immersion type photocatalytic reactor. A 500W Xe arc lamp
(intensity=137 mWcm™) is used as a visible light source. This lamp is placed in a
quartz tube which is sealed from one side. This tube is then immersed in a
cylindrical borosilicate reactor (capacity 1L). In this, mixture of catalyst and dye
solution are taken following which the mixture is placed in a water bath circulated
at a constant speed to keep the above suspension homogenous. Only in experiments
dealing with the effect of pH on the dye degradation, initial pH is adjusted with
buffer solutions and measured with pH meter.

Since some dyes can be degraded by direct UV or visible irradiation without
the assist from catalysts [50], it is important to find out the extent to which the
degradation of CR dye in aqueous solution takes place directly by the visible light
or in other words, to find out the extent of direct photolysis of CR dye. So, some
control experiments are carried out in the absence of the catalysts, while holding all
other parameters the same. Following this, their respective photodegradation rates
are measured to evaluate their photolysis.

Since, the photo-assisted degradation of the dyes occurs predominantly on
the surface. Therefore, adsorption of the dye is an important parameter in
determining photocatalytic degradation rate. Photocatalysts, dispersed into CR dye
solution is allowed to reach adsorption-desorption equilibrium under continuous
magnetic stirring at 600 rpm for 30 minutes in the dark, before illumination.
Irradiation is then provided. Samples are withdrawn at 5 minutes time intervals and
then centrifuged to remove the suspended catalyst. The clear supernatant fluid

followed by filtration is then analysed by spectrophotometer (Double beam
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spectrophotometer-2203, Systronics) at Amax= 500nm with a calibaration curve
based on Beer Lambert’s law [51]

The degradation efficiency is observed in terms of change in intensity of the
dye before and after light irradiation. Photocatalytic performance is quantified by
the degradation of CR dye under visible light irradiation.

%degradation = % X 100 ---(6.1)

Where, Co= concentration of dye solution after adsorption-desorption
equilibrium (mgL™), Ci= concentration of dye solution after photo irradiation (mg
L.

6.3. Results and Discussion

6.3.1. UV-vis spectra of CR dye
Congo red {(3,3"- ([1,1'-biphenyl] -4,4'- diyl) bis (4-aminonaphthalene-1-
sulfonic acid))} is an acidic azo dye. Which is water soluble and its molecular
formula is Ca2H22NsNa20eS. The UV-vis. absorbance spectrum of Congo red (CR)
is drawn to determine its absorption maxima. Figure 6.2 shows the typical time
dependent UV-vis. spectrum of CR dye. It is clear from the spectrum that CR has
an intense absorbance at 510 nm. The rate of degradation is investigated with

respect to change in absorption maxima of CR dye (Amax.= 510 nm)

N=N_H_ a N=N

Absorbance (a.u)

Wavelength (nm)

Figure 6.2: UV-VIS spectra of CR dye. (2ma= 510nm).
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6.3.2. Photolysis of Congo red dye

Photolysis is the process of decomposition of dyes in the presence of light
radiation only. Direct photolysis of the dye in the absence of photocatalyst showed
no considerable degradation even after 1 hour. Figure 6.3 shows the results of
photocatalysis in terms of % degradation.

100
90
80
70
60
50

40

% Degradation of CR

30
20
10

0
0 5 10 15 20 25 30 35 40 45
Time (Min.)

Figure 6.3: Photolysis of CR in presence of irradiation. (Experimental condition: [CR] =40
mgL?; pH=5.0; Temp. = 308K)

The constant absorbance with time verifies that CR dye is not
homogeneously degraded by light. Therefore, the self-degradation of the dye by

visible light irradiation can be ignored. Similar results are obtained in the study of
CR dye under UV-Vis irradiation in earlier reports [52].

6.3.3. Adsorption studies in dark:

Since, the photo-assisted degradation of the dyes occurs predominantly on
the surface. Therefore, adsorption of the dye is an important parameter in
determining photocatalytic degradation rate. The adsorbed dye on the surface of the
semiconductor particles act as an electron donor, injecting electrons from its excited

state to the conduction band of the semiconductor under light irradiation, so in the
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heterogeneous photocatalytic degradation process, adsorption of dye on the
catalytic surface is assumed to be a primary step of the reaction [53,54]. The
adsorption experiments are carried out to evaluate the experiments the equilibrium
quantity of adsorbent. The equilibrium adsorption isotherm is fundamental in
describing the interactive behaviour between adsorbates and adsorbent and is
important in the design and analysis of adsorption systems. For the sake of
convenience, explicit and simple models are preferred and commonly used [55].
Equilibrium adsorption data collected in this study could be fitted by both Langmuir

and Freundlich isotherms.

A. Langmuir isotherm

Langmuir isotherm [48,56] model is used to interpret the experimental data.

The Langmuir isotherms are represented by the following equations.

— Qobc -
€ 1+bc (6.2)
Lo 1, Ce - --(6.3)

g Qob Qo
Where C. is the concentration of the adsorbate (mgL™) at equilibrium, ge is the
amount of adsorbate per unit mass of adsorbent at equilibrium in mgg™?, Qo is the
maximum adsorption at monolayer coverage in mgg?, b is the adsorption

equilibrium constant related to the energy of adsorption in Lmg™.

The adsorbate uptake ge (mgg™), can be calculated as

Co—Co)V

R ---(6.4)

Where Cy is the initial adsorbate concentration (mgL™), V is the volume of solution
(L), W is the mass of adsorbate (g).

The essential characteristic of the Langmuir isotherm can be described by a

separation factor which is called the equilibrium constant, R.

The equilibrium factor thus is defined as:

1 1
Ry = tre X o ---(65)
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Where, K is the affinity constant (mg™?), C, is the initial concentration of
the adsorbate (mgL™). The Ry value is to be favourable at 0<R;<1 [57].

Adsorption experiments are carried out in the same experimental setup,
taking dye solutions of different initial concentration. The constants of isotherm are
obtained by least square fitting of the adsorption equilibrium data. Adsorption
experiments for the dye CR dye are carried out by selecting a concentration range
of 20mgL™* to 80mgL* with an adsorbent dosage of 0.75g of both the adsorbents
i.e. BaBiO3s and BaosKo4BiOs at 308K {Figure 4.4 (a &b)}. The effect of initial
dye concentration depends on the immediate relation between the concentration of
the dye and the available sites on an adsorbent surface. In general, the percentage
of dye removal increases with increase in initial dye concentration because it will
cause an increase in the capacity of the adsorbent and this may be due to the high

driving force for mass transfer at a high initial dye concentration [58].

18

16

14

12

10

ge (mgg™)

Ce (mglL?)

Figure 6.4 (a): Adsorption isotherm from aqueous CR dye solution
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Figure 6.4 (b): Adsorption isotherm from aqueous CR dye solution

The plot of Ce/ge versus Ce are linear and represented in Figure 6.5(a)
and 6.5(b) for BaBiOs and Bao.sKo.4BiOs3 respectively. The value of Qo and b is
found from the intercept and slope of the Ce/qe Vs Ce curve respectively.

4.5
R?=0.936

4

3.5

3

725
)
(5]
o

T 2
o

1.5

1

0.5

0

0 10 20 30 40 50 60 70 80
Ce (mgL?h)

Figure 6.5 (a): Langmuir plots for the adsorption of CR on BaBiOs. (Experimental
condition: BaBiOs =0.75gL"%; pH=5.0; Temp.=308K).
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Figure 6.5 (b): Langmuir plots for the adsorption of CR on Bao.sKo4BiOs. (Experimental
condition: Bao.sKo.4BiOs =0.75gL1; pH=5.0; Temp.= 308K).

Langmuir adsorption constant (b) and the maximum absorbable dye
quantity (Qo) are calculated from the Figures 6.5(a) and 6.5(b) as 2.237mgg?,
0.0367Lmg™ for BaBiOs and, 0.0315mgg™?, 1.644Lmg™* for Bap sKo.4BiOs.

The value of separation constants for different initial concentration are
determined from equation 6.5 and found to be in range of 0.040-0.1618 and 0.128-
0.0515 for BaBiOs and Bao.sKo.4iOs3 catalysts and are listed in Table 6.1.

Table 6.1: Separation constants (R.) values for the adsorption of CR dye on BaBiO3
and BaosKo.4BiO3s

C o ey 20mgL™*! 40mgL? 60mgL™* 80mgL™*
BaBiOs 0.1618 0.0809 0.0539 0.0404
BapsKo.4BiO3 0.0515 0.0257 0.01719 0.0128

The values of R are found in the range of 0<R.<1 for both the catalysts,

indicating that the adsorption is favoured [57].
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B. Freundlich isotherm

The Freundlich isotherm equation assumes a heterogeneous adsorption
surface with sites that have different energies of adsorption and are not equally

available [49,59]. The Freundlich exponential equation is given as-
q. = K;Ce'/" ---(6.6)

Where, ¢e is the amount adsorbed (mgg?), Ce is the equilibrium
concentration of the adsorbate (mgL™), Kr (Lg™t) and n are Freundlich constants
related to the adsorption capacity and adsorption intensity, respectively.

The linear logarithmic form of Freundlich equation is mathematically given by
logq. = logK; + %log C. ---(6.7)

The value of 1/n represents the favourable adsorption conditions.

25 /

R?=0.669

0.5

log Ce

Figure 6.6 (a): Freundlich plots for the adsorption of CR on BaBiOs. (Experimental
condition: BaBiOs= 1gL™%; pH=5.0; Temp.= 308K).
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Figure 6.6 (b): Freundlich plots for the adsorption of CR on BaosKo4BiOs. (Experimental

condition: Bao.sKo.4BiOs =1gL™; pH=5.0; Temp.= 308K).

Ks and n can be calculated from the intercept and slope of the plots in

Figures 6.6 (a) and 6.6(b) for BaBiOs and Bao.sKo.4BiOs respectively.

Langmuir and Freundlich constants for the adsorption of CR dye on Bag.sKo.4BiO3

has been represented in Table 6.2.

Table 6.2: Langmuir and Freundlich constants for the adsorption of CR dye on
BaBi03 and BaO,sKo,4Bi03

Adsorbent Langmuir Constants Freundlich Constants
catalyst Qo(mgg™?) b (Lmg™) R? K (Lg?Y) n R?
BaBiO; 2.237 0.0367 0.972 1.258 1.68 0.843

Ba0sKo.4BiO3 0.0315 1.644 0.983 1.807 1.578 0.798

Since the R? values are fairly close to 1, both the models describe the system

well but Langmuir isotherm model is considered to be best fit because for this model
R2is~0.972 & 0.983 as comparison to R? ~ 0.843 & 0.798 for Freundlich isotherm.
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6.3.4. Photodegradation studies under visible light irradiation

In order to assess the rate of photocatalytic degradation of dyes over BaBiOs
and Bap 6Ko.4BiOs3, the observed dye degradation results are kinetically analysed by
Langmuir-Hinshelwood kinetic equation [47,60]. Langmuir-Hinshelwood Kinetic
equation describes the following relationship between the initial rate constant and

initial concentration of the organic substrate.

roz_E_M ---(6.8)

dt ~ 1+K,.C,

1 1
To = % T KoKinC
T rfRLHGo

---(6.9)

Where C, is the initial concentration of organic substrate (mgL™), ro is initial rate
(mgL*min™), Kun is the Langmuir-Hinshelwood adsorption equilibrium constant
(Lmg™) and K is the rate constant of surface reaction (mgL*min).

The degradation of organic pollutants over catalysts follows the pseudo-first-order

kinetics with respect to the initial concentration of the pollutant.

dc
ro === Kapp ---(6.10)

Following equation was used to determine the initial rate by multiplying the
apparent first-order rate constant Kqpp With the initial concentration of dye, Co

in () = Kapp- Co ---(6.11)

In which Kapp is the apparent pseudo-first-order rate constant in min™t. The apparent
reaction rate constant Kapp (Min) is given by the slope of the graph of In Ci/C,

versus time (minutes).

As we have seen that in the absence of catalyst, the concentration of CR dye
shows no significant variation indicating that CR cannot be degraded by photolysis.
Hence, any change in the CR concentration can be attributed to the
adsorption/photocatalytic process. The pseudo-first-order kinetic model is usually
used to fit all data sets (dye concentration, photocatalyst dose, initial pH solution,
and temperature) [61].
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6.3.4.1 Effect of initial dye concentration on photocatalytic degradation

It is important from both mechanistic and application point of view to study
the dependence of the photocatalytic reaction rate on the substrate concentration. It
is generally noted that the degradation rate increases with the increase in dye
concentration to a certain level and a further increase in dye concentration leads to
decrease the degradation rate of the dye. The effect of the initial dye concentration
of dye on the rate of degradation is studied by varying the initial dye concentration
from 20to 80mgL initial pH 5.0, with a constant catalyst dose of 0.75gL(for both
the catalysts). It is observed that up to 40mgL™ the degradation efficiency increases
due to the greater availability of dye molecules for excitation and consecutive
degradation; hence there is an increase in the rate. After this, as the dye
concentration is increased, the equilibrium adsorption of dye on catalyst surface
increases; hence competitive adsorption of OH™ on the same site decreases, which
further decreases the rate of formation of OH"radical, which is the principal oxidant
necessary for a high degradation efficiency [62]. Our results are in accordance with
an earlier research work [63,64]. The corresponding results with both the catalysts
have been described below.

On the other hand, considering Beer-Lambert law, as the initial dye
concentration increases, the path length of photon entering the solution decreases,
resulting in the lower photon adsorption on the catalyst particles and consequently
a lower photodegradation rate [51]. Also, the high concentration of dye would have
acted as a filter for the incident light, which ultimately reduces the degradation

efficiency [65].
(a) Results with BaBiOs

The experimental results shows that the rate of photocatalytic degradation
increases with increase in concentration of dye up to 40mgL™.The rate of reaction
was then, found to decrease with further increase in the concentration of dye. It is
clear from the Table 6.3(a) to 6.6(a), initially % degradation of dye increases

rapidly and thereafter slowly attains the limiting value.
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Figure 6.7.a (A-D) shows the plots of change in % degradation with time

for various concentration of dye at various amount of catalyst.

Table 6.3(a): Effect of initial dye concentration on degradation of CR

(Experimental Condition: [BaBiOs] = 0.25gL*; pH=5.0; Temp.= 308K).

Dye
Concentration

20 mgL*

40 mgL*

60 mgL*

80 mgL*

Time (min) %Degradation %Degradation %Degradation %Degradation

0 0.00 0.00 0.00 0.00

3 2.14 3.24 1.14 1.00

5 6.39 8.57 4.37 3.54

7 12.98 13.57 10.87 9.84
10 22.72 28.46 21.16 16.93
15 36.94 40.76 30.82 25.27
20 48.43 56.00 46.75 34.16
25 59.73 65.00 56.93 48.48
30 66.03 71.40 63.50 58.40
35 72.02 74.89 69.98 64.80
40 76.14 79.89 73.62 72.63
© 76.15 79.90 73.63 72.64

Table 6.4 (a): Effect of initial dye concentration on degradation of CR
(Experimental Condition: [BaBiOs] = 0.75gL*; pH=5.0; Temp.=308K).

Dye 20 mgL? 40 mgL? 60 mgL™! 80 mgL!

Concentration

Time (min) %Degradation %Degradation %Degradation %Degradation
0 0.00 0.00 0.00 0.00
3 8.54 11.05 6.59 4.54
5 14.65 20.84 12.41 11.46
7 25.67 30.39 21.65 19.80
10 32.17 39.00 30.19 26.52
15 48.10 60.57 44.29 39.14
20 62.00 69.36 59.26 51.72
25 69.82 73.59 66.96 63.93
30 76.09 80.24 74.54 69.59
35 79.42 82.36 78.29 77.14
40 82.78 85.55 81.06 80.54
0 82.79 85.56 81.07 80.54
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Table 6.5 (a): Effect of initial concentration on degradation of CR

(Experimental Condition: [BaBiOs] = 1.00gL™; pH=5.0; Temp. =308K).

Dye
Concentration

20 mgL?

40 mgL?

60 mgL*!

80 mgL!

Time (min) %Degradation %Degradation %Degradation %Degradation
0 0 0 0 0
3 4.59 7.85 2.35 1.18
5 12.09 19.48 9.64 7.73
7 18.12 28.62 15.09 13.29
10 31.84 38.38 29.65 24.40
15 44.58 57.10 40.62 39.06
20 57.15 68.80 54.36 52.55
25 67.25 73.56 63.85 58.45
30 74.28 77.36 71.15 69.54
35 78.47 80.98 77.77 73.85
40 81.51 84.58 79.27 76.35
0 81.52 84.59 79.28 76.35
Table 6.6 (a): Effect of initial concentration on degradation of CR
(Experimental Condition: [BaBiOs] = 1.25gL*; pH=5.0; Temp. = 308K).
Dye 20 mgL* 40 mgL* 60 mgL* 80 mgL*

Concentration

Time (min) %Degradation %Degradation %Degradation %Degradation

0 0 0 0 0

3 2.27 4.06 1.18 1.63
5 10.68 14.17 7.73 6.32
7 15.67 17.71 14.39 13.11
10 28.00 34.27 24.40 19.74
15 42.18 50.76 39.06 34.89
20 56.07 64.82 52.55 45.58
25 62.31 68.59 58.45 54.00
30 70.58 75.58 69.54 63.44
35 77.29 77.69 73.85 69.35
40 80.17 82.36 76.35 75.26
0 80.18 82.37 76.36 75.36
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Figure 6.7 (a): Effect of concentration of CR on its visible light degradation in BaBiOs [(A)

Catalyst dose: 0.25gL™; (B) Catalyst dose: 0.75gL™; (C) Catalyst dose: 1.00gL™; (D) Catalyst
dose: 1.25gL"t, pH=5.0, Temp.= 308K].

250



Chapter 6

The photodegradation kinetics of initial dye concentration is illustrated in
Figure 6.8(a), which depicts the dark adsorption-desorption equilibrium and the
additional decrease in CR concentration caused by visible light irradiation at

optimum catalyst dose i.e. 0.75gL™.

90 .
dark light exposure
80
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70 40ppm
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60 80ppm
a 50
-
()]
E
&) 40
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0
-40 -30 -20 -10 0 10 20 30 40 50
Time (min.)

Figure 6.8(a): Variation of dye concentration versus time for different CR initial
concentration. (Experimental condition: BaBiOsz= 0.75gL™; pH=5.0, Temp.=308K).

With respect to initial concentration, the rate expression is given by equation:
—d[Co]

rrank K pp[Clo ---(6.12)
Integration of the above equation yields:
Co

lnc—t = Kgpp- t ---(6.13)

Where, Kapp is a pseudo first order rate constant (min™). [C]o is the equilibrium
concentration of the CR dye solution after adsorption, and it is taken as the
concentration of the dye solution at visible light irradiation time ‘#=0" for Kinetic

analysis.
Initial rate (ro) is determined by the following equation
To = Kgpp[Clo ---(6.14)

Where, rois initial rate (mgL*min).
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The plot of In C/C, versus t with different initial concentration of CR is
shown in Figure 6.9(a). The figure shows that the photocatalytic degradation

follows perfectly the pseudo-first order kinetic with respect to CR concentrations.

It is found that a plot between InCi/C, versus time represents a straight

line, the slope of linear regression equals the apparent first order rate constant KaIOp

which is consistent with the reported first order reaction [66].
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1.50

In Ct/Co

1.00

0.50

0.00

20ppm
40ppm
60ppm
80ppm

20
Time (min.)

R?=0.9927

R?=0.9932

R? =0.9909

R%?=0.9896

30 40

50

Figure-6.9: (a) Linear variation of In C/C, versus time for the photocatalytic degradation of
CR dye at different initial concentration. (Experimental condition: [BaBiOs] = 0.75gL"%; pH=5.0

Temp.= 308K).

The values of rate constants Kapp, Which corresponds to different initial

concentration, along with the initial rate (ro) and corresponding regression

constants, are listed in Table 6.7(a).

Table 6.7 (a): Pseudo-first order apparent rate constant and initial rate values for
the different initial concentration of dye.

(Experimental condition: [BaBiOs] = 0.75gL*; pH =5.0; Temp. = 308K).

S. No. Initial Rate constant Initial rate rox103 R?
concentration | Kapp(min) (mgLtmin?)
(mgL™)
1 20 0.045 0.90 0.993
2 40 0.058 2.32 0.992
3 60 0.032 1.92 0.990
4 80 0.012 0.96 0.989

252



Chapter 6

The rate of degradation increases with the initial concentration of CR dye
then finds a tendency towards independent vales with the higher initial

concentrations.

According to the equation 6.9 the plot of 1/r, versus 1/C, represented in
Figure 6.10(a) shows a linear variation, confirming the Langmuir-Hinshelwood
relationship for the initial rates of photodegradation. The values of K, and Kn
calculated from the intercept (1/ Ky .Kpn) and the slope (1/ K;) of the straight line
(R?=0.95) are K= 0.259 mgLmin™ and K1 = 4.09 Lmg ™ respectively.

0.6
R?=0.8118

0.5

0.4

1/r,

0.3

0.2

0.1

1/C,

Figure-6.10(a): Langmuir-Hinshelwood plot for visible light photodegradation of CR dye by
BaBiOs photocatalyst. (Experimental condition: [BaBiOs] =0.75gL; pH=5.0; Temp.= 308K).

(b) Results with BagsKo0.4BiO3

The experimental results shows that the rate of photocatalytic degradation
increases with increase in concentration of dye up to 40mgL™.The rate of reaction
was then, found to decrease with further increase in the concentration of dye. It is
clear from the Table 6.3 (b) to 6.6(b), initially % degradation of dye increases

rapidly and thereafter slowly attains the limiting value.

Figure 6.7.b. (A-D) shows the plots of change in % degradation with time

for various concentration of dye at various amount of catalyst.
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Table 6.3 (b): Influence of initial concentration on degradation of CR

(Experimental Condition: [BaosKo.4BiOs] = 0.25gL1; pH=5.0; Temp.= 308K)

Dye
Concentration

20 mgL?

40 mgL?

60 mgL*!

80 mgL!

Time (min) | % Degradation % Degradation | % Degradation % Degradation
0 0.00 0.00 0.00 0.00
3 3.79 6.98 3.73 2.99
5 7.21 8.98 6.85 4.99
7 18.82 16.21 18.57 7.76
10 26.94 31.91 22.21 18.40
15 41.66 45.74 38.62 27.68
20 49.76 62.46 48.19 35.42
25 60.92 70.89 61.11 50.74
30 70.74 75.45 66.29 61.81
35 75.40 79.32 72.76 66.76
40 78.04 81.13 75.02 74.13
00 78.04 81.14 75.02 74.14

Table 6.4 (b): Influence of initial concentration on degradation of CR

(Experimental Condition: [BaosKo4BiOs] = 0.75gL*; pH=5.0; Temp.= 308K)

Dye
Concentration

20 mgL*

40 mgL*

60 mgL*

80 mgL*

Time (min) % Degradation % Degradation % Degradation % Degradation
0 0.00 0.00 0.00 0.00
3 6.79 15.91 5.89 6.02
5 20.03 28.25 16.40 13.17
7 19.82 32.98 22.37 23.19
10 41.49 44.00 39.35 30.36
15 50.02 64.23 52.13 40.85
20 68.85 72.43 63.65 53.51
25 73.68 76.86 70.49 67.16
30 78.12 81.38 75.77 70.94
35 80.70 85.69 84.42 80.26
40 86.00 88.68 85.33 84.42
0 86.01 88.69 85.34 84.43
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Table 6.5 (b): Influence of initial concentration on degradation of CR

(Experimental Conditions: [BaosKo4BiOs] = 1.00gL™?; pH=5.0; Temp.= 308K)

Dye
Concentration

20 mgL?

40 mgL?

60 mgL™!

80 mgL!

Time (min) | % Degradation % Degradation | % Degradation % Degradation

0 0 0 0 0

3 7.24 10.84 5.17 3.80
5 18.77 23.08 11.79 14.08
7 19.95 31.28 20.30 18.43
10 34.34 41.41 31.93 27.27
15 48.26 60.74 44.36 38.57
20 60.80 71.18 59.46 50.96
25 70.25 73.87 67.90 60.03
30 78.40 78.96 74.92 70.78
35 83.57 83.25 79.85 77.36
40 83.76 86.29 82.26 81.14
0 83.77 86.30 82.27 81.14

Table 6.6(b): Influence of initial concentration on degradation of CR

(Experimental Conditions; [BaosKo4BiOs] = 1.25gL?; pH=5.0; Temp. =308K)

Dye
Concentration

20 mgL*

40 mgL*

60 mgL*

80 mgL*

Time (min) | % Degradation % Degradation | % Degradation % Degradation

0 0 0 0 0

3 4.10 6.70 4.09 3.65
5 12.76 16.98 9.59 11.62
7 21.15 23.56 19.57 18.79
10 34.19 36.84 26.65 22.80
15 44.40 51.81 40.46 36.41
20 59.72 67.77 57.42 48.57
25 65.99 71.96 62.79 58.19
30 72.10 76.98 72.76 67.02
35 74.52 79.43 75.44 70.60
40 79.85 83.58 77.48 76.72
0 79.86 83.59 77.49 76.72
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Figure 6.7(b): Effect of concentration of CR on its visible light degradation in BaosKo.4BiOs

[(A) Catalyst dose: 0.25gL™; (B) Catalyst dose: 0.75gL"*; (C) Catalyst dose: 1.00gL" (D) Catalyst
dose: 1.25gL"*; pH=5.0; Temp. =308K].
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The photodegradation kinetics of initial dye concentration is illustrated in
Figure 6.8(b), which depicts the dark adsorption-desorption equilibrium and the
additional decrease in CR concentration caused by visible light irradiation at

optimum catalyst dose i.e. 0.75gL™.
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Figure 6.8(b): Variation of dye concentration versus time for different CR initial
concentration. (Experimental condition: [Bao.sKo.4BiOs] = 0.75gL; pH=5.0; Temp. =308K).

Keeping the rate expression with respect to initial concentration given in equation

6.12 to 6.14 in mind, graphs are plotted between InCi/Co and time.

The plot of In C/C, versus t with different initial concentration of CR is
shown in Figure 6.9(b). The figure shows that the photocatalytic degradation
follows perfectly the pseudo-first order kinetic with respect to CR concentrations.

It is found that a plot between InCi/C, versus time represents a straight line, the

slope of linear regression equals the apparent first order rate constant Kapp which is

consistent with the reported first order reaction [66].

258



Chapter 6

2.50
R2=0.9923
20ppm
40ppm -
2.00 PP R?=0.9901
60ppm R2=10.9907
80ppm o
Rz=0.9911
1.50
S
[}
o
=
1.00
0.50
0.00
0 5 10 15 20 25 30 35 40 45
Time (min.)

Figure 6.9(b): Linear variation of InC/C, versus time for photocatalytic degradation of at
different initial dye concentration. (Experimental condition: [BaBiOs] = 0.75gL™*; pH=5.0
Temp.= 308K).

The values of rate constants Kapp, Which corresponds to different initial
concentration, along with the initial rate (ro) and corresponding regression
constants, are listed in Table 6.7(b).

Table 6.7 (b): Pseudo-first order apparent constant values for the different initial
dye concentration of dye

(Experimental condition: [BaosKo.4BiOs] = 0.75gL*; pH =5.0; Temp. = 308K).

S.No. Initial Rate constant Initial rate rox103 R?
concentration Kapp. (Min) (mgLmin?)
(mgL™)
1 0.02 0.049 0.98 0.990
2 0.04 0.063 2.52 0.992
3 0.06 0.022 1.32 0.990
) 0.04 0.013 1.04 0.991

According to equation 6.9, the plot of 1/roagainst 1/C, as shown in Figure
6.10(b) gives linear relationship between 1/ro and 1/C, confirming the Langmuir-
Hinshelwood relationship for the initial rate of photodegradation. The values of K;
and Kpn calculated from the slope (1/K:) and intercept (1/ K .Kp+) of the above
figure are found to be, 1.254 mgL*minand 6.45 Lmg™, respectively.
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Figure-6.10(b): Langmuir-Hinshelwood plot for visible light photodegradation of CR dye by
Bao.sKo0.4BiOs. (Experimental condition: [BaosKo.4BiOs] =0.75gL™; pH=5.0; Temp. = 308K).

Here, for both the catalysts adsorption equilibrium constant i.e. Kpn
obtained from the linearization of inverse of initial rate (1/ro) and initial
concentration (1/C,), is different to the constant obtained from the dark adsorption
(b). This is due to the photo adsorption and very rapid photoreaction of the dyes on
the catalyst surface. These results are consistent with the earlier studies on

photodegradation of dyes [67].

6.3.4.2 Effect of catalyst dose on photocatalytic degradation of CR
The optimization of catalyst dose is an important issue that is significant for
avoiding the use of excessive catalyst and ensuring the maximum absorption of
photon light. Hence, a series of experiments is carried out by varying the amount of
both the catalysts from 0.25 to 1.25 gL' at pH 5.0 and 40mgL? CR dye
concentration at 308K. The degradation is studied till the maximum degradation is

achieved.

It is observed that for both the cases, up to 0.75 gL doses of photocatalysts,

degradation rate increases and then with further increase in dose, the rate decreases.
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The enhancement of removal rate may be due to the increase in the availability of
active sites on the surface of the photocatalysts, which in turn increases the
adsorption of dye species and, hence, the proportion of the excited species by the
incoming photons. Larger amount of the catalyst favours the degradation efficiency
due to the generation of free radicals O," and OH’ [68]. Therefore, the rate of
degradation increases with the increase of catalysts from 0.25 to 0.75gL*. A further
increase in catalyst dose beyond the optimum will result in non-uniform light
intensity distribution, so that the reaction rate would, indeed, be lowered with
increased catalyst dosage. The tendency toward agglomeration (particle-particle
interaction) increases at high solids concentration, resulting in a reduction in surface
area available for light absorption and hence a drop in photocatalytic degradation
rate. Although the number of active sites in solution will increase with catalyst dose,
a point will be appeared to reach where light penetration is to be compromised
because of excessive particle concentration. Thus, the balance between these two
opposite phenomena results in an optimum catalyst dose for the photocatalytic
reaction [69]. Since, the maximum degradation of CR dye is observed with 0.75gL"
! the other experiments are performed using the same catalyst dose. Similar results
have been obtained in the earlier reports on photodegradation of dyes [70,71]. The
corresponding results with both the catalysts (BaBiO3z and Bao.sKo.4BiO3) have been

elaborated below:

(a) Results with BaBiOs

A series of experiments is carried out by varying the amount of catalyst from
0.25 to1.25gL™" at pH 5.0 and 40mgL™ CR dye concentration. The degradation is
studied till the maximum degradation is achieved.

Table 6.8(a) shows the influence of the catalyst dose on the %
photodegradation of CR under visible light irradiation and the corresponding graphs

is shown in Figure 6.11(a).
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Table 6.8 (a): Influence of BaBiO3dose on degradation of CR

xperimental Conditions: = 40mgL?; pH=5.0; Temp.= .
(Experi | Conditions: [CR] = 40mgL%; pH=5.0; T 308K)

Catalyst dose 0.25gL? 0.75gL* 1.00gL™* 1.25gL*
Time (min) % Degradation % Degradation | % Degradation % Degradation
0 0.00 0.00 0.00 0.00
3 3.24 11.05 7.85 4.06
5 8.57 20.84 19.48 14.17
7 13.57 30.39 28.62 17.71
10 28.46 37.44 38.38 34.27
15 40.76 60.57 57.10 50.76
20 59.74 69.36 68.80 64.82
25 69.37 73.59 71.25 68.59
30 71.40 80.24 77.36 72.69
35 74.89 82.36 80.98 77.69
40 79.89 85.55 84.58 82.36
© 79.90 85.56 84.59 82.37
90.00
80.00 /
70.00 ; -
o 60.00
,:_’ —e—0.25gL-1
< 50.00 0.75gL-1
g 1gL-1
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Figure 6.11(a): Influence of BaBiOs dose on visible light degradation of CR dye.
(Experimental condition: [CR] = 40mgL "% pH=5.0, Temp. =308K)
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The photodegradation kinetics at different catalyst loading is illustrated in
Figure 6.12(a), which depicts the dark adsorption-desorption equilibrium and the

additional decrease in CR concentration caused by visible light irradiation.
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Figure 6.12(a): Variation of residual dye concentration at different BaBiOs. (Experimental
conditions: [CR] = 40 mgL; pH=5.0; Temp. =308K).

For the calculation of the rate constant (Kapp) the logarithm of remaining
concentration of CR is fitted to the Langmuir Hinshelwood kinetic model (given by
equation 6.11) by plotting InCi/C, against the irradiation time at different catalyst

dose, which has been shown in Figure 6.13(a).
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0.25 mgl-1 R2=0.993
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Figure 6.13(a): Linear variation of InC/C, versus time for photocatalytic degradation of CR
dye at different BaBiOs loading. (Experimental condition: [CR] = 40mgL™?; pH=5.0; Temp.=
308K).
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The pseudo-first-order rate constants, Kapp (Min), are calculated from the slopes
of the above Figure 6.13(a) and are listed in Table 6.9(a).

Table 6.9(a): Pseudo-first order apparent constant values for the different BaBiOs

dose
(Experimental condition: [CR] = 40mgL*; pH =5.0; Temp. = 308K).
S.No. Catalyst Dose Rate Constant R?
(gL Kapp. (Min?)
1 0.25 0.046 0.993
2 0.75 0.054 0.993
3 1.00 0.032 0.991
4 1.25 0.019 0.989

An empirical relationship between the catalyst dose and initial dye

concentration has been reported by Galindo et al (roa/catalyst]" [dye]) , where n is

an exponent less than 1 for all the dyes studied relative to low concentration of

catalyst [72].

Figure 6.14(a) shows the log-log plots of rate constant against the catalyst

dose which results in a straight line with a slope of 0.08 (equal to reaction order

with respect to photocatalyst and intercept of -3.043. {Figure 6.14(a)} thus the

initial degradation rate can be expressed by equation 6.15.
roa/BaBi03]°% [CR]

- --(6.15)

-1.6

-1.4

-1.2 -1

In BaBiO,

-0.8 -0.6

R2=10.9796

-0.4 -0.2
-3.02

-3.04

-3.06

-3.08

-3.1

0.2 0.4

log Kapp

Figure 6.14(a): Relationship between InKapp and the amount of BaBiOs. (Experimental

condition: [CR] = 40mgL%; pH =5.0; Temp. = 308K).
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(b) Results with Bao.sKo.4BiOs

The catalyst loading was varied from 0.25gL"* to 1.5gL"* with an initial dye
concentration of 40mgL™, initial pH 5.0 at 308K. The degradation is studied till the
maximum degradation is achieved. Table 6.8(b) shows the influence of the catalyst
dose on the % photodegradation of CR under visible light irradiation and the

corresponding graphs is shown in Figure 6.11(b).

Table 6.8 (b): Influence of BaosKo.4BiO3 dose on degradation of CR
(Experimental Conditions: [CR] = 40mgL™*; pH=5.0; Temp.=308K).

Catalyst dose 0.25gL* 0.75gL* 1.00gL™* 1.25gL*
Time (min) | % Degradation % Degradation | % Degradation % Degradation
0 0.00 0.00 0.00 0.00
3 5.69 15.91 10.84 6.70
5 7.16 28.25 23.08 16.98
7 16.21 27.28 31.28 20.26
10 31.91 42.21 41.41 36.84
15 45.74 64.23 60.74 51.81
20 62.46 72.43 71.18 67.77
25 70.89 76.86 73.87 71.96
30 75.45 81.38 78.96 74.20
35 79.32 85.69 83.25 79.43
40 81.13 88.68 86.29 83.58
0 81.14 88.67 86.30 83.59
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Figure 6.11(b): Influence of BaoeKo4BiOs dose on visible light degradation of CR dye.
(Experimental condition: [CR] = 40mgL"%; pH=5.0; Temp. =308K).

The photodegradation kinetics at different catalyst loading is illustrated in

Figure 6.12(b), which depicts the dark adsorption- desorption equilibrium and the

additional decrease in CR concentration caused by visible light irradiation.
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Figure 6.12(b): Variation of residual dye concentration at different BaosKo.4BiOs.
(Experimental conditions: [CR] = 40 mgL*; pH=5.0, Temp. =308K).
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For the calculation of the rate constant (Kapp) the logarithm of remaining

concentration of CR is fitted to the Langmuir Hinshelwood kinetic model by

plotting InC¢/C, against the irradiation time at different catalyst dose, which has

been shown in Figure 6.13(b).
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R2=10.9909
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Figure 6.13(b): Linear variation of InC/C, versus time for photocatalytic degradation of CR
dye at different Bao.sKo.sBiOs loading (Experimental condition: [CR] = 40mgL!; pH=5.0; Temp.=

308K).

The pseudo-first-order rate constants, Kapp (Min), are calculated from the
slopes of the above Figure 6.13(b) and are listed in Table 6.9(b).

Table 6.9(b): Pseudo-first order apparent constant values for the different

Bao,eKo.ABi03 dose

(Experimental condition: [CR] = 40mgL™!; pH =5.0; Temperature = 308K).

S.No. Catalyst Dose Rate Constant R?
gL? Kapp. (Min™)
1 0.25 0.048 0.990
2 0.75 0.056 0.995
3 1.00 0.036 0.990
4 1.25 0.029 0.990
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Also, an empirical relationship between the initial dye concentration has
been reported by Galindo et al (roa/catalyst]" [dye]) , where n is an exponent less
than 1 for all the dyes studied relative to low concentration of catalyst [72].
Figure 6.14(b) shows the log-log plots of rate constant against the catalyst dose
which results in a straight line with a slope of 0.09 (equal to reaction order with
respect to photocatalyst) and intercept of -2988. {Figure 6.14(b)} thus the initial

degradation rate can be expressed by equation 6.16.

roa/BaosKo4BiO3]°% [CR] ---(6.16)
In BaBiO,
-2:.94
-1.6 -1.4 -1.2 -1 0.8 0.6 -0.4 0.2 0 0.2 0.4
-2.96
R?=0.9251 298

-3.02

-3.04

-3.06

-3.08

-3.1

Figure 6.14(b): Relationship between InKapp and the amount of BaosKo.4BiOs. (Experimental
condition: [CR] = 40mgL; pH =5.0; Temp.= 308K).

From the experimental results, it was observed that the increase in catalyst
dose from 0.25gL to 0.75gL™ increased the rate and with further increase in the
catalyst dose the reaction rate decreases which is the characteristics of
heterogeneous photocatalysis and results are in a good agreement with the earlier
studies [73]. In order to have a better dye removal efficiency, we used 0.75gL*
BaBiOs or Bao.sKo.4BiO3 suspension concentration for the rest of the experimental
runs. The photocatalytic destruction of other organic pollutants has also exhibited

the same dependency over the catalyst dose [74,75].

268



Chapter 6

6.3.3.3 Effect of initial pH on photocatalytic degradation of CR dye

The pH effects both the surface state of catalyst and the ionization state of
dye molecule. Organic compounds in wastewater differ greatly in several
parameters, particularly in their speciation behaviour, solubility in water and
hydrophobicity. While some compounds are uncharged at common pH conditions
typical of natural water or wastewater, other compounds exhibit a wide variation in
speciation (or charge) and physico-chemical properties. Besides, because of the
amphoteric behaviour of most semiconductor oxides, an important parameter
governing the rate of reaction taking place on semiconductor particle surfaces is the
pH of the dispersions [76,77]. Since, pH influences the surface-charge-properties
of the photocatalysts; therefore, the effect of pH on the rate of degradation needs to
be considered. Most considerably, it is related to the acid base property of the metal-
oxide surface as explained above on the basis of their amphoteric nature [78].

In the present research work also, both the catalysts despite having status of
p-type (BaBiOz) and n-type (BaosKo.4BiOs) semiconductor are supposed to be
electrically neutral, making them amphoteric in nature [79,80]. It is known that the
metal oxide particles suspended in water behave similarly to diprotic acids. The
adsorption of water molecules at sacrificial metal sites is followed by the
dissociation of OH" charged groups leading to coverage with chemically equivalent
metal hydroxyl group (M-OH) due to amphoteric behaviour of most metal

hydroxides, the following 2 equilibrium reactions are considered [81]:
M-OH + H" ——» M-OH>
M-OH —— M-O+H"

Experiments are carried out at pH values in the range 4.0-8.0, using 40mgL™
CR solution and 0.75gL! BaBiOs dose. For CR, the extent of photocatalysis
increases with increase in pH up to 5.0 and with further increase in pH the
degradation efficiency decreases. Nevertheless, at higher pH values, CR anions are

generally repelled away from the negatively charged surface of photocatalyst

particles, so degradation rate decreases.
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Similar results have been obtained in the earlier reports of photodegradation of

dyes by semiconductor photocatalysts [82,83].

(a) Results with BaBiOs3

The influence of the initial pH of the solution on the % photocatalytic

degradation of CR is depicted in Table 6.10(a) and corresponding graphs are shown

in Figure 6.15(a).

Table 6.10 (a): Influence of solution pH on degradation of CR

(Experimental Conditions: [CR]= 40mgL?; [BaBiO3] =0.75 gL . Temp.=308K).

pH pH=4.0 pH=5.0 pH=6.0 pH =7.0 pH=8.0
Time (min) % Degradation | % Degradation | % Degradation | % Degradation | % Degradation

0 0 0.00 0 0 0

3 2.66 11.05 8.96 7.59 6.24
5 12.96 20.84 18.13 17.09 15.23
7 24.51 30.39 28.78 27.41 26.52
10 34.32 42.33 39.74 38.47 37.44
15 53.80 60.57 58.92 57.47 56.56
20 63.10 69.36 68.22 67.08 65.57
25 65.52 74.29 72.29 71.19 68.98
30 72.13 80.24 79.00 75.37 74.84
35 74.69 82.36 80.62 79.21 77.95
40 75.27 85.55 82.33 78.65 77.17
00 75.28 85.56 82.34 78.66 77.18
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Figure 6.15(a): Effect of initial pH on % degradation of CR. (Experimental condition: [CR] =
40 mg L™%; [BaBiO3] = 0.75gL1; Temp.= 308 K).

The photodegradation kinetics of different pH loading is illustrated in

Figure 6.16(a), which depicts the dark adsorption-desorption equilibrium and the

additional decrease in CR concentration caused by visible light irradiation.

Dark » Light Exposure
—eo—pH4
w —8—pH>5
£ PH6
5 pH7
—8—pH3
0
-40 -30 -20 -10 0 10 20 30 40 50
Time (min.)

Figure 6.16 (a): Effect of pH on the residual dye concentration. (Experimental conditions:
[CR] = 40 mgL*; [BaBiOs] = 0.75gL™; Temp. =308 K).

271



Chapter 6

The photocatalytic degradation of CR under a wide range of pH values was

fitted to the Langmuir-Hinshelwood model by plotting In(Ci/C,) versus irradiation

time which has been shown in Figure 6.17(a).
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Figure 6.17 (a): Linear variation of InC/Co versus time for photocatalytic degradation of CR
dye at different initial solution pH. (Experimental condition: [CR] = 40mgL!; [BaBiOs] =0.75gL"

- Temp.= 308 K).

The pseudo-first-order rate constant, Kspp (Min™), are calculated from the

slopes of the plots {Figure 6.17(a)} and are presented in Table 6.11(a).

Table 6.11(a): Pseudo-first order apparent constant values for the photodegradation

of CR at different solution pH
(Experimental condition: [CR] = 40mgL; [BaBiO3] = 0.75gL™* Temp. = 308 K)

S.No. pH Rate Constant R?
Kapp. (Min™)
1 4.0 0.041 0.997
2 5.0 0.053 0.992
3 6.0 0.050 0.990
4 7.0 0.047 0.990
5 8.0 0.044 0.990
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The pseudo-first-order rate constant (Kapp) values of dye degradation
obtained by performing photodegradation reactions under different initial pH are

reported in Figure 6.18(a). These Kapp Values indicate that the highest degradation
is achieved at neutral pH i.e. pH 5.0.
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initial pH

Figure 6.18 (@): Effect of the pH on the reaction rate constant for CR dye degradation
(Experimental condition: [CR] = 40mgL!; [BaBiOs] = 0.75gL!; Temp.= 308K).

(b) Results with Bao.sKo.4BiO3

The influence of the initial pH of the solution on the % photocatalytic
degradation of CR is depicted in Table 6.10(b) and corresponding graphs are shown
in Figure 6.15(b). For CR dye degradation, the extent of photocatalysis increases

with increase in pH up to 5.0 and with further increase in pH the degradation
efficiency decreases.
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Table 6.10(b): Effect of solution pH on degradation of CR

(Experimental Conditions: [CR] = 40 mgL™; [BaosKo4BiOs]= 0.75gL?; Temp.=

308K).
pH pH=4.0 pH =5.0 pH=6.0 pH=7.0 pH =8.0
Time | % Degradation % Degradation | % Degradation % Degradation | % Degradation
(min)
0 0 0.00 0 0 0
3 7.77 15.91 14.43 12.40 11.00
5 16.80 24.48 23.24 20.82 20.33
7 20.08 27.28 25.86 23.45 23.62
10 34.24 42.21 41.01 38.91 37.82
15 56.42 64.23 62.90 60.48 60.06
20 64.99 72.43 71.05 68.58 68.32
25 69.77 76.86 75.70 73.41 72.89
30 73.32 81.38 80.33 77.99 77.25
35 78.14 85.69 84.19 82.04 81.15
40 80.94 88.68 87.42 85.27 84.44
00 80.95 88.68 87.43 85.28 84.45
100
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Figure 6.15 (b): Influence of solution pH on % degradation of CR. (Experimental condition:
[CR] =40 mg L™, [Bo.sK0.4BiOs] = 0.75gL %, Temp. =308K).
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The photodegradation kinetics of different pH loading is illustrated in
Figure 6.16 (b), which depicts the dark adsorption-desorption equilibrium and the

additional decrease in CR concentration caused by visible light irradiation.
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Figure 6.16 (b): Effects of solution pH on the residual dye fractions. (Experimental conditions:
[CR] = 40 mgL™?; [Bao.sK0.4BiO3] =0.75gL™* Temp. =308K).

A plot between In(Ci/Co) versus irradiation time (t) was fitted to the
Langmuir-Hinshelwood model. The pseudo-first-order rate constants, Kapp.

(min1), are calculated from the slopes of the plots {Figure 6.17(b)}.
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Figure 6.17 (b): Linear variation of InC/C, versus time for photocatalytic degradation of CR
dye at different initial pH. (Experimental condition: [CR] = 40mgL!; [Bao.sK0.4BiO3] = 0.75gL";
Temp.= 308K)
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The pseudo-first-order rate constant, Kapp (min), are calculated from the
slopes of the plots {Figure 6.17(b)} and are presented in Table 6.11(b).

Table 6.11(b): Pseudo-first order apparent constant values for the photodegradation
of CR at different solution pH
(Experimental condition: [CR] = 40mgL*; [BaosKo.4BiOs] = 0.75gL*; Temp. = 308K).

S.No. pH Rate Constant R?
Kapp. (Min?)

1 4.0 0.048 0.990

2 5.0 0.057 0.992

3 6.0 0.054 0.991

4 7.0 0.050 0.991

5 8.0 0.045 0.990

The pseudo-first-order rate constant (Kapp) values of dye degradation
obtained by performing photodegradation reactions under different initial pH are
reported in Figure 6.18(b). These Kapp values indicate that the highest degradation
Is achieved at neutral pH i.e. pH 5.0.
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Figure 6.18(b): Effect of the initial pH on the reaction rate constant for CR dye degradation
(Experimental condition: [CR] = 40mgL™; [Bao.sKo.4BiO3] = 0.75gL*; Temp.= 308K).
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6.3.4.4 Effect of temperature on photocatalytic degradation of CR dye

Generally, photocatalysis is not temperature dependent. However, an
increase in temperature can affect the amount of adsorption and helped the reaction
to complete more efficiently with e’h* recombination [84,85]. An increase in
temperature helps the reaction to compete more efficiently with e /h* recombination
as a result of increased collision frequency of molecules; leading to an enhancement
of the degradation activity [86]. Several previous research work indicate that the
rate of the photocatalytic degradation is temperature dependent and is favoured with
the increase of solution temperature [87]. The apparent activation energy (Ea) has
been calculated from the Arrhenius equation [88]:

Eq
K .,y = Aexp. [_E ---(6.17)

Where, A is a temperature independent factor (min), Ea is the apparent activation
energy of the photocatalytic degradation (J/mol), R is the gas constant (8.31 J/K
mol) and T is the solution temperature. The linear transform of In (Kapp) = f (1/T),

gives a straight line whose slope is equal to - E4/R.

The effect of temperature was investigated by studying the photocatalytic
degradation at different solution temperatures (298-308 K) under the same
operating conditions i.e. [CR] = 40mgL™?; Catalyst dose = 0.75gL™ and initial
pH=5.0.

(a) Results with BaBiOs

The influence of solution temperature on the % photodegradation of CR dye
as a function of time is depicted in Table 6.12(a) and the corresponding graph is
shown in Figure 6.19(a). The figure indicates that the rate of the photocatalytic
degradation is temperature dependent and is favoured with the increase of solution

temperature.
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Table 6.12 (a): Influence of temperature on degradation of CR

(Experimental condition: [CR] = 40mgL?; [BaBiOs] = 0.75gL; pH=5.0; Temp.

=308K).
Temperature 298K 303K 308K
Time (min) %Degradation %Degradation %Degradation
0 0.00 0.00 0.00
3 2.31 5.76 11.05
5 10.21 13.71 20.84
7 21.62 25.29 30.39
10 27.84 34.58 42.33
15 52.57 55.30 60.57
20 59.06 62.81 69.36
25 65.22 68.50 73.59
30 66.61 73.72 80.24
35 74.45 77.23 82.36
40 76.77 79.78 85.55
00 76.78 79.79 85.56
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Figure 6.19 (a): Influence of temperature on % degradation of CR. (Experimental condition:
[CR] = 40 mg L%, [BaBiOs] = 0.75gL%, pH=5.0).

The photodegradation kinetics at different temperature is illustrated in

Figure 6.20(a), which depicts the dark adsorption-desorption equilibrium and the

additional decrease in CR concentration caused by visible light irradiation.
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Figure 6.20(a): Effects of Temperature on the residual dye fractions. (Experimental
conditions: [CR] = 40 mgL; [BaBiO3] =0.75gL"!; pH=5.0).

The photodegradation of CR dye at different temperature was fitted to
Langmuir Hinshelwood model by plotting InCi/Co versus time, which has been

shown in Figure 6.21(a).

The pseudo-first-order rate constants, Kapp (Min), are calculated from the
slopes obtained by the curves plotted between InCi/Co and irradiation time at
different temperatures {Figure 6.21(a)} and are presented in Table 6.13(a).
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Figure 6.21 (a): Linear variation of InC/C, versus time for photocatalytic degradation of CR
dye at different temperature. (Experimental condition: [CR] = 40 mg L™, [BaBiOs] = 0.75gL™,
pH=5.0).

Table 6.13 (a): Pseudo-first order apparent constant values for the different
temperatures.

(Experimental condition: [CR] = 40mgL™*; [BaBiOs] = 0.75gL*; pH =5.0).

S. No. Temperature (K) Rate Constant R?
Kapp (Min™)
1 298 0.040 0.990
2 303 0.044 0.990
3 308 0.053 0.991

Figure 6.22(a) shows the plot of InKapp versus Temperature, gives a linear
relationship whose slope gives the apparent activation energy which equals to 20.41
kJmol™. This apparent energy represents the total activation energy of both

adsorption and photocatalytic degradation of dye. [89].
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Figure 6.22 (@): Plot of InKapp versus inverse of temperature (Experimental condition: [CR] =
40 mg L™%; [BaBiOs] = 0.75gL%; pH = 5.0).

(b) Results with Bao.sKo.4BiO3

The influence of solution temperature on the % photodegradation of CR dye

as a function of time is depicted in Table 6.12(b) and the corresponding graphs is

shown in Figure 6.19(b). The figure indicates that the rate of the photocatalytic

degradation is temperature dependent and is favoured with the increase of solution

temperature

Table 6.12(b): Influence of temperature on degradation of CR
(Experimental conditions: [CR] = 40mgL™; [BaosKo.4BiOs] = 0.75gL*; pH=5.0).

Temperature 298K 303K 308K
Time (min) % Degradation | % Degradation | % Degradation
0 0.00 0.00 0.00
3 2.65 6.73 15.91
5 11.85 19.28 24.48
7 16.37 20.95 27.28
10 31.98 35.76 42.21
15 48.26 54.83 64.23
20 60.76 66.35 72.43
25 63.86 69.81 76.86
30 65.30 72.31 81.38
35 76.26 79.97 85.69
40 73.64 80.61 88.68
00 73.65 80.62 88.69
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Figure 6.19 (b): Influence of temperature on % degradation of CR. (Experimental condition:
[CR] = 40 mg L™%; [Bo.6Ko.4BiO3] = 0.75gL%; pH =5.0).

The photodegradation kinetics at different temperature is illustrated in
Figure 6.20 (b), which depicts the dark adsorption-desorption equilibrium and the
additional decrease in CR concentration caused by visible light irradiation.
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Figure 6.20 (b) Variation of CR dye concentration versus time at different temperature.
(Experimental condition: [CR] = 40 mg L™%; [Bao.sK04BiOs] = 0.75gL"%; pH=5.0).
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The photodegradation of CR dye at different temperature was fitted to
Langmuir Hinshelwood model by plotting InCi/Co versus time, which has been

shown in Figure 6.21(b).

The pseudo-first-order rate constants, Kagp (Min™), are calculated from the
slopes obtained by the curves plotted between InCi/C, and irradiation time at

different temperatures {Figure 6.21(b)} and are presented in Table 6.13(b).
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Figure 6.21 (b): Linear variation of InC/C, versus time for photocatalytic degradation of CR
dye at different temperature. (Experimental condition: [CR] = 40 mg L™; [BaosKo4BiOs] =
0.75gL"L: pH=5.0).

Table 6.13 (b): Pseudo-first order apparent constant values for the different

temperatures.
(Experimental condition: [CR] = 40mgL™; [BaosKo4BiOs] =0.75gL™*; pH

=5.0).
S. No. Temperature (K) Rate Constant R?
Kapp (Min™)
1 298 0.039 0.991
2 303 0.046 0.990
3 308 0.057 0.990
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Figure 6.22(b) shows the plot of InKapp Versus Temperature, gives a linear
relationship whose slope gives the apparent activation energy equals to 28.31
kJmol™. This apparent energy represents the total activation energy of both

adsorption and photocatalytic degradation of dye [89].
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Figure 6.22 (b): Plot of InKapp, versus inverse of temperature. (Experimental condition: [CR]
= 40 mg L™; [BansKo4BiOs] = 0.75gL%; pH=5.0).

6.3.4.5 Regeneration of photocatalysts

Photocatalysis is a clean technology, which normally does not involve any
waste disposal problem. The catalyst can be recycled. The economy of the
photocatalytic process depends upon how many times a catalyst can be reused
without sacrificing its efficiency and the type of regeneration it requires [90].

To evaluate the stability of the as prepared, three recycling experiments are
performed. The used catalyst was regenerated by treating it with boiling distilled
water till a colourless filtrate was obtained and then by drying in it a hot air oven at
atemperature of 90" to 100°C. After this, the catalyst was heated in a muffle furnace
at about 500°C. As shown in Figure 6.23, after being used 3 times for CR dye

degradation, the % degradation of dye declined from % to for BaBiO3z and to % for
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BaosKo4BiOs under the same experimental condition i.e. ([CR] = 40mgL™?,
[Bag 6Ko.4BiO3/BaBiOs] = 0.75gL?, pH=5.0, Temp. =308K).

These results indicate that as prepared catalyst is photo-stable during the
photocatalytic degradation. The slight decrease in the efficiency of the recycled
catalyst may be attributed to the deposition of photo-insensitive hydroxides on the

catalyst surface, blocking its active sites [91].

5 BaosKosBiO2
m BaBiOa

% degradation
(]
ra

Figure 6.23: Regeneration of photocatalyst. (Experimental condition: [CR] =40mgmL™,
[Bao.sK0.4BiOs]/[BaBiOs] =0.75gL*; pH=5.0; Temp.=308K).

6.4 Comparison of BaBiOz and Bao.sKo.4BiO3 with Degussa
p-25 TiO>

Effectiveness of BaBiOs and BaosKo.4BiOs has been compared with
commercially available under above mentioned identical optimum experimental
conditions (i.e. [CR] =40mgL?, [Catalyst] = 0.75gL™, pH=5.0, Temp. =308K). As
shown in Figure 6.24, photocatalytic degradation potential of the as synthesized
photocatalysts is found to be much better than the commercially available TiO>
owing to their much narrower band gap in comparison to the ~3.2eV band gap of
TiO2 [92]. Also, Degussa p-25 adsorbs more CR dye than BaBiOs: and
Bao 6Ko0.4Bi03. As the amount of dye absorbed increases, thereby the active sites are
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covered with dye ions, thus decreases the formation of “OH ions which further
decreases the degradation efficiency.
Thus, it proved the worth of this research work in the direction of tailoring

new visible light active photocatalysts.
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Figure 6.24: Comparison of photocatalytic efficiency of as prepared with p25 TiOz under
visible light irradiation (Experimental condition: [CR] =40mgL!; [Bao.sKo.4BiOs]/ [BaBiOs]/
[p25 TiO;] =0.75gL%; pH=5.0; Temp.=308K).

6.5 Visible spectral changes of CR dye

The degradation of CR dye is monitored by UV/vis. Spectrophotometry.
Figure 6.25 shows typical UV-vis. Spectrum of CR dye obtained by the degradation
of dye in presence of BaBiOs, Bao.sKo.4BiOs and p25 TiO2 photocatalysts under
visible light irradiation.

In aqueous solution Congo red shows two bands 510 nm (r—n*) and at 338
nm (n—=w*) electron shifting related to azo group [93]. It was observed that the
intensity of the band decreased after the experimental run. The reduction in intensity
of the band around 502nm can be attributed to bond cleavage of azo linkage. This
decrease is accompanied by the reduction in intensity of band around 338nm is

assigned of the breakage of naphthalene ring [94].
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The Figure 6.25 also indicates that CR dye has been effectively degraded by
BaBiOs and BaosKo.4BiOs after 40min. of visible light irradiation. No new
absorption bands are appeared in the spectrum, indicating the total mineralization
of CR dye. Itis clear from the Figure 6.25 that the maximum degradation efficiency
iIs shown by BaosKos4BiO3 owing to its lowest band gap value (1.87eV) in
comparison to BaBiOs (2.07eV) {as discussed in Chapter 3}. P-25TiO> has shown
least degradation efficiency which is due to its highest band gap among the three

catalysts.

Absorbance (a.u)

Wavelength (nm)

Figure 6.25: UV-vis absorbance spectra of CR solution after photocatalytic degradation over
as prepared catalysts. Experimental Conditions: [CR] = 40mgL™; [Bao.sKo.4BiO3]/ [BaBiOs] /
[p25Ti02] =0.75gL?, pH=5.0, Temp. =308K).

6.6 TOC analysis

The complete mineralization of the studied dye is confirmed from the
analysis of total organic carbon (TOC) content. The CR dye degradation comprises
the oxidative cleavage of azo linkage, benzoic and naphthalene rings. These
oxidative reactions result in the creation of primary reaction by-products which are
then oxidized and eventually yielding carbon di oxide and water as end products

[95]. The TOC concentration is of importance as it is the best parameter to indicate
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the final mineralization of the target compound. Figure 6.26 shows the TOC
reduction of CR dye by as prepared BaBiOzand Bao sKo.4BiO3z at optimum reaction
conditions. It can be seen that the % TOC removal values for Bao 6Ko.4BiOz s higher
than BaBiOs. As shown in Figure 6.26, %TOC removal for photodegradation
(following adsorption) in the presence of as prepared photocatalysts is higher than
that obtained by the commercially available p25 TiO», thus indicating the greater
reactivity of synthesized photocatalysts (BaBiO3 and Bao.sKo.4BiO3).

90

85

80

% TOC removal

75

70

65
p25 BaBiO3 Ba0.6K0.4BiO3

Figure 6.26: TOC removal in CR dye solution obtained by photodegradation by as prepared
catalysts. (Experimental Conditions: [CR] = 40mgL™; catalyst dose=0.75gL™, pH=5.0, Temp.
=308K). (a) for p25 TiO2 (b) for BaBiOs (c) for Bao.sKo.4BiO3).

6.7 Proposed mechanism of CR dye photodegradation

Organic pollutants like dyestuffs have the ability to absorb visible light.
Initially the dye molecules are adsorbed on catalyst surface and get excited through
the absorption of light. Thus excited dye (Dye”) injects an electron to the conduction
band of the photocatalyst where it is scavenged by O» to form active oxygen
radicals. The consequence of electron-ejection into the conduction band results in
the charge separation and thus e-hole pairs are generated. Holes are generated in
conduction band while e~ are generated in valance band. These electron-hole pair

are responsible of generating other reactive species like ‘'OH, HO2, H.Oz and "Oy".
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These active radicals carry out photodegradation or mineralization of organic
compounds. Proposed mechanism of CR dye degradation by BaBiOsz and

Bao.sKo.4BiOsunder visible light irradiation is as follows:

CR+hv —_» CR’ @
CR* + BaBiO;/Bay¢K,4,Bi0; ———— CR’ + BaBiO;/Bay¢K,4Bi0; (e) (2)
BaBiO;/Bay¢K,,BiO; + v——> BaBiO;*/Bay4K,4BiO; + h* + e~ (3)
e +0,(ads) ——> 0, (ads) (4)
0, +H'—_ HO, (5)
20, +2H* ___, 20H+0, (6)
CR + HO, /°0H /0,— peroxylated or hydoxylated degraded or mineralized end

products { CO2, Nitrates , H20, Sulphates}

6.8 Conclusion

In summary, BaBiOz and Bao.sKo.4BiO3 successfully synthesized by Pechini
method resulted in the formation of, mono phase crystalline nano-sized particles
which proved their potential in visible light owing to their low band gap (2.07eV
and 1.87eV respectively). The feasibility of adsorption and photocatalytic
degradation of CR dye using BaBiO3 and Bao sKo.4BiOs as in the form of aqueous
suspension under visible light irradiation has been investigated. Since, the
photocatalytic degradation is directly related to the adsorbed quantities of the
pollutant, the adsorption properties of CR on to BaBiOz and Bao.sKo.4BiOz are also
discussed in terms of Langmuir and Freundlich adsorption isotherms. The
photocatalytic degradation was expressed in terms of LH kinetic model, and the
subsequent rate constants are also determined. The effect of different operational
parameters such as initial dye concentration, catalyst dose, solution pH and
temperature on the rate of photo degradation is studied. Moreover, reusability of
these catalysts is studied. Furthermore, to estimate the degree of mineralization,
measurements of total organic carbon has also been conducted In the present
studies, the percentage removal of CR through photocatalytic degradation by
BaBiO3z and Bao.sKo.4BiO3 was also compared with the one through TiO> (Degussa
P-25).
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Controlled experiments (photolysis) demonstrated that both visible light and
catalyst are needed for the effective destruction of dye. The data obtained from the
adsorption experiments are fitted into Langmuir and Freundlich isotherms. They
are found to be linear, indicating the formation of mono layer of adsorbate on the
outer surface of adsorbent. Langmuir adsorption model is found to be fit for both
the catalysts. Thus, obtained results argue that a slow adsorption is noticed on both
the catalyst surface, followed by strong photocatalytic degradation.

The study of parameters influencing the degradation process allowed us to
find the operating conditions for achieving the highest CR dye degradation rate.
The optimization studies revealed the optimum operating conditions: pH value 5.0,

catalyst concentration 0.75gL™%, dye concentration 40mgL™.

The dependence of catalyst concentration on the reaction rate can be
explained as roa[BaBiO3]% [CR]and roa[Bao.sKo.4Bi03]>% [CR] for BaBiOs and

Bao.sKo.4BiOs, respectively, when the catalyst concentration is less than 1gL™.

The Langmuir—Hinshelwood kinetic model showed a good agreement for
the initial rates of degradation with the appropriate reaction rate constant (K;) and
the substrate adsorption constant (Kin) values. Here, K, = 0.259 mgLmin and
Kin=4.09 Lmg* are found for BaBiOs while for BagsKo.4BiOs they are: K, = 1.245
mgLmin"? and Kiy = 6.45 Lmg™. The value of adsorption coefficient (Kn) in
kinetic model is found to be different to that found in dark (b) due to the photo-

adsorption and very rapid photoreaction of CR dye on the catalyst surface.

The photocatalytic degradation was temperature dependent with apparent
activation energy for CR dye of 20.41kJmol™ and 28.13kJmol™ while using BaBiOs

and BaosK0.4BiO3 as photocatalyst, respectively.

Good reusability of our photocatalyst is obtained after separation from the
reaction solution by filtration and washing followed by re-calcination without an

obviously reduced photocatalytic activity for at least 3™ run.

Thus, it can be concluded that both BaBiO3 and Bao.sKo.4BiO3 are efficient
recoverable in CR dye degradation. The complete mineralization of the studied dye

is confirmed from the analysis of total organic carbon (TOC) content. On analysing
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the UV-vis spectrum of CR dye degradation in the presence of both the catalysts
under visible light irradiation leads to prominent decrease in the characteristic band
of CR dye at 510nm after 40 minutes. The proposed mechanism indicates the
participation of various active species like ‘OH, HO,, H20O, and ‘Oz in the

degradation of CR dye.

Our results prove that the photocatalytic efficiency of BagesKo4BiOs is
shown to be greater than that of BaBiOs in degradation of CR dye. The higher
activity of BaosKo.4BiOswas attributed to its narrower band gap in comparison to
the parent compound (BaBiOs).

The photocatalytic degradation potential of the as synthesized
photocatalysts is found to be much better than the commercially available Degussa
P-25 TiO2 owing to their much narrower band gap in comparison to the wider band
gap (~3.2eV) of the later.

Therefore, exploring higher catalytic activity of such perovskite structures

may pave the way for designing useful photocatalytic material.
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7.1 Outcome of the Present Research Work

Dyes cover an important part of waste water effluents, as they are
discharged in abundance by many manufacturing industries. The environmental and
health concern of these potentially carcinogenic pollutants in the water has drawn
the attention. Due to the stability of modern dyes various biological and physical
methods are ineffective for their degradation. In this regard in recent years advanced
oxidation process based on the generation of very reactive radial species which are
capable of mineralizing organic pollutant into harmless inorganic substances under
moderate condition are studied widely. Despite the significant progress that has
been made, even today the development of photocatalyst for the photocatalytic
degradation of the contaminated water; which are economical, eco-friendly, and
sustainable for long time, is very much desired. Hence, in the present study, the
preparation of perovskite materials along with their photocatalytic activity for dye

degradation is explored.

In summary, pure and doped barium bismuthate nanoparticles (i.e. BaBiOs
and Bao sKo.4BiOsz respectively) were successfully synthesized at comparatively low
temperature (800°C and 720°C, respectively) by Pechini method using ethylene
glycol, citric acid and metal nitrates as raw materials. The structural, morphological
and optical characteristics of the synthesized nanoparticles were studied by Thermo
Gravimetric Analysis (TGA), powder X-ray diffraction, Fourier Transform Infra-
Red spectroscopy, UV-Vis Diffuse Reflectance Spectroscopy (UV DRS) and

Scanning Electron microscopy (SEM).

The XRD patterns suggest that BaBiOs crystallizes in the distorted
monoclinic structure while BaosKo.4BiO3s crystallizes in the cubic structure. The
distortion in the monoclinic structure of BaBiOs is attributed to the coexistence of
two different types of Bi-O bond. Further, by the incorporation of K, the resulting
material gets transformed to perfect cubic structure with more intense peaks. The
strong and sharp peaks in the diffractograms indicate the crystalline nature and

phase purity of the prepared samples. The phase evolution of both the catalysts
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with increasing temperature was done by DT-TGA. The TGA curves show that
above final calcination temperatures (800°C for BaBiOs and 720°C for
BaosK004BiO3), no weight loss is observed, hence it is concluded above this
temperature, the perovskite are stable. FTIR spectrum shows the presence of the
bands around 465cm™ in both the catalysts confirming the metal-oxygen bond
formation, which is the characteristic property of perovskite materials. The SEM
studies show that both the samples are homogeneous uniform nanoparticles, having
520nm size for BaBiOsz and 45-101nm for Bao.sKo.4BiO3. SEM images reveal the
nano rod type structure for BaBiOs and plate like layered structure for
Bao6Ko.4BiO3. The diffuse reflectance spectroscopy showed that the catalysts have
a broad absorbance in visible region of light. The onset optical absorption edge was
around 600 and 660 nm for barium bismuthate and K doped barium bismuthate
respectively. The band gap calculation was done by Tauc plots through the
converted KM functions. The band gap of BaBiO3s and Bao.sKo.4BiO3 was found to
be 2.07eV and 1.87eV, respectively. Owing to the low band gap, the catalysts were
supposed to be promising in displaying their activity in photocatalysis under visible
light irradiation. Incorporation of K ion partially at Ba site (in BaBiO3) creates a
new level between highest occupied molecular orbitals (HOMO) and lowest
unoccupied molecular orbitals LUMO of the parent BaBiOs which further

decreases the band gap of Bao.sKo.4BiOs.

The photocatalytic activity of as-synthesized BaBiOsz and BagsKo4BiOs
nanoparticles was demonstrated over degradation of dyes viz. Crystal violet,
Malachite green and Congo red under visible light irradiation. The adsorption
trends of studied dyes at various initial concentrations followed the Langmuir and
Freundlich adsorption isotherm trends. Since the R? values are fairly close to 1, both
the models describe the system well but Langmuir isotherm model is considered to
be best fit owing to its higher R? value. Controlled experiments (photolysis)
demonstrated that both visible light and catalyst were needed for the effective

destruction of dye.

The dependence of the photodegradation rate on various parameters such as
initial dye concentration, catalyst dose, pH and temperature is also studied. The
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study of parameters influencing the degradation process allowed us to find the
operating conditions for achieving the highest dye degradation rate for each dye.
The degradation studies of all three dyes reveal that for all the dyes, the
experimental conditions are nearly same except solution pH, which is 5.5 for CR
while 6.0 for both CV and MG dye. The other optimum operating conditions are
catalyst concentration 0.75gL, dye concentration 40mgL* and 308K temperature.

In order to assess the rate of photocatalytic degradation of dyes over BaBiOs
and Bao.sKo.4BiO3, the observed dye degradation results are kinetically analyzed by
Langmuir-Hinshelwood kinetic equation, within the experimental range. This
pseudo-first-order kinetic model is used to fit all data sets (dye concentration,
photocatalyst dose, initial pH solution, and temperature). The Langmuir—
Hinshelwood kinetic model showed a good agreement for the initial rates of
degradation for all the three studied dyes with the appropriate reaction rate constant
(Kr) and the substrate adsorption constant values (Kin).

Further It was observed that the photocatalytic degradation efficiency of
both the catalysts for the studied dyes is in the order: CV > MG > CR. It is to be
noted here that all the three studied three dyes differ in their molecular structure and
functional group as well as in the extent of ionization in aqueous solution.
Malachite green and Crystal violet are cationic dyes (basic dyes) while Congo red
is an anionic (acidic dye), they are expected to behave differently in the

photocatalytic processes as observed from our results.

During photodegradation studies, the behavior of MG dye is found to be
similar as that of CV dye, due to their almost similar chemical structure. The initial
colour removal rate of Malachite green was found lesser than CV dye, because, MG
has only two out of three phenyl rings substituted with dimethyl amino groups,
allowing the generation of less radicals which further decreases the efficiency of
photo degradation. The overall degradation of CV is higher than MG, this is due to
the presence of three dimethyl amino group in CV, which results in the generation
of more methyl radicals which further oxidize the adsorbed water molecule and thus

create the more OH" radicals which is the principle oxidizing agent in

300



Chapter 7

photodegradation reaction in comparison to two dimethyl amino group present in
MG dye.

It was noticed that CR dye is least susceptible towards photodegradation
among the three studied dyes which may be due to more complex structure of the
dye, which include biphenyl, sulfoxide, napthol and azoic groups. Besides that, the
solvation energy is higher for acidic dyes. As we know that every group which tends
to decrease the solubility of molecule in water will decrease the photodegradation

process, hence, lower degradation rate was observed for CR dye.

The photodegradation results of all the studied dyes showed a similar trend
of photocatalytic activity with both the catalysts. Each dye degradation follows a

first order mechanism w.r.t initial concentration.

For Crystal violet, a basic dye, extent of degradation was 95.90% with
BaBiOz and 99.90% with Bao sKo.4BiO3, used as photocatalysts, within 40 minutes
of visible light irradiation. 95.29% and 98.75% degradation was achieved for
Malachite green, again a basic dye under similar duration of visible light exposure
with BaBiOs and Bao.sKo.4BiOs respectively. As far as Congo red, an acidic dye, is
concerned comparatively lowered degradation was observed i.e. 85.56% and
88.69% after 40 minutes of visible light irradiation while using above mentioned
photocatalysts BaBiO3z and Bao.sKo.4BiO3 respectively.

Hence, it is concluded that BaosKo.4BiOs photocatalysts has shown its
higher degradation potential in comparison to the parent compound i.e. BaBiOs.
The higher activity of BaosKo4BiOs was attributed to narrower band gap in
comparison to the BaBiOg catalyst.

Thus, heterogeneous photocatalysis, the subject of present research work, is
a low-cost, feasible, environmentally benign treatment technology for
photodegradation of organic pollutants. The photo activity of regenerated catalysts
shows that after being used 3 times for dye degradation, the % degradation of all

the three studied dyes declined slightly for both the prepared photocatalysts. It
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shows that as prepared photocatalysts are quite photo-stable and recoverable during
the photocatalytic degradation of acidic and basic dyes. The complete
mineralization of the studied dye is confirmed from the analysis of total organic
carbon (TOC) content. The total mineralization of the pollutant dyes is further
confirmed by the almost disappearance of the characteristic peak at the end of the
experimental run in UV-vis spectrum of all the studied dyes.

In addition, a comparison study was conducted using BaBiOs, Bag 6Ko.4BiO3
and commercially available p-25 TiO2 photocatalysts. It was found that the as-
synthesized nanoparticles exhibited superior photocatalytic activity compared to
commercially available p-25 TiO2 due to their lower band gap in comparison to the
3.2 eV for TiO2 photocatalyst which is further confirmed by their higher % TOC

removal in comparison to p25 TiO2 photocatalyst.

Thus, heterogeneous photocatalysis, the subject of present research work, is
a low-cost, feasible, environmentally benign treatment technology for
photodegradation of organic pollutants and has proved its efficiency in handling the
hazardous toxic organic pollutants into harmless end products at ambient
temperature. The results evolved out of the research may encourage the application
of this technique in treating other toxic industrial effluents also. Further, this
research has contributed to developing visible light active photocatalyst to utilize

solar energy more efficiently.

7.2 Future Recommendations

Upon completion of the present research work, several fundamental
aspects should be paid attention to in future photocatalytic studies.

e We plan to further test the synthesized photocatalyst using solar light
irradiation as the light source. As solar light is an abundant, free and clean
source it would be beneficial for the photocatalysis technology.

¢ In addition, this research work will be applied using real textile wastewater
as mixtures of dyes are present in the wastewater. As waste water may

contain various pollutants along with the dyes, therefore, the effect of
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various additives like H.O», persulphate along with the common anion
additive which are known to play an important role in accelerating or
inhibiting the degradation of organic pollutants due to formation of OH",
S04%, CIions and various other active species will also be studied.

Further the determination of degradation pathway will be systematically
studied by chromatographic techniques to identify the intermediates formed
during the degradation processes.

Morphology and particle size of these photocatalysts can be fine-tuned to
study multi-morphological features such as thin films, nano stars, nano
flowers, nano wires and nano tubes in order to achieve better photocatalytic
performance in degradation of organic pollutants.

Further understanding of the crystal and electronic structural factors behind
photocatalytic activity will be helpful for the future development of efficient
visible light-driven photocatalyst materials.

Such efforts would certainly pave the pathway and tailoring photocatalysts

and enhancing their photocatalytic activity in environmental remediation.
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Adsorption and Degradation Kinetics of Dyes in Perovskite

Dispersion under Visible Light Irradiation

SUMMARY

Heterogeneous photocatalysis as the innovative wastewater technology
attracts many attention, because it is able to generate highly reactive transitory
species for total degradation of organic compounds, water pathogens and
disinfection by-product. Semiconductor as photocatalyst have demonstrated their
efficiency in degrading a wide range of organics into readily biodegradable
compounds, and eventually mineralized them to innocuous carbon dioxide and
water, and hence, unlike several other treatment methods, avoids the secondary

pollution challenges [1,2].

Among various photocatalysts that have been investigated, perovskite
based photocatalysts have attracted much interest because of their high
photocatalytic activities [3,4]. Many Bi based compounds have narrow band gaps
which exhibit good photocatalytic activity under visible light. This is because of
their unique band structure which make them ideal candidates for photodegradation
processes [5,6]. Despite the significant progress that has been made, further efforts
are still needed to be accomplished on various aspects to further advance the use of

bismuth related photocatalyst as efficient visible light photocatalysts.

Therefore, in this study, perovskite photocatalysts BaBiOz and
Bao.sKo.4BiOs were prepared by Pechini method [7,8] and investigated to explore
the possible application in the removal of dyes from contaminated water. The main
objective of this study is to investigate the heterogeneous photocatalytic
degradation of organic compounds in the presence of as prepared BaBiO3 and
Bao 6Ko0.4BiO3 photocatalysts. The structural and morphological characteristics of

the photocatalysts are studied by different characterization techniques.



Objectives of the research work:

Three dyes, namely Crystal violet, Malachite Green and Congo red are
selected as model pollutants to be degraded by prepared photocatalysts under

visible light. The objectives of this research are:
1. To synthesize BaBiOs and Bao 6Ko0.4BiOs using Pechini method.

2. To characterize the synthesized BaBiO3 and Bao.sKo.4BiOs photocatalyst using
Thermo gravimetric analysis (TGA), X-Ray Diffraction (XRD), Fourier Transform
Infra-Red spectroscopy (FTIR), Ultraviolet-Visible Diffuse Reflectance
Spectroscopy (UV-Vis DRS) and Field Emission Scanning Electron Microscope
(FESEM) analyses.

3. To determine the effect of parameters such as, initial dye concentration, catalyst
dose, initial solution pH and temperature on the photocatalytic degradation of dyes

under visible light irradiation.

4. To test the reusability of these catalysts, and to compare their photocatalytic

activity with commercially available p-25 TiO2 photocatalyst.

5. To apply Langmuir and Freundlich adsorption isotherms and Langmuir-
Hinshelwood kinetic model for adsorption and photo degradation process,

respectively.

Structure of thesis:

The present work includes issues related to the synthesis, characterization
and application of nanostructured oxide powders in wastewater treatment. From the
structural point of view, the thesis consists of seven chapters in the following

manner:
Chapter 1: Introduction and Literature Survey

This chapter introduces the background of the thesis work along with the
scope and contributions to the related field. This chapter summaries all the relevant
aspects of the photocatalysis and different photocatalysts used in the waste water
treatment and general introduction to the subject of remediation and chemical



oxidation of water pollutants. It also explains the background information needed
to understand the chemistry behind photocatalysis, with perovskite oxides as the
subject of interest. The properties of perovskite in terms of their ability to degrade
organic pollutants are also discussed. This chapter also summarises different

synthesis techniques for perovskite materials, focusing on Pechini synthesis.
Chapter-2: Material and Method

In this chapter, a detailed description of the experimental procedures
implemented for the present research work are presented. This chapter provides the
experimental-related issues, including the lists of chemicals and apparatus
employed during catalyst preparation and characterization as well as reaction
studies. Moreover, the theoretical fundamentals and operational dealings of the
catalyst characterization instruments are also discussed. Finally, a detailed
description of procedure for studying adsorption and photodegradation kinetics is

also presented.
Synthesis of photocatalysts:

Barium bismuthate and potassium doped barium bismuthate are prepared from

highly pure polymeric precursors using the method proposed by Pechini.

The chemical reaction of the synthesis procedure can be written as follows
Metal nitrates — CoHg0,. H,0 — metal citrate solution - C,Hz0, —
metal nitrate — CA/EG poyester network — BaBiO3z/Bag ¢Ky4BiOs¢ + xH,0,4 +
xCOzg + xNOzg

Photodegradation studies of dyes:

The photocatalytic degradation is performed using a cylindrical glass
reactor, accommodating a central glass tube in which a 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. Only
in experiments dealing with the effect of pH on the dye degradation, initial pH was
adjusted with buffer solutions and measured with pH meter. The visible light
illumination is started following a dark period (without light illumination) of 30

minutes to attain an adsorption equilibrium between dye and photocatalyst. Blank



experiment (without photocatalyst) is also carried out. The dye samples are
collected at regular time interval following centrifugation and filtration and then
subsequently analysed for the residual concentration wusing a UV-vis
spectrophotometer at the characteristic wavelength for each individual dye with a
calibration curve based on Beer Lambert’s law. Finally, the photocatalytic activities
are determined using the following relation:

%degradation = % x 100 (@))

o

Where, Co= concentration of dye solution after adsorption-desorption
equilibrium (mgL™), Ci= concentration of dye solution after photo irradiation (mg
L1). A series of experiments are carried out to study the effect of the initial dye
concentration, amount of photocatalyst, pH and temperature on the photocatalytic

degradation of dyes.

In order to assess the rate of photocatalytic degradation of dyes over BaBiOs
and Bao.sKo.4BiO3, the observed dye degradation results are kinetically analysed by
Langmuir-Hinshelwood Kinetic equation [9]. Langmuir-Hinshelwood Kinetic
equation describes the relationship between the initial rate constant and initial
concentration of the organic substrate.

dC _ KyKpp.Co

r, = -5 = Sk, @

1+K,.Co

1 1
T, =—+
Ky KrKruCo

@)

Where C, is the initial concentration of organic substrate (mgL™), ro is initial rate
(mgLmin™), Kun is the Langmuir-Hinshelwood adsorption equilibrium constant

(Lmg™) and K is the rate constant of surface reaction (mgLtmin).

The degradation of organic pollutants over catalysts follows the pseudo-first-order

kinetics with respect to the initial concentration of the pollutant.

ac
T = _E = Kapp (4)

Following equation was used to determine the initial rate by multiplying the

apparent first-order rate constant Kqpp With the initial concentration of dye, Co



i (2) = Kapp- Co (5)

Co

In which Kagp is the apparent pseudo-first-order rate constant in min™t. The apparent
reaction rate constant Kapp (Min) is given by the slope of the graph of In C/Co

versus time (min).
Chapter-3: Synthesis Methodology and Characterization Techniques

This chapter deals with the synthesis and structural & morphological
characterization of prepared compounds. The novel visible light active perovskite
materials BaBiOz and BaosKo4BiOs are synthesized through Pechini method.
Furthermore, different photochemical and physical properties of as synthesized

compounds are studied in details by means of different characterization techniques.

Here, both the catalysts are prepared under identical conditions except the
calcination temperature. Stoichiometric amounts of analytical grade metal nitrates
are dissolved in distilled water while bismuth nitrate is dissolved in dil. HNOs3
solution under continuous stirring. Weighed amounts of citric acid, in a 4:1 molar
ratio with respect to the total amount of cations, and ethylene glycol in a 3:2 molar
ratio with respect to citric acid is added to the above solution under constant strong
stirring. Thus obtained solution is transferred to a hot plate where it is heated up to

90°C resulting in the formation of brown resin.

After this, resin is pulverized at 350°C. Thus obtained precursor material is
powdered with an agate mortar. 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 600°C and 12hours at
850°C for BaBiOgz; 6 hours at 650°C and 12 hours at 720°for Bao.sKo.4BiOz3). The
structural and morphological characteristics of the products were studied by
Thermo Gravimetric Analysis (TGA), powder X-ray diffraction, Fourier Transform
Infra-Red spectroscopy, UV-Vis Diffuse Reflectance Spectroscopy (UV DRS) and

Scanning Electron microscopy (SEM).

The TGA curves show that above final calcination temperatures (800°C for
BaBiOs and 720°C for BaosK004BiOs), no weight loss is observed, hence it is

concluded above this temperature, the perovskite are stable. The XRD patterns



suggest that BaBiOsz crystallizes in the distorted monoclinic structure while
Bao 6Ko0.4BiO3 crystallizes in the cubic structure {Figure-1(a&b)}. FTIR spectrum
shows the presence of the bands around 465cm™ in both the catalysts confirming
the metal-oxygen bond formation, which is the characteristic property of perovskite
materials {Figure-2(a&b)}. The onset optical absorption edge was around 600 and
660 nm for barium bismuthate and K doped barium bismuthate respectively. The
band gap of BaBiOs and BaosKo4BiO3 was found to be 2.07eV and 1.87eV,
respectively. Owing to the low band gap, the catalysts were supposed to be
promising in displaying their activity in photocatalysis under visible light
irradiation. Incorporation of K ion partially at Ba site creates a new level between
HOMO and LUMO of the parent BaBiOs which further decreases the band gap of
Bao.sKo.4BiOs {Figure-3(a&b)}. The SEM studies show that both the samples are
homogeneous uniform nanoparticles, having 520nm size for BaBiOz and 45-101nm
for Bao.sKo.4BiOs. SEM images reveal the nano rod type structure for BaBiOs and
plate like layered structure of Bao.sKo.4BiOs {Figure-4(a&b)}
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Figure 1: XRD pattern of (a) BaBiOs calcined at 800°C/12h (b) Bao.sKo.4BiOs calcined at
720°C/12h.
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Figure 2: FTIR spectra of (a) BaBiOs calcined at 800°C/12h (b) Bao.sKo.4BiOs calcined at
720°C/12h.
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Figure 3: Reflectance spectrum of (a) BaBiOs calcined at 800°C/12h (b) Bao.sKo.4BiOs calcined
at 720°C/12h.



(b)

Figure 4: Scanning electron micrograph of (a) BaBiOs calcined at 800°C/12h (b) Bao.sKo.4BiOs
calcined at 720°C/12h.

Chapter 4: Photocatalytic Degradation of Crystal Violet Dye
Using BaBiOsand Bao.sKo.4BiO3 photocatalysts.

This chapter comprises the study of the photo-chemical degradation of
Crystal violet dye, using as prepared BaBiOs and Bao.sKo4BiO3 photo. Herein, the
dependence of the photodegradation rate on various parameters such as initial dye
concentration, catalyst dose, pH and temperature is studied.

Controlled experiments (photolysis) demonstrated that both visible light and
catalyst are needed for the effective destruction of dye. The adsorption trends of
Crystal violet at various initial concentrations followed the Langmuir and
Freundlich adsorption isotherm trend [10,11]. Table 1 gives the constants of
Langmuir and Freundlich for Crystal violet dye on both the prepared catalysts.



Table-1: Adsorption constants for Crystal violet dye on BaBiO; and BaosKo4BiOs
photocatalysts.

Adsorbent Langmuir Constants Freundlich Constants
catalyst Qo(mgg™) | b(Lmg?) R? K (Lg?h) n R?
BaBiO; 0.052 0.05 0.977 1.97 2975 | 0.8677

Ba0sKo4BiO3 0.0307 1.325 0.929 7.74 1.68 0.717

As shown in Table 1, since the R? values are fairly close to 1, both the
models describe the system well but Langmuir isotherm model is considered to be

best fit because for this model R? is higher as comparison to Freundlich isotherm.

The effect of the initial dye concentration of dye on the rate of degradation
is studied by varying the initial dye concentration from 20 to 80mgL* initial pH
6.0, with a constant catalyst dose of 0.75gL"(for both the catalysts) at 35°C. It is
observed that up to 40mgL™ the degradation efficiency increases due to the greater
availability of dye molecules for excitation and consecutive degradation; hence
there is an increase in the rate. After this, as the dye concentration is increased, the
equilibrium adsorption of dye on catalyst surface increases; hence competitive
adsorption of OH" on the same site decreases, which further decreases the rate of
formation of OH" radical, which is the principal oxidant necessary for a high
degradation efficiency. Our results are in accordance with the earlier research work
[12].

A series of experiments is carried out by varying the amount of both the
catalysts from 0.25 to 1.25 gL at pH 6.0 and 40mgL™ Crystal violet dye
concentration at 35°C. The degradation is studied till the maximum degradation is
achieved. It is observed that for both the cases up to 0.75 gL doses of
photocatalyst, degradation rate increases and then with further increase in dose, the
rate decreases. The enhancement of removal rate may be due to the increase in the
availability of active sites on the surface of the, which in turn increases the
adsorption of dye species and, hence, the proportion of the excited species by the
incoming photons. Larger amount of the catalyst favours the degradation efficiency
due to the generation of free radicals O,° and OH". Therefore, the rate of degradation

increases with the increase of from 0.25 to 0.75gL™. A further increase in catalyst



dose beyond the optimum will result in non-uniform light intensity distribution, so
that the reaction rate would indeed be lowered with increased catalyst dosage [13].

Experiments are carried out at pH values ranging 4.0-8.0 of using 40mgL"
! Crystal violet solution and 0.75gL™ BaBiOs dose at 35°C. For Crystal violet, the
extent of photocatalysis increases with increase in pH up to 6.0 and with further
increase in pH the degradation efficiency decreases. An increase in the rate of
degradation with increase in the pH is due to the generation of more OH"ions. These
ions loose an electron to the hole generated at the semiconductor surface and OH’
free radicals are formed. These formed free radicals cause oxidation of the dye. On
further increase in pH above 6.0, a decrease is observed because at very high pH
Crystal violet becomes negatively charged and so it repels negatively charged OH"
ions thereby restricting the approach of OH™ ions to the surface of catalyst and free
radical generation is retarded. A similar effect of the pH on the photodegradation
of dyes have been obtained in the earlier reports by semiconductor photocatalysts
[14].

The Langmuir-Hinshelwood kinetic model showed a good agreement for the
initial rates of degradation with the appropriate reaction rate constant and the
substrate adsorption constant values of K, = 6.90 mgL*min™ and K 4= 2.76 Lmg*
for BaBiOszand for Bag sKo.4BiOs Ky =7.14 mgLmin™ and K.y = 1.5 Lmg*{Figure
5 a&b}.
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Figure 5: Langmuir-Hinshelwood plot for visible light photodegradation of Crystal violet dye
(a) by BaBiOs (b) by Bao.sKo4BiOs. (Experimental condition: [Catalyst] =0.75gL; pH=6.0 Temp.
=35°C).

The study of parameters influencing the degradation process allowed us to find
the operating conditions for achieving the highest Crystal violet dye degradation
rate. The optimization studies revealed the optimum operating conditions: pH value

6.0, catalyst concentration 0.75gL™%, dye concentration 40mgL* at 35°C.

The dependence of catalyst concentration on the reaction rate can be explained
as ro a [BaBi03]%% [CV] and r, @ [BaosKo4BiO3]* [CV] for BaBiOs and
BaosKo4BiOs, respectively. The photocatalytic degradation was temperature
dependent with apparent activation energy for Crystal violet dye of 34.89kJmol*
and 44.55 kJmol? while using BaBiOs; and BagsKo4BiOs as photocatalyst

respectively.

Chapter 5: Photocatalytic Degradation of Malachite Green Dye
using BaBiOzand Bao sKo4BiO3 photocatalyst.

This chapter comprises the study of the photo-chemical degradation of
Malachite green dye, using as prepared BaBiOs and Bao.sKo.4BiO3 photocatalysts.
Herein, the dependence of the photodegradation rate on various parameters such as

initial dye concentration, catalyst dose, pH and temperature is studied.

The adsorption trends of Malachite green dye at various initial

concentrations followed the Langmuir and Freundlich adsorption isotherm trends.



Table 2 gives the constants of Langmuir and Freundlich for Malachite green dye on

both the prepared catalysts.

Table-2: Adsorption constants for Malachite green dye on BaBiOz and BagsKo4BiOs
photocatalysts.

Adsorbent Langmuir Constants Freundlich Constants
catalyst Qo(mgg™?) | b(Lmg?) R? K (Lg?) n R?
BaBiOs; 2.633 0.0349 0.955 1.77 2.313 0.875

Ba0Ko.4BiOs 3.3058 0.0268 0.941 0.313 1.147 0.870

As shown in Table 2, since the R? values are fairly close to 1, both the models
describe the system well but Langmuir isotherm model is considered to be best fit
because for this model R? is higher as comparison to Freundlich isotherm. It is to
be noted that while studying the influence of various process parameters such as
initial dye concentration, catalyst dose and pH on the rate of photodegradation of
Malachite green dye, the trend of results of degradation efficiency are found to be

similar to those ones as described in Chapter 4.

The study of parameters influencing the degradation process allowed us to find
the optimum operating conditions for achieving the highest Malachite green dye

degradation rate.

The Langmuir—Hinshelwood kinetic model showed a good agreement for the
initial rates of degradation with the appropriate reaction rate constant and the
substrate adsorption constant values of K;= 1.1 mgL*min* and K.u = 4.5 Lmg™*
for BaBiOsand for Bag 6Ko.4BiO3 K;= 5.06 mgL*min* and K. = 3.2 Lmg*{Figure
6 a&Db}.
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Figure 6 : Langmuir-Hinshelwood plot for visible light photodegradation of Malachite green
dye (a) by BaBiOs (b) by BaosKo4BiOs. (Experimental condition: [Catalyst] =0.75gL™; pH=6.0
Temp. = 35°C).

The study of parameters influencing the degradation process allowed us to find
the operating conditions for achieving the highest Malachite green dye degradation
rate. The optimization studies revealed the optimum operating conditions: pH value

6.0, catalyst concentration 0.75gL™, dye concentration 40mgL ™ at 35°C.

The dependence of catalyst concentration on the reaction rate can be explained
as ro a [BaBiO3]°*® [MG] and r, a [BaosKosBiO3]®"™ [MG] for BaBiOs; and
BaosKo.4BiO3, respectively. The photocatalytic degradation was temperature
dependent with apparent activation energy for Malachite green dye of 33.34kJmol



1 and 38.77 kJmol! while using BaBiOs and BapsKo4BiO3 as photocatalyst

respectively.

Chapter 6: Photocatalytic Degradation of Congo Red Dye using
BaBiOsand Bao sKo4BiOs

This chapter comprises the study of the photo-chemical degradation of
Congo red dye, using as prepared BaBiO3 and Bao.6Ko.4BiO3 photocatalysts. Herein,
the dependence of the photodegradation rate on various parameters such as initial

dye concentration, catalyst dose, pH and temperature is studied.

The adsorption trends of Congo red dye at various initial concentrations
followed the Langmuir and Freundlich adsorption isotherm trends. Table 3 gives
the constants of Langmuir and Freundlich for Congo red dye on both the prepared

catalysts.

Table-3: Adsorption constants for Congo red dye on BaBiO3z and BaosKo4BiO3
photocatalysts.

Adsorbent Langmuir Constants Freundlich Constants
catalyst Qo(mgg™) | b(Lmg?) R? Kr (Lg?) n R?
BaBiO; 2.237 0.0367 0.972 1.258 1.68 0.843

Ba0sKo.4BiO3 0.0315 1.644 0.983 1.807 1.578 0.798

As shown in Table 3, since the R? values are fairly close to 1, both the models
describe the system well but Langmuir isotherm model is considered to be best fit

because for this model R? is higher as comparison to Freundlich isotherm.

It is to be noted that while studying the influence of various process parameters
such as initial dye concentration, catalyst dose, pH and temperature on the rate of
photodegradation of Congo red dye, the trend of results of degradation efficiency
are found to be similar to those ones as described in Chapter 4.

The study of parameters influencing the degradation process allowed us to find
the optimum operating conditions for achieving the highest Congo red dye
degradation rate. The optimization studies revealed the optimum operating

conditions: pH value 5.0, catalyst concentration 0.75gL™, dye concentration



40mgL™* at 35°C. Similar trends have been observed in the earlier reports of

photodegradation of dyes by semiconductor photocatalysts [17].

The Langmuir—-Hinshelwood kinetic model showed a good agreement for

the initial rates of degradation with the appropriate reaction rate constant and the

substrate adsorption constant values of K, = 0.259 mgL*min™ and K+ =4.09 Lmg"
! for BaBiOs and for BaosKo4BiOs Kr= 1.254 mgLmin"! and KLn = 6.45 Lmg*

{Figure7 a &b}.
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Figure 7: Langmuir-Hinshelwood plot for visible light photodegradation of Congo red dye (a)
by BaBiOs (b) by Bao.sKo.4sBiOs. (Experimental condition: [Catalyst] =0.75gL™; pH=5.0 Temp. =

357C).



The study of parameters influencing the degradation process allowed us to find
the operating conditions for achieving the highest Congo red dye degradation rate.
The optimization studies revealed the optimum operating conditions: pH value 5.0,
catalyst concentration 0.75gL7, dye concentration 40mgL?! at 35°C. The
dependence of catalyst concentration on the reaction rate can be explained as ro a
[BaBi03]%% [CR] and ro & [Bao.sKo.4Bi03]%% [CR] for BaBiOs and Bao.sKo.4BiOs,
respectively.

The photocatalytic degradation was temperature dependent with apparent
activation energy for Congo red dye of 20.41 kJmol and 28.13 kJmol™ while using
BaBiO3 and Bao.sKo.4BiOs3 as photocatalyst.

The photocatalytic degradation potential of the as synthesized catalysts is
found to be much better than the commercially available Degussa P-25 TiO, owing
to their much narrower band gap in comparison to the wider band gap (~3.2eV) of
the later [18].

The photo activity of regenerated catalysts shows that after being used 3
times for dye degradation, the % degradation of all the three studied dyes declined
slightly for both the prepared photocatalysts. It shows that as prepared
photocatalysts are quite photo-stable during the photocatalytic degradation
processes.

The complete mineralization of the studied dye is confirmed from the
analysis of total organic carbon (TOC) content. %TOC removal for
photodegradation of all the three dyes in the presence of as prepared photocatalysts
is higher than that obtained by the commercially available p25 TiO2 which shows
the greater reactivity of synthesized photocatalysts (BaBiOsz and Bao sKo.4BiO3).
The total mineralization of the pollutant dyes is further confirmed by the almost
disappearance of the characteristic peak at the end of the experimental run in UV-

vis spectrum of all the studied dyes.



Chapter 7: Conclusion and Future work

This chapter comprises the findings of the present research work. It can be
concluded that both BaBiOs and BaoeKosBiOz are efficiently recoverable
photocatalyst in acidic and basic dye degradation. Our results prove that the
photocatalytic efficiency of BaosKos4BiOs greater than that of BaBiOs in
degradation of dyes. The higher activity of Bao.sKo.4BiOswas attributed to narrower

band gap in comparison to the parent compound i.e. BaBiOa.

It is to be noted here that all the three studied three dyes differ in their
molecular structure and functional group as well as in the extent of ionization in
aqueous solution. The structure of the dye plays the most significant crucial role as
it determines the effectiveness with which the photocatalytic material can attack the
functional groups in order to disrupt the aromatic ring of the dye. Therefore, the

rate of degradation of the dye is very much dependent on the structure of the dye.

Malachite green and Crystal violet are cationic dyes (basic dyes) while
Congo red is an anionic (acidic dye), they are expected to behave differently in the
photocatalytic processes as observed from our results that among the three studied
dyes, Crystal violet suffers degradation with highest rate followed by Malachite
green and then by Congo red in the end. It seems that the triphenyl amine structure
of Crystal violet dye is more susceptible to degradation in photocatalytic reaction
in comparison to Malachite green having two dimethyl amino group and Congo red
having a bulky ensemble, including one central biphenyl group and two symmetric
amino substituted naphthalene group [19].

This chapter shows the significance and scope of the present study in view
of the increasing pollution day by day. This chapter also describes some
recommendations for future work in the field of photocatalysis which will enhance

the application of green chemistry.
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Nano sized BaBiO; is prepared through Pechini method and characterized by SEM, XRD, FTIR, DT-
TGA and UV DRS. The kinetic studies of adsorption and degradation phenomena involved in the
photocatalytic degradation of Malachite Green dye using a batch reactor under visible light were
investigated. Experiments were performed in a suspended BaBiOs photocatalyst system. The effect of

catalyst loading, solution pH and initial dye concentration on dye degradation is investigated. In

Keywords:

addition, adsorption experiment is also performed which indicates that adsorption pattern follows
Langmuir model. The decomposition of Malachite Green dye follows pseudo first order kinetics and

BaBiO3 the Langmuir-Hinshelwood mechanism is found to be valid. Different kinetic parameters for

Malachite Green dye
Pechini Method
Perovskites

Photocatalytic degradation

adsorption and photocatalytic degradation of dye are also determined.

doi: 10.5829/idosi.ijee.2016.07.03.10

INTRODUCTION

The industrial and textile wastewater is a considerable
source of non-aesthetic pollution in the environment and
can create dangerous byproducts through oxidation,
hydrolysis or other chemical reactions that take place in
the wastewater phase [1-2]. The presence of small
amount of dyes is clearly visible and considerably
influences the water ecosystem.

Amongst the different pollutants from the textile
industry, Malachite Green (MG) is the one of the main
disastrous pollutant[3-4]. The use of this dye has been
banned in several countries and is not approved by US
Food and Drug Administration; it is still being used in
many parts of the world due to its low cost, ready
availability and efficacy [5].

MG degradation has been studied by various
biological and physiochemical methods [6-7]. However,
these treatment methods only provide separation of the
dyes without any dye degradation, creating a waste
disposal problem with the large quantities of sludge
production. To resolve this problem, advanced oxidation
processes based on heterogeneous catalysis techniques

* Corresponding author: Kavita Sharma
E-mail: kavi21089.sharma@gmail.com
Tel- +919461391230

are being used for the degradation of MG. In several
studies TiO; is used predominantly due to its low cost and
non toxicity [8-9]. However, photochemical efficiency of
TiOz is limited to UV region only, due to its wide band
gap [3.2eV]. Various modifications including cation and
anion doping, coupling with semiconductors have been
used to enhance photoabsorption ability of TiOzin visible
region[10-11]. These modified samples of TiO, show
good photocatalytic activity in visible region, but their
activity is not high enough for practical application
because of their less stability [12]. Also, sometimes these
modifications may cause the distortion of band structure
and these additional elements act as a scattering centre
which further leads to decrease in photocatalytic activity
[13]. Therefore, developing a visible light active
photocatalytic material is essential for practical
application of photocatalytic technology at wide range.
The energy gap of perovskite [14-15] is usually less than
3.0 eV hence it shows good photocatalytic activity in
visible light region. Recently, Bismuth based visible light
active perovskites such as LiBiO3[16], KBiOs [16],
AgBIiO3[17] are prepared by hydrothermal synthesis and
solvent thermal synthesis respectively. In this paper, we

Please cite this article as: K. Sharma*, S. Jain, U. Chandrawat, 2016. BaBiO3 Assisted Photodegradation of Malachite Green Dye Under Visible Light
Irradiation: Adsorption And Degradation Kinetics, Iranica Journal of Energy and Environment 7 (3): 274-281.
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present a simple Pechini type [18] polymerizable
complex route, based on polyesterification between citric
acid and ethylene glycol that has been successfully used
to synthesize several other compounds with perovskite
structure [19-20]. Sol-Gel method is advantageous
compared to other processing methods, as it allows
control over size, calcinations temperature and also it
provides chemically uniform powders. The prepared
catalyst is characterized by XRD, SEM, UV-DRS, FTIR
for structural determination. The photocatalytic activity
of thus prepared sample has been evaluated via the
degradation of MG dye in aqueous solution under visible
irradiation. The initial rates of the reaction are calculated
for various initial dye concentrations. The Langmuir-
Hinshelwood model [21-22] is found suitable for
interpreting the initial rate data and for the development
of a rate equation for degradation of MG dye. An
adsorption study of BaBiOs has also been discussed.

MATERIAL AND METHODS

Materials

In this study all chemicals used are of analytical reagent
grade. Barium nitrate, Bismuth nitrate, citric acid and
ethylene glycol are purchased from Merck (India ).
Malachite green is obtained from SDS Fine Chem. (P.)
Ltd.(India). Deionised water purified with a milli-Q-
water ion exchange system (Millipore Co.) is used
throughout the study. Chemical structure of malachite
green dye is depicited below-

o
_:Nc-;_v.f"'h‘ ,-"':'H‘}]/Nx
*ﬁxj\r“w"'
-
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o

Figure 1. Structure of Malachite Green dye

Preparation of BaBiOs perovskite

BaBiOsperovskite is prepared by the sol-gel route
[Pechini method][17]. Barium nitrate and bismuth nitrate
are firstly dissolved in doubly distilled water and dil
HNO; respectively to get 1.0M solution each.These two
are used as starting materials. Both the above solutions
are mixed and then magnetically stirred to get a uniform
solution. After addition of 1M citric acid [CA] to above
solution stirring is performed up to 30 minutes followed
by addition of ethylene glycol [EG]. Here, CA and EG
are used as complexing agents. The molar ratio among
Barium, Bismuth cations is 1:1. The CA/metal ratio is
fixed at 4.0 while keeping the CA/EG ratio as 60/40.Thus
obtained solution is transferred to a hot plate where it is
heated upto 90°C resulting in the formation of brown
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resin. This resin is pulverised and then calcined at 850°C
for 12 hours to obtain BaBiO3 Perovskite.

Characterization

Ex-star 6300 thermal analyzer is used to make
thermogravimetric (TGA) and differential
thermoanalytic (DTA) measurements in air flow (200 mL
min?) in the temperature range 31-900 °C with a heating
rate of 5 °C min'%. The structural characterization is done
by X-ray diffraction using a X-ray diffractrometer
[Siemens D500] equipped with a high intensity CuKa
radiation, and operated at 45kV and 40mA accelerating
voltage and the applied current, respectively. A scan rate
of 5° min'were used for 0-90° 20 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 existed in
the powder.UV-DRS spectrum is carried out using
Schimadzu Lambda 900 Spectrophotometer. The
spectrum is recorded at 240-800 nm wavelengths.

Catalytic activity
The adsorption experiments in dark are carried out in
order to evaluate the equilibrium constant of adsorption.
Stock solutions of the different initial dye concentration
(Co) are prepared. A fixed amount of the adsorbent
(0.1gram) is added to the 100 mL of above solution. The
flasks are then agitated simultaneously for 2h at room
temperature. The suspension is centrifuged in order to
remove BaBiO; catalyst. The amount of adsorbate uptake
ge (Mmgg™) can be calculated as-
ge=(Co-Ce) V/' W x 100 1)
where Co is the initial adsorbate concentration (mgL™);
Ceis the equilibrium concentration in solute on (mgL™);
V is the volume of solution (L);W is the mass of the
adsorbent (g); and g is the amount adsorbed(mgg™).
The visible light irradiation experiments are carried
out in an indigenously prepared immersion type
photocatalytic reactor. A 500W Xe arc lamp
(intensity=137 mWcm) is used as a visible light source.
This lamp is placed in a quartz tube which is sealed from
one side. This tube is then immersed in a cylindrical
borosilicate reactor (capacity 1 L). In this,mixture of
catalyst and dye solution are taken following which the
mixture is placed in a water bath circulated at a constant
speed to keep the above suspension homogenous.
Different dye solutions of various concentrations are
made from the stock solution (100 mgL™) by appropriate
dilutions. Before irradiation, the suspensions are
magnetically stirred in the dark for 20 minutes to get an
adsorption-desorption equilibrium between the catalyst
and dye solution.The equilibrium concentration of the
dye (Ceq) in contact with the catalyst, instead of that of



Iranica Journal of Energy and Environment 7(3): 274-281, 2016

the feed dye solution, represents the true dye
concentration in solution at the start of irradiation. For
this reason Ceq has been used as C, for the
photodegradation kinetics. The pH of the solutions is
adjusted using 0.1N NaOH and 0.1N HCI.

The decrease in absorbance of the dye solution at the
characteristic wavelength is observed by taking out the
samples at regular intervals throughout the complete
experimental run. The aliquots are centrifuged and
filtered through Whatman filter paper (No. 42) to remove
the catalyst.

The residual dye concentration in the samples are
determined using a Systronics double beam UV-VIS
spectrophotometer 2203. After that, the absorbance
corresponding to the Amax= 620nm are converted to the
residual concentration using the predetermined
calibration curves for MG dye. Also, the degradation
efficiency of the dye at any time t is calculated using the
following formula

Degradation %= C,-Ci/ C, x 100 2
where Co= concentration of dye solution before
photoirradiation (mg L), C= Concentration of dye
solution after photoirradiation (mg L%).

Blank experiments with the pure dye solution (no
addition of catalyst) with constant stirring under visible
light irradiation for 30 minutes, are conducted prior to the
photocatalytic experiments. No significant degradation
of the solution is observed indicating that the direct
photolysis of the dye is negligible.

RESULTS AND DISCUSSION

Characterization of catalyst

Fig. 2 shows the DTA- TG analysis curves of the BaBiOs
precursor resin. It can be see that the decomposition of
BaBiOj3 precursor resin takes place in three distinct steps.
The first weight loss region (31-185 °C) corresponds to
the loss of physio-absorbed water and accompanied by
8.9% weight. The second weight loss (60.80%) region is
in temperature range of 186-416 °C, which can be
attributed to the pyrolysis and combustion of organic
compounds and the degradation of intermediate species
formed during the polymerisation process. The next
weight loss around 13.0% lies in the range of 417-440°C
and can be attributed to the decomposition of nitrates and
nitrites residue. The DTA curve shows three weak
exothermic peaks at 200, 259, 292 °C and one strong
exothermic peak at 456 °C, which are correlated to the
weight loss mentioned above and subsequent
crystallization of the residual amorphous phase. This
observation is supported by powder X-ray diffraction
(XRD) of the sample obtained from calcinations of the
precursor at 350, 650 and 800 °C. (Fig. 3)
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Figure 2. TGA/DTA curves showing thermal
decomposition of precursor to a stable BaBiO3;

Fig. 3 shows XRD patterns of the samples which were
calcined at different temperature 300°C(a), 600°C(b) and
800°C(c). The XRD pattern (a) at 350 °C is found to be
amorphous in nature as no sharp peak is observed in the
diffraction pattern. At 600 °C,the crystalline perovskite
type structure of BaBiOj3 started to form and the degree
of crystallinity increased with increasing the calcinations
temperature as shown in Fig. 3 (b). It is evident from
Fig.3 (c) that at 800 °C fully crystallized single-phase
oxide BaBiOs; with well pronounced perovskite crystal
structure has  formed and its diffraction peaks
corresponds to a monoclinic structure with the lattice
parameters a=6.183 A , b=6.13 A , c=8.666 A. (JCPDS
35-1020). The main diffraction peaks are observed at 260
=29.23°,45.00°, 51.67° and 59.90°, which is similar to the
previously reported data for BaBiO3[23].
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Figure 3. XRD patterns of BaBiOs (a) at 350°C (b) at
600°C (c) at 800°C

The diffuse reflectance spectra of BaBiOs (Fig. 4)
shows a strong fundamental absorption edge at 600nm,
which indicates the photocatalytic activity in the visible
light as well as the solar light. Further, the optical band
gap Ey was determined from Tauc’s formula, i.e.
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(@ B)? =A (E-Ey) 3)

where o=4nk/A is the absorption coefficient, E is the
photon energy, and A is a constant. The Egvalues are
determined by extrapolating the linear portion of the plot
relating (ohv)?[ Kubelka-Munk Function] [24]versus hv
to (ahv)? =0 [ Kubelka- Munk conversion spectrum]. The
optical band gap is estimated to be about 2.07 eV from

the onset of the absorption edge.
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Figure 4.Kubelka-Munk conversion spectrum of
BaBiOs.The inset shows an estimation of band gap
energy by extrapolation method.

SEM micrographs of BaBiOs (Fig. 5) show that the
nanorods with average width 520nm and length as small
as 2.55um are synthesized by the calcination at 800°C.
This nanosize is further confirmed by the small width of
XRD peaks (Fig. 3 ¢)

Figure 5.SEM micrographs of BaBiOs; at 1u
magnification

Fig.6 shows the FTIR spectra of the BaBiO3 powder in
the range of 400-3500 cm™, calcined at 800°C. The FTIR
is similar to the most other ABOs-type perovskite
compounds which have common BOg oxygen-octahedral
structure. [25]The band at nearly 468 cm is related to
Bi-O bending vibrations.[26] A less intense peak around
850 cm? is attributed to the bending vibration of Ba-O
bond. [27] The calcined sample shows an absorption
around 1446 cm, which is due to the adsorption of
atmospheric CO- during drying processes.

Adsorption studies
Since, the photo-assisted degradation of the dyes
occurs predominantly on the photocatalystsurface,
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studies on the adsorption
solution onto

N

of the dyes from aqueous

8]

Tranunitancs [%]
.} L1}

40

i

T T
2500 2000 1
Waesmmber om-1

Figure 6. FTIR spectra of BaBiOsperovskite

BaBiOs; nanoparticles are relevant and important.
Equilibrium adsorption data collected in the study are
fitted on Langmuir adsorption isotherm[28]. Here in, we
used the Langmuir model by assuming the monolayered
adsorption phenomenon due to the presence of limited
active adsorption sites. The linear form of Langmuir
Isotherm is represented by the following equation:

Ce 1 Ce
e~ Qb "o @)
where Ce is the concentration of the adsorbate (mgL™) at
equilibrium.ge is the amount of adsorbate per unit mass
of adsorbent at equilibrium in mgg™. Qo is the maximum
adsorption at monolayer coverage in mgg?, b is the
Langmuir adsorption constant in Lmg™. The plots of
Ce/qe versues Ce are linear and presented in Fig. 7.
Langmuir adsorption constant (b) and the maximum
adsorbable dye quantity (Qq) are calculated from the
intercept and slopes of this figure as 0.055 mgmL10.334
mgg?, respectively. The correlation coefficient was
found to be 0.917.

y =0.055x + 0.334
R?*=0.917

3.5
2.5
C./a. 2

15

0.5

CE
Figure 7.Linear transform of Langmuir isotherm
[BaBiO3=0.75gLt; pH=6.0]

Effect of catalyst loading

In order to avoid the use of excess catalyst, it is desirable
to find out an optimum catalyst loading for efficient
degradation. A series of experiments is carried out by
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varying the amount of catalyst from 0.25 to 1.25 gL at
pH 6.0 and 50 mgL* MG concentration. It is observed
that up to 0.75 gL! loading of photocatalyst degradation
rate increases and then with further increase in loading,
the rate decreases. The enhancement of removal rate may
be due to the increase in the availability of active sites of
the photocatalyst. When the concentration of BaBiOs;
catalyst increased above the limiting value the
degradation rate decreased, due to the disruption of light
by the suspension. Our results are in agreement with the
earlier reports [8] Fig. 8 shows a plot of the degradation
rate constant (Ksp) as a function of the BaBiOs
concentration at the fixed MG concentration (50 mgL ™)
and pH 6.0. Also, an empirical relationship between the
initial dye concentration has been reported by Galindo et
al (roofcatalyst]" [dye]) , where n is a exponent less than
1 for all the dyes studied relative to low concentration of
catalyst [29] As it can be seen in Fig. 9, the dependence
of the BaBiOj3 concentration on the initial decolorization
rate of MG follow a similar relationship

roa[BaBiOs3]*"? [MG] (5)

when the BaBiOs concentration is less than 1gL*

Effect of pH
The effect of pH on the rate of degradation of dyes
solution is investigated in the pH range 4.0-8.0 with

y =0.055x + 0.334
R*=0.917

3.5 4
3 -4
2.5 4 * *
C./a. 2 1
1.5 A
1 -4
0.5 4
0 :
0 20 40 60
ce
7
6
5
4
Kapp(Min’l) 3
2
1
0 : : \
0 0.5 1 15
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Figure 8. Effect of BaBiO3 loading on the degradation
rate [MG=50mgL; pH=6.0]
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y=0.716x+ 1.82

R =0.883

LnKypp

-15 -1 -05 o 0s
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Figure 9.Relationship between LnKapand the
amount of BaBiO; [MG=50mgL!; pH=6.0]

constant catalyst loading of 0.75 gL and 50 mgL* MG
concentration. It is observed that the degradation
efficiency increases with increase in pH upto 6.0 and with
further increase in pH the degradation efficiency
decreases. An increase in the rate of degradation with
increase in the pH is due to the generation of more OH"
ions. These ions loose an electron to the hole generated
at the semiconductor surface and OH" free radicals are
formed. These formed free radicals cause oxidation of the
dye. On the further increase in pH above 6.0, a decrease
is observed because at very high pH MG becomes
negatively charged and so it repels negatively charged
OHrions. This repulsive force does not allow the
approach of OH-ions to the surface of catalyst and free
radical generation is retarded. Fig. 10 shows a plot of the
degradation rate constant (Kapp) as a function of the pH .

Kapp(Min’l)

o B, N W B~ U N
P T TR T T S|

0 5 10
pH

Figure 10. Effect of pH on the degradation rate
[BaBiO3=0.75gLt; MG=50mgL "]

Effect of initial dye concentration

The effect of the initial dye concentration of dye on the
rate of degradation is studied by varying the initial dye
concentration from 20to 80mgL™' at pH 6.0, with a
constant catalyst loading of 0.75gL™. It is observed that
up to 50mgL* the degradation efficiency increases due to
the greater availability of dye molecules for excitation
and consecutive degradation, hence there is an increase
in the rate. After this as the dye concentration is increased
, the equilibrium adsorption of dye on catalyst surface
increases; hence competitive adsorption of OH" on the
same site decreases, which further decreases the rate of



Iranica Journal of Energy and Environment 7(3): 274-281, 2016

formation of OH" radical, which is the principal oxidant
necessary for a high degradation efficiency. On the other
hand, considering Beer-Lambert law, as the initial dye
concentration increases, the path length of photon
entering the solution decreases, resulting in the lower
photon adsorption on the catalyst particles and
consequently a lower photodegradation rate [8].

In this work, we employed Langmuir-Hinshelwood
model [21-22] to describe the total degradation of MG.
L-H model covers both adsorption and photocatalytic
phenomenon for explanation of dye degradation kinetics.
The first order relationship for photocatalytic
decomposition of dye can be represented as:

-In (Co/Cy)= Kappit (6)
where Co, C; and Kgyp are the initial dye concentration,
concentration at time ‘t” and Kapp is the apparent pseudo
first order rate constant. The plots of In(Co/Cy) versus ‘t’
with different initial concentration are shown in Fig. 11.
The value of Ky is calculated by the slope of the above
curves.

The value of initial degradation rate (ro)is obtained by the
multiplying the Kgppvalues to the corresponding initial
dye concentration, as follows;

ro= Kapp. Co (7
A linear expression can be conventionally obtained by
plotting the reciprocal of initial rate (1/ro) constant
against reciprocal of initial concentration (1/C,) (Fig. 12).
The linear form of Langmuir—Hinshelwood kinetics can

@ 20mgl-1

3.5 4 W 40mglL-1
50mglL-1

3 X 60mgL-1

80mgL-1

LnC,/C, 2

05 O 20 40 60 80

Time(min.)

Figure 11. Effect of initial dye concentration on
photodegradation of MG dye [BaBiO3=0.75gL;
pH=6.0]

also be given by the following expression

1/ro:1/Kr+1/Kr. KLH.CO (8)

here, K is the reaction rate constant and Kpn is the
adsorption coefficient of the reactant also known as
Langmuir-Hinshelwood constant. Tablel summarizes all
the kinetic parameters calculated using the Langmuir—
Hinshelwood model for dye degradation on using
BaBiOsphotocatalyst. K, and K.y values are25.64 mgL-
min.,1.42 Lmg* respectively. It is noteworthy that the
Langmuir adsorption constant (b=0.055 Lmg) obtained
from the dark experiments are different from that
determined by Langmuir-Hinshelwood equation(Kpn
=1.42 Lmg™). This is due to the photoadsorption and very
rapid photoreaction of the dyes on the catalyst surface
[31].

Table 1. Influence of various parameters on visible light degradation of MG in BaBiO3 suspension:

[MG] BaBiO3 pH Kappx 1072 o Kr KLn
mgL™? gLt Mint  mgLMin!  mgL!Min? Lmg?
0.25 2.1 1.05
0.5 3.8 19
50 0.75 6.00 6.5 3.25
1 6.3 3.15
1.25 6 3
20 5.1 1.02
40 5.7 2.28
50 0.75 6.00 6.5 3.25 25.64 1.42
60 4.6 2.76
80 3.5 2.8
4.00 2.7 1.35
5.00 35 1.75
50 0.75 6.00 6.5 3.25
7.00 5.9 2.95
8.00 4 2
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Figure 12. Langmuir-Hinshelwood plot of visible
light degradation of MG in BaBiO3 [BaBiO3=0.75gL"
', pH=6.0]

CONCLUSION

The synthesis of BaBiOsz; through Pechini method
resulted in the formation of nanosized, mono phase
crystalline material which has proved its potential as a
photocatalyst in visible light owing to its low band gap of
2.07 eV. The photocatalytic activity and the
corresponding degradation kinetics shows that it can
efficiently degrade MG dye in the aqueous suspension
under visible light irradiation. The dependence of the
BaBiO3 concentration on the initial degradation rate can
be explained as (r,a[BaBiO3]®? [MG]), when the
BaBiOj3 concentration is less than 1 gL* . The Langmuir
adsorption constant (b) and the maximum adsorption at
monolayer coverage Q, are calculated as 0.055 Lmgand
0.334 mgg* respectively .The photocatalytic degradation
of MG by BaBiOsis nicely fitted to the Langmuir-
Hinshelwood kinetic model. The calculated values of the
reaction rate constant (K;) and Langmuir-Hinshelwood
adsorption constant (Kp) are 25.64 mgL-*min-‘and 1.42
Lmg* respectively. Therefore, this simple technology of
degradation of the colored effluents has the potential to
improve the quality of the wastewater from textile and
other industries.
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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

* Corresponding author: K. Sharma
E-mail: kavi21089.sharma@gmail.com; Tel- +919461391230

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

Please cite this article as: K. Sharma, S. Jain and U. Chandrawat, 2016. Preparation and Characterization of Ba0.6K0.4BiO3 Nano Particles with
High Visible Light Photo Catalytic Activity, Iranica Journal of Energy and Environment 7 (4): 375-381.
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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.

%Transmittance

LI AL T [ 0

a5 0.3

3500 3000 2500 2000
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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

- 4
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10.0kV SET :

SEM

X 60,000

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].

| 35 y=0.0825
VISIBLELIGHT

EXPOSURE

DARK
y=0.058:
y=0.052%
= 0.040x

-LnCo/Ct

y=0.032%

» 30 0 50
Irradiation time {min) e 2ome
—= 30ppm
40megl™
——Smgl™

GOmeL™

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].

-Ln Gofct

—— 05l
—a—075gL

108l
—— Blank experiment 0 10 20 30
Irradiation time (Min.}

0 10 0 30 40
Irradiation Time (Min.)

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].

~ 2 y = 36.43x+ 0.404
T 2 _
w15 R?=0.977
f=
= 1
S
= o5
o L T L
oc
~ 0+ T
-
0 0.02 0.04 0.06
1/Co (L mg?)
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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