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CHAPTER-I Introduction

Introduction:

Nowadays environment is severely affected by hazardous water soluble organic dyes
present in water effluents from textile and dyeing industries. Stability of these dyes
causes severe ecological problems such as depleting of dissolved oxygen content of water
and releasing toxic compounds in water bodies endangered the aquatic life. Several
physical, chemical and biological methods have been used to remove dyes from
contaminated water [1]. Among them, physical adsorption and degradation is considered
as a competitive method because of high efficiency, economic suitability and easy to
design and for operation. Photo-catalytic degradation is one of the best methods used for
removal of toxic chemicals produced by dyes and degraded via redox reactions in the
presence of photo-catalyst [2]. Photo-catalytic degradation for organic dyes are quiet
popular due to high efficiency, low cost method, less hazardous intermediate products,
low reaction time and mild reaction conditions [3]. The most important reason for
selecting ZnO NPs in present study as photo-catalyst is its ability to show photo catalytic
efficiency in both UV and visible range of light. The present work deals with synthesis of
ZnO nanoparticles and its used in the photo-catalytic degradation of dyes taken for
present study using visible light irradiation [4-6]. In order to make the maximum use of
visible light ZnO nanoparticles were used as photo-catalyst for the degradation of dyes.
In the present work photo-catalytic degradation of dyes and decolorization of water under
visible light has been investigated using ZnO nanoparticles as photo-catalyst. ZnO
nanoparticles have especially been used as effective, nontoxic and cost-effective photo-
catalyst for the degradation of a wide range of dyes. We investigated this degradation
process under different reaction condition to assess the feasibility and optimization of

process for industrial dyes effluents [7].
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1.1: Dyes under investigation with their classification:

1.1.1: Dyes as pollutants:

Dyes are widely used in cellulosic fabrics, including textiles, paper making, wool, silk
and tannin-mordant cotton and sprit ink manufacture and other coloring agents in many
industries [8]. Dyes are carcinogenic and potential pollutants and hence attention has
been paid toward the removal of harmful and hazardous contaminants from wastewater.
Dyes are chemicals which on binding with material will give color to the material. The
color of a dye is provided by the presence of chromophore group. Most of the synthetic
dyes are organic compounds with multiple aromatic rings, either fused or connected by
covalent bonds, and modified by various hydrophilic functional groups, such as amine,
carbonyl, carboxylic acid, and hydroxyl groups to produce desired colors, increase the
affinity to the materials being dyed and improve the solubility in solvents, such as water,
during dyeing processes. Being synthetic organics, those dyes are often resistant to
biodegradation in engineered treatment processes such as activated sludge, as well as in
the natural aquatic environment. Azo dyes are very stable and carcinogenic in nature [9-
11]. The ordinary light consists of electromagnetic radiations of varying wavelength
which can be categorized as ultraviolet light (100-400 nm) and visible part (400-750 nm)
shown in figure 1.1. When visible light falls on a substrate, depending upon the
substance, some of it is absorbed, and some reflected. White surfaces reflect all the light
whereas black surfaces absorb light over the entire range of visible light. In the case of
dye, however, there is a selective absorption in visible region and reflection the rest of
this region. This is a definite relationship between the color absorbed and color visualized

with respect to a given range of the wavelength [12].
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Fig. 1.1: electromagnetic radiations of varying wavelength

A Dye is made up of two parts, chromophores and auxochromes and there exists a
relation between color and chemical constitution of a compound. The color usually
appears in an organic compound if it contains unsaturated groups is called as
chromophore (Greek Chroma—color, and Phoros- bearing) e.g. nitroso (-N=0), azo
(-N=N-), azoamino (-N=N-NH) etc. Auxochrome is made up of auxien means to increase
and chroma means colour i.e. the group which enhance like amino (-NH), sulphonic acid
(-SO3H), methyl (-CHj3) etc. Structural change in dye brings about a change in the
absorption of dye molecule. If the absorption shifts towards higher wavelengths, the color
deepens in the sequence: Yellow — Orange — Red — Purple — Violet — Blue — Green.

Any group or factor that produces the deepening of the color is known as bathochromic
and the effect as bathochromic shift. If the absorption shifts towards lower wavelengths,
the color lightens in accordance to the following sequence: Green — Blue — Violet —

Purple — Red — Orange — Yellow, shown in Table 1.1 [13].
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Table 1.1: Relationship of colors observed to wavelength of light absorbed

Light absorbed Complementary

Wavelength (mu) Color color seen

400-435 Violet Green — Yellow

435-480 Blue Yellow

480-490 Green — Blue Orange

490-500 Blue — Green Red

500-560 Green Purple

560-580 Yellow — Green Violet

580-595 Yellow Blue

595-605 Orange Green — Blue

605-750 Red Blue - Green

1.1.2: Classification of dyes:

There are several ways for classification of dyes. It should be noted that each class of dye

has a very unique chemistry and particular way of bonding. While some dyes can react

chemically with substrate forming strong bonds. Dyes are also classified by their

chemical composition, the types of fibers to which they can applied by the method of

application. Dye molecules may attach to the surface of the fiber, be absorbed by the

fiber or interact with the fiber molecules. The society of dyers and colorists (SDC) and

the American Association of Textile Chemists and Colorists (AATCC) classify dyes by

their chemical composition. In the publication, the color index international dyes are

listed by their generic name, which indicates the application class and a color index

constitution number (CI number) indicates the chemical structure [14, 15].
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1. Classification of dyes according to application

e Acid dyes e Ingrain dyes
e Basic e Vatdyes

e Direct dyes e Sulphur dyes
e Mordant o Disperse dyes
e Azoic dyes e Reactive dyes
e Oxidation dyes e Solvent dyes
e Food dyes e Pigment dyes

2. Classification of dyes to their chemical constitution

e Nitro dyes e Xanthene dyes

e Nitroso dyes e Heterocyclic dyes

e Azo dyes ¢ Indogi dyes

e Triphenylmethane dyes e Anthraquinone dyes
e Phathalein dyes e Sulpher dyes

e Phenazine dyes e Pathalocyanine dyes

The selected dyes for present study as sample contaminants for the present study belong
to the following Classes [16, 17]

Triphenylmethane Class:

This group of dyes is the oldest known synthetic groups. They are of brilliant color due to
resonance of unsymmetrical triphenylcarbonium ions and cover a range of shades from

red to blue, including violet and green. Most basic dyes of this series are beautiful,
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crystalline compounds with a reflex, the color of which is often complementary to the
color in solution. However, the color fades rapidly in light and due to this reason they
find less uses in textiles but are used for coloring papers, typewriter ribbons and are
specially valued for in calico printing and other articles where fastness to light is not of
much significance. These dyes have the quinonoid groups as their chromophores. The
dye selected from this class is Malachite Green.

Phenothiazine Class:

Phenothiazine groups dyes are analogues to the oxazines dyes an atom of sulphur
replacing oxygen in the heterocyclic ring. These dyes have phenazonium nucleus as
chromophore with amino group’s para to the ring nitrogen as auxochromes.
Phenothiazine dyes have a colour range from green to blue and have been used for
colouring paper, tannin mordanted cotton and silk. Fastness to light is usually only fair.
We have selected Methylene Green dye to be investigated from this class [18].

Azo class:

Azo dyes have a chromophoric system containing azo group —N=N-, in association with
one or more aromatic system. There may be more than one or more than one azo group
present in dye. Most (60-70%) of the more than 10,000 dyes applied in textile —
processing industries are azo compounds. Dyes belonging to this class are used to dye
natural fibres like wool, cotton and silk as well as so synthetics like polyesters, acrylic
and rayon. Azo dyes are the main contributors for water pollution caused by dyes because
majority of azo dyes are water soluble and therefore easy for the body to absorb. We have

selected Direct Blue-1 and Orange Il dyes to be investigated in this class [19].
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Acridine Class:

These dyes are derivatives of the basic compound acridine. This structure provides the
chromophore and an amino or alkyl amino group is usually present in a para position
with respect their methane carbon atom. Textile applications are chiefly in the printing
and dyeing of silk and cellulosic fibers. These are largely used on leather and in sprit ink
manufacture. Several acridine dyes are in use as antiseptic or medicinal. From acridine
class of dyes we have selected Acridine Orange dye.

Phenazinium:

Phenazinium dyes are widely used as mordant to cotton silk and wool because of their
stability, brilliant colors and fastness to light. These dyes are widely used as general
biological stains. Phenazinium dyes can be used in determination of membrane potential
changes. This dye has been widely used in many staining methods, but its commonest use
is probably as a simple red nuclear counter stain. We have chosen Neutral Red dye to be
investigated from this class [20].

The molecular structures of dyes under investigation are as follow:
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1.2: Water pollution by industrial effluents:

Industrialization is vital to a nation’s economy because it assists as a vehicle for the
development. Speedy industrialization has provided much comfort to human beings;
however, it also has some adverse effects on environments. During the last fifty years, the
number of industries especially textile in India has grown rapidly and this is a serious
threat to human health and economy as well [21, 22].

By domestic sewage and industrial effluent discharge from large scale sugar industries,
distilleries, tanneries, oil refineries, textile plants and the food, pharmaceutical, paint and
coal processing industries which includes wastes like metals, detergents, acids alkalis,
sulfates, chlorides, nitrites, color, dissolved and suspended solids, organic and microbial
impurities. Such chemicals when discharged to environment have crucial impact on the
aquatic life and health of human beings as well as animals [23]. The mineralization of
dyes and other organic contaminants from wastewater effluents has now become the
subject of considerable environmental concern. Dyes are carcinogenic and potential
pollutants and hence attention has been paid toward the removal of harmful and

hazardous contaminants from wastewater [24].

1.3: Photo-catalytic degradation and Advanced Oxidation Processes
(AOPs):

Advance oxidation processes rely on the efficient generation of reactive radical species
and are gradually attractive choices for water remediation from a wide range of organic
pollutants of human health and environmental concern. AOPs are defined as a set of

chemical treatment processes which are specially designed to remove organic compounds

from wastewater [25]. For the treatment of wastewater containing dye residues advanced
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oxidation processes (AOPs) have been considered as a promising alternative. Advanced
oxidation processes, based on production of highly reactive radicals which promote the
target pollutant destruction until production of minerals. AOPs generate extremely
reactive hydroxide radicals which are responsible for the degradation of pollutants in the
wastewater and ‘OH radicals attack the organic molecules rapidly and non-selectively.
AOPs are known as versatile technologies because production of hydroxyl radicals by
various alternative pathways. Additionally, AOPs can generate less toxic intermediates
during the degradation of organic pollutants [26, 27]. Heterogeneous photo-catalysis is
one of the advanced oxidation process, used as an efficient wastewater treatment
technique for the total mineralization of organic materials [28, 29]. The ability of
oxidants to initiate chemical reactions is measured by its oxidation potential [30]. The
*OH radical has the second largest redox potential (2.80 eV at 25 °C) with the most potent
being fluorine (3.06 ¢V at 25°C) and over the second choice for oxidation [31]. Relative
oxidation potentials of several chemical oxidizers are shown in Table 1.2,

Table 1.2: Oxidizing potential for conventional oxidizing agents

Electrochemical
Oxidizing agent oxidation potential EOP relative to
(EOP), eV chlorine
Fluorine 3.06 2.25
Hydroxyl radical 2.80 2.05
Oxygen (atomic) 2.42 1.78
Ozone 2.08 1.52
Hydrogen peroxide 1.78 1.30
Hydrochloride 1.49 1.10
Chlorine 1.36 1.00
Chlorine Dioxide 1.27 0.93
Oxygen 1.23 0.90

10
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*OH radicals are very reactive and non-selective and can react without any other additives
with a wide range of contaminants rate usually in the order of 10°-10° mol. L™'S™ [32,
33].

AOPs can be classified by the phase where the process takes place like homogenous and
heterogeneous. Non-photochemical and photochemical classifications are based on the
methods for generating "OH radicals production. The versatility of AOPs is also
enhanced by the fact that they offer different possible ways for *OH radicals. A list of the
different possibilities offered by AOP is given in Fig.1.3 Generation of *OH is commonly
accelerated by combining O3, H,O,, UV radiation, electron-beam irradiation etc. out
these, O3/H,0,, O3z/UV and H,O,/UV hold the greatest promise to oxidize textile

wastewater [34].

_ Peroxidation
Photocatalysis

UV/Oye#——— OH — Ozonation

UV irradiations
Catalysis

Fig.1.3: AOPs generate “OH Radical
AOPs methods exploit the high reactivity of hydroxyl radicals in driving oxidation
processes, ultimately resulting in the mineralization of a variety of environmental
contaminants. In this field of research, UV/visible-induced photo-catalytic degradation
assisted by semiconductors represents a very appealing tool to implement low cost

purification of waste waters on large scale [35, 36].

11
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Non-photochemical and Photochemical AOPs:

On the basis of the advanced oxidation methods for generating *OH radicals, AOPs can
also be classified as photochemical and non-photochemical processes. Photochemical
advanced oxidation processes refers both to AOPs that need photons to initiate oxidation
process and non-photochemical AOPs that increase their efficiency when working with
artificial as well as natural radiations. But in several cases, conventional ozone or
hydrogen peroxide oxidation of organic compounds does not completely oxidize organic
substances into CO, and H,0 [37, 38]. Efficiency of these processes can be increased by
supplementing the reaction with UV radiation. These processes have categorized as Table
1.3 [39]:

Table 1.3: Classification of Non-photochemical and Photochemical AOPs

Non-photochemical AOPs Photochemical AOPs

Ozonation at elevated pH (> 8.5) Ozone —UV radiation (Os/ UV)

Hydrogen peroxide- UV radiation (H,O,/
Ozone + hydrogen peroxide (Os/H202) | UV).

Ozone-hydrogen peroxide- UV radiation

Ozone + catalyst (Os/CAT) (O3/H,0,/ UV)
31282 '

Fenton system (H,O,/Fe®") Photo-Fenton and Fenton-like systems.

Heterogeneous photo-catalytic oxidation
involving semiconductors and UV/visible

irradiation.

12
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The basis of heterogeneous photo-catalysis is the photo-excitation of a solid
semiconductor as a result of the absorption of electromagnetic radiation in the near UV/
visible spectrum. Under near UV/visible irradiation, a suitable semiconductor material
may be excited by photons possessing energies of sufficient magnitude to produce
conduction band electrons and valence band holes. These charge carriers are able to
induce reduction or oxidation respectively. At the surface of the semiconductor particles

these may react with absorbed species [40]

h*vs + OH’ — "OH (1)
h*vs + RH — RH" )
h've + A - > A (3)
ecg + O — 0," 4)
"OH + RH _— RHOH' (5)
*OH +RH — R+ H,0 (6)

Holes possess an extremely positive oxidation potential and should thus be able to
oxidize almost all chemicals. Even the one-electron oxidation of water resulting in the
formation of hydroxyl radicals is energetically feasible.

H,O +h*yg o "OH + H* (7
Nowadays, the photo-catalytic degradation process is gaining importance in the area of
wastewater treatment especially for wastewater containing small amounts of refractory
organic substances [41, 42]. Additionally, heterogeneous photo-catalysis has several
advantages over competing AOPs. These are complete mineralization, no waste disposal

problem, low cost and only mild temperature and pressure conditions are necessary [43].

13
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1.4: Nanotechnology applied for remediation of organic dyes from

wastewater:

1.4.1: Nanotechnology:

Nanotechnology can be defined as the synthesis, characterization and applications of
material science and engineering and device whose smallest functional organization in at
least one dimension is on the nanometer scale [44]. In the year 1857, Faraday’s reported
systematic synthesis of gold sols [45] and introduce nano-science as a discipline and it
started to swell further. In 1914, the first observation and size measurements of
nanoparticles were performed by R. A. Zsigmondy, who reported a detailed study of gold
sols and other nano-materials having size below 10nm [46]. Zsigmondy also introduced
“nanometer” first time which is used scale clearly to measure particle size. In 1974, the
term ‘“nanotechnology” was first coined by Norio Taniguchi, a professor of Tokyo
Science University [47].

The field of nanotechnology is one of the most active research areas in modern material
science. Nanoparticles exhibit improved properties based on specific characteristics such
as size, distribution and morphology. Hence, there have been impressive developments in
the field of nanotechnology in the recent past year, with numerous methodologies
developed to synthesis nanoparticles of particular shape and size depending on specific
requirements. The recent advancement of nanotechnology has raised the possibility of
environmental decontamination through several nano-materials, and tools [48, 49].

1.4.2: ZnO Nanostructured in wastewater treatment:

Several nanotechnologies are emerging as sustainable and economical process elements
for remediation wastewater and nanotechnology encompasses a wide variety of processes

that employ nano-sized materials as catalysts, oxidants, or to create nano-sized filters for

14
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physical separation. For example, nano-sized particles of ZnO and TiO; can be used as
photo-catalysts to produce reactive oxygen species that can either photo-catalytic degrade

contaminants [50].
1.5: Photocatalysis:

The word photo-catalysis is composed of two parts: The prefix photo means "light" and
catalysis is the process where a substance participates in modifying the rate of a chemical
transformation of the reactants without being altered in the end. The term photo-catalysis
implies the combination of photochemistry with catalysis. Both light and catalyst are
necessary to achieve or to accelerate a chemical reaction. Photo-catalysis may be defined
as the “acceleration of a photo-reaction by the presence of a catalyst”. Hence, photo-
catalysis is a reaction which uses light to activate a substance which modifies the rate of a
chemical reaction without being involved itself. Photo-catalysis has been established as
an efficient process for the mineralization of toxic organic compounds and has attracted
much interest due to energy and environmental issues. The discovery of photo-catalysis
suggested a large number of potential applications, such as photovoltaic cell, degradation
of pollutants and photolysis of water. Since then, photo-catalysis has been a subject of
attentive research [51, 52]. Further, semiconductor photo-catalysis is an attractive
remediation of industrial wastewater. In recent years, nanostructured semiconductors
have been actively studied for their fundamental scientific significance and potential
technologic applications [53].

Mostly, ZnO is the utmost effective photo-catalyst for photo catalysis. In a heterogeneous
photo-catalytic process, photo-induced chemical reactions or molecular transformations
occur on the surface of the catalyst.

Semiconductor +hv  —— ey +h'y (8)

15
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Where, e, and h*yp, are the electrons in the conduction band and the electron vacancy in
the valence band respectively. Both these entities can migrate to the catalyst surface,
where they can enter in a redox reaction with other species present on the surface. In
most of the cases h*\y can react easily with surface bound H,O to produce ‘OH radicals,

whereas, eq,” can react with O, to produce superoxide radical anion of oxygen [54].
1.6: Photo-catalytic activity of ZnO NPs

Over the years, many semiconductors such as Si, TiO, WOs, ZnS, SnO,, Fe,0O3, ZnO,
CdS, SrTiO,, WO, a-F,03, etc. have been used for photo-catalysts (Table 1.4) [55]. In
the past two decades, ZnO has attracted much attention with respect to the degradation of
various organic pollutants due to its high photosensitivity, stability and wide band gap. It
usually appears as a white powder and is nearly insoluble in water. ZnO is present in the
earth crust as zincate; however, most ZnO used commercially is produced synthetically
[56]. In order for the semiconductors to be photochemically active as sensitizers the
redox potential of the photo generated valence band hole must be sufficiently positive to
generate hydroxyl radical which subsequently oxidizes the organic pollutants [57].

Table 1.4: Band gap energy of semiconductors

Semiconductors Bandgap Semiconductors | Bandgap
energy(eV) energy (eV)

SiO; 1.1 ZnO 3.2
TiOy(rutile) 3.0 TiOy(anatase) 3.0
WO, 2.7 Cds 2.4

ZnS 3.7 SrTiO3 3.4

SnO; 3.5 WSe, 1.2

Fe,O3 2.2 a-Fe;03 3.1
Nb,Os 3.6 BaCrO, 2.3
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Recently, environmental engineers and researchers have shown interest in ZnO NPs as an
alternative for UV-active TiO,. Zinc oxide is a potential non-toxic photo-catalyst and also
has a variety of technical applications including porcelain enamels, heat-resisting glass,
and pigments in paint with UV-protective properties, healing ointment, and many more
[58]. ZnO acts as a semiconductor due to its electronic structure, characterized by filled
valence band and an empty conduction band [59]. Zinc oxide exists in mainly in two
forms: wurtzite and zinc-blende. The wurtzite structure is most stable and thus most

common at ambient conditions.

Fig. 1.4: Wurtzite structure of ZnO

1.6.1: Mechanism of ZnO NPs photo-catalysis:

With a large number of active sites, ZnO NPs exhibit very high surface reactivity,
rendering it an efficient visible light photo-catalyst as compared to other photo-catalysts.
Semiconductor ZnO NPs is a powerful photo-catalyst in the presence of visible light and
used effectively in various photo-catalytic reactions. It is well known that semiconductor
having a large band gap acts as a good photo-catalyst. The main advantage of using ZnO

NPs photo-catalyst is its photo-activity in visible region. Studies also reveals that photo-
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reactivity of ZnO NPs is independent of the particle size which is a huge advantage from
the point of view of practical application of the ZnO NPs system in large-scale
decontamination of polluted water [60, 61]. It is well established that valence band holes
(hw") and conduction band electrons (es) are generated when aqueous ZnO NPs
suspension is irradiated with visible light energy greater than the its band gap energy
(Eq = 3.2 eV). These electron-hole pairs interact separately with other molecule as shown

in Fig. 1.5.

Conduction Band

€h

&—‘ + Dye as Pollutant

Mineralization

o |

+
hip

Visible Irradiation

H,0 Inorganic

ions
Valence Band

Zn0O NPs catalyst in water

Fig.1.5: Photo-catalytic degradation mechanism using ZnO NPs
Valence band holes (hyg") react with surface bound H,O or OH™ to produce hydroxyl
radical (OH’). Conduction band electrons (ecg’) reduce molecular oxygen to generate

superoxide radicals, as shown in Eq. (9) to Eq. (18) [62, 63].

ZnO +  hV yisible > ZnO (h*vg + €cB) 9)
ZnO (h*ve) + H,0 ————>  7Zn0 + H' + OH (10)
ZnO (h've) + OH' — > ZnO + OH (11)
Zno (€cs) + O, — > ZnO + Oy (12)
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O + H' — HO> (13)
HO, + H' + ZnO (ecg) — H,0, +ZnO (14)
H,0, + ZnO (e'cg) — > OH' + OH + ZnO (15)
Dye + OH’ — Degradation Products (16)
Dye + (h*vg) —_ Oxidation Products (17)
Dye + ZnO (e'cp) —_— Reduction Products (18)

Secondly, sensitization of dye molecule by visible light leads to excitation of dye
molecule in singlet or triplet state, subsequently followed by electron injection from
excited dye molecule onto conduction band of semiconductor particles. The mechanism

of dye sensitization is summarized in Eq. (19) to Eq. (27) [64, 67].

Dye + hv*yisibie — 'Dye* or *Dye* (19)
'Dye* or °Dye* + Zn0 ———» Dye* + ZnO (e'cg) (20)
ZnO (e'cg) + O — Zno + Oy (21)
0, + H' — HO", (22)
HO, + H" +Zn0O (ecg) — H,O, + ZnO (23)
H.O, + ZnO (e'cs) s OH" + OH +2ZnO (24)
Dye*" + OH _— Dye + ‘OH (25)
Dye"™ + 0,” ———» DO, —— Degradation products (26)
Dye (Dye"™) + OH’ —— Degradation products (27)

The mechanism of semiconductor photo-catalysis is of very complex nature. Dye
molecules interact with O,~, ‘'OH,, or "OH species to generate intermediates ultimately
lead to degradation products. Hydroxyl radical ((OH) being very strong oxidizing agent

(oxidation potential 3.2 eV) mineralizes dye to various end products. The role of
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reductive pathways in heterogeneous photo-catalysis has been found to be in minor extent

as compared to oxidation [68-70].
1.7: Environmental aspects of present research work

Elimination of dyes and other commercial colorants from continual wastewater effluents
of textile, paper mills and other colorant manufactures is now became the subject of
considerable environmental concern. Since ancient times, fabrics have been dyed with
extracts from minerals, animals, plants or plant products. In fact, things began to change
around 1856 when inventors discovered how to make synthetic dyes. The synthetic dyes
are cheaper to produce, brighter, more color-fasting, and easy to apply to the fabric and
other materials. In India, production of dyestuff and pigments is near about 80,000 tones
and the textile industry accounts for the largest consumption of dyestuffs [71, 72]. About
20% of total dyes produced are lost in industrial effluents during the production and other
industrial processes. Most of the effluents particularly those used in textile manufacturing
processes are highly coloured. This is due to the stability of various modern dyes like
azo, triarylmethane, reactive, acidic, basic, naphthol, vat dyes etc. which will have
deleterious effect also in wastewater for a long time [73, 74]. Reports indicated that
annually more than 50,000 tons are lost through effluents during industrial application
and production processes [75]. During dye production and textile manufacturing
processes a huge amount of wastewater containing dyestuffs with intensive color and
toxicity introduced into aquatic systems, therefore, dyes are common industrial pollutants
[76]. Azo dyes represent the largest class of organic colorants listed in the colour index
and their relative share among reactive dyes, acid dyes and direct dyes is even higher and
anthraquinone dyes are second largest class of the entries in the colour index, followed by

triarylmethanes and phthalocyanines [77]. Textile mills are major consumers of water and
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consequently one of the largest groups of industries causing intense water pollution.
Textile processing employs a variety of chemical, depending on the nature of the raw
material and products. The extensive use of chemicals results in generation of large
quantities of highly polluted wastewater. Dyes are quite stable and therefore,
conventional biological treatment methods for industrial wastewater are ineffective,
resulting often in an intensively colored discharge from the treatment facilities.
Additionally, they are readily reduced under anaerobic conditions to potentially
hazardous aromatic amines etc. Thus, there is a need for developing treatment methods
that are more effective in eliminating dyes from waste stream at its source [78].

The most problematic industries in terms of dye release to the environment in the form of
wastewater are the production of dyes and the dyeing industry. The uncontrolled release
of these compounds in the environment causes severe problems. They are designed to be
chemical and photolytic stable and they are also highly persistent in natural
environments. In addition, reactive dyes are highly water soluble and non-degradable
under the typical aerobic conditions found in conventional, biological treatment system.
In the present work photo-catalytic degradation, of dyes and decolorization of water
under visible light has been investigated using ZnO nanoparticles as photo-catalyst. We
investigated this degradation process under different reaction condition to assess the
feasibility and optimization of process for industrial dyes effluents. The degradation of
dyes under investigation was monitored by measuring chemical oxygen demand (COD).
Increase in estimated CO, and detection of NOjs ions supported the mineralization
process of the dyes taken for investigation. The UV-Visible spectral analysis further

confirms the mineralization of dyes.
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2.1: LITERATURE REVIEW.:

Textile dye and other dye stuff is being the major problem since long time and dangerous
to environment and human health. Therefore degradation of these wastes has been
gaining much attention of the researchers working in this field. In the last two decades, a
fast evolution of research is carried out devoted to environment protection and
conservation has been reported. In order to get knowledge of this field a detailed
literature survey has been carried out related to nature and characterization of various
photo-catalysts, photo-degradation methods, degradation of various dyes has been
reviewed and summed up in this chapter. We focused particularly on some selected dyes,
Malachite green, Methylene green, Direct Blue-1, Orange-ll, Acridine Orange and
Neutral red dyes degradation and ZnO NPs as photo-catalyst taken for present study. As
we come to know that AOPs are quite efficient and removal of organic pollutants
particularly from waste water, sufficient literature regarding this study is available.

In order to know the overall status of the present research problem taken under study a
detailed and careful and detailed literature survey has been carried out. Exhaustive
literature survey has been done using SCOPUS, a search engine of Elsevier etc.

In the year 2005, Akyol A. and Bayramoglu M., [1] studied the photo-catalytic
degradation of Remazol Red F3;B using ZnO catalyst. They investigated the photo-
catalytic degradation of Remazol Red F3;B dye in batch slurry reactor using 254nm and
365nm UV light sources in presence of ZnO catalyst. They concluded from results that
decolorization and total organic carbon removal is affected by solution pH. They also
mentioned that decolorization is faster at 365nm light and total organic carbon is not
affected by wavelength of light used. They also noted that catalyst loading affected the

efficiency of degradation and found to be optimum at 2g/litre of ZnO. They also studied
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the effects of various parameters like intensity of light, wavelength of light, catalyst
concentration, solution pH and initial dye concentration on photo-catalytic degradation of
dye taken for study.

In the year 2006, Modarishalla N. and Behnajadi M. A., [2] reported photo-oxidative
degradation of malachite green under the influence of UV light in H,O,. They reported
influence of parameters under which reaction was carried out. They studied that H,O, and
UV light independently showed negligible effect on degradation. They also proposed a
simple kinetic model by which it is confirmed that the order of reaction is pseudo first
order. They also noted spectral changes of malachite green during photo-oxidation and
effect of UV light intensity and found that as the intensity of light increases
decolorization rate increased because of greater product of hydroxyl radicals which are
directly responsible for decolorization. Their findings are in good agreement with kinetic
model.

In the year 2006, Jang Y. J. et al, [3] reported a comparative study of ZnO nanoparticles
and its nano-crystalline particles on photo-catalytic degradation of methylene blue. They
reported flame spray pyrolysis and spray pyrolysis assisted with electrical furnace were
used for the preparation of the ZnO NPs and its nano-crystallites by using aqueous zinc
nitrate solution as precursor materials. The prepared ZnO NPs and its nano-crystallites
both are of 20nm diameter for composition of photo-catalytic activity. They observed
that the photo-catalytic degradation capacity of ZnO NPs is greater than the capacity of
the ZnO nanoparticles. They observed that as the concentration of ZnO NPs increased
from 0.25mol to 1.5mol, the efficiency of photo-catalytic degradation increases which is

higher than the earlier reports.

29



CHAPTER-II Literature Review

In the year 2007, Kanade K. G. et al, [4] reported the synthesis of prismatic Cu doped
ZnO NPs in both aqueous and organic phases. The prepared NPs are of 40-85nm range in
average. The structural study reveals that ZnO phase have wurtzite structure. The data
obtained by decomposition of H,S showed that Cu doped ZnO is active photo-catalyst
under UV light as maximum hydrogen production rate achieved that is 1932micro mol
per hr. They also studied that the Cu concentration as dopant on the catalytic activity of
Cu-ZnO NPs as they found ZnO catalytic activity is lower than Cu-ZnO under UV-
Visible light irradiation. They found that ZnO mediated in organic layer has higher
degree of crystallinity as compared to that of water.

In the year 2007, Ghaly M. Y. et al, [5] investigated that the photo-catalytic oxidation of
Morloin Navy 2 RM, a basic dye by TiO, in solar light. This decolorization follows the
pseudo-first order kinetics and showed that as the concentration of H,O, increases the
decolorization. 99% dye decoloriaztion and 75% total organic carbon were completed
under the condition of 1g/L TiO,, 1.5ml/L H,0, and pH 5.

In the year 2008, Akyol A. and Bayramoglu M., [6] studied the impact of catalyst type
and UV wavelength on photo-catalytic degradation of the azo dyes in addition to known
factors, such as such as waste water characteristics and process conditions. They also
compared the photo-catalytic activity of ZnO and TiO; and tow wavelength of UV light
(254nm and 365nm) on degradation of Remazol Red F-3B an azo dye. They observed
from the results obtained that ZnO has better decolorization and total organic carbon
removal efficiencies under 365nm UV light which is better than the TiO, under similar
conditions, but TiO, decolorization performance is better than ZnO at 254nm UV light.

Additionally they mentioned that TiO; has better TOC removal capacity than ZnO.
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In the year 2008, Ullah R. and Dutta J., [7] synthesized undoped and Mn-doped ZnO by
wet chemical co-precipitation method. They synthesized Mn doped ZnO NPs first time
using wet chemical precipitation method which showed promising degradation activity.
The aim of Mn-doped ZnO NPs synthesis was intended to create tail states, which can
used as effective photo-catalyst for the degradation organic contaminants under visible
light. They found that Mn-doped ZnO has better photo-catalytic degradation property
than undoped ZnO NPs and also better than conventional metal oxide like titanium oxide
for the degradation of methylene blue as contaminant.

In the year 2009, Pare B. et al, [8] carried out photo-catalytic degradation of Lissamine
fast yellow dye using ZnO under artificial light. They studied the process parameters like
catalyst loading, H,O,, FeCl; on degradation and found that ZnO effectively degrade the
dye under solar and artificial light both. They mentioned that pH significantly affect the
reaction rate while N, played detrimental effect.

In the year 2010, Barick K. C. et al, [9] synthesized highly mesoporous self-cumulated
nanoclustures of pure and magnese cobalt and nickel doped ZnO by refluxing metal
acetate precursors in diethylene glycol medium. They found that the prepared porous
spherical shaped nano-crystals was made up of nano-crystals are stable to some extent,
well defined and having hexagonal wurtzite structure. They successfully doped Mn, Co
and Ni into ZnO nanostructure which is evenly distributed in the sample. Pores are
irregular in shape and randomly distributed in nanocluster as shown by TEM images.
Additionally, they studied the photo-catalytic activity of mesoporous pure or doped ZnO
nanostructure on methylene blue dye and ZnO NPs showed better photo-catalytic
activity. In the year 2010, Punjabi P. B. et al, [10] investigated the photochemical

degradation of neutral red using potassium tri-oxalatoferrate(l1l) and the rate of photo-
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degradation was observed using spectrophotometer. They also studied the effect of pH,
dye concentration, amount of light intensity on rate of photo-degradation. They prepared
and potassium trioxalato ferrate by stirring ferrous ammonium sulphate and H,SO,4 and
oxalic acid. The crystals of potassium trioxalato ferrete formed are extremely
photosensitive and were preserved in dark to avoid exposer of light. They also found that
optical density of Neutral red decreases with increasing time of exposure, oxidant
concentration, is directly propositional to the rate of bleaching of dye but after obtaining
an optimum rate at a particular concentration of dye, rate of reaction again started to
downward.

In the year 2010, Jhiang Z. et al, [11] prepared flake like BiOBr semiconductor by using
hydrothermal synthesis and used for methyl orange dye degradation. To study the
synthesis of BiOBr materials XRD, SEM and UV-Visible characterization techniques
have been carried out. They observed that morphology and crystallite size of the
synthesized BiOBr material depends on temp and reaction duration. They found excellent
activity and photo stability reveals that BiOBr have promising UV-Visible light
responsive catalyst and can be used as alternate of existing photo-catalyst that are
generally used for photochemical degradation of dyes.

In the year 2011, Pare B. et al, [12] used BaCrO, to degrade Azur B photo-catalytically
in presence of visible light. They studied the disappearance of dye by spectrophotometer
followed by pseudo-first order Kinetics. They tested the degradation of dye testing COD.
They also studied the effect of amount of semiconductors, pH, light intensity, dye
concentration, oxidant on the rate of photo-degradation. They observed that NaCl and

Na,COj; retorted the rate of photochemical degradation while H,O, and K,S,0g increase
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the degradation rate. Neutral pH gives better degradation results. Moreover they proposed
mechanism of photo-catalytic degradation.

In the year 2011, Chen C. et al, [13] prepared nano-sized ZnO by precipitation method
using zinc nitrate, ammonium carbonate, ethanol and de-ionized water and calcination at
550 °C for 2 hrs. They found that, thus synthesis NPs shown good photo-catalytic
activity. They determined the specific surface area by Brunauer-Enett-Teller (BET)
method and structural properties were investigated by X-RD and morphology and particle
size by SEM. They study the photo-chemical activity of the prepared ZnO NPs on Methyl
orange dye. They also studied the effect various reaction parameters on degradation of
dyes and reported that ZnO has better photo-catalytic activity.

In the year 2011, Sarwan B. et al, [14] prepared BiOCI catalyst by hydrolysis method
and characterized by advanced characterization method and found that the size in the
range of 6-13 nm. They studied the effect of toxicity reduction textile dye i.e. neutral red
(NR) and photo-catalytic activity of BiOCI was investigated. They monitored the photo-
catalytic degradation by HPLC photodiode-array-electrospray ionization mass
spectrometry technology by intermediate and final products. They concluded photo-
degradation of dye by observing decrease in COD and dye absorbance as well which
shown complete mineralization of into CO, and organic ions. They also carried out
catalyst recycling experiment which confirmed the stability of catalyst. They also carried
out toxicity study, prior and after photo-catalytic treatment.

In the year 2012, Zhong J. B. et al, [15] prepared and Bi*® doped ZnO synthesized ZnO
photo-catalysis by a parallel flaw precipitation method using different molar
concentration of Bismuth and Zinc, then prepared photo-catalyst were characterized by

spectral, structural and morphological techniques. BET results showed that BET area
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increase when doping of Bi is carried out on ZnO. Doping of Bi*? into ZnO affected the
response to the light and photo induced charge separation rate and charge in ZnO
morphology. Bi*® doped ZnO possessed better photo-catalytic activity then ZnO and 5%
Bi** doped ZnO gave the best results among all the concentration tested.

In the year 2012, Nihalani S. et al, [16] studied Barium strontium titanate semiconductor
for the photo-chemical degradation of Malachite green and crystal violet dyes which are
toxic for the human health. They established the maximum degradation conditions by
varying various parameters like pH, light intensity, dye concentration, amount of
semiconductor photo-catalyst and irradiation time. They concluded that degraded
products are NO,, CO,, H,0 etc. and are nontoxic in nature, hence photo-degradation of
toxic dyes into nontoxic materials. By the use of scavenger they confirmed the
mechanism to be free radical.

In the year 2012, Ebrahimi H. R. et al, [17] studied the photo-catalytic degradation of
direct yellow 86 by using nano-sized ZnO deposited on glass beads. They found the
photo-decomposition rates to be different when they applied different atmospheres. The
effect of four type atmospheres including air, nitrogen, oxygen and argon was
investigated. They also studied the kinetics of decolorization and found the pseudo-first
order kinetics under oxygen and argon atmosphere. They concluded that
photodecomposition using ZnO nano-sized layered on glass was a novel alternative
pathway for efficient wastewater treatment.

In the year 2012, Kant S. and Kumar A., [18] prepared ZnO and Ni- ZnO nanoparticles
by sol-gel method, and then characterized the prepared NPs by various advance
characterization techniques like SEM, HRTEM, X-RD and UV-Visible spectroscopy.

They observed that between of doping the absorption increases in UV. They studied
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doped both undoped ZnO NPs for the photo-catalytic degradation of Methylene blue.
Both doped and undoped ZnO catalyst degraded Methylene blue effectively and it
confirmed that the prepared catalysts have potential application for the removal of from
wastewater and drinking water. The doping enhanced the photo-catalytic activity.

In the year 2013, Kansal S. K. and Prerna, [19] synthesized ZnO and Mn- doped ZnO
NPs by using simple hydrothermal method and characterized and morphological
techniques. They found that prepared NPs have wurtzite phase and hexagonal phase.
They also studied the effect of doping agent Mn on the photo-catalytic activity of ZnO on
direct blue 15 dye degradation. They found that doping of Mn on ZnO NPs reduced the
photo-catalytic activity and suggested that pure ZnO showed better photo-catalytic
degradation activity than Mn-doped ZnO for direct blue 15 dye degradation.

In the year 2014, Sarwan B. et al, [20] used hydrolysis method for the synthesized and
several analytical tools were used to characterized the sample and found that BiOCI has
average 7-10 pore diameter and 40 m?g™ surface area. They confirmed the formation of
OH radical by fluorescence technique. They used HPLC-ESI-DAD-MS spectroscopy
technology for the detection of intermediate and final degradation products. They also
study the recyclability of catalyst and reported that even after three recycle these is no
less in catalytic, which confirmed that catalyst is essentially stable. This photo-catalyst
completely mineralized the Nile blue dye as the formation of final products are nitrate ion
and CO,.

In the year 2014, Beena B. et al, [21] prepared microwave assisted ZnO nano rod and
confirmed by XRD using Scherrer’s formula. They studied the surface morphology of
prepared NPs by SEM and TEM. They used the ZnO rod as photo-catalyst in presence of

UV light against Malachite Green dye. They found that ZnO NPs are efficient low cost
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photo-catalyst and low degraded Malachite Green dye in presence of UV in shorted
period of time.

In the year 2014, Shanthi S. et al, [22] applied solar photo-catalytic oxidation technique
using ZnO NPs for the treatment of waste water for the removed of organics and dye
staffs. They reported that when ZnO NPs were used instead of ZnO photo-catalytic
activity enhanced. They used co-precipitation method for the synthesis of ZnO NPs. They
used different energy source for photo-catalytic degradation.

In the year 2015, Ferdous T. et al, [23] prepared ZnO NPs using zinc nitrate hexahydrate
and sodium hydroxide under optimum reaction condition. They studied the photo-
catalytic activity of prepared ZnO NPs on Direct Brown R N dye in sunlight irradiation
and found that ZnO NPs showed substantial capability of destroying Direct Brown R N
dye from solution. The used catalyst gives better results than commonly used catalyst.

In the year 2015, Gupta S. et al, [24] carried out photo-catalytic degradation of Azure A,
in presence of semiconductor barium chromate. They observed dye degradation rate
using UV-Visible spectrophotometer at regular time interval and studied the effect of pH,
concentration of dye, amount of photo-catalyst, of light intensity on dye degradation rate.
They found that the optimum pH found to be 9.0 and amount of BaCrO4=0.06g.

In the year 2015, Abdel-Khalek A. A. et al, [25] developed hygienically advance water
treatment technique of environmental pollution and industrialization as the existing
methods are costly, and requires well equipped laboratories. They presented a method for
wastewater treatment, deterioration and decolorization of Methylene green using both
pure ZnO and Ag® doped ZnO under UV-visible light. They studied the propagation of

photo-degradation process by UV-Visible spectrophotometry. They also compared ZnO
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with Ag® doped ZnO and found that doped ZnO was more efficient for photo-catalytic
degradation.

In the year 2015, Josephine G. A. S. et al, [26] reported the photo-catalytic degradation
of toxic dye Malachite green using a ZnO doped Dy,03 photo-catalyst under visible light
irradiation. They prepared nano-crystalline photo-catalyst by precipitation method using
zinc nitrate, Dysprosium nitrate and sodium carbonate as processors and then
characterized the prepared NPs by advance structural and spectral technique. The
prepared NPs were crystalline, Nano sized and highly active in visible region as per the
experimental results. They also studied the photo-degradation efficiency of Malachite
green by various experimental parameters to set the optimum degradation by ZnO doped
Dy,03 photo-catalyst.

In the year 2015, Janani L. et al, [27] studied the photo-catalytic degradation of reactive
blue with ZnO as photo-catalyst. They used 10 mg/lit dye solution with various
concentration of photo-catalyst under UV light and also studied various reaction
parameters like contact time, catalyst dose. They concluded that 5.0 g/lit photo-catalyst,
at pH=7 for 180 minute gives best results for dye degradation.

In the year 2015, Malakar B. et al, [28] prepared ZnO NPs by feasible modified
chemical route and studied it for removal of as photo-catalyst basic methylene blue from
aqueous solution. They also characterized the prepared ZnO NPs by Thermogravimetry,
XRD, FTIR, UV-Visible spectroscopy and TEM analysis. The prepare ZnO NPs was of
20nm particle size and show good activity against degradation of basic methylene blue
dye.

In the year 2015, Kaneva N. et al, [29] prepared ZnO thin films sol-gel method using dip

coating technique. They investigated the photo-catalytic activity of ZnO thin films for the
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degradation of Malachite green and Methylene blue under UV-light illumination. From
the results they conclude that thickest films on glass showed highest efficiency under
UV-light.

In the year 2016, Pare B. et al, [30] reported photo-catalyst degradation of hazardous
methylene blue dye using BaCrO, catalyst. They also investigated the effect of catalyst
loading, initial dye, concentration and concentration of H,O,, K;S,0g, Na,CO3 and NaCl
and intensity of light on decolorization. The studied the dye degradation by COD
determination.

In the year 2016, Balcha A. et al, [31] synthesized ZnO by precipitation and sol-gel
methods to understand how different synthetic methods can affect the photo-catalytic
degradation. They evaluated photo-catalytic activity by photo-catalytic degradation of
Methylene blue under photo-catalytic degradation. The effects of operational parameters
such as photo-catalyst load and initial concentration of the dye on photo-catalytic
degradation of the dye were also investigated. From results, they observed that sol-gel
method is preferred over precipitation method in order to achieve higher photo-catalytic
activity of ZnO nanostructure.

In the year 2016, Alam U. et al, [32] synthesized a series of Y and Co doped ZnO(YVZ)
nanoparticles by surfactant assisted sol-gel technique to enhance photo-catalytic activity
for degradation of organic pollutants under visible light. They tested photo-catalytic
degradation of Rhodamine B, Methylene blue, 4-nitrophenol dyes under UV-light
irradiation or other light.

In the year 2016, Khezami L. et al, [33] investigated VV-doped ZnO Nano-powder for the
degradation of Malachite green dye in aqueous medium. They confirmed the pore volume

and specific are, of Nano-powder by N, adsorption method and adsorption and photo-
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catalytic degradation of dye was done by batch experimental process. They also studied
the kinetics of dye degradation by initial and final concentration. They reported that V-
doped ZnO nano-powder is effective for Malachite green dye removal from waste water.
In the year 2016, Hussein A. S. and Fairooz N. Y., [34] studied naked Niobium oxide as
a photo-catalyst for the industrial degradation of Malachite green dye. They used Nb,Os
as an application of advanced oxidation processes for photo-catalytic degradation of
industrial waste i.e. Malachite green dye. They studied various parameters and found that
optimum weight of catalyst was 0.1 g, dye concentration was 5 ppm, temperature was 25
°C and effective pH was 6.

In the year 2016, Lavand A. B. and Malghe Y. S., [35] Prepared Nano sized base, C and
N doped as well Carbon, Nitrogen Co-doped ZnO Nano powder using micro-emulsion
technique and characterized by morphological, structured and spectral techniques and
found that these have wurtzite structure. They used this catalyst for the degradation of
Malachite green dye and found that Carbon, Nitrogen co-doped ZnO showed better
activity as compared to other catalyst used for under similar reaction conditions. They
also studied that the prepared catalyst was stable and can be reused several times.

In the year 2016, Mohammad A. et al, [36] reported one pot room temperature synthesis
of ZnO nano-flowers (ZnO-NFs) using asymmetric Zinc dimeric complex as a single
molecular precursor. They used these nano-flowers for the photo-catalytic degradation of
different dyes like Methyl orange, Chicago sky blue, Congo red and Eosin blue which are
major river pollutant and industrial wastes. They found that it has better activity against
Methyl orange compare to other dyes used under similar condition.

In the year 2017, Sarwan B. et al, [37] synthesized nano-scale zero valent Iron particles

and BIOCI particles by borohydride reduction method and hydrolysis method
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respectively. They used both the catalyst synthesized for the degradation of Nile blue dye
decolorization under UV- light and compared the results indicated that nano-scaled zero
valent Iron particles was more effective than BiOCI.

In the year 2017, Frunza L. et al, [38] studied different amount of TiO, and ZnO NPs on
photo-catalytic degradation of Malachite green dye. They deposited these NPs upon wool
fabrics which are not studied much. They found that photo-catalytic degradation of
methylene blue dye followed simple apparently first order kinetics and demonstrated that
methylene blue decolorization can serve at-least for self-clearing of fabrics.

In the year 2017, Shinde D. R. et al, [39] comparatively studied analytical reagent grade
photo-catalysis like SnO,, TiO, and ZnO and compared with Degussa P-25(TiO,) photo-
catalyst. They characterized all the received metal oxide by different physiochemical
methods of analysis. They also studied the photo-chemical activity of all three AR grade
oxides and mentioned that ZnO exhibited highest photo-catalytic activity.

In the year 2017, Kong J. Z. et al, [40] prepared Nitrogen doped ZnO g-C3N,4 composite
by facile and cost effective sol-gel method. From the results obtained N-doped/ZnO
g-C3N, exhibited enhanced photo-catalytic activity than other catalyst used under same
reaction conditions for the photo-catalytic degradation of Methylene blue and Phenol
under visible light irradiation. They also proposed degradation mechanism.

In the year 2017, Pirsaheb M. et al, [41] synthesized Cr-doped ZnO NPs under mild
hydrothermal conditions using chromium oxide and n-butyle amine as dopant and surface
modifier respectively. They use this nearly prepared Cr-doped ZnO NPs for the photo-
catalytic degradation of aniline in continuous reactor. They also investigated photo-
degradation operational parameters and applying optimum conditions 93% of aniline can

be degraded.
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In the year 2017, Hitkari G. et al, [42] synthesized ZnO/y-FesO4 nano composites by
simple co-precipitation method and BET analysis confirmed the mesoporous behavior of
nano composites. They applied prepared nano composites for the photo-catalytic
degradation Methylene blue and Rhodamine B organic dyes and found that it has better
activity against Rhodamine B degradation in aqueous solution in compare with
Methylene blue.

In the year 2017, Dhatshanamurthi P. et al, [43] investigated treatment of dye industry
effluent by ZnO, a heterogeneous catalyst, in falling film photo-reactor under natural
solar light. They prepared fevicol-ZnO coated on acrylic sheet by brush coating and
coating of ZnO with 10 wt. % fevicol was found to be more adherent and efficiency for
dye degradation. This is more efficient than commercial catalyst like ZnO and TiO,-P25.
They also studied various reaction parameters for dye degradation.

In the year 2017, Elmorsi T. M. et al, [44] reported Na-doped ZnO NPs by co-
precipitation method using NaOH as a precipitating and doping agent as well. They
reported Na-doped ZnO as high efficient photo-catalyst as it showed 98.9% of
degradation of Congo red dye in 70 minutes under direct sun light. They also reported
that as the initial dye concentration increased rate of degradation decrease as availability
of "OH radicals are constant. They also concluded that this Na-doped ZnO catalyst can be

used as commercial photo-catalyst.
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Experimental Approaches:

3.1: List of required chemical

Chemicals Company/ Grade

Dyes Sigma, Aldrich,
LOBA Chemie

Zn(NOs),, NaOH, SD Fine, AR

Sulphuric acid (H»,SO,), Oxalic acid, Hydrogen | SD Fine, AR
peroxide, Potassium dichromate, Ferrous ammonium

sulphate and Mercuric sulphate.

Sodium carbonate, Sodium chloride, Ferric chloride, | BDH, AR
Ferrous sulphate (FeSO,), Potassium persulphate,
Phenolphthalein indicator solution and Barium
chloride.

Silver nitrate, Potassium nitrate, Ethyl alcohol (95%), | BDH, AR

Chloroform, Ferroin indicator, Magnesium chloride

and Sodium sulphate.

3.2: Preparation of solution required:

1. Malachite Green solution: Stock solution of Malachite green 1.0 x 10° mol dm™ was
prepared by dissolving 0.046 g Malachite green in 100 ml double distilled water.

2. Methylene Green solution: Stock solution of Methylene green 1.0 x 10 mol dm™
was prepared by dissolving 0.0364 g Methylene green in 100 ml double distilled water.

3. Direct Blue-1 solution: Stock solution of Direct Blue-1 1.0 x 10 mol dm™ was
prepared by dissolving 0.0992 g Direct Blue-1 in 100 ml double distilled water.

4. Orange-11 solution: Stock solution of Orange-11 1.0 x 10° mol dm™ was prepared by

dissolving 0.0350 g Orange-I1 in 100 ml double distilled water.
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5. Acridine Orange solution: Stock solution of Acridine Orange 1.0 x 10 mol dm™ was
prepared by dissolving 0.0265 g Acridine Orange in 100 ml double distilled water.

6. Neutral Red solution: Stock solution of Neutral Red 1.0 x 10™ mol dm™ was prepared
by dissolving 0.0288g Neutral Red in 100 ml double distilled water.

7. Sulphuric acid solution: Stock solution of H,SO4 was prepared by diluting the
calculated volume of acid with double distilled water and finally determined its
concentration by titrating it against standard NaOH solution using phenolphthalein
indicator.

8. Potassium persulphate solution: Stock solution of K;S,0g 1.0 X 102 mol dm™ was
prepared by dissolving 0.27 g K,S,0g in 100 ml distilled water.

Sodium carbonate solution: Stock Solution of Na,CO3 1.0 X 10 mol dm™ was prepared
by dissolving 0.106 g Na,COj; in 100 ml distilled water.

9. Sodium chloride solution: Stock Solution of NaCl 1.0 x 10 mol dm™ was prepared
by dissolving 0.058 g NaCl in 100 ml distilled water.

10. Hydrogen peroxide solution: The aqueous solution of H,0, 1.0 x 10™ mol dm™ was
prepared by adding 1.02 mL of H,O, in 100 ml distilled water.

11. Ferric Chloride solution: Stock solution of FeCls 1.0 x 10? mol dm™ was prepared
by dissolving 0.162 g FeCl; in 100 ml distilled water.

3.3: Synthesis of nanostructured ZnO

Precipitation method was used to prepare ZnO nanoparticles. For this, 0.45 mol dm™
aqueous solution of zinc nitrate [Zn(NO3),.4H,0] and 0.9 mol dm™ aqueous solution of
sodium hydroxide (NaOH) were prepared in distilled water, separately. Then, the beaker
containing NaOH solution was heated at temperature of about 55°C and zinc nitrate

solution was added drop wise to the heated sodium hydroxide solution under high speed
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stirring. Then the beaker was sealed at this condition for 2 hrs. The precipitated ZnO NPs
was cleaned with deionized water and ethanol respectively then dried in air at about
60°C. Finally, the product was calcination in muffle furnace at 300°C [1].
3.4: Characterization techniques for nanostructured ZnO
3.4.1: X-Ray Diffraction (XRD)
The X-Ray diffraction technique is a common technique for determining the
crystallographic structure of a material. XRD study is the scattering of X-Rays from a
sample after an incident X-Ray interacts with electrons in atoms. The incoming X-Ray
collides with electron may produce elastic or inelastic scattering. No energy is lost in
elastic collisions, therefore, the wavelength of the scattered X-Rays is the same as the
incident wavelength and only momentum has been transferred. These scattered X-Rays
transmit information about the electron distribution in the materials. The atomic planes of
crystal cause an incident beam of X-Rays to interfere with one another as they leave the
crystal and this phenomenon is called x-Ray diffraction [2].
Diftraction wave from different planes of atoms will interfere with each other creating a
diffraction pattern. Atoms that are arranged in a periodic fashion will yield a diffraction
pattern with sharp interference maxima. The peaks in an X-Ray diffraction pattern are
related to the unit cell dimensions. The condition for a diffraction peak to occur can be
found using Bragg’s Law:

n\ = 2d sin 0
Where, d is the distance between lattice planes, 0 is the scattering angle, n is an integer
representing the order of the diffraction peak and A is the wavelength of the X-Ray [3].

The lattice parameters of a crystal can be calculated by knowing the d-spacing value
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which is determined from the peaks of the XRD image. For a hexagonal system, the d-

spacing is related to the lattice parameters by:

l 4(h2+hk+k2) 12
az 3

+— (1)

a? c?

Where, 4, k and [ are the Miller indices and a, b and c are the lattice parameters along the
X, y and z directions.

The instrument used for the powdered sample is PANalytical Empyrean XRD [IISER
Bhopal, MP].

X-Ray Diffractometer used is shown as Figure 1.3.
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Fig. 3.1: XRD Instrument setup
The average crystallite size (D in nm) of the sample was calculated from the XRD pattern

of the ZnO NPs according to the Scherrer equation.

| @

pCose

Where, k is a shape factor, related to the crystallite shape, usually taken as 0.9, A is the
wavelength of X-Ray radiation, B is the full width at half maximum intensity of the peak

and 0 is the Bragg’s angle of diffraction [4, 5].
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3.4.2: High Resolution Field Emission Scanning Electron Microscope (HR FESEM):
The technique of High Resolution Field Emission Scanning Electron Microscope is used
to capture very high resolution images of surface of nanoparticles. The benefits of SEM
contain the capacity to image materials and the variety of analytical models available for
determining the composition and nature of the sample. In present work, HR FESEM (Fig.

3.2) was used to characterize mean nanoparticle size and morphology of the sample [6].

Fig. 3.2: High Resolution Field Emission Scanning Electron Microscope

3.4.3: Fourier Transform Infrared Spectroscopy (FTIR):

The FT-IR is one of the powerful tools for identification of compounds by matching
spectrum of unknown compounds with reference spectrum (finger printing) and
identification of functional groups in unknown substances. The IR region of the
electromagnetic spectrum is considered to cover the range from 50-12,500cm™
approximately [7]. For the present study Bruker model ALPHA FTIR is used
characterized ZnO NPs as shown in figure 3.3. [Department of Pharmaceutical

Chemistry, Govt. Madhav Science P.G. College, Ujjain, MP]
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Fig. 3.3: FT-IR Instrument

3.5: Photo-reactor Design and Experimental Conditions:

Photo-catalytic experimentations were carried out with 100ml of dye solution using ZnO
NPs as photo-catalyst under exposure of visible light in a specially designed double-
walled slurry type batch reactor vessel (height 7.5 cm x diameter 6 cm) made up of Pyrex
glass surrounded by thermostatic water circulation arrangement to keep the temperature
in the range of 30 £ 0.5°C. Irradiation was carried out using 500W halogen lamp
surrounded by aluminum reflector to avoid loss of irradiation.

During photo-catalytic experiment, after stirring for 10min. slurry composed of dye
solution and catalyst was placed in dark for 30min. in order to establish equilibrium
between adsorption and desorption phenomenon of dye molecule on photo-catalyst
surface. Then slurry containing aqueous dye solution and ZnO NPs were stirred
magnetically to ensure complete suspension of catalyst particle while exposing to visible
light. At specific time intervals, aliquot (3mL) was withdrawn and centrifuged for 2 min
at 3500 rpm to remove ZnO nanoparticles from aliquot to assess extent of decolourization
photo-metrically. Changes in absorption spectra were recorded at 400-620nm Amax ON

double-beam UV-Vis. Spectrophotometer (Systronic Model No0.166). Intensity of visible
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radiation was measured by a digital Lux-meter (Lutron LX - 101). A digital pH meter
was used to measure the pH of the solution. The desired pH of the solution was adjusted
by the addition of previously standardized 0.05M H,SO, and 1.0M NaOH solutions.
COD & CO, estimation were performed by using standard methods [8, 9]. Performance

efficiency was calculated as

% efficiency = =~ x100 @3)
C

0

Where Cy = initial COD/absorbance of dye solution before irradiation, C = final
COD/absorbance of dye solution after irradiation time (t).
The schematic diagram of photo-reactor is shown in the Fig.3.4 and image of indigenous

photo-reactor in Laboratory Fig. 3.5.

1. Double wall cylinder

4 2. Magnetic stirrer

—»p 1 3. Thermostatic bath
4. Water circulation arrangement
5. Halogen lamp (500 W)

| 6. Aluminium reflector
~—» 10 7. pH meter
3 \ J 8. Thermometer
9. Teflon coated magnetic capsule
T 9 10. Dye solution containing zno
0 mno —

Fig. 3.4: Schematic diagram of photo-reactor
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Fig. 3.5 Image of indigenous photo-reactor in Laboratory

3.6: Methods for identification of mineralized products:
Determination of Chemical Oxygen Demand (COD) [10, 11]:
Chemical oxygen demand (COD) is the measure of oxygen consumed during the
oxidation of the oxidizable organic matter using a strong oxidizing agent. Potassium
dichromate in presence of sulphuric acid is generally used as an oxidizing agent in
determination of COD. The sample is refluxed with K,Cr,O7 and H,SO, in presence of
mercuric sulphate to neutralize the effect of chlorides and silver sulphate. The excess of
potassium dichromate is titrated against ferrous ammonium sulphate using ferroin
indicator. The amount of K,Cr,07 used is proportional to the oxidizable organic matter
present in the sample.
Reagents:

a) Potassium dichromate solution, 0.25 M: Dissolve 12.259 g of dried A. R. grade

K2Cr,0Oy in distilled water to make 1 litre of solution.
b) Potassium dichromate solutions, 0.025 M: Dilute 0.25 M K,Cr,0; 10 times. (100

~»1000 mL).
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d)

f)
9)
h)

Ferrous ammonium sulphate, 0.1 M: Dissolve 39.2 g of Fe (NH4)2(SO4)2. 6H,0 in
water adding 20 mL conc. H,SO, to make 1 litre of solutions. Standardize this
solution with K,Cr,O; for standardization, dilute 10.0 mL of K,Cr,O7 to about
100 mL, add 30 mL of conc. H,SO, and titrate with ferrous ammonium sulphate
using ferroin as an indicator.

Ferrous ammonium sulphate, 0.01 M: Dissolve 0.1 N ferrous ammonium sulphate
to 10 times (100—1000 mL).

Ferroin indicator: Dilute 1.485 g of 1, 10-phenonthroline and 0.695 g of ferrous
sulphate (FeSO,) (H20) in distilled water to make 100 mL of solution.

Sulphuric acid: H,SQOy, conc. (Sp. gr. 1.84).

Mercuric sulphate: HgSQOy, solid.

Silver sulphate: Ag,SOy,, solid.

Procedure:

1. Take 20mL of sample in a 500mL COD round bottom flask with a ground joint for

Liebig reflux condenser.

2. If the sample is expected to have COD more than 50 mg/L, 10mL of 0.25M K,Cr,0;

solutions is added and if COD is expected below 50mg/L then 10mL of 0.025M

K,Cr,07 is added. Extreme care has been taken for low COD samples because a trace

of organic matter in glassware may contribute a significant error.

3. A pinch of AgSO, and HgSO, is added to sample contains chloride in higher

concentration; HgSO, is added in the ratio of 10:1, to the chlorides. COD cannot be

determined accurately if the sample contains more than 2000 mg/L of chlorides.

4. Then 30mL of H,SO, is added.

5. Add 25 mL of 0.02 M K,Cr,0O5 solution.
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6. Reflux at least for 2hrs on water bath. Then cooled the flasks at RT and sufficient
amount of distilled water is added to make the final volume 140mL.

7. Then 2-3 drops of ferroin indicator is added and mixed thoroughly and titrate with
0.1M ferrous ammonium sulphate.

8. Run blank distilled water using same quantity of the chemicals.
Calculations:

(A-B) x M x 8000

COD mg/L =
Volume of the sample

Where, A = mL ferrous ammonium sulphate used for blank, B= mL ferrous ammonium
sulphate used for sample and M = Molarity of FAS. The photo-degradation efficiency for

each sample was calculated from the following expression:

COD, - CODy
n= x 100
CODy
Where, n = Photo-degradation efficiency
COD, = COD of dye solution before irradiation
COD; = COD of dye solution after irradiation for time t.

Determination of CO,[12]:

Principle:

Free CO, can be determined by titrating the sample using a strong alkali (such as
carbonate free NaOH) to pH 8.3. At this pH all the free CO, is converted into

bicarbonates.
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Reagents:
Sodium hydroxide, 0.05 M: Prepare 1.0 M NaOH in CO, free distilled water (boiled) to
make 1 liter of solution. Dilute 50 mL of 1.0 M NaOH to 1 liter. Standardize with HCI.
Phenolphthalein indicator solution: Dissolve 0.5 g phenolphthalein in 50 mL, 95% ethyl
alcohol and 50mL distilled water.
Procedure: Take 100mL of sample in a conical flask and add few drops of
phenolphthalein indicator. If the color turns pink, free CO, is absent. If the sample
remains colored then it is titrated against 5 x 10 mol dm™ NaOH solution. At the end
point a pink color appears.
Calculation:

(A x M) of NaOH

CO,mg/L = x 100
VVolume of the sample

Where, A = mL titrant for sample, and

M = Molarity of NaOH

Determination of NO3’

The NO3" determination was done using UV-Vis. Spectrophotometer (Lambda -20) at MP

Pollution Control Board Laboratory, Ujjain, (M. P.).
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4.1: Characterization techniques for ZnO NPs catalyst

4.1.1: X-Ray Diffraction (XRD) analysis:

X-Ray diffraction has been used to analyze the phase purity and crystal structure of the
nano crystalline structures. All the samples were studied in the range 20-80° (20) using
PANalytical Empyrean XRD for XRD pattern. Scherrer formula was used to estimate the
crystalline size using R-Silicon as a standard for broadening of instrumental line. Figure

4.1 shows the XRD pattern of prepared ZnO NPs for 26 angle between 10° to 80°.

Courts
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Fig. 4.1 ZnO nanoparticles: XRD pattern
As seen in the pattern of as-synthesized ZnO, the diffraction peaks are more intensive and
narrower which suggested that product has a good crystalline structure. A series of
characteristic peaks of ZnO NPs were detected like 31.46° (100), 34.41° (002), 36.57°
(101), 47.66° (102), 56.72° (110), 62.70° (103) and 67.95° (112), which confirmed the
synthesis of ZnO NPs. The diffraction peaks of sample could be readily index as wurtzite
type (hexagonal structure) which matches well with the reported data (JCPDS card No.
36-1451) [1, 2]. Purity of the synthesized ZnO NPs was indicated by no extra peaks in

XRD pattern. The peak (101) is dominant and higher intensity than other peaks signifying
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the preferential growth of (101) orientation along c-axis for the sample. Table 4.1 shows
that the calculated d-values and lattice parameters [a=b=3.256A° and c¢=5.220 A°
(calculated values) and a=b= 3.250 A° and 5.207 A° (JCPDS 36-1451)] which are also in
good agreement with those taken from JCPDS card file data for ZnO powder. The
calculated average crystallite size of ZnO NPs is 30nm by using Debey-Scherer formula
[3, 4].

4.1.2: High Resolution Field Emission Scanning Electron Microscope (HR FESEM)
Analysis: The shape and size of the synthesized ZnO nanostructured were analyzed by
SEM. As shown in Figure 4.2, which clearly indicated that the particles are cylindrical
like shape and average nano particles size is the range 20-30nm diameter and about
150nm length. These size matches with that of XRD data obtained and calculated by

Debey-Scherer formula. [5-7]

EHT =20.00kvV Signal A = InLens. Date :16 Feb 2018
Mag = 300.00 K X Time :9:41:11

) < . A
EHT =20.00 kv Date :16 Feb 2018 ZEISS| =20/ Date :16 Feb 2018
H WD = 5.1 mm Mag = 100.00 K X Time :9:2347 WD = 5.1 mm Mag= 75.00 KX Time :9:29:20

Fig. 4.2: HRFESEM image of ZnO NPs
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4.1.3: Fourier Transform Infrared Spectroscopy (FT-IR):

The presence of functional groups of the compound was identified by FT-IR study [8].
The formation of ZnO wurtzite structures in the synthesis ZnO NPs samples was
supported by FT-IR spectrum (Fig. 4.3) and absorption peak at 531.30 cm™ could be
attributed to the ZnO stretching modes and no other peaks observed indicated the

absence of impurities [9,10].
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Fig. 4.3: FT-IR spectra of ZnO
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Malachite Green

Malachite green is an organic compound that is used as a
dyestuff. It is traditionally used as a dye for materials such
as silk, leather, and paper. Malachite green also is used as a
direct dye for silk, wool, jute, and leather and to dye cotton

that has been mordant with tannin.
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4.2: Effect of various experimental parameters on the degradation rate of Malachite
Green (MG) dye

4.2.1: Photo-catalytic degradation of Malachite Green (MG):

On the surface of catalyst classical Langmuir—Hinshelwood expression was followed by
the photo-catalytic degradation rate of Malachite Green dye and followed most often
Langmuir sorption isotherm for the sorption of the dye to the catalyst surface. This theory
is usually used kinetic model for unfolding photo-catalytic behavior. For treatment of
heterogeneous surface reactions degradation rate is explained by pseudo first-order
kinetics in Langmuir-Hinshelwood [11-14]. Such Kinetics is streamlined in terms of
modified model to accommodate reactions taking place at solid-liquid interface as

r = —dc . k.KC 1
a dt  (1+KCO) 1)

Where, r = rate of dye disappearance and C = variable dye concentration at time t.
K = equilibrium constant for adsorption of MG dye on photo-catalyst and k; = limiting
reaction rate at maximum coverage in operational conditions. The integrated form can be

written as

_ &) 1 Co—C
t = 1n(C o 0

Where t = time required for the initial concentration of dye Cy to C. At low dye

concentration in equation 2, value of Cy is very less and hence can be neglected.
Co\ _ .
In(=2) = kKt =kt @3)

Where k = apparent rate constant of degradation. The Half-life time (ty,) for the photo-
catalytic degradation of Malachite Green dye on the ZnO NPs surface can be calculated

by using following Eq. (4)
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0.693

iy = — )

The Malachite Green dye degradation results are reported here for three conditions: (1)
MG dye + ZnO NPs + visible light (2) MG dye + visible light only and (3) MG dye +
ZnO nanoparticles only (dark) were shown in figure 4.4 (a). It was observed carefully
that maximum degradation occurred in the first condition, while in dark and during
photolysis, no significant changes in the absorbance values were observed. Therefore, in
second and third condition, degradation process was not observed. Absorption spectrum

Changes were recorded at 620nm wavelength.
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Fig. 4.4 (a) Degradation of Malachite Green: [MG] = 4.0 x 10”° mol dm™®,
ZnO NPs = 60 mg/100mL, pH = 8.0, Light intensity = 30 x 10° Lux.
Plotting the semi-logarithmic graph of concentration versus irradiation time (min) of MG
dye in presence of ZnO NPs yielded a linear relationship as shown in Figure 4.4 (b).
Therefore, reaction dye of degradation by ZnO nanoparticles is pseudo-1* order reaction
kinetics and observes rate constant for MG dye is 4.05 x 10™s™, with regression

coefficient of 0.978. The rate constant is the slope of the straight line. In all cases
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R? (correlation constant for the fitted line) values were close to 0.99 which confirmed

pseudo 1%-order kinetics for the decolorization of MG dye in this method.
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Fig. 4.4 (b): Pseudo first order kinetics: [MG] = 4.0 x 10®° mol dm™,
ZnO NPs = 60 mg/100mL, pH = 8.0, Light intensity = 30 x 10° Lux.
4.2.2: Effect of change in pH:
Solution pH played an important role in the photo-catalytic reactions and hence we
studied the degradation of MG dye between pH 4 to 11. The degradation rate constant of
MG dye and effect of pH variation are shown in Table 4.1 and figure 4.5. The rate of
degradation of MG dye was found to be optimum at pH 8.0. But further increase in pH,

decrease of photo-degradation rate was observed. We mentioned the reason for this
optimum pH i.e. 8.0 because at high pH range ‘OH radicals bound on the active site of the

catalyst and at lower pH value i.e. pH~4, ZnO forms salts and formed zincates. If the ph
value is too high, ZnO gets converted into zincates [15, 16].

ZnO + H,0 + 20H ——  Zn(OH),/* (5)
Photo-catalytic activity of ZnO nanoparticles photo-catalyst was investigated by

measuring the Malachite Green dye in aqueous medium under visible light. Since, on
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surface of photo catalyst, photo-catalytic degradation of dye takes place hence as we
decreases the particle size of ZnO increases and photo-catalytic degradation activity
against dye increases [17-19].

Table 4.1: Effect of change in pH: [MG] = 40 x 10° mol dm?

ZnO NPs = 60 mg/100mL, Light intensity = 30 x 10° Lux.

pH k x 10*s* ti, x 10%s
4 0.99 7.00
5 1.63 4.25
6 2.11 3.28
7 3.15 2.20
8 4.05 1.71
9 3.22 2.15
10 2.37 2.92
11 1.58 4.38
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Fig. 4.5: Effect of change in pH on photo-catalytic degradation of MG
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4.2.3: Effect of change in catalyst amount:

The effect of ZnO NPs catalyst concentration on the photo-catalytic degradation is one of
the main aspects of the study. A significant increase in the photo-catalytic degradation
rate was observed up to an optimal catalyst amount i.e. degradation rate constant
increased from 0.94 x 10™s™ to 4.05 x 10™s™ with increase in catalyst amount from
20mg/100mL to 60mg/100mL because with the increased in catalyst amount, total active
surface area increased. Therefore, the enhancement of the active sites of catalyst surface
which also enhanced number of hydroxide and superoxide radicals on the surface. The
degradation rate constant increased can be accredited to the high penetration of visible
light into the suspension up to optimum catalyst amount. The optimal amount of catalyst
was found to be 60mg/100mL to 100mg/100mL below the experimental conditions
detailed in Table 4.2 and Figure 4.6 [20-22].

Hence, excess catalyst should be avoided to ensure total absorption of visible light
photons for efficient photo-degradation of dye. This has been totally in agreement with
investigated for heterogeneous system [23]. Since the most effective Mineralization of
Malachite Green dye was experimental with 60mg/100mL of ZnO NPs, the other

experiments were performed in this amount of ZnO NPs.
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Table 4.2: Effect of change in catalyst amount: [MG] = 4.0 x 10™ mol dm™, pH = 8.0,

Light intensity = 30 x 10° Lux.

ZnO mg/100mL k x 10*s? t, x 10°s
20 0.94 7.37
30 154 4.50
40 2.18 3.17
50 3.29 2.10
60 4.05 1.71
70 3.15 2.20
80 2.14 3.23
90 1.24 5.58
100 0.78 8.88
| 85
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Fig. 4.6: Effect of change in catalyst amount on photo-catalytic degradation of MG

4.2.4: Effect of change in dye concentration:
We studied the dependence of the photo-catalytic rate of reaction on the dye

concentration for systematic and application point of view. The possibility of OH
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radical’s formation on the semiconductor surface has been related to the degradation rate
and to the probability of ‘OH radicals reacting with dye molecules [24, 25]. The initial
Malachite Green dye concentration has been varied from 1.0 x 10 mol dm™to 7.0 x 10
mol dm?. The results are shown in Table 4.3 and Figure 4.7. The rate constant of
degradation increased 1.08 x 10 s™ to 4.05 x 10 s™* with increase in Malachite Green
dye concentration from 1.0 x 10> mol dm™ to 4.0 x 10° mol dm™. Thereafter, rate
constant of degradation decreased from 4.05 x 10™s™ to 1.38 x 10* s with increased dye
solution concentration 4.0 x 10 mol dm™ to 7.0 x 10 mol dm™. The degradation rate
constant is optimum at 4.0 x 10" mol dm™ of Malachite Green dye concentration.

It is outstanding to detail that more dye molecules are presented in photoactive volume
for the photo-degradation procedure. But, it has been noted that the degradation rate
constant decreased with further increase in Malachite Green concentration above
optimum value. This decrement is might be due to that the dye itself will start acting as
filter for occurrence irradiation and reducing the photoactive volume [26]. At low
concentration the reverse effect has been seeing whereas the irradiation time and catalyst
amount has been taken as constant. Therefore on the surface of ZnO the relative numbers
of O," and OH’ radicals formed were also constant. Unnecessary adsorption of dye
molecule on the catalyst surface mired the competitive adsorption of OH" ions and
depressed the rate of hydroxyl radical formation. Therefore, above optimal concentration

with increment in dye concentration the rate of degradation decreased [27-29].
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Table 4.3: Effect of change in dye concentration: ZnO NPs = 60 mg/100mL, pH = 8.0,

Light intensity = 30 x 10° Lux.

[MG] x 10° mol dm™ k x 10%*s* ti, x 10%s
1.0 1.08 6.41
2.0 2.04 3.39
3.0 3.13 2.21
4.0 4.05 1.71
5.0 3.24 2.13
6.0 2.21 3.13
7.0 1.38 5.02
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Fig. 4.7: Effect of change in dye concentration on photo-catalytic degradation of MG

4.2.5: Effect of change in oxidant’s concentration:
The degradation rate has been considered by the recombination of photo-generated
electron-hole pairs. This can be overcome by the addition of the electron acceptor to the

reaction. It is evident from relevant reports that oxidizing agents such as H,O, and
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K,S,0g as electron acceptors have a great deal of influence on the photo-catalytic
degradation of dyes. The photo-catalytic degradation of MG dye has been examined by
change in H,0; and K;S,0g concentration. The rate constant of degradation of Malachite
Green dye increased from 4.46 x 10™s* to 6.42 x 10™s™ with increasing H,O,
concentrations from 2.0 x 10® mol dm™ to 8 x 10® mol dm™ and the rate constant of
degradation of Malachite Green dye increased from 4.32 x 10™s™ to 6.03 x 10™*s™ with
increasing K,S,0g concentrations from 2.0 x 10° mol dm® to 8 x 10° mol dm™
respectively and reached to an optimum but above this concentration range, the increased
H,0, and K,S,0g concentration retarded the rate of degradation as shown in Table 4.4
and Figure 4.8. At their respective low concentrations H,O, and K,S,0g accelerate the
reaction rate by producing an extremely strong and non-selective oxidant hydroxyl
radical (E® = +3.06V). These hydroxyl radicals got generated by H,0, and K,S,0g on
account of scavenging the electrons from the conduction band of the photo-catalyst and
this inhibited the process of electron-hole recombination [30-33]. H,O, may also split
photo-catalytically to produce hydroxyl radicals directly by the absorption of visible light
by the following reactions:

HO0,+ZnO(ecg) — > ‘OH + OH~ (6)
H,0, + hv — 2°OH @)
The S,05> anions generate strong oxidizing SO, radicals anion after trapping the photo-
generated conduction band electrons of ZnO nanoparticles as shown in the following
reaction:

S,06" + € ¢ — SO,” + S04~ (8)
The generated sulfate radical anions (SO4") participate in reaction with the solvent,

according to the following reaction:
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SO,  + H0 —_ "OH + S0,” +H* (9)
Contrary to this behavior, H,0O;, and K,S,0g start behaving as scavenger for ‘OH radical
and hole at an excessive concentration. The photo-catalytic degradation of Malachite

Green dye will be inhibited in the condition of excess of H,O, and K;,S,0g as these are

strong oxidants for organic pollutants. Furthermore, H,O, and SO,* can be adsorbed onto

ZnO NPs deactivating a section of photo-catalyst and consequently decrease its photo-

catalytic activity [34, 35].

H,0; + "OH — HO" + H,0 (10)
HO'; + "OH — H,0 + O, (11)
H,0, + h've — H* + HO, + HO", (12)
SO4% + 'OH — SO,” + OH~ (13)
S04 + h've —_ SO, (14)

Subsequently, photo-degradation rate of Malachite Green dye can be accelerated by
proper addition of H,O, and K,S,0g. However, in in order to keep the efficiency of the
added H,0, and K,S,0g, it was necessary to choose the proper dosage of H,O, and

K2S,0g, according to kids and the dyes concentration.
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Table 4.4: Effect of change in H,O, and K,S,0g: [MG] = 4.0 x 10° mol dm?,

ZnO NPs = 60 mg/100mL, pH = 8.0, Light intensity = 30 x 10° Lux.

[Oxidant] X [ HzOz] [ KzSzOg]
10 mol dm™ [k x 10%sT [ ty, x 10°s | Kk x 107 sT | t;p x 10°s
0.0 4.05 1.71 4.05 1.71
2.0 4.46 1.55 4.32 1.60
4.0 476 1.45 4.55 1.52
6.0 5.52 1.25 5.11 1.35
8.0 6.42 1.07 6.03 1.14
10.0 5.64 1.22 5.57 1.24
12.0 5.06 1.36 5.02 1.38
14.0 4.37 1.58 4.39 1.57
16.0 3.43 2.02 4.09 1.69
7.0 100
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Fig. 4.8: Effect of change in oxidants on photo-catalytic degradation of MG

4.2.6: Effect of change in salts concentration:
The Na,COs is mainly used in the dyeing bath in order to adjust the pH of the bath as it

plays an important role in fixing of dye on the fabrics and in the fastness of color.
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Therefore the wastewater from the dyeing process will contain considerable amount of
carbonate ion [36]. With an increase in the amount of carbonate ion from 2.0 x 10”° mol
dm1t012.0 x 10™° mol dm™ resulted into reduction of rate constant from 3.47 x 10*s™ to
0.66 x 10™*s™. The degradation of dye inhibition might be due to the hydroxyl scavenging
property of carbonate ions, which can be accounted from the following equation.
'OH+C03>% ———> OH+CO; (15)
'OH+ HCO3; —»  H,0+CO;3" (16)
The 'OH radical which is a primary oxidant for the photo-catalytic degradation of dye
found to decrease slowly with an increase in carbonate ions and degradation of the dye
significantly decreased [37].

NaCl generally comes out in the effluent along with wastewater and therefore we studied
the photo-catalytic degradation rate in presence of CI”™ ions by varying Cl concentration
from 2.0 x 10° mol dm™to 12 x 10" mol dm™. It brings about the reduction of rate
constant from 3.66 x 10*s™ to 1.08 x 10™*s™. Hole scavenging properties of chloride ion

is probably the reason behind the decrease in the degradation. [38]

ZnO —>  ZnO (h*y, €'w) 17)
Cl +'OH —> CI'+OH" (18)
Cl + h, — > CI (19)
Cl" +CI — Cl° (20)

The dependency of reaction rate constant on the concentration of Na,CO3 and NaCl is

results are shown in Table 4.5 and Figure 4.9.
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Table 4.5: Effect of change in Na,CO3 and NaCl: [MG] = 4.0 x 10®° mol dm™®,

NPs = 60 mg/100mL, pH = 8.0, Light intensity = 30 x 10° Lux.

[Salt] x 10° [ Na,COs] [NaCl ]
£
moldm™ s 107 sT [ i, x 10°s |k x 107 sT [ typ x 10%s
0.0 4.05 1.71 4,05 1.71
2.0 3.47 1.99 3.66 1.89
4.0 2.85 2.43 3.15 2.20
6.0 2.25 3.08 2.71 2.55
8.0 1.65 4,20 2.16 3.20
10.0 1.12 6.18 1.51 458
12.0 0.66 10.50 1.08 6.41
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Fig. 4.9: Effect of change in salts on photo-catalytic degradation of MG

4.2.7: Effect of change in FeCl; concentration:

Zn0O

An ion Fe** could be used as sensitizers during photo-catalytic degradation of dye. In

present study, effect of FeCl; on the photo-catalytic degradation of Malachite Green has

been investigated by changing the concentration from 2.0 x 10° mol dm™ to 14.0 x 10°

mol dm™. The decolorization rate constant values increased from 4.35 x 10 s* to
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6.05 x 10™s™ with the increase in amount of FeCl; from 2.0 x 10®° mol dm™ to 8.0 x 107
mol dm™. Thereafter, decolorization rate constant decreased to 3.03 x 10™s™ on further
increase in amount of FeCls up to 14.0 x 10 mol dm™. The results are shown in Table
4.6 and Figure 4.10. In fact the increase in ferric ions concentration in the reaction
mixture resulted into the increase of Fe?* ions concentration, which is accompanied by
enhanced production of ‘OH radicals, consequently growing the rate of degradation of

FeCls prevents the degradation rate by hostile ‘OH radical production. [39-41]

Fe3+ + e- _— Fe2+ (21)
Fe" +HO, +HY —>  Fe’" +H,0; @2
Fe®* +H0,+H" — > Fe* + 'OH+ H,0; (23)

The photo-activation of surface adsorbed complex ion (Fe**OH") results in the formation
of Fe**OH" specie which injects electrons to the conduction band of ZnO as shown in
[Eq. 25-26]. When FeCls is applied, rate of decolorization is reasonable due to rapid

scavenging of conduction band electrons [42, 43] [Eq. (26)].

MG + hVyispe  ———» MG or sMG~ (24)
‘MG " or sMG ™+ ZnO (Fe**OH ) ———— ZnO (Fe* 'OH) +MG" (25)
ZnO (Fe?*OH" ) + H,0, — %  ZnO(ecg) +ZnO(Fe*"OH)  (26)
ZnO(ece) + O — 0,7 — HO, (27)
MG /MG*+ "OH/ 0O,/ HO", —»  Degradation products (28)

In the presence higher concentration of FeCls there is excessive surface adsorption of
anionic dye on the surfaces of catalyst [44]. This reduced the total photoactive area of

ZnO NPs catalyst and lowers the reaction rate [45].
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Table 4.6: Effect of change in FeCls concentration: [MG] = 4.0 x 10° mol dm?,

ZnO NPs = 60 mg/100mL, pH = 8.0, Light intensity = 30 x 10° Lux.

FeCl; x 10° mol dm k x 10%s? ty, x 10%s
0.0 4.05 1.71
2.0 4.35 1.59
4.0 4.69 1.47
6.0 5.22 1.32
8.0 6.05 1.14
10.0 5.57 1.24
12.0 4.42 1.56
14.0 3.03 2.28
> T [ wvae) >
1 [ kValue — |
6'0__ —@— % Efficiency / . \o\ 90
5.5 1 °/° . i
5.0 - / ° I
<, 45 8 =
< | % | =
S 4.0 // 0 =
Z 351 | o
3.0 L 75 ES
2.5
2.0 : : : : : : : : 70
0 2 4 6 8 10 12 14
[FeCl.] x 10° mol dm™

Fig. 4.10: Effect of change in FeCl; on photo-catalytic degradation of MG
4.2.8: Effect of change in Fenton’s reagent concentration:
Fenton’s reagent, a mixture of ferrous iron and H,O, (oxidizing agent), has been known

as a powerful oxidant for organic pollutants [46]. Among advanced oxidation processes,
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catalytic oxidation using Fenton and similar reagent is a striking procedure for the
effective dye degradation due to low cost and lack of poisonousness [47-49].

Fe?* + H,0, e Fe** + OH + OH’ (29)
OH ' radicals may be scavenged by reaction with another Fe*:

OH" + Fe* ——>  OH +Fe* (30)
Fe** + HO + hy ———  OH" + Fe®*+ H' (31)
Efficiency of Fe®*/ H,O, method has been investigated for degradation of MG in
presence of ZnO NPs and visible light. The degradation rate constant has a value of
451 x 10* s on the addition of (Fe**: H,0,) in molar ratio (3:1). In the presence of
(Fe**: H,0,) in molar ratio (1.4:1), rate constant has been found 5.38 x 10* s™. The
results are shown in Table 4.7 and Figure 4.11. Upon irradiation of Fe**/H,0,/ZnO/MG
method in the presence of visible light, formation of OH" radicals increases relating a
very complex mechanism. Visible light radiations are absorbed by dye and excited to
high-energy state. These excited dye molecules reduced the ferric to ferrous ion complex
[50]. The reduced ferrous ions react with H,O, to decompose and produce OH" [Eq.

(34)]. OH’ radicals also decompose H,0, to ‘HO,.

MG + hVyispe ——— MG orsMG”~ (32)
MG orsMG™ + ZnO (Fe*'OH) ——» ZnO(Fe*OH’ )+ MG™ (33)
ZnO (Fe’*OH’) + H,0, ——— ZnO(Fe**OH’) + OH + OH’ (34)
ZnO (Fe**OH") + H,0, L ZnO (Fe**OH") + 'HO, + H* (35)
ZnO ( Fe*'OH") L. ZnO (Fe**OH") + ZnO( ecs) (36)
ZnO(ecg) + O —> 07, —H> HO, (37)
H,0; + O —— OH+ OH + O, (38)
H,0; + ZnO(eca) —— OH'+ OH’ (39)
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OH + H,0, —— H,0 + ‘HOZ (40)
MG/MG" + OH/ O,/ 'HO, —  Degradation products (42)
Table 4.7: Effect of change in Fe**/H,O,: [Malachite Green] = 4.0 x 10®° mol dm™,

ZnO NPs = 60 mg/100mL, pH = 8.0, Light intensity = 30 x 10% Lux. OH’

Without ZnO With ZnO
Fe**: H,0,
k x 104 S-l tip X 103 s | kx 104 S_l tip X 103 S

31 0.93 7.45 451 1.53

1.4:1 1.28 5.41 6.93 1.00

1:1.4 1.68 412 5.38 1.28

1:3 2.04 3.39 416 1.66

11:1 2.32 2.98 3.01 2.30

7 4 k value without ZnO

] [ kvalue with ZnO
6 4
5
:w 4—-
9' ]
=< 37
< ]
2
1 Z
' %
o] _
3:1 1.4:1 1:1.4 1:3 11:1
Fe® : H,O,

Fig. 4.11: Effect of change in Fenton’s reagent on photo-catalytic degradation of MG
4.2.9: Effect of change in light intensity:
The effect of light intensity on the degradation rate has been studied at constant MG dye

solution concentration 4.0 x 10° mol dm™, ZnO NPs catalyst amount 60 mg/100mL and
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pH 8.0. The degradation rate constant increases from 3.75 x 10 s to 7.48 x 10* s on
increasing light intensity from 20 x 10° Lux to 60 x 10° Lux, because at higher intensity
competition might be in electron-hole separation with electron-hole recombination and
resulted in high reaction rate [51, 52]. Results are shown in Table 4.8 and Figure 4.12.

Table 4.8: Effect of change in light intensity: [MG] = 4.0 x 10° mol dm?,

ZnO NPs = 60 mg/100mL, pH =8.0.

Light intensity x 10° Lux k x 10%s* tir x 10%s

20 3.75 1.84

30 4.05 1.71

40 5.36 1.29

50 6.88 1.00

60 7.48 0.92

8- 100

71 | —e— 9% Efficiency p - 95

e

3 o L 90
7 L~ >
- __o— | L85 S
2 51 o | =)
— 80 €=
> Ll
< 49 75 S

34l ° L 70

2 T T T T T 65

20 30 40 50 60
[Light intensity] x 10° Lux

Fig. 4.12: Effect of change in light intensity on photo-catalytic degradation of MG
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4.2.10: Effect of bubbling of N, and O, purging:

In the present study pure nitrogen and oxygen were purged into the photo-reactor in order
to understand their effect on the photo-catalytic degradation of dye i.e. Malachite Green.
The results are shown in Figure 4.13. These observations confirm the proposed
assumption that dissolved oxygen as a precursor of main oxidant. The role of DO is to
trap the photo-generated electrons to produce O~ radicals, which particles in photo-
catalytic process to accelerate the MG photo-degradation. The oxygen is adsorbed on the
surface of the ZnO NPs and the surface redox reactions initiated by photo-generated
electrons and generating superoxide anion radical. Dye degradation is started by
superoxide anion radical photo-catalytically. Although, the conduction band (CB)
electrons were blocked in nitrogen medium and the formation of superoxide anion radical

is also prevented. Hence suppression in the rate of reaction is observed [53, 54].

O, + € — 0, (42)
H,0,+ZnO () —* HO + HO (43)
Oy + H,0, —_— HO" + HO + O, (44)
O, + H* — HO", (45)
HO+ ZnO(e) ——— HO, (46)
HOy + HY —_— H,0; 47)
2HO", —_— 02 +H;0; (48)
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Fig. 4.13: Decolorization of MG under various photo-catalytic systems:
[MG] = 40 x 10° mol dm® 2zZnO NPs = 60 mg/100mL, pH = 8.0,
Light intensity = 30 x 10° Lux.

4.2.11: Comparison of solar and visible light:

The efficiency of solar and visible light on photo-catalytic degradation of dye was
comparatively studied. The degradation efficiency of Malachite Green dye with visible
light was found to be more efficient than that of solar light. Figure 4.13 shows the
comparisons of color removal efficiency of Malachite Green with two light sources under
different conditions. It was noticed that if same experiments were carried out in the
absence of ZnO, then no absorbance loss of dye was found [55, 56].

4.2.12: Effect of other photo-catalysts:

The photo-catalyst on illuminating with light having energy equal to or more than band
gap energy, a heterogeneous photo-catalyst reaction occurs on surface of semiconducting
materials [57]. We have investigated the relative efficiencies of other photo-catalysts as
well Table 4.9 and Figure 4.14. The order of photo-activity followed the order: ZnO NPs

> ZnO > BIiOCI > TiO, > BaCrO,4 on photo-catalytic degradation have been studied at
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same condition. It has already been found that catalysts such as ZnO NPs, ZnO, BiOCI
and TiO, have band gaps larger than 3 eV strong photo-catalytic activities. Redox
potentials of H'/H, and H,O/O, are greater than that of conduction and valence band
potentials of both ZnO NPs and TiO,, BaCrO4 with smaller band gap shows less activity
since its conduction band is much lower than that of ZnO NPs and TiO,. The lesser band
gap allows rapid recombination of electron-hole. So, electrons cannot move into the
electron acceptors in the solution in such catalysts, rapidly. Hence low photo-catalytic
activity was observed in these semiconductors [58]. It is for these reasons; the prepared
ZnO nano photo-catalyst has more photo-catalytic efficiency than other photo-catalysts.

Table 4.9: Effect of other photo-catalysts: [Malachite Green] = 4.0 x 10° mol dm?,

pH = 8.0, Light intensity = 30 x 10° Lux.

Catalysts
(60mg/100mL) k x 10%s™ typ x 10°s
ZnO NPs 4.05 1.71
ZnO 3.20 2.16
BiOCI 2.76 251
TiO, 2.18 3.17
BaCrO, 1.62 4.27
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Fig. 4.14: Effect of other photo-catalysts on photo-catalytic degradation of MG
4.2.13: Test for reusability of ZnO NPs:
To determine the activity of ZnO NPs, this catalyst was further tested for two extra cycles
and noted that no significant loss of photo-degradation activity against Malachite Green
was detected. This indicates that ZnO is more stable and has better photo-catalytic

performance on Malachite Green dye degradation. Fig. 4.15 shown as:

1.0 - —m— Cycle |l
| \‘ —:— Cycle 11
—%— Cycle 111
0.8- \‘\
S 0.6- Sy
g 1 \‘
= Ny
8B 0.4 4
< | \‘
0.2- \‘
0.0 T T T T T T T T
0 20 40 60 80 100 120 140
Irradiation time (min)

Fig. 4.15: Decolorization of Malachite Green by ZnO NPs: (lI) Cycle; (11) Cycle;
(111) Cycle; [MG] = 4.0 x 10° mol dm™® ZnO NPs = 60 mg/100mL, pH = 8.0,

Light intensity = 30 x 10° Lux.
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4.2.14: COD and CO, measurements during degradation of Malachite Green:

The COD test commonly has been used as an effective method to measure the organic
strength of wastewater. This test permits the measurement the total amount of oxygen
mandatory for the oxidation of organic matter to CO, and H,O [59]. Here, results of COD
were occupied to note the possibility of the reduction process for the degradation of MG
dye. The COD of the MG dye solution before and after the treatment was estimated.
Mineralization of the dye molecule and decolorization as well are indicated by decrease
in COD value of the treated dye solution. The decrease in the COD valued 265 mg/L to 0
mg/L and increase in CO, values from 41 mg/L to 236 mg/L in 115 min of presence of
visible light the completed mineralization of treated dye solution [60]. The results were
shown as Table 4.10 and Figure 4.16 (a) and (b).

Table 4.10: COD and CO, measurements during degradation of Malachite Green:
[MG] = 40 x 10° mol dm® 2zZnO NPs = 60 mg/100mL, pH = 8.0,

Light intensity = 30 x 10° Lux.

Time COD CO, Efficiency NO3~
(min) (mg/L) (mg/L) (%) (mg/L)
0 265 41 0 0
15 232 87 12 7.5
30 148 118 44 13.2
45 76 147 71 18.3
60 34 175 87 22.5
75 18 195 93 27.2
90 8 225 96 29.1
115 0 236 100 334
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mineralization of Malachite Green: [MG] = 40 x 10° mol
ZnO NPs = 60 mg/100mL, pH = 8.0, Light intensity = 30 x 10% Lux.

4.2.15: Mechanism of Malachite Green dye degradation:

The photo-catalytic degradation of the Malachite Green dye was studied by the use of
additives such as H,0,, K;S,0g4 etc. electron scavengers like H,O, and K,S,0g accept a
photo-generated electron from the conduction band (CB) and thus avoid electron-hole

recombination producing OH" [61]. Valence band holes (hy,") and conduction band
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electrons (ec,’) are generated when aqueous ZnO NPs suspension is irradiated with visible
light energy when band gap energy is greater than (Eq = 3.2 eV) and these electron-hole
pairs interact separately with another molecule. Conduction band electrons (ecg’) reduce
molecular oxygen to generate superoxide radicals, as shown in Eq. (49) to Eq. (58) [62-
64]. Such electron generated disrupted the conjugation system of dye and decomposition
of dye and the hole so generated creates OH' from water which again leads to degradation

of dye. The mechanism is as follows: [65, 66]

Zn0 + hV yisible _ ZnO (h've +€eca) (49)
ZnO (h*vg) + H,0 ———>  7Zn0 + H' + OH (50)
ZnO (h'vg) + OH — > ZnO + OH’ (51)
Zno (€cs) + O, —»  ZnO + 0O (52)
0, + H — HO," (53)
HO, +H* + ZnO (€cg) ——>  H,0, +2Zn0O (54)
H,0, + ZnO (e'cs) — » OH +OH +2Zn0 (55)
MG + OH’ S Degradation Products (56)
MG + ZnO( h*yg) ———»  Oxidation Products (57)
MG + ZnO (e'cg) ——  Reduction Products (58)

Secondly, sensitization of Dye molecule sensitization by visible light leads to excitation
of dye molecule in singlet or triplet state, followed by electron injection from excited dye
molecule onto conduction band of semiconductor particles. The mechanism of dye

sensitization is summarized as in Eqg. (59) to Eq. (68) [67-71].

MG + hV+visibIe L 1MG* or 3|\/|G* (59)
'MG* or *MG* + ZnO ——— MG™ + ZnO (') (60)
ZnO (e'cg) + O E— ZnO + Oy (61)
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0, + H' — HO,' (62)
HO;" + H" + ZnO (ecg) —— H0, + ZnO (63)
H,O, + ZnO (e'cg) ——» OH + OH +2Zn0O (64)
MG* + OH" ——» MG+OH (65)
MG"™ + 0," — > DO, —— Degradation products (66)
MG + OH’ ——» Degradation products (67)

The mechanism of photo-catalysis is of very complex nature. Dye molecules interact with
0O,", 'OH,, or OH’ species to generate intermediates ultimately lead to degradation
products. OH’ radical are very strong oxidizing agent and mineralized dye into simple
products [72, 73].

MG (MG™) + OH" —— Decolorization of MG

}

Degradation of MG involving organic intermediates

|

Mineralization

CO, + H,0 + NO3 + SO~ (68)

MG = Malachite Green
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Methylene Green

Methylene green, a methylated homologue of basic dye, is
a cationic thiazine dye showing deep greenish-blue color in
the oxidized state. It is a highly hygroscopic, dark green
crystalline powder having a bronze-like luster. It stains
nuclei green and 1s sometimes used as counter stain to red
purple primary stains. It is also used for coloring paper,

tannin, mordant cotton and silk.
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4.3: Effect of various experimental parameters on the degradation rate of Methylene
Green (MG) dye

4.3.1: Photo-catalytic degradation of Methylene Green (MG):

On the surface of catalyst classical Langmuir-Hinshelwood expression was followed by
the photo-catalytic degradation rate of Methylene Green dye and followed most often
Langmuir sorption isotherm for the sorption of the dye to the catalyst surface. This theory
is usually used kinetic model for unfolding photo-catalytic behavior. For treatment of
heterogeneous surface reactions degradation rate is explained by pseudo first-order
kinetics in Langmuir-Hinshelwood [11-14]. Such Kinetics is streamlined in terms of
modified model to accommodate reactions taking place at solid-liquid interface as

r = —dc . k.KC 1
a dt  (1+KCO) (1)

Where, r = rate of dye disappearance and C = variable dye concentration at time t.
K = equilibrium constant for adsorption of MG dye on photo-catalyst and k; = limiting
reaction rate at maximum coverage in operational conditions. The integrated form can be

written as

_ &) 1 Co—C
t = 1n(C o 0

Where t = time required for the initial concentration of dye Cy to C. At low dye

concentration in equation 2, value of Cy is very less and hence can be neglected.
Co\ _ .
In(=2) = kKt =kt @3)

Where k = apparent rate constant of degradation. The Half-life time (ty;) for the photo-
catalytic degradation of Methylene Green dye on the ZnO NPs surface can be calculated

by using following Eq. (4)
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0.693

e = —( ()

The Methylene Green dye degradation results are reported here for three conditions: (1)
Methylene Green dye + ZnO NPs + visible light (2) Methylene Green dye + visible light
only and (3) Methylene Green dye + ZnO nanoparticles only (dark) were show in figure
4.17 (a). It was observed carefully that maximum degradation occurred in the first
condition, while in dark and during photolysis, no significant changes in the absorbance
values were observed. Therefore, in second and third condition, degradation process was

not observed. Absorption spectrum Changes were recorded at 620nm wavelength.
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Fig. 4.17 (a) Degradation of Methylene Green: [MG] = 4.5 x 10" mol dm™®,
ZnO NPs = 120 mg/100mL, pH = 8.5, Light intensity = 25 x 10° Lux.
Plotting the semi-logarithmic graph of Methylene Green dye concentration versus
irradiation time (min) the presence of ZnO NPs yielded a linear relationship as shown in
figure 4.17 (b). Therefore, reaction dye of degradation by ZnO nanoparticles is pseudo-
1% order reaction kinetics, with regression coefficient of 0.987, rate constant of

5.61 x 10”s™. The rate constant is the slope of the straight line. In all cases
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R? (correlation constant for the fitted line) values were close to 0.99 which confirmed

pseudo 1%-order kinetics for degradation of MG dye mineralization in this method.
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Fig. 4.17 (b): Pseudo first order kinetics: [Methylene Green] = 4.5 x 10”° mol dm™®,
ZnO NPs = 120 mg/100mL, pH = 8.5, Light intensity = 25 x 10 Lux.

4.3.2: Effect of change in pH:

The pH of the aqueous solution also an important variable for the determination of photo-
catalytic degradation process, because change in solution pH affected the adsorption of
organic pollutants and process of adsorption on semiconductor surface. As the result, the
photo-catalytic degradation efficiency got greatly affected by pH changes. The effect of
pH on the photo-catalytic reaction could be mainly explained by the surface charge of
ZnO NPs [74]. Hydroxide layers (Zn-OH) is formed in presence of water by
hydroxylation on zinc oxide nanoparticles surface of zinc hydroxide is charged by
amphoteric reaction with hydrogen ion or hydroxyl ion in acidic and alkaline
environment respectively [75].

ZnO-OH+H* —— Zn—-OH",  (Acidic environment) (5)

Zn-OH+OH  ——— Zn-0" + H,O (Basic environment) (6)
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Experimentations were carried out at pH values, from 4 to 12 for constant dye
concentration (4.5 x 10 mol dm™) and catalyst amount (120mg/100ml). The reaction
rate increased with increase in pH exhibiting optimum determined rate of degradation at
pH 8.5. The results were shown in Table 4.11 and Figure 4.18. Consequently, at higher
pH value about 8.5, strong adsorption between negatively charged active sites on zinc
oxide nanoparticles and electropositive nature of Methylene Green dye is observed
because of electrostatic attraction among them, but if the pH value is too high, ZnO
undergo dissolution and gets converted into zincates [Zn(OH).]*.

Zn0O+H,0+20H ——  Zn(OH)* 7)
Under acidic conditions, the MG dye was difficult to adsorb on the ZnO nanoparticles
surface and hence the photo-catalytic degradation of Methylene Green dye was found to
be very slow [76].

Table 4.11: Effect of change in pH: [Methylene Green] = 4.5 x 10®° mol dm?

ZnO NPs = 120 mg/100mL, Light intensity = 25 x 10° Lux.

pH k x 10*s* tio x 10%s
4 1.19 5.82
5 1.84 3.76
6 2.71 2.55
75 4.14 1.67
8.5 5.61 1.23
9 3.70 1.87
11 2.69 2.57
12 1.70 4.07
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Fig. 4.18: Effect of change in pH on photo-catalytic degradation of MG

4.3.3: Effect of change in catalyst amount:

The photo-catalytic degradation rate constant of dye is generally related to the catalyst
amount. The rate of reaction as a role of catalyst amount in photo-catalytic degradation
process has been examined by numerous authors. A series of experiments have been
carried out to assess the optimal catalyst amount by variable the amount of ZnO NPs
catalyst from 60mg/100mL to 180mg/100mL at optimized 4.5 x 10 mol dm™ dye
concentration. The rate of degradation increased form 1.26 x 10*s™ to 5.61 x 10™ s™ with
increased in catalyst amount from 60mg/100mL to 120mg/100mL. Thereafter, rate
constant decreases to 1.10 x 10™ s™* with increased catalyst amount 180mg/100mL. The
rate of reaction is highest at 120mg/100mL of catalyst amount. The results are shown in
Table 4.12 and Figure 4.19. Increase in amount of catalyst results in an increase of the
available active sites in reaction condition. But higher concentration of catalyst also
causes light scattering and decrease in infiltration of light in photo-active volume. Hence
photo-active volume shrinks. This tendency can be rationalized in terms of accessibility

of active sites on semiconductor surface and the light infiltration of visible light into the
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suspension. At optimum ZnO nanoparticles amaount of 120mg/100mL, both these
confilcting aspects are evenly piosed [77, 78]. All these aspects suggest that optimal
loading of ZnO NPs catalyst has to be added in the order to aviod unneccessary excess of
catalyst also to essure total absorption of light photons for efficient photo-catalytic
degradation of Methylene Green dye [79].

Table 4.12: Effect of change in catalyst amount: [Methylene Green] = 4.5 x 10™ mol

dm™, pH = 8.5, Light intensity = 25 x 10° Lux.

ZnO mg/100mL k x 10*s™ tyo x 10°s
60 1.26 5.50
80 2.16 3.20
100 3.56 1.94
120 5.61 1.23
140 4,28 1.61
160 2.74 2.52
180 1.10 6.30
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Fig. 4.19: Effect of change in catalyst amount on photo-catalytic degradation of MG
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4.3.4: Effect of change in dye concentration:

It is observed that dye concentration is also a very important parameter in treatment of
wastewater. The decolourization of Methylene Green dye at varying initial concentrations
in the ranging from 1.0 x 10 mol dm™ to 7.5 x 10®° mol dm™ was studied under the
optimized reaction conditions (ZnO NPs amount=120mg/100mL, pH=8.5). The results
are shown in Table 4.13 and Figure 4.20. It has been found that the rate of degradation
increased from 1.05 x 10* s to 5.61 x 10 s with increase in Methylene Green dye
concentration from 1.0 x 10° mol dm™ to 4.5 x 10 mol dm™. Thereafter, rate constant of
degradation decreased from 5.61 x 10™s™ to 2.07 x 10™ s™ with increased dye solution
concentration 4.5 x 10° mol dm™ to 7.5 x 10®° mol dm™. For Methylene Green dye the
optimum degradation rate constant is found at 4.5 x 10° mol dm™. At high concentration
of dye, the absorbed reactant molecules might occupy all the active sites of ZnO
nanoparticles surface and this led to decrease in rate of degradation [80]. From literature
studies we came to know that as the target organic pollutant concentration increase
adsorbed of these molecules on the catalyst surface also increases. Hence relative no. of
O, and OH’ radicals on the ZnO surface increased [81]. Consequently, excess dye
molecule adsorption on catalyst surface hindered the OH™ ions adsorption and finally rate
of hydroxyl radical formation is lowered. It is concluded from above discussion that

above optimum dye concentration rate of degradation decreased [27-29].
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Table 4.13: Effect of change in dye concentration: ZnO NPs = 120 mg/100mL,

pH = 8.5, Light intensity = 25 x 10° Lux.

[MG] x 10®° mol dm™ k x 10%s* ti, x 10%s
1.0 1.05 6.60
1.5 1.86 3.72
2.5 2.92 2.37
3.5 3.94 1.75
45 5.61 1.23
5.5 4.37 1.58
6.5 3.40 2.03
7.5 2.07 3.34
6 95
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5 % ) 90| —e— % Efficiency

| \\
3—- / % -—80
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Fig. 4.20: Effect of change in dye concentration on photo-catalytic degradation of MG

4.3.5: Effect of change in oxidant’s concentration:
The addition of other power oxidizing agent like H,O, and K,S,0g to ZnO nanoparticles

suspension is a well-known method and lead to an increase in the rate of photo-oxidation.
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The rate of degradation has been attributed to the recombination of photo-generated
electron-hole pairs. Addition of electron acceptors (scavengers) to the reaction is one of
the best ways to inhibit electron-hole pair recombination. Relevant reports reveals that
oxidizing agents such as H,O, and K,S,0g as electron acceptors have a great deal of
influence on the photo-catalytic degradation of dyes. Different concentration of H,0O, and
K,S,0g has been studies for Methylene Green dye degradation. Rate constant of
degradation of Methylene Green dye increased from 6.21 x 10*s™ to 8.24 x 10™*s™ with
increasing H,0, concentrations from 2.0 x 10° mol dm™ to 8 x 10® mol dm™ and rate
constant of degradation of Methylene Green dye increased from 5.89 x 10™s™ to 7.85 x
10™s with increasing K»S,0g concentrations from 2.0 x 10° mol dm™ to 8 x 10° mol
dm™ respectively and reached to an optimum but above this concentration range, the
increased H,0, and K,S,0g concentration retarded the degradation rate as shown in Table
4.14 and Figure 4.21. At their respective low concentrations H,O, and K,S,0g accelerate
the reaction rate by producing an extremely strong and non-selective oxidant hydroxyl
radical (E® = +3.06V). These hydroxyl radicals got generated by H,0, and K,S,0g on
account of scavenging the electrons from the conduction band of the photo-catalyst and
this led to inhibit the electron-hole recombination process [30-33]. H,O, may also split
photo-catalytically to produce hydroxyl radicals directly by the absorption of visible light
by the following reactions:

HO0,+ZnO(ecg) — > ‘OH + OH~ (8)
H,0, + hv — 2°0OH 9)
The S,05> anions generate strong oxidizing SO, radicals anion after trapping the photo-
generated conduction band electrons of ZnO nanoparticles as shown in the following

reaction:
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S,08% + € ¢ R SO, + S04 (10)
The generated sulfate radical anions (SO, ) participate in reaction with the solvent,
according to the following reaction:

S0, + H,0 —_ "OH +S0,” +H* (11)
Different to this behavior, H,O; and K;S,0g start behaving as scavenger for ‘OH radicals
and hole at an excessive concentration. The photo-catalytic degradation of Methylene
Green dye is cowered on excess addition of H,0, and K;S,0g as both ‘OH radicals and
hvg* are strong oxidants for organic dyes. Furthermore, H,0, and SO4> can be adsorbed
onto ZnO NPs deactivating a section of photo-catalyst and consequently decrease its

photo-catalytic activity [34, 35].

H,O, + "OH E—— HO"; + H,0 (12)
HO", + 'OH — H,0 + O, (13)
H,0, + h've — H* + HO, + HO", (14)
SO4% + 'OH — SO,” + OH~ (15)

S04 + h've —_— SO, (16)

Consequently, the proper addition of H,O, and K,S,Og could accelerate the photo-
degradation rate of Methylene Green dye. However, in in order to keep the efficiency of
the added H,0, and K,S,0s, it was necessary to choose the proper dosage of H,O, and

K2S,0g, according to kids and the dyes concentration.
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Table 4.14: Effect of change in H,0, and K,S,0g: [Methylene Green] = 4.5 x 10”° mol

dm™, ZnO NPs = 120 mg/100mL, pH = 8.5, Light intensity = 25 x 10° Lux.

[Oxidant] X [ HzOz] [ KzSzOs]
10°mol dm™® | k x10*sT | ty, x 10°s | k x10™* s | ty, x10%s
0.0 5.61 1.23 5.61 1.23
2.0 6.21 1.11 5.89 1.17
4.0 6.74 1.02 6.37 1.08
6.0 7.20 0.96 6.83 1.01
8.0 8.24 0.84 7.85 0.88
10.0 7.55 0.91 6.93 1.00
12.0 6.17 1.12 6.31 1.09
14.0 5.73 1.20 5.13 1.35
100
854 [ H,0, ° | |—e—%E H,0,
8.0 K,S,0, ﬁ* ° | 95 | —*— % E K,S,0,
7.5 “/ - I
1 o —— i
oo Z=mi N 5
T /4 % —4 QL
il 6.0 /7 % -85 '©
— 55 I E
L 50 L80
45 ]
4.0 4 F75
3.5 i
3.0 . . 70
0 2 4 6 8 10 12 14
[Oxidant] x 10° mol dm

Fig. 4.21: Effect of change in oxidant’s on photo-catalytic degradation of MG
4.3.6: Effect of change in salts concentration:
The different concentrations of industrial wastes contain different salts, apart from the

pollutants. The inorganic anion may have an influence on the rate of photo-catalytic

97



CHAPTER-IV Results and Discussion
METHYLENE GREEN

degradation. The presence of several anions chloride, carbonate and bicarbonate is
industrial wastes. Adsorption of degrading species are affected by these ions and acting
as OH™ ion scavengers as well as adsorbs light radiation, which also an important factor
in mainly photo-catalytic degradation of dye. Here mainly sodium carbonate is used
dyeing bath which adjusted bath pH and as it effected fixing of dye on fabrics and color
fastness [82]. Therefore the wastewater from the dyeing process will contain considerable
amount of carbonate ion [36]. With an increase in the amount of carbonate ion from
2.0 x 10™° mol dm®to 12.0 x 10™ mol dm™ resulted into reduction of rate constant from
5.15 x 10* s™* to 2.87 x 10 s, Carbonate ions have hydroxyl ion scavenging property

which inhibited the dye degradation and it degradation is calculated by following

equation:
'OH+C03>% ————> OH+CO5 (17)
'OH+ HCO3; ——»  H,0+CO;3" (18)

The 'OH radical which is a primary oxidant for the photo-catalytic degradation of dye
found to decrease slowly with an increase in carbonate ions and degradation of the dye
significantly decreased [37].

Similarly, sodium chloride generally comes out in the effluent along with wastewater.
Therefore photo-catalytic degradation rate in presence of CI” ions has been studied by
increase in concentration of CI ions from 2.0 x 10° mol dm™ to 12 x 10™° mol dm" that
conclude into decrease of rate constant from 4.85 x 10™s™ to 1.95 x 10™s™. Chloride ions
might have hole scavenging property and hence in presence of CI ions dye degradation
decreases [38].

ZnO —>  ZnO (h'\s €w) (19)
Cl +OH —> CI'+OH" (20)
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Cl + h'y, — > cCI (21)
ClI" +CI — Cl° (22)

The dependency of reaction rate constant on the concentration of Na,CO3 and NaCl is
results are shown in Table 4.15 and Figure 4.22.

Table 4.15: Effect of change in Na,CO; and NaCl: [Methylene Green] = 4.5 x 10™ mol

dm™, ZnO NPs = 120 mg/100mL, pH = 8.5, Light intensity = 25 x 10° Lux.

[ Na,COs] [ NaCl ]
[Salt] x
5 3
107 moldm™ | ) 104 s | ty, x 10%s | k x 107 s | typ x10%s
0.0 5.61 1.23 5.61 1.23
2.0 5.15 1.34 4.85 1.42
4.0 4,74 1.46 4,32 1.60
6.0 4.19 1.65 3.73 1.85
8.0 3.86 1.79 3.27 2.11
10.0 3.17 2.18 2.69 2.57
12.0 2.87 2.41 1.95 3.55
6.0 1 Na,co, 9
E %\ NacCl | 80
k TJ'\ —@—%E Na,cCo, ||
4.5 1 % \17 °\ —%*— % E NaCl -
* - >
— ] “'\o L %
o 307 7 o T, | ks
fo 7 50
1.5 L
L 40
0.0 . - 30
0 2 4 6 8 10 12
[Salt] x 10° mol dm™

Fig. 4.22: Effect of change in salts on photo-catalytic degradation of MG
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4.3.7: Effect of change in FeCl; concentration:

The photo-catalytic degradation process was evaluated observed effect of FeCl; on
Methylene Green dye oxidation with Zinc oxide nanoparticles using visible light. It was
observed that when FeCl; was varied concentration from 2.0 x 10° mol dm™ to
14.0 x 10®° mol dm™. It is observed from experimental data that on increase concentration
of FeCl; from 2.0 x 10®° mol dm™ to 8.0 x 10 mol dm™ with the degradation rate
constant value increased from 5.94 x 10 s™ to 7.02 x 10™ s respectively. Thereafter,

1 on further

rate constant of photo-catalytic degradation decreased to 5.02 x 10* s
increase in amount of FeCl; up to 14.0 x 107° mol dm™. The results are tabulated in Table
416 and Figure 4.23. It can be conclude that Fe** metal ion can be used as
photosensitizer for photo-catalytic degradation of dye. In fact the increase in ferric ions
concentration in the reaction mixture resulted into the increase of Fe®* ions concentration,
which is accompanied by improved generation of "OH radicals, therefore increasing rate

of degradation of FeCls inhibits the reaction rate of degradation by competing with

formation of "OH radicals [39-41].

Fe3+ + e- _— FeZ+ (23)
Fe*" +HO, +H" —>  Fe” +H,0; @)
Fe®* +H0,+H" — > Fe* + OH+ H,0, (25)

The photo-activation of surface adsorbed complex ion (Fe**OH") results in the formation
of Fe**OH" specie which injects electrons to the conduction band of ZnO as shown in
[Eq. 27-28]. The rate of photo-catalytic degradation in case of FeCls is explicable due to
rapid scavenging of conduction band (CB) electrons by molecular oxygen leading to
formation of superoxide and hydroperoxide radicals [42, 43] [Eq. (28)].

MG + hVyisipe ——» 1MG or sMG™ (26)
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MG” or MG+ ZnO(Fe**OH) ————» ZnO(Fe* 'OH) + MG" (27)
ZnO (Fe*OH" )+ H,0, ——% ZnO(ecg) +ZnO (Fe*"OH) (28)
ZnO(ece) + O — 0,” —— HO, (29)
MG/ MG™+ ‘OH/0,"/HO’, ——  Degradation products (30)

In the presence of higher concentration of FeCls, there is excessive surface adsorption of
dye on the surfaces of catalyst [44]. This reduced the total photoactive area of ZnO NPs
catalyst and lowered rate of reaction [45].

Table 4.16: Effect of change in FeCls concentration: [MG] = 4.5 x 10®° mol dm™,

ZnO NPs = 120 mg/100mL, pH = 8.5, Light intensity = 25 x 10° Lux.

FeCl; x 10 mol dm™ k x 10*s? ty, x 10°s
0.0 5.61 1.23
2.0 5.94 1.16
4.0 6.24 1.11
6.0 6.67 1.03
8.0 7.02 0.98
10.0 6.60 1.05
12.0 5.87 1.18
14.0 5.02 1.38
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Fig. 4.23: Effect of change in FeCl; on photo-catalytic degradation of MG

4.3.8: Effect of change in Fenton’s reagent concentration:

Fenton reagent makes attractive AOPs for the wastewater treatment and usage for the
effective degradation of dyes due to low cost and less toxicity [83]. It is very well known
that for textile dye Fenton’s reagent is powerful oxidant. Many researcher studied
degradation of dyes using Fenton’s and visible light system past few years. Photo-
Fenton’s process is one of the most common AOPs which is based on the formation of
very reactive species such as ‘OH radicals, which have a ver strong oxidative potential
after fluorine [48, 49].

Fe?* + H,0, —  Fe* + OH + OH’ (31)
OH ' radicals may be scavenged by reaction with another Fe?*:

OH + Fe®* ———>  OH +Fe* (32)
Fe** + HO + v ——»  OH" + Fe?*+ H' (33)
It present study Fenton’s reagent for degradation of Methylene Green dye in presence of
ZnO nanoparticles in visible light has been studied. The degradation rate constant has a

value of 5.96 x 10 s™ on the addition of Fe**: H,0, in molar ratio 1:2. In the presence of
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Fe3*: H,0, in molar ratio 1:4, rate constant has been found 7.57 x 10“ s™*. The results are

shown in Table 4.17 and Figure 4.24. Upon irradiation of Fe**/H,0,/ZnO/MG technique

in the presence of visible light, formation of OH’ radicals increases relating a complex

mechanism. Visible radiation is absorbed by dye and exited in to high energy state from

ground state and this excited dye molecules reduce ferric ion complex into ferrous ion

complex followed by the transfer to ferric ion [50]. This ferrous ion complex produced

hydroxyl radical on the reaction with hydrogen peroxide [Eq. (36)]. OH’ radicals also

decompose H,0, to "HO,.
MG + hV yisible ——» MG or3MG~

1MG “or sMG "+ ZnO (Fe** OH) ———» ZnO (Fe* OH’) + MG *

ZnO (Fe**OH’) + H,0, ——  ZnO(Fe**OH’) + OH + OH’

ZnO (Fe**OH’) + H,0, LI ZnO (Fe**OH’) + "HO, + H*
ZnO ( Fe?*OH") LN ZnO (Fe**OH") + ZnO( eca)
ZnO(ecg) + O, — 07 ", "HO,
HO, + 07 — OH+ OH + O,

H,0, + ZnO(ecs) —— OH'+ OH

OH  + Hy0, — H,0 +'HO,

MG /MG " + OH/ O,/ 'HO, —— Degradation products
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Table 4.17: Effect of change in Fe**/H,0,: [Methylene Green] = 4.5 x 10™° mol dm™,

ZnO NPs = 120 mg/100mL, pH = 8.5, Light intensity = 25 x 10° Lux.

Fe®*: H,0, Without ZnO With ZnO

k x10*s? | typ x 10%s | k x 10™ st | ty, x 10%s

1:2 0.85 8.15 5.96 1.16
1:1.3 1.63 4.25 6.49 1.06
1:4 2.02 2.79 7.57 0.91
1.3:3 2.32 2.98 6.81 1.01
3:4 2.48 3.43 6.12 1.13

7.5 4 |EZZA k value without ZnO
[ k value with ZnO

6.0
:m 4.5 +
o
—
> n
Z 3.0

1.5

0.0 E

1:2 1:1.3 1:4 1.3:3 34
3+ |
Fe” : H O,

Fig. 4.24: Effect of change in Fenton’s reagent on photo-catalytic degradation of MG
4.3.9: Effect of change in light intensity:
The effect of the variation of the intensity of light on the rate of degradation has been
investigated by varying the light intensity increasing from 15 x 10% Lux to 35 x 10° Lux.

Methylene Green dye solution concentration 4.5 x 10° mol dm™, ZnO NPs catalyst
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amount 120 mg/100mL and pH 8.5. To examine the effect of light intensity on photo-
catalytic degradation of Methylene Green dye, the distance between the light source and
the exposed surface area was varied. The degradation rate constant increased from
3.96 x 10* s to 6.54 x 10 s with increase in light intensity on semiconductor surface
as shown in Table 4.18 and Figure 4.25. The data show that the rate of degradation was
accelerated as the light intensity was increased because any increase in the intensity of
light increased the photons striking per unit time per unit area of the ZnO NPs catalyst
powder resulted in more OH’ radicals. A linear behavior between intensity of light and
rate of degradation was observed [84].

Table 4.18: Effect of change in light intensity: [MG] = 4.5 x 10° mol dm®,

ZnO NPs =120 mg/100mL, pH = 8.5.

Light intensity x 10% lux k x 10%*s* tio x 10%s
15 3.96 1.75
20 4.26 1.62
25 5.61 1.23
30 5.84 1.18
35 6.54 1.05
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Fig. 4.25: Effect of change in light intensity on photo-catalytic degradation of MG

4.3.10: Effect of bubbling of N, and O,:

The reactions of photo-catalytic degradation were carried out in presence of ZnO NPs
catalyst by bubbling oxygen and nitrogen in a closed reactor. The degradation percentage
of Methylene Green dye after a given irradiation time with ZnO nanoparticles in the
presence and absence of oxygen was found. It is confirmed from the observation that
proposed assumption oxygen dissolve in water is main oxidant, that is, the role of DO is
to trap the photo-generated electrons to produce O," radicals, which particles in photo-
catalytic process to accelerate the photo-degradation of Methylene Green dye. The
Oxygen got adsorbed on the surface of the ZnO NPs and the surface redox reactions
initiated by photo-generated electrons and generating superoxide anion radical and this
superoxide anion radical started the photo-catalytic degradation of organic pollutant.
However in the presence of nitrogen the conduction band electrons were blocked and the
formation of superoxide anion radical is prevented. Hence the reaction rate is suppressed.

The results are shown in Figure 4.26 [53, 54].

02 + e —_— 02.- (44)
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Fig. 4.26: Decolorization of MG under various photo-catalytic systems: [MG] = 4.5 x

10 mol dm™, ZnO NPs = 120 mg/100mL, pH = 8.5, Light intensity = 25 x 10° Lux.

4.3.11: Comparison of solar and visible light:

The efficiency of solar and visible light on photo-catalytic degradation of dye was

comparatively studied. The degradation efficiency of Methylene Green dye with visible

light was found to be more efficient than that of solar light. Figure 4.26 shows the

comparisons of color removal efficiency of Methylene Green with two light sources

under different conditions. It was noticed that if same experiments were carried out in the

absence of ZnO, then no absorbance loss of dye was found [55, 56].
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4.3.12: Effect of other photo-catalysts:

The order of photo-activity followed the order: ZnO NPs > ZnO > BiOCI > TiO, >
BaCrO, on photo-catalytic degradation have been studied at same condition. It has
already been found that catalysts such as ZnO NPs, ZnO, BiOCI and TiO, have band
gaps larger than 3 eV strong photo-catalytic activities. The heterogeneous photo-catalyst
i. €. ZnO nanoparticles reaction occurred on surface when illumination with light of
energy equal or more than band gap of photo-catalyst [57]. We have investigated the
relative efficiencies of other photo-catalysts. The conduction band (CB) and valence band
(VB) potentials of both ZnO NPs and TiO, are larger than the corresponding redox
potentials of H*/H, and H,O/O, and the photo-generated electron and hole can be
separated efficiently. BaCrO, with smaller band gap shows less activity since its
conduction band is much lower than that of ZnO nanoparticles and TiO,. Rapid
recombination of electron-hole and so electron is permitted by smaller band gap in such
catalyst and these cannot more towards electron scavengers rapidly. Hence low photo-
catalytic activity was observed in these semiconductors [58]. It is for these reasons; the
prepared ZnO nanoparticles photo-catalyst has more photo-catalytic efficiency than other

photo-catalysts. The results are shown in Table 4.19 and 4.27.
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Table 4.19: Effect of other photo-catalysts: [Methylene Green] = 4.5 x 10™ mol dm,

pH = 8.5, Light intensity = 25 x 10° Lux.

Catalysts
(120mg/100mL) kx10%s™ typ X 10° s
Zn0O NPs 5.61 1.23
Zn0O 3.93 1.76
BiOCI 2.85 2.43
TiO; 2.23 3.10
BaCrO, 1.57 441
6
5 -
4
wg 3
—
>
X 24
1 4
0 ! ' T T T
ZnONPs  ZnO BiOCI Tio, BaCro,
Catalyst

Fig. 4.27: Effect of other photo-catalysts on photo-catalytic degradation of MG

4.3.13: Test for reusability of ZnO NPs:
The reusability of ZnO nanoparticles photo-catalyst was tested for dye degradation. The
ZnO nanoparticles catalyst used for degradation of dye was filtered, washed and dried in

air and then in oven for 30 minutes. This dried ZnO photo-catalyst was used for the
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degradation of dyes under similar reaction conditions. It was observed that the ZnO
photo-catalyst can be used repeatedly even up to three batches of reaction without any
treatment and reused catalyst showed almost similar catalyst activity with fresh (original)
catalyst. The initial rate of photo-degradation of the dye has found very low decrement
even after the third second cycle of reuse. ZnO nanoparticles reusability is shown in
figure 4.28. The less of activity was observed and losses of Zn*" ions were more pounced

only after third cycle of its reuse.

1.0 1 - —m— Cycle |

1 —e@— Cycle I
0.8 \ —Aa— Cycle 1l

0.6—- \

0! S
oz \\

0.0 T T T T T
(0] 20 40 60 80 100 120

/

Absorhance

Irradiation time (min)

Fig. 4.28: Decolorization of Methylene Green by ZnO NPs: (lI) Cycle; (11) Cycle;
(111) Cycle; [MG] = 45 x 10° mol dm® ZnO = 120 mg/100mL, pH = 8.5,
Light intensity = 25 x 10° Lux.

4.3.14: COD and CO; measurements during degradation of Methylene Green:

The efficiency of photo-catalytic treatment to mineralize the dyes was studied. Chemical
oxygen demand resulted were taken as one of the parameter to determine the feasibility
of the reduction process for Methylene Green dye degradation. COD and free CO,
measurement were carried out to record the quantity of mineralization of the organic

compounds under consideration over ZnO suspension, COD test allowed the
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measurements of waste in terms of the total quantity of oxygen required for the
degradation of organic matter to CO, and inorganic ions [59]. The decrease in COD
values of the treated dye solution indicated the mineralization of dye molecules along
with the color removal. The reduction in the estimated COD from 196 mg/L to 5 mg/L
and increase in CO, values from 24mg/L to 158mg/L of illumination indicated the
complete mineralization of treated dye solution. From estimated value of COD and CO,,
it is evident that 97 % of COD removal has been completed in 150 min of irradiation
under optimum reaction condition. A decrease in COD and increase in CO, confirm the
degradation of dye. Significant amount of NO3 were released into reaction during the
mineralization of dye. A decrease in pH has also been observed with increase in the
quantity of mineralization [85]. The results were shown as Table 4.20 and Fig. 4.29 (a,
b).

Table 4.20: COD and CO, measurements during degradation of Methylene Green:
[Methylene Green] = 4.5 x 10° mol dm®, ZnO NPs = 120 mg/100mL, pH = 8.5,

Light intensity = 25 x 10° Lux.

Time COD CO; Efficiency NOs~
(min) (mg/L) (mg/L) (%) (mg/L)
0 196 24 0 0
30 152 68 22 6.1
60 120 90 38 7.5
90 65 108 66 9.2
120 18 142 90 12.5
150 5 158 97 15.2
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Fig. 4.29: (a) COD trend and % Efficiency (b) CO, trend and formation of NO3 during

mineralization of Methylene Green: [MG] = 45 x 10° mol dm?

ZnO NPs = 120 mg/100mL, pH = 8.5, Light intensity = 25 x 10% Lux.

4.3.15: Mechanism of Methylene Green dye degradation:

The photo-catalytic degradation of the Methylene Green dye was studied by the use of
additives such as H,0,, K,S,0s etc. electron scavengers like H,O, and K,S,0g accept a
photo-generated electron from the conduction band (CB) and thus avoid electron-hole

recombination producing OH" [61]. Valence band holes (hy,") and conduction band
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electrons(ecy ) are generated when aqueous ZnO NPs suspension is irradiated with visible
light energy when band gap energy is greater than (Eq = 3.2 eV) and these electron-hole
pairs interact separately with another molecule. Conduction band electrons (ecg’) reduce
molecular oxygen to generate superoxide radicals, as shown in Eq. (51) to Eq. (60) [62-
64]. Such electron generated disrupted the conjugation system of dye and decomposition
of dye and the hole so generated creates OH" from water which again leads to degradation

of dye. The mechanism is as follows: [65, 66]

Zn0 + hV yisible _ ZnO (h've +€eca) (51)
ZnO (h*vg) + H,0 ———>  7Zn0 + H' + OH (52)
ZnO (h'vg) + OH — > ZnO + OH’ (53)
Zno (€cs) + O, —»  ZnO + 0O (54)
0, + H — HO," (55)
HO, + H* + ZnO (6€cg) ——>  H,0, +Zn0O (56)
H,0, + ZnO (e'cs) —  »  OH +O0H +2Zn0 (57)
MG + OH’ . Degradation Products (58)
MG + ZnO (h'*vg) —_— Oxidation Products (59)
MG + ZnO (e'cg)  — Reduction Products (60)

Secondly, sensitization of dye molecule by visible light leads to excitation of dye
molecule in singlet or triplet state, subsequently followed by electron injection from
excited dye molecule onto conduction band of semiconductor particles. The mechanism

of dye sensitization is summarized in Eq. (61) to Eq. (70) [67-71].

MG + hV+visibIe EEE— 1MG* or 3|\/|G* (61)
IMG* or 3MG* + ZnO ———»  MG" +2ZnO (e'ca) (62)
ZnO (e'cg) + O E— ZnO + Oy (63)
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0," + H° —>» HO; (64)
HO;" + H" +ZnO (ecg) ——» H,0, + ZnO (65)
H,O, + ZnO (e'cg) —» OH + OH +2Zn0O (66)
MG* + OH" — > MG+OH (67)
MG"+0,” _— 5 DO, — , Degradation products (68)
MG + OH’ ——» Degradation products (69)

The mechanism of semiconductor photo-catalysis is of very complex nature. Dye
molecules interact with O,”, ‘OH,, or OH’ species to generate intermediates ultimately
lead to degradation products. OH’ radical being very strong oxidizing agent (oxidation
potential 3.2 eV) mineralizes dye to various end products. The role of reductive pathways
in heterogeneous photo-catalysis has been found to be in minor extent as compared to
oxidation[72, 73].

MG (MG™) + OH" ——— Decolorization of MG

}

Degradation of MG involving organic intermediates

|

Mineralization

CO, + H,0 + NO3 + SO~ (70)

MG = Methylene Green
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Direct Blue-1

Direct blue-1 is an anionic azo group dye and soluble in

water. It is the compound able to dye cellulose fibers
without the aid of mordent’s. It 1s widely used in the textile,
cosmetic, paper, drug and food processing industries large

quantities.
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4.4: Effect of various experimental parameters for the degradation rate of Direct
Blue-1 (DB-1) dye

4.4.1: Photo-catalytic degradation of Direct Blue-1 (DB-1):

On the surface of catalyst classical Langmuir—Hinshelwood expression was followed by
the photo-catalytic degradation rate of Direct Blue-1 dye and followed most often
Langmuir sorption isotherm for the sorption of the dye to the catalyst surface. This theory
is usually used kinetic model for unfolding photo-catalytic behavior. For treatment of
heterogeneous surface reactions degradation rate is explained by pseudo first order
kinetics in Langmuir-Hinshelwood [11-14]. Such Kinetics is streamlined in terms of
modified model to accommodate reactions taking place at solid-liquid interface as

r = —dc . k.KC 1
a dt  (1+KCO) (1)

Where, r = rate of dye disappearance and C = variable dye concentration at time t.
K = equilibrium constant for adsorption of DB-1 dye on photo-catalyst and k; = limiting
reaction rate at maximum coverage in operational conditions. The integrated form can be

written as

(aud
I

&) 1 Co—C
m(c + Kk, k @)

Where t = time required for the initial concentration of dye Cy to C. At low dye

concentration in equation 2, value of Cy is very less and hence can be neglected.
Co\ _ .
In(=2) = kKt =kt @3)

Where k = apparent rate constant of degradation. The Half-life time (ty;) for the photo-
catalytic degradation of DB-1 dye on the ZnO NPs surface can be calculated by using

following Eq. (4)
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0.693

e = —( ()

The Direct Blue-1 dye degradation results are reported here for three conditions: (1)
Direct Blue-1+ ZnO NPs + visible light (2) Direct Blue-1 dye + visible light only and (3)
Direct Blue-1 dye + ZnO nanoparticles only (dark) were show in figure 4.30 (a). It was
observed carefully that maximum degradation occurred in the first condition, while in
dark and during photolysis, no significant changes in the absorbance values were
observed. Therefore, in second and third condition, degradation process was not

observed. Absorption spectrum Changes were recorded at 610nm wavelength.

4 7Y & & 7S
0.9
0.8

§ 0.7 1 \
[~ ]
f§ o.e—_
S 0.54
= 1 =3
<X 0.4 [Ze=zno + Visible light \
1 | —m— Only visible light =)
0-31 | —a— only zno ~
0.2
T T T T T T T 1
0 10 20 30 40 50 60 70

Irradiation time (min)

Fig. 4.30 (a) Degradation of Direct Blue-1: [DB-1] = 2.0 x 10° mol dm?
ZnO NPs = 160 mg/100mL, pH = 6.5, Light intensity = 40 x 10% Lux.

Plotting the semi-logarithmic graph of Direct Blue-1 dye concentration versus irradiation
time (min) in presence of ZnO NPs yielded a linear relationship as shown in Figure 4.30
(b). Therefore, reaction dye of degradation by ZnO nanoparticles is pseudo- 1% order
reaction kinetics, with regression coefficient of 0.993, DB-1 dye degradation rate

constant of 7.62 x 10™s™. The rate constant is the slope of the straight line. In all cases
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R? (correlation constant for the fitted line) values were close to 0.99 which confirmed

pseudo 1%-order kinetics for Direct Blue-1 dye mineralization in this method.
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Fig. 4.30 (b): Pseudo first order Kinetics: [DB-1] = 2.0 x 10° mol dm?
ZnO NPs = 160 mg/100mL, pH = 6.5, Light intensity = 40 x 10° Lux.

4.4.2: Effect of change in pH:

The role of pH is very important in textile waste and hydroxyl radical generation as well.
Hence several researchers studied the pH effect on dye degradation in presence of visible
light. Photo-catalytic degradation process has been studied at pH values from 3.5 to 9.5.
The effect of pH on the rate of degradation is shown in Table 4.21 and Figure 4.31. With
increase in pH from 3.5 to 6.5, degradation rate constant increases from 3.15 x 10 s™ to
7.62 x 10 5%, Further increase in pH results in reduction in degradation rate constant. At
higher pH value abut 7.5, negatively charged active sites on the surface of ZnO NPs
catalyst result in high concentration of positively charged of dye molecules on the surface
of ZnO NPs. In highly acidic medium, adsorption of lesser dye molecules inhibits the
reaction rate. But ZnO has amphoteric nature and dissolving at low pH and salt formation
takes place. At higher pH, it forms zincates such as [Zn(OH)4]* [86]. All these factors

were responsible for optimal value of photo-degradation of Direct Blue-1 dye at pH 6.5.

117



CHAPTER-IV Results and Discussion
DIRECT BLUE-1

Table 4.21: Effect of change in pH: [DB-1] = 2.0 x 10° mol dm®

ZnO NPs = 160mg/100mL, Light intensity = 40 x 10° Lux.

pH k x 10*s* ti, X 10°s
3.5 3.15 2.20
45 4.39 1.57
5.4 5.94 1.16
6.5 7.62 0.90
1.5 6.14 1.12
8.6 4,65 1.49
9.5 3.24 2.13

7.5 2 90| [z kvaiue
- yd K s | —o— o6 ettiency

6.0 7 \ A

E / 753

1.54 I 65

0.0 - T T T T T - 60
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Fig. 4.31: Effect of change in pH on photo-catalytic degradation of DB-1
4.4.3: Effect of change in catalyst amount:
The effect of ZnO nanoparticles catalyst loading is basic parameter to assess the
decolorization of DB-1 dye. Use of excess catalyst is a wastewater and it also hindered
the rate of degradation of dye. A series of experiments have been carried out to assess the
optimal catalyst amount by different amount of ZnO NPs catalyst from 80mg/100mL to

220mg/100mL at 2.0 x 10° mol dm™ dye concentration in reaction solution. The rate of
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degradation increased form 4.12 x 10* s to 7.62 x 10™ s with increased in catalyst
amount from 80mg/100mL to 160mg/100mL. Thereafter, rate constant decreases to
5.13 x 10 s™* with increased catalyst amount 220mg/100mL. The rate of degradation is
highest at 160mg/100mL of catalyst amount. This parameter analysis indicated that
beyond optimum catalyst concentration, other factor applied also affected the dye
degradation. Increase in amount of catalyst results in an increase of the available active
sites in reaction condition. But higher concentration of catalyst also causes light
scattering and decrease in infiltration of light in photo-active volume. Hence photo-active
volume shrinks. At optimum ZnO nanoparticles amaount of 160mg/100mL, both these
confilcting aspects are evenly piosed [77, 78]. All these factors suggest that optimal
amount of ZnO NPs catalyst has to be added in the order to aviod unneccessary excess of
catalyst also to essure total absorption of light photons for efficient photo-catalytic
degradation of DB-1 dye [87]. The results were shown in Table 4.22 and Figure 4.32.

Table 4.22: Effect of change in catalyst amount: [DB-1] = 2.0 x 10 mol dm?,

pH = 6.5, Light intensity = 40 x 10° Lux.

ZnO mg/100mL k x 10%s* tyo x 10°s
80 4.12 1.68
100 5.04 1.37
120 5.82 1.19
140 6.34 1.09
160 7.62 0.90
180 6.72 1.03
200 6.01 1.15
220 5.13 1.35
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Fig. 4.32: Effect of change in catalyst amount on photo-catalytic degradation of DB-1

4.4.4: Effect of change in dye concentration:

The amount of industrial textile dye concentration is very important parameter in
degradation of textile dye [80]. The decolorization of Direct Blue-1 dye at different initial
concentrations from 1.0 x 10”° mol dm™ to 3.5 x 10° mol dm™ was investigated under the
optimized reaction conditions. It has been found that the rate of degradation increased
from 3.08 x 10* s to 7.62 x 10 s™ with increase in Direct Blue-1 dye concentration
from 1.0 x 10° mol dm™® to 2.0 x 10° mol dm™. Thereafter, rate constant of dye
degradation decreased from 7.62 x 10™s™ to 3.18 x 10™ s™ with increased dye solution
concentration 2.0 x 10 mol dm™ to 3.5 x 10®° mol dm™. The rate constant of degradation
is optimum at 2.0 x 10° mol dm™ of Direct Blue-1 dye concentration. Therefore, above
optimal concentration with increase in dye concentration the rate of degradation
decreases [81]. The results are shown in Table 4.23 and Figure 4.33. Several reports it is
discussed that as the concentration of target textile dye increases more number of
molecules get adsorbed on the catalyst surface. As the concentration of dye molecules

increase may be occupied all the active sites of ZnO nanoparticle surface and
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consequently, decrement of rate of degradation occurred. Hence the relative numbers of
O, and hydroxyl radicals formed on the surface of semiconductors were also constant.
Excessive adsorption of dye molecule on the catalyst surface hindered the viable
adsorption of OH" ions and lowers the formation rate of OH" radicals [27-29].

Table 4.23: Effect of change in dye concentration: ZnO NPs = 160 mg/100mL,

pH = 6.5, Light intensity = 40 x 10° Lux.

[DB-1] x 10®° mol dm™ k x 10%s* t, x 10%s
1.0 3.08 2.25
15 5.20 1.33
2.0 7.62 0.90
2.5 6.47 1.07
3.0 4.42 1.56
3.5 3.18 2.17
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Fig. 4.33: Effect of change in dye concentration on photo-catalytic degradation of DB-1
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4.4.5: Effect of change in oxidant’s concentration:

The photo-catalytic degradation of Direct Blue-1 dye has been investigated at varied
concentration of H,0; and K,S,0g. Rate constant of degradation of DB-1 dye increased
from 8.03 x 10™*s™ to 11.23 x 10™*s™ with increasing H,O, concentrations from 2.0 x 10°
mol dm™ to 8 x 10° mol dm™ and rate constant of degradation of DB-1 dye increased
from 8.12 x 10™s™ to 10.93 x 10™s™ with increasing K,S,0g concentrations from
2.0 x 10° mol dm™ to 8 x 10°® mol dm™ respectively and reached to an optimum but
above this concentration range, the increased H,0, and K,S,0g concentration retarded the
rate of degradation. The results are shown in Table 4.24 and Figure 4.34. At their
respective low concentrations H,O, and K,S,0g accelerate the reaction rate by producing
an extremely strong and non-selective oxidant hydroxyl radical [88]. These hydroxyl
radicals got generated by H,0, and K;,S,0g on account of scavenging the electrons from
the conduction band of the photo-catalyst and this led to inhibit the electron-hole
recombination process [30-33]. H,O, may also split photo-catalytically to produce
hydroxyl radicals directly by the absorption of visible light by the following reactions:
H,O0,+ZnO(ecg) — > ‘OH + OH~ (5)
H0, + hv —  20H ©)
The S,05> anions generate strong oxidizing SO, radicals anion after trapping the photo-
generated conduction band electrons of ZnO NPs as shown in the following reaction:
S,08% + € ¢ R SO4” + S04 7)
The generated sulfate radical anions (SO, ) participate in reaction with the solvent,
according to the following reaction:

S0, + H,0 —_— "OH + S0,” +H* (8)
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Different to this behavior, H,O; and K;S,0g start behaving as scavenger for ‘OH radicals

and hole at an excessive concentration. The photo-catalytic degradation of Direct Blue-1

dye will be inhibited in the condition of excess of H,O, and K,S,0g as these are strong

oxidants for organic pollutants. Furthermore, H,O, and SO,* can be adsorbed onto ZnO

NPs deactivating a section of photo-catalyst and consequently decrease its photo-catalytic

activity [34, 35].

HO, + OH  ——
HO", + "OH —
H20, + h've —_—
SO, + "OH e
SO + h've _—

HO", + H,0

H,O + O,

H" + HO", + HO",
SO,” + OH~

SO,

9)
(10)
(11)
(12)

(13)

Consequently, the proper addition of H,O, and K,S,Og could accelerate the photo-

degradation rate of DB-1 dye. However, in in order to keep the efficiency of the added

H,0, and K,S,0g, it was necessary to choose the proper concentration of H,O, and

K2S,0g, according to kids and the dyes concentration.
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Table 4.24: Effect of change in H,O, and K,S,0g: [DB-1] = 2.0 x 10 mol dm?,

ZnO NPs = 160 mg/100mL, pH = 6.5, Light intensity = 40 x 10° Lux.

[Oxidant] x [H:C,] [ K250
10 moldm™ | k x 10™%s® | tiy, x 10°s | k x 10* s? | ty, x 10%s
0.0 7.62 0.90 7.62 0.90
2.0 8.03 0.86 8.12 0.85
4.0 9.94 0.69 9.74 0.71
6.0 10.38 0.66 10.15 0.68
8.0 11.23 0.61 10.93 0.63
10.0 10.29 0.67 9.09 0.76
12.0 9.76 0.71 8.77 0.79
14.0 9.11 0.76 8.15 0.85
12 o — 100
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Fig. 4.34: Effect of change in oxidants on photo-catalytic degradation of DB-1
4.4.6: Effect of change in salts concentration:

The industrial textile wastewater from dyeing process usually contain considerable

amount of CO5*” and Chloride ions. The chemicals are often used in textile processing for
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adjust pH of the dye bath. The presence of several anions chloride, carbonate and
bicarbonate is industrial wastes. Adsorption of degrading species are affected by these
ions and acting as OH ~ ion scavengers as well as adsorbs light radiation, which also an
important factor in mainly photo-catalytic degradation of dye [89]. With an increase in
the amount of carbonate ion from 2.0 x 10° mol dm™t0 12.0 x 10" mol dm" resulted into
decrease of rate constant from 6.95 x 10 s to 4.65 x 10* s*. The inhibition in the
degradation of dye is due to the hydroxyl scavenging property of carbonate ions, which
can be accounted from the following equation. Similarly, NaCl commonly comes out in
the effluent along with wastewater. Therefore photo-catalytic degradation rate in
presence of CI” ions has been studied by increase in concentration of CI ions from
2.0 x 10° mol dm™ to 12 x 10" mol dm™ that resulted into reduction of rate constant
from 6.86 x 10 s to 4.92 x 10* s*. The decrease in the degradation of dye in the

presence of ClI ion might be due to the hole scavenging properties of chloride ion [38].

'OH+C03>% ————> OH™+CO5 (14)
'OH+ HCO3; ——»  H,0+CO;3" (15)
ZnO ——> 7ZnO(h'\s €w) (16)
Cl +'OH —> CI'+OH" (17)
Cl + h, — > cCI (18)
Cl" +CI — CI,° (19)

The "OH radical which is a primary oxidant for the photo-catalytic degradation of dye
reported to decrease slowly with an increase in carbonate ions and degradation of the dye
significantly decreased [37]. The results are shown in Table 4.25 and Figure 4.35 is the

dependency of reaction rate constant on the concentration of Na,CO3 and NaCl.
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Table 4.25: Effect of change in Na,CO; and NaCl: [DB-1] = 2.0 x 10 mol dm,

ZnO NPs = 160 mg/100mL, pH = 6.5, Light intensity = 40 x 10° Lux.

[Salt] x [ Na,COg] [ NaCl ]
10° mol dm”® 'K x 10% sT | tp x 10°s | kx 107 sT | ty, x 10°s
0.0 7.62 0.90 7.62 0.90
2.0 6.95 0.99 6.86 1.01
4.0 6.54 1.05 6.68 1.03
6.0 6.07 1.14 6.26 1.10
8.0 5.66 1.22 5.87 1.18
10.0 5.18 1.33 5.36 1.29
12.0 4.65 1.49 4,92 1.40
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Fig. 4.35: Effect of change in salts on photo-catalytic degradation of DB-1
4.4.7: Effect of FeCl; change in concentration:
The effect of FeCl; on the photo-catalytic mineralization of Direct Blue-1 dye has been
studied. The metal ions such as Fe*" could be used as sensitizers during photo-catalytic

degradation of dye. The photo-catalytic degradation process was evaluated observed
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effect of FeCl; on Direct Blue-1 dye oxidation with Zinc oxide nanoparticles using
visible light. It was observed that when FeCl; was varied concentration from 2.0 x 107
mol dm™® to 12.0 x 10° mol dm™® The degradation rate constant increased from
8.19 x 10™ s to 10.06 x 10™* s with the increase in concentration of FeCls; from
2.0 x 10®° mol dm™ to 8.0 x 10®° mol dm™. Thereafter, degradation rate constant
decreased to 8.12 x 10 s on further increase in amount of FeCls up to 12.0 x 10” mol
dm™. The results are shown in Table 4.26 and Fig. 4.36. In fact the increase in ferric ions
concentration in the reaction mixture resulted into the increase of Fe®* ions concentration,
which is accompanied by improved formation of "OH radicals, consequently increasing
rate of degradation of FeCl; inhibits the reaction rate of degradation by competing with

formation of "OH radicals [90, 91].

Fe3+ + e- 'S Fe2+ (20)
Fe" +HO, +HY ——>  Fe’" +H,0; @)
Fe®* +H0,+H" — > Fe* + OH+ H,0, (22)

The photo-activation of surface adsorbed complex ion (Fe**OH") results in the formation
of Fe**OH" specie which injects electrons to the conduction band of ZnO as shown in
[Eq. 24-25]. The rate of decolorization in case of FeCls is explicable due to rapid
scavenging of conduction band electrons by molecular oxygen leading to formation of
superoxide and hydroperoxide radicals [42, 43] [Eq. (25)].

DB-1 + hVyispe ——  1DB-1" or 3DB-1" (23)

\DB-1"or sDB-1"+ ZnO(Fe**OH') ———— ZnO(Fe?*'OH)+DB-1"  (24)

ZnO(Fe®*OH’ )+ H,0, ——»  ZnO(€cp) + ZnO (Fe* "OH) (25)
ZnO(ecg) + Oy — 0,” —» HO, (26)
DB-1/DB-1"+ 'OH/0,"/HO’, — Degradation products (27)
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In the presence of higher concentration of FeCls, there is excessive surface adsorption of
dye on the surfaces of catalyst [44]. This reduced the total photoactive area of ZnO NPs
catalyst and lowered the rate of reaction [45].

Table 4.26: Effect of change in FeCls concentration: [DB-1] = 2.0 x 10° mol dm™,

ZnO NPs = 160 mg/100mL, pH = 6.5, Light intensity = 40 x 10° Lux.

FeCl; x 10° mol dm? k x 10%s? ty, x 10%s
0.0 7.62 0.90
2.0 8.19 0.84
4.0 8.63 0.80
6.0 9.58 0.72
8.0 10.06 0.68
10.0 9.16 0.75
12.0 8.42 0.82
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Fig. 4.36: Effect of change in FeCl; on photo-catalytic degradation of DB-1
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4.4.8: Effect of change in Fenton’s reagent concentration:

Photo-Fenton’s process is one of the most common AOPs which is based on the
formation of very reactive species such as ‘OH radicals, which have a ver strong
oxidative potential second only to flurine. ‘OH radicals rapidly and non selectivly oxidize
a broad range of dyes pollutants. Fenton like reagent is an attractive usage for the
effective degradation of dyes because of its low cost and lack of toxicity of the reagents
like H,O, and Fe®" or Fe®* [92]. Fenton’s reagent, a mixture of Fe*" and H,0, has been
known as a powerful oxidant for textile dyes [48, 49].

Fe?* + H,0, —>  Fe* + OH + OH (28)
OH ' radicals may be scavenged by reaction with another Fe?*:

OH" + Fe* ——>  OH +Fe* (29)
Fe** + HO + v — 5  OH + Fe**+ H' (30)
It present study Fenton’s reagent for degradation of Direct Blue-1 dye in presence of ZnO
nanoparticles in visible light has been studied. The degradation rate constant has a value
of 8.06 x 10 s* on the addition of Fe**: H,O, in molar ratio 1:2. In the presence of Fe®":
H,0, in molar ratio 3:4, rate constant has been found 10.13 x 10 s™. The results are
shown in Table 4.27 and Figure 4.37. Upon irradiation of Fe**/H,0,/ZnO/DB-1 system in
the presence of visible light, formation of OH’ radicals increased relating a complex
mechanism. Visible radiation is absorbed by dye and exited in to high energy state from
ground state and this excited dye molecules reduce ferric ion complex into ferrous ion
complex followed by the transfer to ferric ion [93]. The reduced ferrous ions react with
hydrogen peroxide to decompose and produce hydroxyl radical [Eq. (33)]. OH’ radicals
also decompose H,0, to "HO..

DB-1 + vV yisibte — » DB-1"0r3DB-1" (31)
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1:DB-1"0r 3 DB-1" + ZnO (Fe**OH) ———» ZnO (Fe**OH") + DB-1*

ZnO (Fe**OH’) + H,0,

ZnO (Fe**OH’) + H,0,

ZnO ( Fe?*OH")

ZnO( e'CB) + O,

HO, + 07

H,O, + ZnO( e'CB)

OH + H,0,

—_—)

ZnO (Fe**OH") + OH + OH’

ZnO (Fe’*OH") + "HO, + H*

—

™ ZnO(Fe*OH') + ZnO(eca)
. 05 o,
————> OH+ OH + O,

— > OH+ OH

————  H,0 +'HO,

DB-1/ DB-1" + OH'/ O,/ 'HO, —— Degradation products

(32)
(33)
(34)
(35)
(36)
37)
(38)
(39)

(40)

Table 4.27: Effect of change in Fe®**/H,O,: [DB-1] = 2.0 x 10° mol dm?®,

ZnO NPs = 160 mg/100mL, pH = 6.5, Light intensity = 40 x 10° Lux.

Ee®* H,0 Without ZnO With ZnO
- 22
k x 10%s? [ty x 10°s | k x 10% st | typ x 10%s

1:2 0.87 7.96 8.06 0.85
1.5:2 1.24 5.58 8.75 0.79
254 1.91 3.62 9.35 0.74
3:4 2.32 2.98 10.13 0.68
4:5 2.67 2.59 9.69 0.71
5:6 2.94 2.35 8.26 0.83
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V772 k value without ZnO
10+ ] — [ k value with ZnO
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2 7777
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Fe™ : H.O,

3+

Fig. 4.37: Effect of change in Fenton’s reagent on photo-catalytic degradation of DB-1

4.4.9: Effect of change in light intensity:

The effect of light intensity on photo-catalytic degradation rate was investigated and the
resulted are given in Table 4.28 and Figure 4.38. By varying the intensity of light
increasing from 20 x 10° Lux to 60 x 10° Lux for DB-1 dye solution concentration
2.0 x 10° mol dm™, ZnO NPs catalyst amount 160 mg/100mL and pH 6.5. The rate of
degradation constant increased from 5.27 x 10 s to 8.95 x 10™ s as shown in the
figure. It may be explained on the basis of number of excited molecules. As more light
intensity falls on ZnO molecules, more number of molecules get excited which in turn
may degrade more dye molecules and thus the rate of photo-catalytic degradation was

found to increase with increase in light intensity [94].
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Table 4.28: Effect of change in light intensity: [DB-1] = 2.0 x 10° mol dm?,

ZnO NPs = 160 mg/100mL, pH = 6.5.

Light intensity x 10° lux kx10*st i x 10%s
20 5.27 1.31
30 6.74 1.02
40 7.62 0.90
50 8.29 0.83
60 8.95 0.77
] 100
o] ot
1 | —@— % Efficiency °o— | 90
8 ° |
7_‘ . - 80
o ] I o)
Y L70 £
IS . S
X 51 L60 i
4- I K
] L 50
3
T T T T T 40
20 30 40 50 60
[Light intensity] x 10° Lux

Fig. 4.38: Effect of change in light intensity on photo-catalytic degradation of DB-1

4.4.10: Effect of bubbling of N, and O,:

The photo-catalytic degradation reactions were carried out in presence of catalyst by

bubbling O, or N in a closed reactor. The degradation of DB-1 dye has been severely

retarded by bubbling of pure N, decrease in rate constant but increases rapidly on

bubbling oxygen through the dye solution. These observations confirm the proposed
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assumption that dissolved oxygen is a precursor of main oxidant, that is, the role of DO is
to trap the photo-generated electrons to produce O,~ radicals, which particles in photo-
catalytic process to accelerate the DB-1 dye photo-degradation. In the oxygenated
solution oxygen get adsorb on the surface of the photo-catalyst, preventing electron-hole
recombination by trapping electron and producing superoxide anion radicals. With the
improved charge separation more numbers of photo-generated holes becomes available to

take part in photo oxidation reactions. The results are shown in Fig. 4.39 [53, 54].

0, + € - > 0, (41)
H,0; + ZnO(e") — HO + HO (42)
0, + H,0, — HO' +HO + O, (43)
O, + H* — HO", (44)
HO+ ZnO(e) ——» HOy (45)
HO, + H* e H,0, (46)
2HO", — 02 +H;0, (47)

1.0 - R . .

0.8 —

0.6 - \

®

4 - RAe
0.4 1 \ \7%

] |—m— Solar + ZnO N
—e@— ZnO + Visible + O, \ \se(
—A— ZnOo + Visible \
—%*— ZnO + Visible + N, \

T

Absorbance

0.2 1

0.04 |—4a— Only solar

T T T T T

0 10 20 30 40 50 60
Irradiation time (min)

Fig. 4.39: Decolorization of DB-1 under various photo-catalytic systems: [DB-1] =

2.0 x 10”° mol dm™, ZnO NPs = 160 mg/100mL, pH = 6.5, Light intensity = 40 x 10% Lux.
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4.4.11: Comparison of solar and visible light:

The efficiency of solar and visible light on photo-catalytic degradation of dye was
comparatively studied. The degradation efficiency of Direct Blue-1 dye with visible light
was found to be more efficient than that of solar light. Figure 4.39 shows the comparisons
of color removal efficiency of Direct Blue-1 dye with two light sources under different
conditions. It was noticed that if same experiments were carried out in the absence of
ZnO, then no absorbance loss of dye was found [55, 56].

4.4.12: Effect of other photo-catalysts:

In order to understand the more photo-catalytic efficiency of ZnO NPs towards photo-
catalytic degradation of DB-1 dye, identical experiments were carried out with
commercial ZnO, BIOCI, TiO, and BaCrOy using visible light irradiated. The results are
shown in Table 4.29 and Figure 4.40. The heterogeneous photo-catalyst i. e. ZnO
nanoparticles reaction occurred on surface when illumination with light of energy equal
or more than band gap of photo-catalyst [57]. We have investigated the relative
efficiencies of other photo-catalysts. BaCrO, with smaller band gap shows less activity
since its conduction band is much lower than that of ZnO NPs and TiO,. The smaller
band gap permits rapid recombination of electron-hole and so electron in these catalysts
cannot move into the electron acceptors in the solution rapidly. Hence low photo-
catalytic activity was observed in these semiconductors [58]. It is for these reasons; the
prepared ZnO nano photo-catalyst has more photo-catalytic efficiency than other photo-

catalysts.
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Table 4.29: Effect of other photo-catalysts: [DB-1] = 2.0 x 10° mol dm™, pH = 6.5,

Light intensity = 40 x 10° Lux.

Catalysts
(160mg/100mL) kx 10*s? tip X 10° s
ZnO NPs 7.62 0.90
Zno 5.36 1.29
BiOCI 4.58 1.51
TiO, 3.61 1.91
BaCrO, 2.34 2.96
7.5
6.0
‘:g 4.5
—
>
S
3.0
1.54
ZnONPs  ZnO BiOCI Tio, BaCro,
Catalyst

Fig. 4.40: Effect of other photo-catalysts on photo-catalytic degradation of DB-1
4.4.13: Test for reusability of ZnO NPs:
To determine the activity of ZnO NPs, this catalyst was further tested for two extra cycles

and noted that catalyst did not show any significant loss of photo-degradation activity
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against Direct Blue-1 dye. This indicates that ZnO is more stable and has better photo-

catalytic performance on Direct Blue-1 dye degradation. Fig.4.41 shown as:

1.0 1 —m— Cycle |
] —e@— Cycle ll
084 —A&— Cycle Il

/

8 0.6
[ e
[9+] J
2
S 0.4- \
w
= 1
0.2 \
] \.
0.0
0 10 20 30 40 50 60

Irradiation time (min)

Fig. 4.41: Decolorization of DB-1 by ZnO NPs: (I) Cycle; (11) Cycle; (111) Cycle:
[DB-1] = 2.0 x 10° mol dm® 2zZnO NPs = 160 mg/100mL, pH = 6.5,
Light intensity = 40 x 10% Lux.

4.4.14: COD and CO; measurements during degradation of DB-1:

Chemical oxygen demand resulted were taken as one of the parameter to determine the
feasibility of the reduction process for Direct Blue-1 dye degradation. The COD of the
DB-1 dye solution before and after the treatment was valued. The efficiency of photo-
catalytic treatment to mineralize the dyes was studied. COD test is one of the best and
effective processor which is also largely used as most an effective and efficient procedure
to determine the strength of wastewater. It measured the waste in terms of total oxygen
required for the degradation of dye and other waste substance present in water [95].
Increases in COD of treated water in comparison with untreated solution showed that

mineralization along with decoloration of dye molecules are taking place. The reduction
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in the estimated COD from 224 mg/L to 4 mg/L and increase in CO, values from 24mg/L
to 175 mg/L in 180 min of illumination indicated the complete mineralization of treated
dye solution. A decrease in pH has also been observed with increase in the quantity of
mineralization. The results were shown as Table 4.30 and Figure 4.42 (a) and (b).

Table 4.30: COD and CO; measurements during degradation of DB-1:
[DB-1] = 2.0 x 10° mol dm® 2zZnO NPs = 160 mg/100mL, pH = 6.5,

Light intensity = 40 x 10° Lux.

Time (min) COD CO; Efficiency NOs3~
(mg/L) (mg/L) (%) (mg/L)
0 224 24 0 0
30 186 36 17 8
60 91 54 59 14.5
90 22 96 90 17.2
120 16 136 92 21.4
150 9 154 96 29
180 4 175 98 31
250 N
| = - 100
200 4 \ Qr—ho/o ° I
] - - 80
150 —m— COD r >
- P —@— % Efficiency - 60 8
> 1 2
E 100- g o B
a FeY m
S ] =
o i o
50 - . \ L 20
0 o/ e -0

T T T T T T T T T T T T T T
0 30 60 90 120 150 180
Irradiation time (min)

137



CHAPTER-IV Results and Discussion
DIRECT BLUE-1

180 - EI _°_ Coz ' I~ 32
] —%— NO_ *7 I
160 - 3 o - 28
140 . :/ i 24 _
—~ 1204 L 20 %
:' 1 * | e
CE» 100 1'(/ o L1 &
~. a9 L12 O
o 801 / / I pd
(@) 60 - * o — 8
07 / — 4
0] ¢ 0

30 60 90 120 150 180
Irradiation time (min)

Fig. 4.42: (a) COD trend and % Efficiency (b) CO, trend and formation of NO3’
during mineralization of Direct Blue-1: [DB-1] = 2.0 x 10° mol dm®
ZnO NPs = 160 mg/100mL, pH = 6.5, Light intensity = 40 x 10% Lux.

4.4.15: Mechanism of Direct Blue-1 dye degradation:

The photo-catalytic degradation of the Direct Blue-1 dye was studied by the use of
additives such as H,0,, K,S,0s etc. electron scavengers like H,O, and K,S,0g accept a
photo-generated electron from the conduction band (CB) and thus avoid electron-hole
recombination producing OH" [61]. Valence band holes (hy,") and conduction band
electrons(ec, ) are generated when aqueous ZnO NPs suspension is irradiated with visible
light energy when band gap energy is greater than (Eq = 3.2 eV) and these electron-hole
pairs interact separately with another molecule. Conduction band electrons (ecg’) reduce
molecular oxygen to generate superoxide radicals, as shown in Eq. (48) to Eq. (57) [62-
64]. Such electron generated disrupted the conjugation system of dye and decomposition
of dye and the hole so generated creates OH’ from water which again leads to degradation

of dye. The mechanism is as follows: [65, 66]
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ZnO +  hv yisible —_— ZnO (h'vg + ecs) (48)
ZnO (h*vg) + H,0 ———>  Zn0 + H' + OH (49)
ZnO (h'vg) + OH — > ZnO + OH’ (50)
Zno (€cg) + O, — »  ZnO + 0O (51)
0, + H — HO," (52)
HO, + H* + ZnO (ecg) ——>  H,0, +2Zn0O (53)
H,0, + ZnO (e'cs) —  »  OH +OH +2Zn0 (54)
DB-1 + OH’ _— Degradation Products (55)
DB-1 + ZnO (h*yg) —_ Oxidation Products (56)
DB-1 + ZnO (e'cg) > Reduction Products (57)

Secondly, sensitization of dye molecule by visible light leads to excitation of dye
molecule in singlet or triplet state, subsequently followed by electron injection from
excited dye molecule onto conduction band of semiconductor particles. The mechanism

of dye sensitization is summarized in Eg. (58) to Eq. (67) [67-71].

DB-1 + hv'*yisible — 'DB-1* or °DB-1* (58)
'DB-1* or * DB-1* + ZnO ———  DB-1"+ ZnO (e'cs) (59)

ZnO (e'cg) + O, —  Zn0 + O," (60)
0,” + H* —  HO, (61)
HO," + H* + ZnO (ecg) ————» H,O, + ZnO (62)
H,0, + ZnO (e'cp) —» OH + OH +2ZnO (63)
DB-1" + OH" — »  DB-1+OH (64)
DB-1"+0,” —>» DO, — Degradation products (65)
DB-1+OH' ——» Degradation products (66)
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The mechanism of semiconductor photo-catalysis is of very complex nature. Dye
molecules interact with O,", ‘OH,, or OH’ species to generate intermediates ultimately
lead to degradation products. OH’ radical being very strong oxidizing agent (oxidation
potential 3.2 eV) mineralizes dye to various end products. The role of reductive pathways
in heterogeneous photo-catalysis has been found to be in minor extent as compared to
oxidation[72, 73].

DB-1 (DB-1") + OH° —— Decolorization of DB-1

}

Degradation of DB-1 involving organic intermediates

l

Mineralization

CO; + H,0 + NO3™ + SO~ (67)

DB-1 = Direct Blue-1
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Orange Il has a chromophoric system containing azo
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anionic in nature attach strongly to cationic groups in the
fiber directly. They can be applicable to use for natural
fibers like wool, cotton and silk as well as to synthetics like
polyesters, acrylic and rayon, paints, inks, plastics and

leather.
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4.5: Effect of various experimental parameters on the degradation rate of Orange-I1
(Oll) dye

4.5.1: Photo-catalytic degradation of Orange-I11 (Ol1):

On the surface of catalyst classical Langmuir—Hinshelwood expression was followed by
the photo-catalytic degradation rate of Orange Il dye and followed most often Langmuir
sorption isotherm for the sorption of the dye to the catalyst surface. This theory is usually
used kinetic model for unfolding photo-catalytic behavior. For treatment of
heterogeneous surface reactions degradation rate is explained by pseudo first order
kinetics in Langmuir-Hinshelwood [11-14]. Such Kinetics is streamlined in terms of
modified model to accommodate reactions taking place at solid-liquid interface as

r = —dc . k.KC 1
a dt  (1+KCO) (1)

Where, r = rate of dye disappearance and C = variable dye concentration at time t.
K = equilibrium constant for adsorption of Orange Il dye on photo-catalyst and
k: = limiting reaction rate at maximum coverage in operational conditions. The integrated

form can be written as

_ &) 1 Co—C
t = 1n(C o 0

Where t = time required for the initial concentration of dye Cy to C. At low dye

concentration in equation 2, value of Cy is very less and hence can be neglected.
Co\ _ .
In(=2) = kKt =kt @3)

Where k = apparent rate constant of degradation. The Half-life time (ty;) for the photo-
catalytic degradation of Orange Il dye on the ZnO NPs surface can be calculated by using

following Eq. (4)
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0.693

e = —( ()

The Orange Il dye degradation results are reported here for three conditions: (1) Orange
Il dye + ZnO NPs + visible light (2) Orange Il dye + visible light only and (3) Orange II
dye + ZnO nanoparticles only (dark) were show in figure 4.43 (a). It was observed
carefully that maximum degradation occurred in the first condition, while in dark and
during photolysis, no significant changes in the absorbance values were observed.
Therefore, in second and third condition, degradation process was not observed.

Absorption spectrum Changes were recorded at 480nm wavelength.

1.0

* & —_——
. b———————
0.8 4
S o6 - he
o 6 -
(353 \
o) 1 °
S
S 04 \
-2 ] )
0.24 [—e—2zno + Visible light \°
—e— Only visible light \o
—A— Only ZnO 0
0.0 A
T T T T T T T 1
(0] 15 30 45 60 75 90 105

Irradiation time (min)

Fig. 4.43 (a) Degradation of Orange-ll: [Oll] = 52 x 10° mol dm?
ZnO NPs = 90 mg/100mL, pH = 7.5, Light intensity = 35 x 10° Lux.

Plotting the semi-logarithmic graph of concentration versus irradiation time (min) of
Orange-Il dye in the presence of ZnO NPs yielded a linear relationship as shown in figure
4.43 (b). Therefore, reaction dye of degradation by ZnO nanoparticles is pseudo-first
order reaction kinetics, with regression coefficient of 0.978, Orange Il dye degradation

rate constant of 4.95 x 10™s™. The rate constant is the slope of the straight line. In all
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cases R? (correlation constant for the fitted line) values were close to 0.99 which

confirmed pseudo 1%-order kinetics for Orange-I1 dye mineralization in this process.

-1.2

-1 A
)
o
e
= -0.6 A

-0.8 -

-0.4 4
-0.2 4

0 ’ T T T T T T 1
0 15 30 45 60 75 90 105
Time (min)

Fig. 4.43 (b): Pseudo first order kinetics: [OIl] = 52 x 10° mol dm?
ZnO NPs = 90 mg/100mL, pH = 7.5, Light intensity = 35 x 10° Lux.

4.5.2: Effect of change in pH:

The pH is very important parameter in the photo-catalytic degradation reaction.
Wastewater containing dyes is discharged at different pH; consequently it is important to
study the role of pH on the decolorization of dye. In order to investigate the effluence of
pH on the degradation efficiency, experiments were carried out at various pH values,
ranging from 4.5 to 10.5. The effect of pH on the rate of degradation results is shown in
Table 4.31 and Figure 4.44. With increase in pH from 4.5 to 7.5, degradation rate
constant increases from 3.13 x 10 s™ to 4.95 x 10 s™*. Further increase in pH results in
reduction in degradation rate constant. The pH of zero point charge for ZnO is about 9.3
[96, 97]. At higher value of pH about 7.5, negatively charged active sites on the surface
of ZnO NPs catalyst result in high concentration of positively charged of dye molecules

on the surface of ZnO NPs. It gets dissolved at lower pH, forming salts. At higher pH, it
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forms zincates [98]. All these factors are responsible for optimal value of photo-
degradation of Orange Il dye at pH 7.5.
Table 4.31: Effect of change in pH: [Orange-1l] = 5.2 x 10° mol dm?,

ZnO NPs = 90 mg/100mL, Light intensity = 35 x 10% Lux.

pH k x 10*s? ti, x 10°s
4.5 3.13 2.21
5.5 3.84 1.80
6.5 4.35 1.59
7.5 4.95 1.40
8.5 4.44 1.56
9.5 3.75 1.84
10.5 3.06 2.26
5.0 L) 90| |EZZ4 k value
\o —Q— % Efficiency|
4.5 o e
- O/Z I >
g ] / 0 - 60 Zg
L 354 ° T
L 45 =
3.04
2.5 T . T T T T 30
4 5 6 7 8 9 10 11
pH

Fig. 4.44: Effect of change in pH on photo-catalytic degradation of O-I11
4.5.3: Effect of change in catalyst amount:
The effect of catalyst amount is an important parameter affecting the efficiency of photo-

catalytic degradation. The initial rate of reaction has been observed to be directly
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proportional to ZnO NPs catalyst amount indicating the heterogeneous system. In order
to investigate the optimum amount of ZnO NPs catalyst, a series of experiments has been
carried out using by different amount of ZnO NPs catalyst from 60mg/100mL to
120mg/100mL at optimized pH 7.5. The rate of degradation increased form 1.03 x 10*s™
to 4.95 x 10™ s with increased in catalyst amount from 60mg/100mL to 90mg/100mL.
Thereafter, rate constant decreases to 2.67 x 10 s with increased catalyst amount
120mg/100mL. The results are shown in Table 4.32 and Figure 4.45. The rate of
degradation is optimum at 90mg/100mL of catalyst amount. This observation indicated
that beyond the optimum catalyst concentration, other factors affected the degradation of
dyes. Increase in amount of catalyst resulted in an increase of the available active sites in
reaction condition. Completely all these aspects suggest that optimal amount of ZnO NPs
catalyst has to be added in the order to aviod unneccessary excess of catalyst also to
essure total absorption of light photons for efficient photo-catalytic degradation of
Orange 11 dye [99, 100].

Table 4.32: Effect of change in catalyst amount: [Orange-11] = 5.2 x 10° mol dm?,

pH = 7.5, Light intensity = 35 x 10° Lux.

ZnO NPs mg/100mL k x 10%s? tip x 10%s
60 1.03 6.72
70 2.25 3.08
80 3.43 2.02
90 4.95 1.40
100 4.23 1.63
110 3.77 1.83
120 2.67 2.59
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Fig. 4.45: Effect of change in catalyst amount on photo-catalytic degradation of O-1I

4.5.4: Effect of change in dye concentration:

The effect of different initial dye concentration on the photo-catalytic degradation of
Orange 11 dye has been studied from 2.2.0 x 10®° mol dm™ to 8.2 x 10 mol dm™ was
investigated under the optimized experimental reaction conditions. It has been observed
that the rate of degradation increased from 2.51 x 10*s™ to 4.95 x 10™* s with increase in
Orange |1 dye concentration from 2.2 x 10”° mol dm™ to 5.2 x 10° mol dm™. Thereafter,
rate constant of dye degradation decreased from 4.95 x 10™s™ to 3.06 x 10* s with
increased dye solution concentration 5.2 x 10 mol dm™ to 8.2 x 10° mol dm™. The rate
constant of degradation is optimum at 5.2 x 10° mol dm™ of Orange 11 dye concentration.
From literature studies we came to know that as the target textile dye concentration
increase adsorbed of these molecules on the catalyst surface also increases [80]. Hence
relative no. of O," and OH’ radicals on the catalyst surface increased. Therefore, excess
dye molecule adsorption on catalyst surface hindered the OH" ions adsorption and finally

rate of OH" formation is lowered. It is concluded from above discussion that above
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optimum dye concentration rate of degradation decreased [101, 102]. The data are given

in Table 4.33 and Figure 4.46.

Table 4.33: Effect of change in dye concentration: ZnO NPs = 90 mg/100mL,

pH = 7.5, Light intensity = 35 x 10° Lux.

[O11] x 10®° mol dm™® k x 10%st t, x 10%s
2.2 2.51 2.76
3.2 3.64 1.90
4.2 4.17 1.66
5.2 4.95 1.40
6.2 4.30 1.61
7.2 3.79 1.82
8.2 3.06 2.26
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Fig. 4.46: Effect of change in dye concentration on photo-catalytic degradation of O-I11
4.5.5: Effect of change in oxidant’s concentration:

The rate of photo-catalytic degradation of organic compound is significantly improved
either in the presence of oxygen or by addition of H,O, and K,S,0g. The photo-catalytic

degradation of Orange 11 dye has been investigated at varied concentration 2.0 x 10° mol
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dm™ to 14 x 10®° mol dm™ of H,0, and K,S,0s. The rate constant of photo-catalytic
degradation of Orange Il dye increased from 5.25 x 10™s™ to 6.77 x 10™*s™ with
increasing H,0, concentrations from 2.0 x 10° mol dm™ to 8 x 10® mol dm™ and rate
constant of photo-catalytic degradation of Orange 11 dye increased from 5.32 x 10™s™ to
6.93 x 10™s™ with increasing K,S,0s concentrations from 2.0 x 10° mol dm™ to 8 x 10°®
mol dm respectively and reached to an optimum but above this concentration range, the
increased H,0, and K;S,0g concentration retarded the rate of degradation. The results are
shown in Table 4.34 and Figure 4.47. At their respective low concentrations H,O, and
K,S,0g accelerate the reaction rate by producing an extremely strong and non-selective
oxidant ‘OH radical. These ‘OH radicals got generated by H,0, and K,S,0g on account of
scavenging the electrons from the conduction band of the photo-catalyst and this led to
inhibit the electron-hole recombination process [30-33]. H,O, may also split photo-
catalytically to produce ‘OH radicals directly by the absorption of visible light by the
following reactions:

HO0,+ZnO(ecg) — > ‘OH + OH~ (5)
H0, + hv —  20H ©)
The S,05> anions generate strong oxidizing SO, radicals anion after trapping the photo-
generated conduction band electrons of ZnO NPs as shown in the following reaction:
S,05% + € g R SO4” + S04 7)
The generated sulfate radical anions (SO, ) participate in reaction with the solvent,
according to the following reaction:

S0, + H,0 —_— "OH + S0,” +H* (8)
Different to this behavior, H,0, and K,S,04 start behaving as scavenger for ‘OH radicals

and hole at an excessive concentration. As both ‘OH radical and hyg” are strong oxidants
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for organic dye pollutants, the photo-catalytic degradation of Orange Il dye will be

inhibited in the condition of additional of H,0O, and K,S,0s. Furthermore, H,0, and SO,*

can be adsorbed onto ZnO NPs deactivating a section of photo-catalyst and consequently

decrease its photo-catalytic activity [103, 104].

H,0, + "OH
HO", + 'OH
H,0, + h'vg
SO,% + "OH

SO + h'ye

.

]

—

—_—

HO.Z + H,0

H,O + O,

H + HO'2 + HO'2

SO,” + OH™

SO,

9)
(10)
(11)
(12)

(13)

Consequently, higher concentration of H,O, and K,S,0g inhibited the reaction rate of dye

degradation by competing with Orange Il dye for available ‘OH radicals [105].

Table 4.34: Effect of change in H,0, and K,S,0g: [Orange-11] = 5.2 x 10° mol dm,

ZnO NPs = 90 mg/100mL, pH = 7.5, Light intensity = 35 x 10% Lux.

[Oxidant] x [ HO,] [ K2S;0g]

10° mol dm*® k x 10%s? | typx 10%s | k x 10* st | ty, x 10°s
0.0 4.95 1.40 4,95 1.40
2.0 5.25 1.32 5.32 1.30
4.0 5.64 1.22 571 1.21
6.0 6.17 1.12 6.22 1.11
8.0 6.77 1.02 6.93 1.00
10.0 6.28 1.10 6.37 1.08
12.0 571 1.21 5.82 1.19
14.0 5.34 1.29 5.43 1.27
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Fig. 4.47: Effect of change in oxidants on photo-catalytic degradation of O-I11

4.5.6: Effect of change in salts concentration:

The textile wastewater from dyeing process usually contains considerable amount of
carbonate and Chloride ions. The substances are often used in textile processing for
adjust pH of the dye bath. The presence of several anions chloride, carbonate and
bicarbonate is industrial wastes. These ions affects the adsorption of the degrading
species, acts as hydroxyl ion scavengers and may absorb light as well [89]. With an
increase in the amount of carbonate ion from 2.0 x 10™° mol dm™to 12.0 x 10° mol dm
resulted into reduction of rate constant from 4.42 x 10 s to 2.07 x 10* s*. The
inhibition in the degradation of dye is due to the hydroxyl scavenging property of
carbonate ions, which can be accounted from the following equation.

'OH+C03>% ——>» OH™+COs (14)
'OH+ HCO3; ——»  H,0+CO;3" (15)
The 'OH radical which is a primary oxidant for the photo-catalytic degradation of dye
reported to decrease slowly with an increase in carbonate ions and degradation of the dye

significantly decreased [37].
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Similarly, NaCl generally comes out in the effluent along with wastewater. Therefore

photo-catalytic degradation rate in presence of CI™ ions has been studied by increase in

concentration of CI ions from 2.0 x 10 mol dm™ to 12 x 10™° mol dm that resulted into

reduction of rate constant from 4.03 x 10 s to 1.61 x 10“ s™. The decrease in the

degradation of dye in the presence of chloride ion might be due to the hole scavenging

properties of chloride ion [38]

ZnO —
Cl +'OH —
Cl + h', —
Cl" +CI —

Zno (h+VB , e-cb)

Cl'+OH"

cr

Cl,*

(16)
(17)
(18)

(19)

The results are shown in Table 4.35 and Figure 4.48 is the dependency of reaction rate

constant on the concentration of Na,CO3 and NaCl.

Table 4.35: Effect of change in Na,CO; and NaCl: [Orange-11] = 5.2 x 10" mol dm™,

ZnO NPs = 90 mg/100mL, pH = 7.5, Light intensity = 35 x 10% Lux.

[Salt] x [ Na,COs] [ NaCl ]
5 3
10=moalidm kx10* st | t, x 10°s | k x 10% st | typ x 10°s
0.0 4.95 1.40 4,95 1.40
2.0 4.42 1.56 4.03 1.71
4.0 3.89 1.78 3.66 1.89
6.0 3.24 2.13 3.15 2.20
8.0 2.78 2.49 2.60 2.66
10.0 2.44 2.84 2.02 3.43
12.0 2.07 3.34 1.61 4.30
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Fig. 4.48: Effect of change in salts on photo-catalytic degradation of O-II

4.5.7: Effect of change in FeCl; concentration:

The metal ions such as Fe®*" could be used as sensitizers during photo-catalytic
degradation of dye. In present study, effect of FeCl; on the photo-catalytic degradation of
Orange 11 has been investigated by changing the concentration from 2.0 x 10" mol dm™
to 12.0 x 10° mol dm™. The degradation rate constant values increased from
5.38 x 10 s to 7.11 x 10 s with the increase in amount of FeClz from 2.0 x 10° mol
dm™ to 8.0 x 10 mol dm™. Thereafter, degradation rate constant values decreased to
6.01 x 10 s on further increase in amount of FeCls up to 12.0 x 10”° mol dm=.The
results are shown in Table 4.36 and Fig. 4.49. In fact the increase in ferric ions
concentration in the reaction mixture resulted into the increase of Fe** ions concentration,
which is accompanied by improved generation of "OH radicals, therefore increasing the
rate of degradation of FeCls inhibits the reaction rate of decolorization by competing with
formation of "OH radicals [90, 91].

Fe** +e — Fe* (20)

Fe** +HO, +H" —  Fe?* +H,0, (21)
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Fe?* +H,0,+H" — > Fe* + OH+ H,0, (22)
The photo-activation of surface adsorbed complex ion (Fe**OH") results in the formation
of Fe®*OH" species which injects electrons to the conduction band of ZnO as shown in
[Eq. 22-25]. When FeCls is applied, rate of decolorization is reasonable due to rapid

scavenging of conduction band electrons [42, 43] [Eq. (25)].

Ol + hV yisible —» Oll'ors0II" (23)
1OIl" or 011" + ZnO ( Fe**OH ) ——— ZnO (Fe* "OH) + OII** (24)
ZnO (Fe*OH") + H,0, —— ZnO(ece) +2ZnO(Fe*"OH) (25)
ZnO(ece) + O —>»0," ———» HO> (26)
Oll/OI™+ "OH / O,” / HO", — Degradation products (27)

In the presence higher concentration of FeCls, there is excessive surface adsorption of
anionic dye on the surfaces of catalyst. This reduced the total photoactive area of ZnO
NPs catalyst and lowered the reaction rate [45].

Table 4.36: Effect of change in FeCly: [Orange-1l] = 5.2 x 10° mol dm?,

ZnO NPs = 90 mg/100mL, pH = 7.5, Light intensity = 35 x 10° Lux.

FeCl; x 10° mol dm™ k x 10%s* t;, x 10%s
0.0 4.95 1.40
2.0 5.38 1.28
4.0 6.05 1.14
6.0 6.90 1.00
8.0 7.11 0.97
10.0 6.56 1.05
12.0 6.01 1.15
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Fig. 4.49: Effect of change in FeCl; on photo-catalytic degradation of O-I11

4.5.8: Effect of change in Fenton’s reagent concentration:

Fenton’s reagent system has been investigated for degradation of Orange Il dye in
presence of visible light and ZnO nanoparticles. In recent years, many research workers
have studied the degradation of dyes using Fenton and visible/solar light system. Fenton
reagent makes an attractive AOPs for the wastewater treatment and usage for the
effective degradation of dyes because of its low cost and lack of toxicity of the reagents
like H,0, and Fe** or Fe®*" [106]. Photo-Fenton’s process is one of the most common
AOPs which is based on the formation of very reactive species such as "OH radicals,
which have a ver strong oxidative potential second only to flurine. "OH radicals rapidly
and non selectivly oxidize a broad range of organic pollutants [48, 49].

Fe?* + H,0, — Fe** + OH + OH’ (28)
OH ' radicals may be scavenged by reaction with another Fe?*:

OH" + Fe* —>  OH +Fe* (29)

Fe** + H,O + hv — 5  OH" + Fe*' + H' (30)
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The rate constant of degradation has a value of 5.31 x 10* s™ on the addition of Fe*:
H,O. in molar ratio 3:1. In the presence of Fe**: H,0, in molar ratio 1:1.4, rate constant
has been found 7.04 x 10 s™. The results are shown in Table 4.37 and Figure 4.50.
Fenton’s reagent system, a mixture of Fe** and H,O, has been known as a powerful
oxidant for textile dyes. Upon irradiation of Fe**/H,0,/ZnO/Orange I dye system in the
presence of visible light, formation of OH" radicals increased relating a complex
mechanism. Dye absorbs visible irradiation and is excited into high-energy state. This
excited dye molecules reduction the ferric ion complex to ferrous ion complex followed
by the transfer to ferric ion [50]. The reduced ferrous ions react with H,O, to decompose

and produce hydroxyl radical [Eq. (33)]. OH’ radicals also decompose H,0; to "HO..

Oll + hV yisible —» Ollorz0II (31)
1011 or 3011 + ZnO (Fe**OH) ———» ZnO (Fe**OH") + OlII* (32)
ZnO (Fe**OH’) + H,0, ————»  ZnO(Fe**OH’) + OH +OH’ (33)
ZnO (Fe**OH’) + H,0, LN ZnO (Fe**OH") + "HO, + H* (34)
ZnO ( Fe?*OH") L. ZnO (Fe**OH") + ZnO( ecs) (35)
ZnO(ecs) + O, — % 045 — 4 "Ho, (36)
H,0; + O —— OH'+ OH + O, (37)
H,0; + ZnO(eca) ——» OH + OH (38)
OH + H,0, ——> H,0 +HO, (39)
Oll/OIl* + OH/ O,/ "HO, —  Degradation products (40)
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Table 4.37: Effect of change in Fe**/H,0,: [Orange-11] = 5.2 x 10° mol dm,

ZnO NPs = 90 mg/100mL, pH = 7.5, Light intensity = 35 x 10% Lux.

Fe**: H,0, Without ZnO With ZnO
k x10%s? | ty, x 10°s | k x 10* st | typ x 10°s

3.1 0.89 7.78 531 1.30
1.4:1 1.58 4.38 6.44 1.07
1:14 2.30 3.01 7.04 0.98
1:3 2.57 2.69 6.72 1.03
11:1 2.97 2.33 6.26 1.10

7 - k value without ZnO

T - [k value with ZnO

6_ ] —

s ] I
8 3
< 34
X

5] 7 7 7
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3:1 1.4:1 1:1.4 1:3 11:01
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Fig. 4.50: Effect of change in Fenton’s reagent on photo-catalytic degradation of O-II

4.5.9: Effect of change in light intensity:
The effect of light intensity on photo-catalytic degradation rate was investigated and the
resulted are given in Table 4.38 and Figure 4.51. By varying the intensity of light

increasing from 25 x 10° Lux to 45 x 10° Lux for Orange 11 dye solution concentration
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5.0 x 10° mol dm™, ZnO NPs catalyst amount 90 mg/100mL and pH 7.5. The rate of
degradation constant increased from 2.34 x 10* s to 6.67 x 10* s as shown in the
figure. It may be explained on the basis of number of excited molecules. As more light
intensity falls on ZnO molecules, more number of molecules get excited which in turn
may degrade more dye molecules and thus the rate of photo-catalytic degradation was
found to increase with increase in light intensity [94]. The data show that the rate of
degradation was accelerated as the light intensity was increased because any increase in
the intensity of light increased the photons striking per unit time per unit area of the ZnO
NPs catalyst powder resulted in more OH’ radicals. A linear behavior between intensity
of light and rate of degradation was observed [84].

Table 4.38: Effect of change in light intensity: [Orange-1I] = 5.2 x 10®° mol dm,

ZnO NPs = 90 mg/100mL, pH = 7.5.

Light intensity x 10° Lux | k x 10*s* typ X 10°s

25 2.34 2.96
30 3.45 2.00
<5 4.95 1.40
40 5.66 1.22
45 6.67 1.03
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Fig. 4.51: Effect of change in light intensity on photo-catalytic degradation of O-II

4.5.10: Effect of bubbling of N, and O,:

An important role of dissolved gases in a real aqueous sample play in the degradation of
dissolved organic pollutants. The degradation of Orange Il has been severely retarded by
bubbling of pure N, decrease in rate constant but increases rapidly on bubbling oxygen
through the dye solution. These observations confirm the proposed assumption that
dissolved oxygen is a precursor of main oxidant, that is, the role of DO is to trap the
photo-generated electrons to produce O, radicals, which particles in photo-catalytic
process to accelerate the Orange Il dye photo-degradation. In the oxygenated solution
oxygen get adsorb on the surface of the photo-catalyst, preventing electron—hole
recombination by trapping electron and producing superoxide anion radicals. With the
improved charge separation more numbers of photo-generated holes becomes available to

take part in photo oxidation reactions. The results are shown in Fig. 4.52 [53, 54].

0, + & o e (41)
H,0, +ZnO(e) ————>  HO' + HO (42)
0, + H,0, L HO" +HO + 0, (43)

158



CHAPTER-IV Results and Discussion

ORANGE-II
0, + H* S HO" (44)
HO+ ZnO(e) ——» HOy (45)
HO, + H* e H>0> (46)
2HO’, R 0, +Hy0; (47)
1.0 4
| T\"’sgo\.
0.8 1 *\
4 7.
8 0.6 §A\i}
S ] ® \
S _\ ¥,
0.4
g ] \\ \ﬁ
< —m— ZnO + Visible + O, '\ T
0.2 1 —@— Solar + ZnO \k
| |—a— zno + Vvisible '\f\
0.0 | %= Zno+ visible + N, \%
: —&— Only solar
0 15 30 45 60 75 90

Irradiation time (min)

Fig. 4.52: Decolorization of Orange Il under various photo-catalytic systems:
[Orange 1] = 52 x 10° mol dm® zZnO NPs = 90 mg/100mL, pH = 7.5,
Light intensity = 35 x 10° Lux.

4.5.11: Comparison of solar and visible light:

The efficiency of solar and visible light on photo-catalytic degradation of dye was
comparatively studied. The degradation efficiency of Orange Il dye with visible light was
found to be more efficient than that of solar light. Figure 4.52 shows the comparisons of
color removal efficiency of Orange Il with two light sources under different conditions. It
was noticed that if same experiments were carried out in the absence of ZnO, then no

absorbance loss of dye was found [55, 56].
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4.5.12: Effect of other photo-catalysts:

The results shown in Table 4.39 and Figure 4.53, the photo-catalytic degradation of
Orange Il dye with prepared ZnO NPs and varied catalyst such as ZnO, BiOCI, TiO, and
BaCrO, using visible light. The photo-catalyst on illuminating with light having energy
equal to or more than band gap energy, a heterogeneous photo-catalyst reaction occurs on
surface of semiconducting materials [57]. The order of photo-activity followed the order:
ZnO NPs > ZnO > BiOCI > TiO, > BaCrO, on photo-catalytic degradation have been
studied at same condition. It has already been found that catalysts such as ZnO NPs, ZnO,
BiOCI and TiO, have band gaps larger than 3 eV strong photo-catalytic activities. The
conduction and valence band potentials of both ZnO NPs and TiO, are larger than the
corresponding redox potentials of H*/H, and H,O/O, and the photo-generated electron
and hole can be separated efficiently. BaCrO,4 with smaller band gap shows less activity
since its conduction band is much lower than that of ZnO NPs and TiO,. The smaller
band gap permits rapid recombination of electron-hole and so electron in these catalysts
cannot move into the electron acceptors in the solution rapidly. Hence low photo-
catalytic activity was observed in these semiconductors [58]. It is for these reasons; the
prepared ZnO nano photo-catalyst has more photo-catalytic efficiency than other photo-

catalysts.
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Table 4.39: Effect of other photo-catalysts: [Orange-11] = 5.2 x 10° mol dm?,

pH = 7.5, Light intensity = 35 x 10° Lux.

Catalysts k x 10%s? ty, x 10%s
(90mg/100mL)
ZnO NPs 4,95 1.40
ZnO 2.64 2.62
BiOCI 2.35 2.94
TiO, 1.29 5.37
BaCrO, 1.08 6.41
5 4 ek value
4 -
<, 31
9
z 2
1
o T T T 1 7
ZnO NPs zZnO BiOCI TiO2 BaCrO4
Catalyst

Fig. 4.53: Effect of other photo-catalysts on photo-catalytic degradation of Orange-II
4.5.13: Test for reusability of ZnO NPs:
The reusability of ZnO nanoparticles photo-catalyst was tested for dye degradation. The
ZnO nanoparticles catalyst used for degradation of dye was filtered, washed and dried in
air and then in oven for 30 minutes. This dried ZnO photo-catalyst was used for the

degradation of dyes under similar reaction conditions. It was observed that the ZnO
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photo-catalyst can be used repeatedly even up to three batches of reaction without any
treatment and reused catalyst showed almost similar catalyst activity with fresh (original)
catalyst. The initial rate of photo-degradation of the dye has found very low decrement
even after the third second cycle of reuse. The results were shown in figure 4.54. The less

of activity was observed and losses of Zn*" ions were more pounced only after third cycle

of its reuse.
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—@— Cycle 1l
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Fig. 4.54: Decolorization of Orange-1l1 by ZnO NPs: (I) Cycle; (11) Cycle; (I11)
Cycle; [Orange-1l] = 5.2 x 10° mol dm?® ZnO NPs = 90 mg/100mL, pH = 7.5,
Light intensity = 35 x 10° Lux.

4.5.14: COD and CO; measurements during degradation of Orange-I1:

The COD test has widely been used as an effective method to measure the organic
strength of wastewater. The test allows the measurement of waste in terms of the total
amount of oxygen required for the oxidation of organic matter to CO, and H,O. Here,
results of COD were occupied to note the possibility of the reduction process for the
degradation of Orange Il dye. Increases in COD of treated water in comparison with

untreated solution showed that mineralization along with decoloration of dye molecules
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are taking place. The decrease in the COD valued 216 mg/L to 0 mg/L and increase in
CO; values from 32 mg/L to 232 mg/L in 4 h of presence of visible light the completed
mineralization of treated dye solution. A decrease in COD and increase in CO, confirm
the degradation of Orange Il dye. Significant amount of NO3™ were released into reaction
during the mineralization of dye. A decrease in pH has also been observed with increase
in the quantity of mineralization. The results were shown as Table 4.40 and Figure 4.55
(a) and (b) [107].

Table 4.40: COD and CO; measurements during degradation of Orange-IlI:
[Orange-1l] = 5.2 x 10° mol dm?® ZnO NPs = 90 mg/100mL, pH = 7.5,

Light intensity = 35 x 10° Lux.

Time (h) COD CO; Efficiency NO;
(mg/L) (mg/L) (%) (mg/L)
0 216 32 0 0
1 142 74 34 65
2 86 124 60 9.2
3 36 168 83 163
4 0 232 100 28.5
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Fig. 4.55: (a) COD trend and % Efficiency (b) CO; trend and formation of NO3~ during

mineralization of Orange-11: [O11] = 5.2 x 10° mol dm™, ZnO NPs = 90 mg/100mL,

pH = 7.5, Light intensity = 35 x 10° Lux.

4.5.15: Mechanism of Orange 11 dye degradation:

The photo-catalytic degradation of the Orange Il dye was studied by the use of additives

such as H,0,, K,S,0g4 etc. electron scavengers like H,O, and K,S,0g accept a photo-

generated electron from the conduction band (CB) and thus avoid electron-hole

recombination producing OH" [61]. Valence band holes (hy,") and conduction band
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electrons (ec,’) are generated when aqueous ZnO NPs suspension is irradiated with visible
light having more energy than (3.2 eV) band gape energy. These electron and hole pairs
interacts with another molecules separately. Now valance band holes (hyg.) reacted with
H,O or OH radical’s bonded on surface to procedure hydroxyl radical (OH"). And
molecule oxygen generated superoxide radicals, as shown in Eq. (48) to Eq. (57) [62-64].
Such electron generated disrupted the conjugation system of dye and decomposition of
dye and the hole so generated creates OH’ from water which again leads to degradation of

dye. The mechanism is as follows: [65, 66]

ZnO + NV yisible ——» ZnO(h'vg+e€cg) (48)
ZnO (h*vg) + H,0 ————>  Zn0 + H' + OH (49)
ZnO (h'vg) + OH — » ZnO + OH (50)
Zno (€cs) + O, — >  Zn0 + 0O, (51)
0, + H — >  HO, (52)
HO, + H* + ZnO (¢cg) ———>  H,0, +Zn0O (53)
H,0, + ZnO (e'cs) > OH +OH +2Zno (54)
Oll + OH’ —>  Degradation Products (55)
Oll + ZnO (h*ve) ———  Oxidation Products (56)
Oll + ZnO (e'ca) ——  Reduction Products (57)

Secondly, sensitization of dye molecule by visible light leads to excitation of dye
molecule in singlet or triplet state, subsequently followed by electron injection from
excited dye molecule onto conduction band of semiconductor particles. The mechanism
of dye sensitization is summarized in Eq. (58) to Eq. (67) [67-71].

OIl + hv* yisipte —_— ol11* or *0l1* (58)

oI or®ol*+ Zn0 ———» OII** + ZnO (e'cg) (59)
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ZnO (ecg) + O, L Zn0 + Oy” (60)
0, + H* — HO," (61)
HO," + H" +ZnO (e'cg) ————» H,O, + ZnO (62)
H,O, + ZnO (€cg) @——»  OH" + OH +2ZnO (63)
Ol + OH — > Oll + OH’ (64)
ol +0y” ———» DO, ———» Degradation products (65)
Oll + OH’ ——» Degradation products (66)

The mechanism of semiconductor photo-catalysis is of very complex nature. Dye
molecules interact with O,", ‘OH,, or OH’ species to generate intermediates ultimately
lead to degradation products. OH’ radical being very strong oxidizing agent (oxidation
potential 3.2 eV) mineralizes dye to various end products. The role of reductive pathways
in heterogeneous photo-catalysis has been found to be in minor extent as compared to
oxidation [72, 73].

Oll (OI") + OH" ——— Decolorization of OlI

}

Degradation of Oll involving organic intermediates

|

Mineralization

CO, + H,0 + NO3 + SO~ (67)

Oll = Orange Il
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Acridine Orange

Acridine Orange belongs to the oldest group of synthetic
dyes. Acridine Orange is a fluorescent pH indicator, orange
colored at pH 8.4 and exhibiting a green fluorescence at pH
10.4. It may be used to differentially stain DNA and RNA
within Individual unfixed cells of as a viability stain. It also
stains tumor cells selectively and retards tumor growth.
Among the non-textile uses are coloration of leather, paper,

lacquer and spirit inks.
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4.6: Effect of various experimental parameters on the degradation rate of Acridine
Orange (AO) dye

4.6.1: Photo-catalytic degradation of Acridine Orange (AO):

On the surface of catalyst classical Langmuir—Hinshelwood expression was followed by
the photo-catalytic degradation rate of AO dye and followed most often Langmuir
sorption isotherm for the sorption of the dye to the catalyst surface. This theory is usually
used kinetic model for unfolding photo-catalytic behavior. For treatment of
heterogeneous surface reactions degradation rate is explained by pseudo first-order
kinetics in Langmuir-Hinshelwood [11-14]. Such Kinetics is streamlined in terms of
modified model to accommodate reactions taking place at solid-liquid interface as

r = —dc . k.KC 1
a dt  (1+KCO) (1)

Where, r = rate of dye disappearance and C = variable dye concentration at time t.
K = equilibrium constant for adsorption of AO dye on photo-catalyst and k; = limiting
reaction rate at maximum coverage in operational conditions. The integrated form can be

written as

_ &) 1 Co—C
t = 1n(C o 0

Where t = time required for the initial concentration of dye Cy to C. At low dye

concentration in equation 2, value of Cy is very less and hence can be neglected.
Co\ _ .
In(=2) = kKt =kt @3)

Where k = apparent rate constant of degradation. The Half-life time (ty;) for the photo-
catalytic degradation of AO dye on the ZnO NPs surface can be calculated by using

following Eq. (4)
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0.693

e = —( ()

The Acridine Orange dye degradation results are reported here for three conditions: (1)
Acridine Orange dye + ZnO NPs + visible light (2) Acridine Orange dye + visible light
only and (3) Acridine Orange dye + ZnO NPs only (dark) were shown in figure 4.56 (a).
It was observed carefully that maximum degradation occurred in the first condition, while
in dark and during photolysis, no significant changes in the absorbance values were
observed. Therefore, in second and third condition, degradation process was not

observed. Absorption spectrum Changes were recorded at 450nm wavelength.
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Fig. 456 (a) Degradation of Acridine Orange: [AO] = 2.5 x 10° mol dm?
ZnO = 80 mg/100mL, pH = 8.4, Light intensity = 25 x 10° Lux.

Plotting the semi-logarithmic graph of concentration versus irradiation time (min) of AO
dye in presence of ZnO NPs yielded a linear relationship as shown in Figure 4.56 (b).
Therefore, reaction dye of degradation by ZnO nanoparticles is pseudo-first order
reaction kinetics, AO dye rate constant of 3.86 x 10™s™, with regression coefficient of

0.988. The rate constant is the slope of the straight line. In all cases R? (correlation

168



CHAPTER-IV Results and Discussion
ACRIDINE ORANGE

constant for the fitted line) values were close to 0.99 which confirmed pseudo 1*-order

kinetics for the degradation of AO dye in this method.
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Fig. 456 (b): Pseudo first order kinetics: [AO] = 25 x 10° mol dm?
ZnO = 80mg/100mL, pH = 8.4, Light intensity = 25 x 10° Lux.

4.6.2: Effect of change in pH:

The effect of pH on the photo-catalytic reaction could be mainly explained by the surface
charge of ZnO NPs. The pH of the aqueous solution also an important variable for the
determination of degradation process, because change in solution pH affected the
adsorption of organic pollutants and process of adsorption on catalyst surface. As the
resulted, the photo-catalytic degradation efficiency got greatly affected by pH changed.
Hydroxide layers (Zn-OH) is formed in presence of water by hydroxylation on zinc oxide
nanoparticles surface of zinc hydroxide is charged by amphoteric reaction with hydrogen
ion or hydroxyl ion in acidic and alkaline environment respectively [75].

ZnO-OH+H* —— Zn-OH", (Acidic environment) (5)

Zn-OH+OH ——— Zn—0" + H,O (Basic environment) (6)

169



CHAPTER-IV Results and Discussion
ACRIDINE ORANGE

Experimentations were carried out at pH values, from 5.5 to 11.5 for constant dye
concentration (2.5 x 10° mol dm™) and catalyst amount (80mg/100ml). The reaction rate
increased with increase in pH exhibiting optimum determined rate of degradation at pH
8.4. The results were shown in Table 4.41 and Figure 4.57. Consequently, at higher pH
value about 8.4, the electrostatic attraction between the negatively charged active sites on
the surface of ZnO NPs and positive AO dye molecule causes strong adsorption, but if the
pH value is too high, ZnO undergo dissolution and gets converted into zincates
[Zn(OH).)*.

Zn0+H,0+20H  ————  Zn(OH)# (7)
Under acidic conditions, the Acridine Orange dye was difficult to adsorb on the ZnO
nanoparticles surface and hence the photo-catalytic degradation of Acridine Orange dye
was very slow [76].

Table 4.41: Effect of change in pH: [AO] = 2.5 x 10" mol dm™, ZnO = 80 mg/100mL,

Light intensity = 25 x 10° Lux.

pH k x 10%s? ty, X 10°s
55 0.97 7.14
6.5 1.36 5.09
7.5 2.53 2.73
8.4 3.86 1.79
9.5 3.04 2.27
10.5 2.62 2.64
11.5 1.06 6.53
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Fig. 4.57: Effect of change in pH on photo-catalytic degradation of AO

4.6.3: Effect of change in catalyst amount:

The ZnO nanoparticles catalyst amount added to the reaction vessel is an important
parameter affecting the efficiency of photo-catalytic degradation. The initial rate of
reaction has been observed to be directly proportional to ZnO NPs catalyst amount
indicating the heterogeneous system. When excess catalyst is used for treatment of
wastewater it showed adverse effected on rate of dye degradation. A series of
experiments have been carried out to assess the optimal catalyst amount by various
amount of ZnO NPs catalyst from 50mg/100mL to 110mg/100mL at 2.5 x 10®° mol dm™
dye concentration in reaction solution. The rate of degradation increased form
1.03 x 10 s™ to 3.86 x 10 s™ with increased in catalyst amount from 50mg/100mL to
80mg/100mL. Thereafter, rate constant decreases to 1.22 x 10™s™ with increased catalyst
amount 110mg/100mL. The results are shown in Table 4.42 and Figure 4.58. The rate of
degradation is optimum at 80mg/100mL of catalyst amount. This observation indicated
that beyond the optimum catalyst concentration, other factors affect the degradation of

dyes. Increase in amount of catalyst results in an increase of the available active sites in
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reaction condition. All these factors suggest that optimal amount of ZnO NPs catalyst
has to be added in the order to aviod unneccessary excess of catalyst also to essure total
absorption of light photons for efficient photo-catalytic degradation of Acridine Orange
dye [79].

Table 4.42: Effect of change in catalyst amount: [AO] = 2.5 x 10®° mol dm?,

pH = 8.4, Light intensity = 25 x 10° Lux.

ZnO mg/100mL k x 10%s* tyr X 10°s
50 1.03 6.72
60 1.91 3.62
70 2.74 2.52
80 3.86 1.79
90 3.24 2.13
100 2.53 2.73
110 1.22 5.68
401 K K value

354 —@— % Efficiency
80
3.04 o

2.5 70
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2.0+ )
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kx 107%™
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Fig. 4.58: Effect of catalyst change in amount on photo-catalytic degradation of AO
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4.6.4: Effect of change in dye concentration:

Another crucial parameter for the treatment of wastewater is substrate concentration
effectively. The decolorization of AO dye at varied initial concentrations in the ranging
from 1.0 x 10” mol dm™ to 4.5 x 10™ mol dm™ was studied under the optimized reaction
conditions (ZnO NPs amount=80mg/100mL, pH=8.4). The results are shown in Table
4.43 and Figure 4.59. It has been found that the rate of degradation increased from
1.17 x 10*s™ t0 3.86 x 10 s with increase in AO dye concentration from 1.0 x 10” mol
dm™ to 2.5 x 10”° mol dm™. Thereafter, rate constant of dye degradation decreased from
3.86 x 10™s™ to 1.31 x 10™ s™ with increased dye concentration 2.5 x 10 mol dm™ to
4.5 x 10" mol dm™. The rate constant of degradation is optimum at 2.5 x 10 mol dm™ of
AO dye concentration. All the active sites of catalyst surface may be occupied as the
concentration become higher than optimum condition which led to slow the rate of
degradation. From literature studies we came to know that as the target organic pollutant
concentration increase adsorbed of these molecules on the Zinc oxide photo-catalyst
surface also increases. Hence relative number of O," and hydroxyl radicals on the ZnO
surface increased. Therefore, excess dye molecule adsorption on catalyst surface hindered
the OH" ions adsorption and finally rate of hydroxyl radical formation is lowered. Hence,
more dye concentration than optimum value it decreased the rate of dye degradation [108,

109].
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Table 4.43: Effect of change in dye concentration: ZnO = 80 mg/100mL, pH = 8.4,

Light intensity = 25 x 10° Lux.

[AO] x 10°moldm™® | k x 10*s* ty, x 10°s
1.0 1.17 5.92
15 2.09 3.31
2.0 3.25 2.13
2.5 3.86 1.79
3.0 3.13 2.21
3.5 2.69 2.57
4.0 2.18 3.17
4.5 1.31 5.29
401 ” 22 kvalue
3.5 /| —— 9% Efficiency

3.0+ %

2.5 1 70
2.0 A

- 60

N\
A

kx 10"

1.5
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Fig. 4.59: Effect of change in dye concentration on photo-catalytic degradation of AO

4.6.5: Effect of change in oxidant’s concentration:
It was found that addition of oxidants such as H,O, and K;,S,0g was useful for the photo-
catalytic oxidation of the dyes. The reactive intermediates are such as "OH and SO;~

radicals are generated. The photo-catalytic degradation of AO dye has been investigated
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at varied concentration 2.0 x 10 mol dm™ to 16 x 10"® mol dm™ of H,0, and KS,0s.
Rate constant of degradation of AO dye increased from 4.35 x 10™s™ to 7.23 x 10™s™
with increasing H,O, concentrations from 2.0 x 10 mol dm™ to 10 x 10°® mol dm™ and
rate constant of degradation of AO dye increased from 4.53 x 10™s™ to 7.87 x 10%s*
with increasing K»S,0g concentrations from 2.0 x 10°® mol dm™ to 8 x 10 mol dm?
respectively and reached to an optimum but above this concentration range, the increased
H,0, and K;S,0g concentration retarded the rate of degradation. The results were shown
in Table 4.44 and Figure 4.60. These hydroxyl radicals got generated by H,O, and
K,S,0g on account of scavenging the electrons from the conduction band of the photo-
catalyst and this led to inhibit the electron-hole recombination process [110]. H,O, may
also split photo-catalytically to produce "OH radicals directly by the absorption of visible
light by the following reactions:

HO,+ZnO (€cg) — > ‘OH + OH~ (8)
H0, + hv —>  20H ©
The S,05> anions generate strong oxidizing SO, radicals anion after trapping the photo-
generated conduction band electrons of ZnO NPs as shown in the following reaction:
S,08% + € ¢ R SO4” + S04 (10)
The generated sulfate radical anions (SO, ) participate in reaction with the solvent,
according to the following reaction:

S0, + H,0 —_— "OH +S0,” +H* (11)
Different to this behavior, H,0, and K,S,0g start behaving as scavenger for ‘OH radicals
and hole at an excessive concentration. As both ‘OH radical and hyg” are strong oxidants
for organic dye pollutants, the photo-catalytic degradation of AO dye will be inhibited in

the condition of additional of H,O, and K,S,0s. Furthermore, H,O, and S0O.* can be
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adsorbed onto ZnO NPs deactivating a section of photo-catalyst and consequently

decrease its photo-catalytic activity [34, 35].

H,O, + "OH
HO", + 'OH
H,0, + h'vg
SO,% + "OH

SO + h'ys

e

]

—

e

HO.Z + H,0

H,O + O,

H + HO'2 + HO'2

SO,” + OH™

SO,

(12)
(13)
(14)
(15)

(16)

Consequently, the proper addition of H,O, and K,S,Og could accelerate the photo-

degradation rate of AO dye. However, in in order to keep the efficiency of the added

H,0, and K,S,0g, it was necessary to choose the proper concentration of H,O, and

K2S,0g, according to kids and the dyes concentration.

Table 4.44: Effect of change in H,O, and K,S,0s: [AO] = 2.5 x 10®° mol dm™,

ZnO = 80 mg/100mL, pH = 8.4, Light intensity = 25 x 10° Lux.

[Oxidant] x [ H.O] [ K:S,0g]
10® mol dm™
k x 10%s™ | typ x 10°s | k x 10 st | typ x 10°s

0.0 3.86 1.79 3.86 1.79
2.0 4.35 1.59 4.53 1.52
4.0 4,79 1.44 5.34 1.29
6.0 5.22 1.32 6.65 1.04
8.0 6.17 1.12 7.87 0.88
10.0 7.23 0.95 6.42 1.07
12.0 6.33 1.09 5.29 1.31
14.0 5.57 1.24 4.46 1.55
16.0 4.16 1.66 3.93 1.76
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Fig. 4.60: Effect of change in oxidants on photo-catalytic degradation of AO

4.6.6: Effect of change in salts concentration:

The inorganic anion may have an influence on the rate of photo-catalytic degradation.
The different concentrations of industrial wastes contain, apart from the pollutants and
different salts. The presence of several anions chloride, carbonate and bicarbonate is
industrial wastes. The presence of several anions chloride, carbonate and bicarbonate is
industrial wastes. Adsorption of degrading species are affected by these ions and acting
as OH™ ion scavengers as well as adsorbs light radiation, which also an important factor
in mainly degradation of dye. Here mainly sodium carbonate is used dyeing bath which
adjusted bath pH and as it effected fixing of dye on fabrics and color fastness. Therefore
the wastewater from the dyeing process will contain considerable amount of carbonate
ion [82]. With an increase in the amount of carbonate ion from 2.0 x 10 mol dm?
to 12.0 x 10®° mol dm™ resulted into reduction of rate constant from 3.59 x 10* s™ to
1.45 x 10*s™. The inhibition in the degradation of dye is due to the hydroxyl scavenging

property of carbonate ions, which can be accounted from the following equation.

'OH+C03>% ———> OH+CO5 (17)
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'OH+ HCO3; ——»  H,0+CO;3 (18)
The 'OH radical which is a primary oxidant for the photo-catalytic degradation of dye
reported to decrease slowly with an increase in carbonate ions and degradation of the dye
significantly decreased [37].

Similarly, NaCl commonly comes out in the effluent along with wastewater. Therefore
photo-catalytic degradation rate in presence of CI™ ions has been studied by increase in
concentration of CI ions from 2.0 x 10™ mol dm™ to 12 x 10™ mol dm™ that resulted into
reduction of rate constant from 3.68 x 10 s? to 1.54 x 10 s, The decrease in the
degradation of dye in the presence of chloride ion might be due to the hole scavenging

properties of chloride ion [38].

ZnO —>  ZnO (h': €w) (19)
Cl +'OH —> CI'+OH" (20)
Cl + h, — > CI (21)
Cl" +CI — Cl° (22)

The results are shown in Table 4.45 and Figure 4.61 is the dependency of reaction rate

constant on the concentration of Na,CO3 and NaCl.
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Table 4.45: Effect of change in Na,CO; and NaCl: [AO] = 2.5 x 10" mol dm™,

ZnO = 80 mg/100mL, pH = 8.4, Light intensity = 25 x 10° Lux.

[Sal] x [Na;,CO3] [NaCl]

10° mol dm™ | k x 10* s? | tyx 10°s | k x 10* s [ ty, x 10°s
0.0 3.86 1.79 3.86 1.79
2.0 3.59 1.93 3.68 1.88
4.0 3.27 2.11 3.38 2.05
6.0 2.83 2.44 2.94 2.35
8.0 2.41 2.87 2.53 2.73
10.0 1.81 3.82 1.95 3.55
12.0 1.45 477 1.54 4,50
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T — EZZ2 NaCl
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Fig. 4.61: Effect of change in salts on photo-catalytic degradation of AO
4.6.7: Effect of change in FeCl; concentration:
Keeping all the other parameters constant, the effect of FeCl; concentration on
degradation of AO dye was investigated by varied FeCls concentration from 2.0 x 107
mol dm™ to 12.0 x 10° mol dm™. The degradation rate constant values increased from

4.28 x 10*s? t0 6.12 x 10™* st with the increase in concentration of FeCls from 2.0 x 10
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mol dm™ to 8.0 x 10" mol dm™. Thereafter, rate constant of photo-catalytic degradation
decreased to 4.21 x 10 s on further increase in amount of FeCls up to 12.0 x 10” mol
dm™. The results are shown in Table 4.46 and Figure 4.62. The metal ions such as Fe**
could be used as sensitizers during photo-catalytic degradation of dye. In fact the increase
in ferric ions concentration in the reaction mixture resulted into the increase of Fe?" ions
concentration, which is accompanied by improved generation of ‘OH radicals,
consequently increasing rate of degradation of FeCls inhibits the reaction rate of

degradation by competing with formation of ‘OH radicals [39-41].

Fe3+ + e- _— Fe2+ (23)
Fe*" +HO, + HY ——>  Fe*" +H,0, @)
Fe®* +H0,+H" — > Fe* + OH+ H,0, (25)

The photo-activation of surface adsorbed complex ion (Fe**OH") results in the formation
of Fe**OH" specie which injects electrons to the conduction band of ZnO as shown in
[Eq. 27-28]. When FeCls is applied, rate of decolorization is reasonable due to rapid

scavenging of conduction band electrons [42, 43] [Eq. (28)].

AO + hVispe —— A0 or 3A0 (26)
1AO” or 3A0" +ZnO (Fe**OH ) ———— ZnO (Fe?*"'OH) + AO™ (27)
ZnO (Fe*OH") + H,0, ——» ZnO(ecg) +2ZnO(Fe* OH) (28)
ZnO(ece) + O —»0," ——»HO, (29)
AO/AO™+ "OH /0, / HO, — Degradation products (30)

In the presence of higher concentration of FeCls, there is excessive surface adsorption of
dye on the surfaces of ZnO NPs catalyst. This reduced the total photoactive area of ZnO

NPs catalyst and lowered rate of reaction [45].
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Table 4.46: Effect of change in FeCl; concentration: [AO] = 2.5 x 10®° mol dm™,

ZnO = 80 mg/100mL, pH = 8.4, Light intensity = 25 x 10° Lux.

FeCl; x 10° mol dm™ k x 10*s? tyr x 10°s
0.0 3.86 1.79
2.0 4.28 1.61
4.0 4,74 1.46
6.0 5.38 1.28
8.0 6.12 1.13
10.0 5.53 1.25
12.0 4.21 1.64
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Fig. 4.62: Effect of change in FeCl; on photo-catalytic degradation of AO
4.6.8: Effect of change in Fenton’s reagent concentration:
Fenton’s reagent system, a mixture of Fe** and H,0, has been known as a powerful
oxidant for textile dyes. Many researcher studied degradation of dyes using Fenton’s and
visible light system past few years. Fenton reagent makes an attractive AOPs for the

wastewater treatment and usage for the effective degradation of dyes because of its low
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cost and lack of toxicity of the reagents like H,O, and Fe?* or Fe** [106]. Photo-Fenton’s
process is one of the most common AOPs which is based on the formation of very
reactive species such as "OH radicals, which have a ver strong oxidative potential second
only to flurine. "OH radicals rapidly and non selectivly oxidize a broad range of dyes
pollutants [48, 49].

Fe?* + H,0, — Fe** + OH + OH’ (31)
OH ' radicals may be scavenged by reaction with another Fe*:

OH" + Fe* ——>  OH +Fe** (32)
Fe** + HO + hv — 5  OH + Fe®*+ H' (33)
The degradation rate constant has a value of 4.19 x 10 s™ on the addition of Fe**: H,0,
in molar ratio 3:1. In the presence of Fe**: H,0, in molar ratio 1:1.4, rate constant has
been found 7.09 x 10 s™. The results are shown in Table 4.47 and Figure 4.63. Fenton’s
system has been investigated for degradation of Acridine Orange dye in presence of
visible light and ZnO nanoparticles. Upon irradiation of Fe**/H,0,/ZnO/AO system in
the presence of visible light, formation of OH" radicals increased relating a complex
mechanism. Dye absorbs visible irradiation and is excited into high-energy state. This
excited dye molecules reduction the ferric ion complex to ferrous ion complex followed
by the transfer to ferric ion [50]. The reduced ferrous ions react with H,O, to decompose

and produce hydroxyl radical [Eq. (36)]. OH’ radicals also decompose H,0; to "HO..

AO + hV yisible —» AOQ'0r;AO0 (34)

1AO or 3A0" + ZnO (Fe**OH) ———» ZnO (Fe**OH’) + AO™ (35)

ZnO (Fe*OH’) + H,0, ———» ZnO(Fe*OH’) + OH + OH" (36)

ZnO (Fe**OH’) + H,0, L ZnO (Fe*OH") + 'HO, + H' (37)

ZnO (Fe?*OH") L, ZnO (Fe**OH") + ZnO( ecs) (38)
"
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ZnO( e'CB) + O
H,O, + 07
H,O, + ZnO( e'CB)

OH + H,0,

—_ O -'2

— OH+ OH + 0Oy

—» OH+ OH

——* H,0 +'HO,

— 'HO;,

AO/AO™ + OH'/ O,/ 'HO, — Degradation products

Table 4.47: Effect of change in Fe**/H,0,: [AQ]

(39)
(40)
(41)

(42)

(43)

= 25 x 10° mol dm?,

ZnO = 80 mg/100mL, pH = 8.4, Light intensity = 25 x 10° Lux.

2

2

Without ZnO With ZnO
Fe**: H,0,
k x10*s™ | ty, X 10°s | k X 10* s* | ty, x 10%s
3:1 1.35 5.13 4.19 1.65
1.4:1 1.54 450 5.78 1.19
1:1.4 1.82 3.80 7.09 0.97
1:3 2.12 3.26 6.26 1.10
11:1 2.34 2.96 5.15 1.34
754 k value without ZnO
{ |[C k value with ZnO
6.0
- 4.5 -
% 3.0 4
1.5
0.0
3:1 1.4:1 1:1.4 1:3 11:1
Fe* : H.O

Fig. 4.63: Effect of change in Fenton’s reagent on photo-catalytic degradation of AO
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4.6.9: Effect of change in light intensity:

The influence of intensity of light on the degradation rate has been investigated at
constant Acridine Orange dye solution concentration 2.5 x 10° mol dm™, ZnO NPs
catalyst amount 80 mg/100mL and pH 8.4. The degradation rate constant increases from
1.79 x 10* s to 5.66 x 10 s on increasing light intensity from 15 x 10° Lux to
35 x 10° Lux. This is because at higher intensity electron-hole separation competes with
the electron-hole recombination and results in high reaction rate. The data show that the
rate of degradation was accelerated as the light intensity was increased because any
increase in the intensity of light increased the photons striking per unit time per unit area
of the ZnO NPs catalyst powder resulted in more OH’ radicals. A linear behavior between
intensity of light and rate of degradation was observed [51, 52]. The results were shown
as Table 4.48 and Figure 4.64.

Table 4.48: Effect of change in light intensity: [AO] = 2.5 x 10° mol dm?

ZnO =80 mg/100mL, pH =8.4.

Light intensity x 10° Lux | k x 10™*s? tip x10°s
15 1.79 3.87
20 2.64 2.62
25 3.86 1.79
30 4,92 1.40
35 5.66 1.22
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Fig. 4.65: Effect of change in light intensity on photo-catalytic degradation of AO

4.6.10: Effect of bubbling of N, and O,:

The reactions of photo-catalytic degradation were carried out in presence of catalyst by
bubbling oxygen or nitrogen in a closed reactor. The degradation of Acridine Orange dye
has been severely retarded by bubbling of pure N, decrease in rate constant but increases
rapidly on bubbling oxygen through the dye solution. These observations confirm the
proposed assumption that dissolved oxygen is a precursor of main oxidant, that is, the
role of DO is to trap the photo-generated electrons to produce O, radicals, which
particles in photo-catalytic process to accelerate the Acridine Orange dye photo-
degradation. In the oxygenated solution oxygen get adsorb on the surface of the photo-
catalyst, preventing electron—hole recombination by trapping electron and producing
superoxide anion radicals. With the improved charge separation more numbers of photo-
generated holes becomes available to take part in photo oxidation reactions. The results
are shown in Figure 4.65 [53, 54].

0, + € —_— 0, (44)

H,0, + ZnO(e) E— HO" + HO (45)
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02. + H,0, E— HO® +HO + (o)) (46)
O, + H' —_— HO’, (47)
HO+ ZnO(e) ——» HOy (48)
HO, + H* E— H>0> (49)
2HO", — 02 +Hy0, (50)
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Fig. 4.65: Decolorization of AO under various photo-catalytic systems: [AO] = 2.5 x
10™° mol dm™, ZnO = 80 mg/100mL, pH = 8.4, Light intensity = 25 x 10° Lux.

4.6.11: Comparison of solar and visible light:

The efficiency of solar and visible light on photo-catalytic degradation of dye was
comparatively studied. The degradation efficiency of Acridine Orange dye with visible
light was found to be more efficient than that of solar light. Figure 4.65 shows the
comparisons of color removal efficiency of Acridine Orange with two light sources under
different conditions. It was noticed that if same experiments were carried out in the
absence of ZnO, then no absorbance loss of dye was found [55, 56].

4.6.12: Effect of other photo-catalysts:

To observe the efficiency of nano-catalyst and commercial photo-catalysts towards

photo-degradation of Acridine Orange dye, identical experiments were carried out with
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ZnO NPs, ZnO, BIOCI, TiO, and BaCrO,4. The order of photo-activity followed the
order: ZnO NPs > ZnO > BIOCI > TiO, > BaCrO4 on photo-catalytic degradation have
been studied at same condition. The photo-catalyst on illuminating with light having
energy equal to or more than band gap energy, a heterogeneous photo-catalyst reaction
occurs on surface of semiconducting materials [57]. We have investigated the relative
efficiencies of other photo-catalysts. The conduction and valence band potentials of both
ZnO NPs and TiO, are larger than the corresponding redox potentials of H*/H, and
H,0/0, and the photo-generated electron and hole can be separated efficiently. BaCrO,
with smaller band gap shows less activity since its conduction band is much lower than
that of ZnO NPs and TiO,. The smaller band gap permits rapid recombination of
electron-hole and so electron in these catalysts cannot move into the electron acceptors in
the solution rapidly. Hence low photo-catalytic activity was observed in these
semiconductors [58]. It is for these reasons; the prepared ZnO nano photo-catalyst has
more photo-catalytic efficiency than other photo-catalysts. The results were shown in
Table 4.49 and Figure 4.66.

Table 4.49: Effect of other photo-catalysts: [AO] = 2.5 x 10° mol dm?®, pH = 8.4,

Light intensity = 25 x 10° Lux.

Catalysts
(80mg/100mL) k x 10%s* ti, x 10°s
ZnO NPs 3.86 1.79
Zn0O 2.53 2.73
BiOCI 2.28 3.03
TiO, 1.93 3.59
BaCrO, 1.45 477
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Fig. 4.66: Effect of other photo-catalysts on photo-catalytic degradation of AO

4.6.13: Test for reusability of ZnO NPs:

The reusability of ZnO nanoparticles photo-catalyst was tested for dye degradation. The
ZnO nanoparticles catalyst used for degradation of dye was filtered, washed and dried in
air and then in oven for 30 minutes. This dried ZnO photo-catalyst was used for the
degradation of dyes under similar reaction conditions. It was observed that the ZnO
photo-catalyst can be used repeatedly even up to three batches of reaction without any
treatment and reused catalyst showed almost similar catalyst activity with fresh (original)
catalyst. The initial rate of photo-degradation of the dye has found very low decrement
even after the third second cycle of reuse. The results were shown in figure 4.67. The less
of activity was observed and losses of Zn*" ions were more pounced only after third cycle

of its reuse.
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Fig. 4.67: Decolorization of AO by ZnO NPs: (1) Cycle; (11) Cycle; (111) Cycle;
[AO] = 25 x 10° mol dm® 2zZnO = 80 mg/100mL, pH = 84,
Light intensity = 25 x 10° Lux.

4.6.14: COD and CO; measurements during degradation of AO:

In the present work results of COD were taken as one of the parameter to judge the
feasibility of the reduction procedure for the degradation of AO dye. The COD of the AO
dye solution before and after the treatment was valued. The COD test widely has been
used as an effective technique to measure the organic strength of wastewater. The test
allows the measurement of waste in terms of the total amount of oxygen required for the
oxidation of organic matter to CO, and H,O [59]. The decrease in COD values of the
treated dye solution indicated the mineralization of dye molecules along with the colour
removal. The reduction in the estimated COD from 218 mg/L to 9 mg/L and increase in
CO; values from 21 mg/L to 192 mg/L in 60 min of presence of visible light the complete
mineralization of treated AO dye solution. The results were shown as Table 4.50 and

Figure 4.68 (a) and (b).
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Table 4.50: COD and CO, measurements during degradation of AO: [AO] = 2.5 x

10®° mol dm™, ZnO = 80 mg/100mL, pH = 8.4, Light intensity = 25 x 10° Lux.

Time COD CO, Efficiency NOs~
(min) (mg/L) (mg/L) (%) (mg/L)
0 218 21 0 0
15 161 35 26 9.2
30 89 112 59 13.5
45 28 171 87 19.4
60 9 192 95 24.5
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Fig. 4.68: (a) COD trend and % Efficiency (b) CO, trend and formation of NO3;~ during
mineralization of AO: [AO] = 2.5 x 10° mol dm™, ZnO = 80 mg/100mL, pH = 8.4,

Light intensity = 25 x 10° Lux.
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4.6.15: Mechanism of Acridine Orange dye degradation:

The photo-catalytic degradation of the AO dye was studied by the use of additives such
as H,0,, K,S,0s etc. electron scavengers like H,O, and K,S,0g accept a photo-generated
electron from the conduction band (CB) and thus avoid electron-hole recombination
producing OH' [61]. Valence band holes (hy") and conduction band electrons(e.,) are
generated when aqueous ZnO NPs suspension is irradiated with visible light energy when
band gap energy is greater than (Eq = 3.2 eV) and these electron-hole pairs interact
separately with another molecule. Conduction band electrons (ecg’) reduce molecular
oxygen to generate superoxide radicals, as shown in Eq. (51) to Eq. (60) [62-64]. Such
electron generated disrupted the conjugation system of dye and decomposition of dye and
the hole so generated creates OH’ from water which again leads to degradation of dye.

The mechanism is as follows: [65, 66]

ZnO + NV yisible —_ ZnO (h'vg + €cp) (51)
ZnO (h*vg) + H,0 ————>  ZnO + H' + OH (52)
ZnO (h'vg) + OH — > ZnO + OH’ (53)
Zno (ecs) + O, — Zn0 + 0" (54)
0, + H — HO,' (55)
HO, + H' + ZnO (ecg) ———>  H,0, +2Zn0O (56)
H,0, + ZnO (ecp) — » OH +0OH+Zno (57)
AO + OH’ —_— Degradation Products (58)
AO + ZnO (h*yg) — Oxidation Products (59)
AO +ZnO (e'cg) e Reduction Products (60)

Secondly, sensitization of dye molecule by visible light leads to excitation of dye

molecule in singlet or triplet state, subsequently followed by electron injection from
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excited dye molecule onto conduction band of semiconductor particles. The mechanism

of dye sensitization is summarized in Eg. (61) to Eq. (70) [67-71].

AO + hv'yisible — LAO* or *AO* (61)
AO* or SAO* + ZnO ——» AO™ + ZnO (e'cp) (62)
ZnO (e'cg) + O, —>  ZnO + O," (63)
0, + H' ———>  HO, (64)
HO," +H" +ZnO (€cg) ——  H:0, + ZnO (65)
H.O, + ZnO (ecg) —» OH + OH +2Zn0 (66)
AO* + OH" —>» AO+OH (67)
AO™ +0,” — DO, ———— Degradation products (68)
AO + OH’ —»  Degradation products (69)

The mechanism of semiconductor photo-catalysis is of very complex nature. Dye
molecules interact with O,”, ‘OH,, or OH’ species to generate intermediates ultimately
lead to degradation products. OH’ radical being very strong oxidizing agent mineralizes
dye to various end products. The role of reductive pathways in heterogeneous photo-
catalysis has been found to be in minor extent as compared to oxidation [72, 73].

AO (AO™)+ OH° —— Decolorization of AO

}

Degradation of AO involving organic intermediates

Mineralization

CO, + H,0 + NO3” + SO,* (70)
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Neutral Red

Neutral Red (or toluylene red, Basic Red 5, or C.I. 50040)
Is a eurhodin dye used for staining in histology. It is used as
a general stain in histology, as a counterstain in
combination with other dyes, and for many staining
methods. Neutral Red is added to some growth media for
bacteria and cell cultures. It usually comes as a chloride

salt. Neutral Red acts as a pH indicator, changing from red

to yellow between the pH 6.8-8.0.
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4.7: Effect of various experimental parameters on the degradation rate of Neutral
Red (NR) dye

4.7.1: Photo-catalytic degradation of Neutral Red (NR):

On the surface of catalyst classical Langmuir—Hinshelwood expression was followed by
the photo-catalytic degradation rate of NR dye and followed most often Langmuir
sorption isotherm for the sorption of the dye to the catalyst surface. This theory is usually
used kinetic model for unfolding photo-catalytic behavior. For treatment of
heterogeneous surface reactions degradation rate is explained by pseudo first order
kinetics in Langmuir-Hinshelwood [11-14]. Such kinetics is streamlined in terms of
modified model to accommodate reactions taking place at solid-liquid interface as

r = —dc . k.KC !
a dt  (1+KCO) (1)

Where, r = rate of dye disappearance and C = variable dye concentration at time t.
K = equilibrium constant for adsorption of NR dye on photo-catalyst and k; = limiting
reaction rate at maximum coverage in operational conditions. The integrated form can be

written as

(aud
I

Co) 4 L G
ln(c + Kk, K, )

Where t = time required for the initial concentration of dye Cy to C. At low dye
concentration in equation 2, value of Cy is very less and hence can be neglected.

In (%) = kKt =kt (3)

Where k = apparent rate constant of degradation. The Half-life time (t;,) for the photo-
catalytic degradation of NR dye on the ZnO NPs surface can be calculated by using

following Eq. (4)
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0.693

ti, = X (4)
The Neutral Red dye degradation results are reported here for three conditions: (1)
Neutral Red dye + ZnO NPs + visible light (2) Neutral Red dye + visible light only and
(3) Neutral Red dye + ZnO nanoparticles only (dark) were show in figure 4.69 (a). It was
observed carefully that maximum degradation occurred in the first condition, while in
dark and during photolysis, no significant changes in the absorbance values were
observed. Therefore, in second and third condition, degradation process was not

observed. Absorption spectrum Changes were recorded at 520nm wavelength.

1.0
‘\‘ ¢ ¢ ¢ & L & &
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S
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Fig. 4.69 (a) Degradation of Neutral Red: [NR] = 5.5 x 10™° mol dm,
ZnO NPs = 70 mg/100mL, pH = 9.2, Light intensity = 20 x 10° Lux.
Plotting the semi-logarithmic graph of concentration versus irradiation time (min) of NR
dye in presence of ZnO NPs yielded a linear relationship as shown in Figure 4.69 (b).
Therefore, reaction dye of degradation by ZnO nanoparticles is pseudo-first order

reaction kinetics, with regression coefficient of 0.990, the NR dye degradation rate
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constant of 3.52 x 10™s™. The rate constant is the slope of the straight line. In all cases R?
(correlation constant for the fitted line) values were close to 0.99 which complete pseudo

first-order kinetics for NR dye mineralization in this process.
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Fig.4.69 (b): Pseudo first order kinetics: [NR] = 5.5 x 10™ mol dm,

ZnO NPs = 70 mg/100mL, pH = 9.2, Light intensity = 20 x 10° Lux.
4.7.2: Effect of change in pH:
The pH plays an important role both in the characteristics of textile wastes and generation
of OH’ radicals. Hence, attempts have been made to investigate the effect of pH in the
degradation of dyes in the presence of visible light. Photo-catalytic degradation process
has been studied at pH values from 3.7 to 12.5. The effect of pH on the rate of
degradation is shown in Table 4.51 and Figure 4.70. With the increase in pH from 3.7 to
9.2, degradation rate constant increased from 1.17 x 10 s™ to 3.52 x 10™ s™. Further
increase in pH resulted in reduction in degradation rate constant. At higher value of pH
about 7.5, negatively charged active sites on the surface of ZnO NPs catalyst result in
high concentration of positively charged of dye molecules on the surface of ZnO NPs. In

highly acidic medium, adsorption of lesser dye molecules inhibited the reaction rate.
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With increasing pH, surface concentration of dye molecules decreased and OH" radicals
increased. But ZnO has amphoteric nature and dissolving at low pH and salt formation
takes place. At higher pH, it forms zincates such as [Zn(OH)4]* [96, 97]. All these factors
are responsible for optimal value of photo-degradation of Neutral Red dye at pH 9.2.

Table 451: Effect of change in pH: [NR] = 55 x 10° mol dm?

ZnO NPs = 70 mg/100mL, Light intensity = 20 x 10% Lux.

pH k x 10*s* ti, x 10%s
3.7 1.17 5.93
54 2.27 3.05
7.5 2.78 2.49
9.2 3.52 1.96
11.0 2.57 2.69
12.5 1.63 4.25
90
3.5+ k Value
304 -80 | —@— 9% Efficiency
' )
N i
25 % 70 .
<,g 2.0 / o e g
< 154 £
¥4 50 o
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Fig. 4.70: Effect of change in pH on photo-catalytic degradation of NR
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4.7.3: Effect of change in catalyst amount:

The influence of catalyst amount on the rate of degradation has been studied by varying
its amount from 40mg/100mL to 100mg/100mL. The degradation rate constant values
increased from 1.42 x 10™*s™ to 3.52 x 10 s with the increase in catalyst amount from
40mg/100mL to 70mg/100mL. Further, degradation rate constant values decreased from
3.52 x 10* s* to 1.15 x 10 s with the increased catalyst amount 70mg/100mL to
100mg/100mL. The degradation rate constant value has been reported to be maximal at
70mg/100mL of catalyst amount. The results are shown in Table 4.52 and Figure 4.71.
The photo-catalytic degradation efficiency increased with an increase in catalysts mass.
This behavior might be due to an increased in the amount of active site on surface of ZnO
NPs. Thereafter the optimal amount of ZnO NPs, the activity of photo-catalytic
degradation decreased with increased of ZnO NPs catalyst concentration. Because
highest loading of ZnO NPs catalyst also causes increase in turbidity of the solution
which reduced the light penetration in photoactive volume shrinks [79].

Table 4.52: Effect of change in catalyst amount: [NR] = 5.5 x 10”° mol dm?, pH = 9.2,

Light intensity = 20 x 10° Lux.

ZnO mg/100mL k x 10*s* ti, x 10°s
40 1.42 4.88
50 2.07 3.34
60 2.69 2.57
70 3.52 1.96
80 2.21 3.13
90 1.72 4.02
100 1.15 6.02
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Fig. 4.71: Effect of catalyst amount on photo-catalytic degradation of NR

4.7.4: Effect of change in dye concentration:

The effect of Neutral Red dye concentration on degradation is an important aspect of the
study. The possibility of ‘OH radical’s formation on the semiconductor surface has been
related to the degradation rate and to the probability of ‘OH radicals reacting with dye
molecules [111]. The initial concentration of NR dye has been varied from 2.5 x 10™ mol
dm™ to 8.5 x 10” mol dm™. The results were shown in Table 4.53 and Figure 4.72. The
degradation rate constant increased from 1.22 x 10™s™ to 3.52 x 10™* s with increased in
dye concentration from 2.5 x10™ mol dm™ to 5.5 x 10" mol dm™. Thereafter, degradation
rate constant decreased to 1.08 x 10™* s™ with dye concentration increased 8.5 x 10™ mol
dm™. The degradation rate constant is highest at 5.5 x 10 mol dm™ of dye concentration.
From literature studies we came to know that as the target organic pollutant concentration
increase adsorbed of these molecules on the catalyst surface also increases. Hence
relative no. of O," and OH’ radicals on the ZnO surface increased. Consequently, excess

dye molecule adsorption on catalyst surface hindered the OH" ions adsorption and finally

198



CHAPTER-IV Results and Discussion
NEUTRAL RED

rate of hydroxyl radical formation is lowered. It is concluded from above discussion that
above optimum dye concentration rate of degradation decreased [27-29].
Table 4.53: Effect of change in dye concentration: ZnO NPs = 70 mg/100mL,

pH = 9.2, Light intensity = 20 x 10° Lux.

[NR] x 10° mol dm™ k x 10*s? ti, x 10°s
2.5 1.22 5.68
3.5 2.11 3.28
45 2.87 2.41
55 3.52 1.96
6.5 2.53 2.73
7.5 1.65 4,20
8.5 1.08 6.41
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Fig. 4.72: Effect of change in dye concentration on photo-catalytic degradation of NR

4.7.5: Effect of change in oxidant’s concentration:
The effect of oxidants concentration such as H,O, and K»S,0g has been carried out. H,O»

and K;,S,0g can play an important role in photo-catalytic degradation of dyes if organic
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pollutants contain these oxidants along with dyes [112-114]. The effect of these two
oxidants H,O, and K,S,0g on photo-catalytic degradation of NR dye is showed in Table
454 and Figure 4.73. The degradation rate constant increased from 4.23 x 10* s? to
7.58 x 10 s with increased in H,0, from 2.0 x 10® mol dm®to 6.0 x 10® mol dm™,
This is because H,O; inhibits the electron-hole recombination by accepting photo-
generated electron from the conduction band of ZnO NPs and promotes separation charge
and also it forms "OH radicals according to Eq. (5) to (6).

H, O, +ZnO (€cg) —* ‘OH + OH~ (5)
H,0, + h've — 2°OH (6)
Further increase in concentration of H,O, beyond optimum concentration, results in
decreased in rate constant. When H,O; is in excess, it may act as a hole or ‘OH scavenger
having injurious effect on photo-catalytic degradation. This explains the need for an
optimum concentration H,O, for the highest effect [115, 116].

H,0, + "OH — HO", + H,0 7)
At optimum concentration of K,S,0g, rate constant of degradation has been reported to
be 6.98 x 10™s™. K,S,0g can also trap the photo-generated conduction band results in the
generation of SO4™, a strong oxidizing agent. In addition it can trap the photo-generated

electrons and /or generated ‘OH radicals.

S,05% + € cg — SO,” + S04 (8)
SO," + H,0 — "OH + SO4* +H* (9)
SO,” +ecs — SO,” (10)

The results are shown in Table 4.54 and Figure 4.73, the decreased in rate constant
optimum concentration 8.0 x 10° mol dm™ is due to the adsorption of SO,  formed

during the reaction on surface of ZnO NPs deactivating a section of photo-catalyst [105].
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Table 4.54: Effect of change in H,O, and K,S,0g: [NR] = 5.5 x 10> mol dm?,

ZnO NPs = 70 mg/100mL, pH = 9.2, Light intensity = 20 x 10° Lux.

[ H20,] [ K2S>0¢]
[Oxidant] x
-6 -3
107 moldm™ |y 1046 | tyy x 10%s | kx10% st | typx 10%s
0.0 3.52 1.96 3.52 1.96
2.0 4.23 1.63 4.39 1.57
4.0 5.32 1.30 5.57 1.24
6.0 7.58 0.91 6.98 0.99
8.0 6.42 1.07 5.48 1.26
10.0 5.87 1.18 4,74 1.46
12.0 4.28 1.61 4,12 1.68
8 4 100
Ak G: 1 —Q— %
74 k EE(S)ZZOB %A\ 490 —:— Ezgjo:o/li E
6 - *Z %\ I
e > - 80
SR | | o .
Z 3 % / 460 EF_J
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Fig. 4.73: Effect of change in oxidants on photo-catalytic degradation of NR
4.7.6: Effect of change in salts concentration:
The Na,COj is mainly used in the dyeing bath in order to adjust the pH of the bath as it
plays an important role in fixing of dye on the fabrics and in the fastness of color.

Therefore, the wastewater from the dyeing operation will contain considerable amount of
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carbonate ion [82]. With an increase in the amount of carbonate ion from 2.0 x 10° mol
dm1t012.0 x 10™° mol dm™ resulted into reduction of rate constant from 3.18 x 10*s™ to
1.52 x 10*s™. The inhibition in the degradation of dye is due to the hydroxyl scavenging
property of carbonate ions, which can be accounted from the following equation.
'OH+C032 ——» OH ~+CO5" (11)
‘OH+ HCO; ———» H,O + CO3™ (12)
The hydroxyl radical which is a primary oxidant for the photo-catalytic degradation
found to decrease slowly with an increase in carbonate ions and degradation of the dye
significantly decreased [37].

Similarly, NaCl commonly comes out in the effluent along with wastewater. Therefore
photo-catalytic degradation rate in presence of CI” ions has been studied by increase in
concentration of CI ions from 2.0 x 10° mol dm™ to 12 x 10™ mol dm™ that resulted into
reduction of rate constant from 3.22 x 10 s™ to 1.38 x 10 s™. The decrease in the
degradation of dye in the presence of chloride ion might be due to the hole scavenging

properties of chloride ion [38]

ZnO —>  ZnO (h'y €w) (13)
Cl +'OH —> CI'+OH" (14)
Cl + h', — cr (15)
Cl" +CI — Clp° (16)

The dependency of reaction rate constant on the concentration of Na,CO3 and NaCl is

shown in Table 4.55 and Figure 4.74.
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Table 4.55: Effect of change in Na,CO; and NaCl: [NR] = 5.5 x 10 mol dm?,

ZnO NPs = 70 mg/100mL, pH = 9.2, Light intensity = 20 x 10% Lux.

[Salt] x [ Na,CO3] [ NaCl ]
10° mol dm?
k x 104 st t;p x 10%s | k x 10* st | ty, x 10%s
0.0 3.52 1.96 3.52 1.96
2.0 3.18 2.17 3.22 2.15
4.0 2.83 2.44 2.92 2.37
6.0 2.42 2.86 2.62 2.64
8.0 2.09 3.31 2.25 3.08
10.0 1.82 3.80 1.61 4.30
12.0 1.52 455 1.38 5.02
4.0 20
| = EZAk Naco,| |
3.5 4 \= [k NacCl 80
3.0 — 7%% ::: 22 E EZZCCIQ3 _ 70
54 N :
B 2® ] /\\ _ L 60 §
<2 20 N~ i 2
> 1.5 4 L
- 4 \ Q
1.0 4 RS o
0.5—-
0.0
0 2 4 6 8
[Salt] x 10”° mol dm™

Fig. 4.74: Effect of change in salts on photo-catalytic degradation of NR
4.7.7: Effect of change in FeCl; concentration:
In present study, effect of FeCl; on the photo-catalytic degradation of NR dye has been

investigated by varied the concentration from 2.0 x 10° mol dm™ to 12.0 x 10”° mol dm.
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The degradation rate constant values increased from 4.32 x 10™s™ to 5.62 x 10 s with
the increase in concentration of FeCls from 2.0 x 10®° mol dm™ to 6.0 x 10" mol dm™,
Thereafter, degradation rate constant values decreased to 3.37 x 10™ s on further
increase in amount of FeCls up to 12.0 x 10° mol dm™.The results are shown in Table
4.56 and Fig. 4.75. The metal ions such as Fe** could be used as sensitizers during photo-
catalytic degradation of dye. In fact the increase in ferric ions concentration in the
reaction mixture resulted into the increase of Fe?* ions concentration, which is
accompanied by improved generation of ‘OH radicals, consequently increasing the rate of
degradation of FeCl; inhibits the reaction rate of degradation by competing with

formation of "OH radicals [90, 91].

Fe** +e — Fe?* (17)
Fe** +HO, + HY ——— Fe?* + H,0, (18)
Fe?* +H,0,+H" —> Fe** + OH+ H,0, (19)

The photo-activation of surface adsorbed complex ion (Fe**OH") results in the formation
of Fe**OH" specie which injects electrons to the conduction band of ZnO as shown in
[Eq. 21-22]. The rate of decolorization in case of FeCls is explicable due to rapid
scavenging of conduction band electrons by molecular oxygen leading to formation of

superoxide and hydroperoxide radicals [42, 43] [Eq. (22)].

NR + hV yisibe ——» NR or 3NR" (20)
:NR ™ or sNR™ + ZnO (Fe**OH' ) ———— ZnO(Fe®* 'OH) +NR* (21)
ZnO (Fe?*OH" ) + H,0, ———  ZnO(€cs) +2ZnO(Fe*"OH) (22)
ZnO(ece) + O — 0,7 ——» HO, (23)
NR/NR™+ "OH/0," / HO", —  Degradation products (24)
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In the presence of higher concentration of FeCls, there is excessive surface adsorption of
anionic dye on the surfaces of catalyst. This reduced the total photoactive area of ZnO
NPs catalyst and lowered the rate of reaction [45].

Table 4.56: Effect of change in FeCls; concentration: [NR] = 5.5 x 10®° mol dm?,

ZnO NPs = 70 mg/100mL, pH = 9.2, Light intensity = 20 x 10% Lux.

FeCl; x 10°moldm™ | k x 10%s* t, x 10%s
0.0 3.52 1.96
2.0 4.32 1.60
4.0 4.56 1.51
6.0 5.62 1.23
8.0 4.83 1.43
10.0 4.26 1.62
12.0 3.73 1.85
6.0 4 100
i P2 k value L
5.5 1 / —@— % Efficiency [ 90
5.0 /\o <o
- +57] % /\ 7o =
<2 04 —~—e | S
= 40- o/ Leo B
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Fig. 4.75: Effect of change in FeCl; on photo-catalytic degradation of NR
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4.7.8: Effect of change in Fenton’s reagent concentration:

Among advanced oxidation processes, semiconductor oxidation using Fenton and Fenton
like reagent is an attractive usage for the effective degradation of dyes because of its low
cost and lack of toxicity of the reagents like H,O, and Fe®* or Fe** [106]. Fenton’s
reagent, a mixture of Fe** and H,0, has been known as a powerful oxidant for textile
dyes. In recent years, many research workers have studied the degradation of dyes using
Fenton and visible/solar light system [48, 49].

Fe?* + H,0, ——>  Fe* + OH + OH (25)
OH ' radicals may be scavenged by reaction with another Fe?*:

OH" + Fe* ——>  OH +Fe** (26)
Fe* + H,O + v ———» OH + Fe*" + H* (27)
Efficiency of Fe**/ H,0, method has been studied for degradation of Neutral Red dye in
presence of visible light and ZnO nanoparticles. The degradation rate constant has a value
of 4.24 x 10* s on the addition of Fe**: H,O, in molar ratio 3:1. In the presence of
Fe**: H,0, in molar ratio 1.4:1, rate constant has been found 8.19 x 10 s™. The results
are shown in Table 4.57 and Figure 4.76. Upon irradiation of Fe**/H,0,/ZnO/NR method
in the presence of visible light, formation of OH" radicals increases relating a complex
mechanism. Dye absorbs visible irradiation and is excited into high-energy state. These
excited dye molecules reduce the ferric ion complex to ferrous ion complex followed by
the transfer to ferric ion [50]. The reduced ferrous ions react with hydrogen peroxide to

decompose and produce hydroxyl radical [Eq. (30)]. OH’ radicals also decompose H,0,

to .HOZ.
NR + hV yisibe — > iNR “or sNR ™ (28)
NR7orsNR™+ ZnO(Fe**OH) ——»  ZnO(Fe*OH’) +NR™ (29)
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ZnO(Fe*OH’) + H,0, ——»  ZnO(Fe**OH") + OH + OH' (30)
ZnO (Fe**OH’) + H,0, — ZnO (Fe**OH") + 'HO, + H* (31)
ZnO ( Fe?*OH") L. ZnO (Fe**OH") + ZnO( eca) (32)
ZnO(ece) + O, — 07 ", "HO, (33)
H.O, + 07 — OH+ OH + O, (34)
H,0; + ZnO(ecs) — % OH+ OH (35)
OH + H,0, ——> H,0 +'HO, (36)
NR/NR ™ + OH'/ O,/ 'HO,—  Degradation products (37)

Table 4.57: Effect of change in Fe*/H,O,: [NR] = 55 x 10° mol dm?,

ZnO NPs = 70 mg/100mL, pH = 9.2, Light intensity = 20 x 10% Lux.

Without ZnO With ZnO
Fe**: H,0,
k x10%s? | typ x 10°s | k x 10* s? |ty x 10%s
3:1 1.20 5.77 4.24 1.63
14:1 1.57 441 6.47 1.07
1:1.4 1.93 3.59 8.19 0.84
1:3 2.18 3.17 7.46 0.92
1:11 2.55 2.71 6.77 1.02
11:1 2.67 2.59 6.14 1.12
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Fig. 4.76: Effect of change in Fenton’s reagent on photo-catalytic degradation of NR

4.7.9: Effect of change in light intensity:

The effect of the variation of the light intensity on the degradation rate has been studied
by varying the light intensity increasing from 10 x 10° Lux to 30 x 10% Lux. Neutral Red
dye solution concentration 5.5 x 10° mol dm™, ZnO NPs catalyst amount 70 mg/100mL
and pH 9.2. To examine the effect of light intensity on photo-catalytic degradation of
Neutral Red dye, the distance between the light source and the exposed surface area was
varied. The degradation rate constant increased from 2.04 x 10 s™ to 5.08 x 10 s™ with
increase in light intensity on semiconductor surface as shown in Table 4.58 and Figure
4.77. The data show that the rate of degradation was accelerated as the light intensity was
increased because any increase in the intensity of light increased the photons striking per
unit time per unit area of the ZnO NPs catalyst powder resulted in more OH’ radicals. A

linear behavior between intensity of light and rate of degradation was observed [84].
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Table 4.58: Effect of change in light intensity: [NR] = 5.5 x 10° mol dm®,

ZnO NPs = 70 mg/100mL, pH =9.2.

Light intensity x 10°Lux | k x 10%s* ti, x 10°s
10 2.04 3.39
15 2.74 2.52
20 3.52 1.96
25 4.46 1.55
30 5.08 1.36
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—@— % Efficiency o— | [
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o y [ a\
T 34 . / 80 S
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Fig. 4.77: Effect of change in light intensity on photo-catalytic degradation of NR
4.7.10: Effect of bubbling of N, and O,:
In the present study pure nitrogen and oxygen were purged into the photo-reactor in order
to understand their effect on the photo-catalytic degradation of NR, respectively, the
results are shown in Figure 4.78. These observations confirm the proposed assumption
that dissolved oxygen is a precursor of main oxidant, that is, the role of DO is to trap the

photo-generated electrons to produce O~ radicals, which particles in photo-catalytic
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process to accelerate the NR photo-degradation. The Oxygen got adsorbed on the surface
of the ZnO NPs and the surface redox reactions initiated by photo-generated electrons
and generating superoxide anion radical and this superoxide anion radical started the
photo-catalytic degradation of dye pollutant. However in the presence of nitrogen the
conduction band (CB) electrons were blocked and the formation of superoxide anion

radical is prevented. Hence the reaction rate is suppressed [53, 54].

O, + € - 0, (38)
H,0, + ZnO(e") — HO + HO (39)
0, + H,0, — HO" +HO + 0, (40)
O, + H* — HO", (41)
HO+ ZnO(e) ——» HO, (42)
HO, + H' _— H>0, (43)
2HO", —— 02 +H;0, (44)

1.0

A A a

A A

\Sﬁ(

D%

\.
3 = \s%
2 0.6+ ~—
8 K ﬁ\
o ]
o \ *
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Fig. 4.78: Decolorization of NR under various photo-catalytic systems:
[NR] = 55 x 10° mol dm® ZnO NPs = 70 mg/100mL, pH = 9.2,

Light intensity = 20 x 10° Lux.
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4.7.11: Comparison of solar and visible light:

The efficiency of solar and visible light on photo-catalytic degradation of dye was
comparatively studied. The degradation efficiency of Neutral Red dye with visible light
was found to be more efficient than that of solar light. Figure 4.78 shows the comparisons
of color removal efficiency of Neutral Red with two light sources under different
conditions. It was noticed that if same experiments were carried out in the absence of
ZnO, then no absorbance loss of dye was found [55, 56].

4.7.12: Effect of other photo-catalysts:

We have investigated the relative efficiencies of other photo-catalysts as well Table 4.59
and Figure 4.79. The order of photo-activity followed the order: ZnO NPs > ZnO >
BiOCl > TiO, > BaCrO4 on photo-catalytic degradation have been studied at same
condition. The photo-catalyst on illuminating with light having energy equal to or more
than band gap energy, a heterogeneous photo-catalyst reaction occurs on surface of
semiconducting materials. It has already been found that catalysts such as ZnO NPs,
ZnO, BIOCI and TiO, have band gaps larger than 3 eV strong photocatalytic activities.
The conduction and valence band potentials of both ZnO NPs and TiO, are larger than
the corresponding redox potentials of H'/H, and H,O/O, and the photo-generated
electron and hole can be separated efficiently. BaCrO4 with smaller band gap shows less
activity since its conduction band is much lower than that of ZnO NPs and TiO,. The
smaller band gap permits rapid recombination of electron-hole and so electron in these
catalysts cannot move into the electron acceptors in the solution rapidly. Hence low
photo-catalytic activity was observed in these semiconductors. It is for these reasons; the
prepared ZnO nano photo-catalyst has more photo-catalytic efficiency than other photo-

catalysts [57, 58].
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Table 4.59: Effect of other photo-catalysts: [NR] = 5.5 x 10> mol dm™, pH = 9.2,

Light intensity = 20 x 10° Lux.

Catalysts k x 10*s* tip x 10%s
(70mg/100mL)
ZnO NPs 3.52 1.96
ZnO 2.62 2.64
BiOCI 2.18 3.17
TiO, 1.56 4.44
BaCrO, 1.15 6.02
3.5 — 2 k value
3.0—-
25
:::cn 2.0—-
8 4
>< 1.5 4
= 4
1.0 4
0.5—-
0.0 - T v t g T g f g T
ZnO NPs zZnO BiOCI TiO2 Br::lCrO4
Catalyst

Fig. 4.79: Effect of other photo-catalysts on photo-catalytic degradation of NR
4.7.13: Test for reusability of ZnO NPs:
The reusability of ZnO nanoparticles photo-catalyst was tested for dye degradation. The
ZnO nanoparticles catalyst used for degradation of dye was filtered, washed and dried in

air and then in oven for 30 minutes. This dried ZnO photo-catalyst was used for the

212



CHAPTER-IV Results and Discussion
NEUTRAL RED

degradation of dyes under similar reaction conditions. It was observed that the ZnO
photo-catalyst can be used repeatedly even up to three batches of reaction without any
treatment and reused catalyst showed almost similar catalyst activity with fresh (original)
catalyst. The initial rate of photo-degradation of the dye has found very low decrement
even after the third second cycle of reuse. The results were shown in figure 4.80. The less
of activity was observed and losses of Zn*" ions were more pounced only after third cycle

of its reuse.

104 —m— Cycle |
\ —%— Cycle Il
] —A— Cycle 11l
0.8 \
<5} | \‘
e o6+
3
&L 044
< | \ix .
\.
0.2 4 \‘
0.0 T T T T T
0] 20 40 60 80

Irradiation time (min)

Fig. 4.80: Decolorization of NR by ZnO NPs: (1) Cycle; (11) Cycle; (111) Cycle:
[NR] = 55 x 10° mol dm® ZnO NPs = 70 mg/100mL, pH = 9.2,
Light intensity = 20 x 10° Lux.

4.7.14: COD and CO, measurements during degradation of Neutral Red:

The efficiency of photo-catalytic treatment to mineralize the dyes was studied. Chemical
oxygen demand resulted were taken as one of the parameter to determine the feasibility
of the reduction process for Neutral Red dye degradation. COD and free CO;
measurement were carried out to record the quantity of mineralization of the organic

molecule under consideration over ZnO suspension, COD test allowed the measurements
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of waste in terms of the total quantity of oxygen required for the degradation of organic
matter to CO, and inorganic ions [59]. The decrease in COD values of the treated dye
solution indicated the mineralization of dye molecules along with the colour removal.
The reduction in the estimated COD from 208 mg/L to 1mg/L and increase in CO, values
from 13 mg/L to 152 mg/L of illumination indicated the complete mineralization of
treated dye solution. From estimated value of COD and CO,, it is evident that 99 % of
COD removal has been completed in 120 min of irradiation under optimum reaction
condition. A decrease in COD and increase in CO, confirm the degradation of dye.
Significant amount of NO3™ were released into reaction during the mineralization of dye.
A decrease in pH has also been observed with increase in the quantity of mineralization.
The results were shown as Table 4.60 and Figure 4.81 (a) and (b) [60].

Table 4.60: COD and CO, measurements during degradation of Neutral Red:

55 x 10° mol dm?® ZnO NPs =

[NR] = 70 mg/100mL, pH = 9.2,

Light intensity = 20 x 10° Lux.

Time COD CO; Efficiency NO; &
(min) (mg/L) (mg/L) (%) (mg/L)
0 208 13 0 0
30 142 36 31 8.7
60 72 92 65 14.8
90 20 141 90 23.2
120 1 152 99 30.3

214




CHAPTER-IV Results and Discussion

NEUTRAL RED

250 =
—m— COD - 100
1 =)
- —@— % Efficiency /
200 - °
1 \ / %
4 = o Le0 &
= S
~— 100 - 'S
() L 40 =
3 ] ° - o
50 | / \ L 20
) ]
04 & T L o]
T T T T T
0 30 60 90 120
Irradiation time (min)
160 - 32
| 8 [ —e-co, .
140 4 —*— NO/ o/ - 28
120 * - 24
T 100 r20 =
— [~ r
2 1 L16 E
~ 80 * r L
N 1 L12 O
S 60+ [ =
4 > | 8
40 4 ° L
] L4
20 - L
| @ )
0 T

T T T

30 60 90
Irradiation time (min)

T
120

Fig. 4.81: (a) COD trend and % Efficiency (b) CO, trend and formation of NOs* during

mineralization of NR: [NR] = 5.5 x 10 mol dm™, ZnO NPs = 70 mg/100mL, pH = 9.2,

Light intensity = 20 x 10° Lux.

4.7.15: Mechanism of Neutral Red dye degradation:

The photo-catalytic degradation of the NR dye was studied by the use of additives such

as H,0,, K,S,0s4 etc. electron scavengers like H,0, and K,S,0g accept a photo-generated

electron from the conduction band (CB) and thus avoid electron-hole recombination

producing OH' [61]. Valence band holes (hy") and conduction band electrons(e.,) are
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generated when aqueous ZnO NPs suspension is irradiated with visible light having more
energy than (3.2 eV) band gape energy. These electron and hole pairs interacts with
another molecules separately. Now valance band holes (hyg.:) reacted with H,O or OH’
radical’s bonded on surface to procedure hydroxyl radical (OH’). And molecule oxygen
generated superoxide radicals, as shown in Eq. (45) to Eq. (54) [62-64]. Such electron
generated disrupted the conjugation system of dye and decomposition of dye and the hole
so generated creates OH" from water which again leads to degradation of dye. The

mechanism is as follows: [65, 66]

ZnO +  hvV yisible —_— ZnO (h'vg + €ecs) (45)
ZnO (h*vg) + H,0 — ZnO + H' + OH' (46)
ZnO (h'vg) + OH — > ZnO + OH’ (47)
Zno (€cs) + O, — Zn0 + 0,” (48)
0, + H — > HO," (49)
HO, + H* + ZnO (€cg) —> H,0, +ZnO (50)
H,0, + ZnO (e'cs) —  »  OH +OH +2ZnO (51)
NR + OH’ _— Degradation Products (52)
NR + ZnO (h*vg) —_— Oxidation Products (53)
NR +ZnO (ecg) —_— Reduction Products (54)

Secondly, sensitization of dye molecule by visible light leads to excitation of dye
molecule in singlet or triplet state, subsequently followed by electron injection from
excited dye molecule onto conduction band of semiconductor particles. The mechanism
of dye sensitization is summarized in Eq. (55) to Eq. (64) [67-71].

NR + hv*visibte —_ 1 NR* or * NR* (55)

INR*or °NR*+ Zn0 ——» NR* + ZnO (e cs) (56)
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ZnO (ecg) + O L Zn0 + 0O, (57)
0, + H* — HO,' (58)
HO, +H* +Zn0O (ecg) ———> H,0, + ZnO (59)
H,0, + ZnO (€cg) —0o» OH + OH +2ZnO (60)
NR*™ + OH" - > NR + OH’ (61)
NR™ + O,” — DO, — Degradation products (62)
NR + OH’ — Degradation products (63)

The mechanism of semiconductor photo-catalysis is of very complex nature. Dye
molecules interact with O,”, ‘OH,, or OH’ species to generate intermediates ultimately
lead to degradation products. OH’ radical being very strong oxidizing agent (oxidation
potential 3.2 eV) mineralizes dye to various end products. The role of reductive pathways
in heterogeneous photo-catalysis has been found to be in minor extent as compared to
oxidation [72, 73].

NR (NR™)+ OH"  ——> Decolorization of NR

}

Degradation of NR involving organic intermediates

|

Mineralization

CO, + Hy0 + NO;3 + SO,* (64)

NR = Neutral Red
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CONCLUSION AND RECOMMENDATIONS:

The primary objective of the present study has been optimizing the photo-catalytic
degradation of selected dyes using different experimental conditions. Heterogeneous
photo-catalysis is a promising technique for the photo-catalytic degradation of organic
pollutants present in industrial wastewater. It mineralizes the organic contaminants into
harmless final end product(s). Nanostructured ZnO photo-catalyst is found to be most
useful for photo-catalytic degradation of Malachite Green, Methylene Green, Direct
Blue-1, Orange-Il, Acridine Orange and Neutral Red dyes in the presence of visible light.
ZnO NPs have been taken for present study and found that it is effective, low cost and
non-toxic catalyst for degradation of dye it is synthesized by precipitation method.
Visible light responsive photo-catalyst is obtained by employing a proper synthesis
method. Characterization of ZnO NPs is done by various methods such as XRD, SEM
and FTIR spectral studies. The purity of crystalline phase was confirmed by X-Ray
Diffraction which showed no impurity peaks in XRD image.

The average particle size of ZnO NPs was found to be 30 nm by XRD and SEM studies.
Zn-0O vibration band is confirmed by FTIR spectra. The smaller particle size and low
band gap let to the highest photo-catalytic property degradation of dye. Photo-catalysis
using visible light responsive ZnO NPs emerged made it an attractive method for water
treatments. The photo-catalytic activity of the ZnO NPs is attributed to their ability to
absorb band gap photons under visible light. The changes in the absorption spectra of dye
solution during the photo-catalytic degradation process at different irradiation times
suggested the complete mineralization of dye along with color removal which was further
supported by decrease in COD value and decrease in CO,. ZnO NPs catalyst proved its

versatile nature economically cheap and efficiently against photo-catatalytic degradation
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of textile dye. This technology is in its infancy and has a potential of being applied across

the water treatment processes.

To set and optimize the reaction condition for the efficient degradation of dyes taken for

investigation, the effect of various operational parameters investigated. The results

obtained can be concluded as:

R/
L X4

R/

X3

K/
L X4

No significant change in dye color was obtained in dark and during only
photolysis. Photo-assisted mineralization of all the dyes effectively carried out
utilizing ZnO NPs with visible light and the amount of synthesized nanoparticles
required for complete degradation is found to be less in comparison to the amount
required in case of commercially available bulk ZnO solid.

Kinetic analysis indicated that the heterogeneous photo-catalytic degradation
kinetics of all the selected six dyes followed the Langmuir-Hinshelwood (L-H)
model.

From the observation it clearly indicated that pH directly affected the
heterogeneous photo-catalytic procedure. In all the cases, optimum photo-
catalytic degradation was observed in alkaline medium.

The addition of oxidants such as H,O, and K;,S,0g in the suspension of dye/ZnO
improved significantly the photo-mineralization process of dye by enhancing the
formation of hydroxyl radicals as well as by inhibiting the electron/hole pair
recombination.

Carbonate and chloride ions were found to have detrimental effect on the rate of
degradation.

Efficiency of photo-catalytic process has been found to be improved by FeCl; and

Fenton’s reagent mediated reaction.
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X/
L X4

Increase in light intensity improved the degradation process.

Dissolved oxygen regarded as conduction band electrons scavenger was found to
inhibit fast carrier recombination and thereby increased the photo-catalytic
efficiency in contrast to N, purging which reduced the efficiency by preventing
O, radical anion generation.

Reduced band gap and visible light response of synthesized ZnO NPs made it
more efficient photo-catalyst than other photo-catalysts which absorb in UV
region.

Only a marginal changes in photo-catalytic efficiency after three batch reactions

indicated cost effectiveness of ZnO NPs.

Finally, it is concluded from the present study that heterogeneous catalysis may be used

as for the treatment of water released from industries as an efficient and environmental

friendly procedure. The textile dye effluent was successfully degraded in large scale by

the photo-catalytic oxidation process under visible light/ZnO NPs system. Based on this

work, ZnO NPs promise to be one of the important materials in photo-catalytic

applications.

Additionally, improvement in the whole photo-catalytic procedure will make it more

sustainable towards practical application.

K/
L X4

To utilize pH range, some improvement in reaction process is required.
Nano-composites with the coupling of more than one catalyst can effectively
improve the photo-catalytic efficiency.

Utilization of solar light should be preferred over artificial visible light.

Effective design of photo-catalytic reactor system or parabolic solar collector for

higher utilization of solar energy to reduce the electricity costs.
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¢+ The photo-catalyst in use should be doped in such a way that the efficiency be
increased by several folds.
Hence for degradation of various organic dyes in visible light using ZnO NPs is

recommended as a conclusion of the present study.
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Summarized Tabulated
Results




S Variation Malachite Methylene Direct Blue-1 Orange |1 Acridine Neutral Red

No. Studied Green Green Orange

1. Effect of Rate constant Rate constant Rate constant Rate constant Rate constant Rate constant was
change in pH | Was maximal at | was maximal at | was maximal at | was maximal at | was maximal at | maximal at pH 9.2.

pH 8.0. pH 8.5. pH 6.5. pH 7.5. pH 8.4.

2. | Effect of Rate constant Rate constant Rate constant Rate constant Rate constant Rate constant was
change in was maximal at | was maximal at | was maximal at | was maximal at | was maximal at | maximal at
Catalyst 60 mg/100mL. 120 mg/100mL. | 160 mg/100mL. | 90 mg/100mL. | 80 mg/100mL. | 70mg/100mL.
amount

3. | Effect of Rate constant Rate constant Rate constant Rate constant Rate constant Rate constant was
change in dye | Was maximalat | was maximal at | was maximal at | was maximal at | was maximal at | maximal at
concentration | 4-0 X 10° mol 4.5 x 10®° mol 20x10°mol | 52x10°mol |25x10°mol |5.5x 10®° mol dm™.

dm. dm, dm. dm, dm.

4. | Effect of Rate constant Rate constant Rate constant Rate constant Rate constant Rate constant was
change in was maximal at | was maximal at | was maximal at | was maximal at | was maximal at | maximal at 6.0 x 10
H,0, and 8.0 X 10 mol 8.0 X 10 mol 8.0 X 10%mol | 8.0 X 10 mol 10.03x 10° mol | mol dm'360f H,0, gnd
K-S,0 dm™ of H,0, dm™ of H,0, and | dm™ of H,0, dm™ of H,0, dm™ of H,0, 6.0 x 10 mol dm™ of

2oers and8.0x10° | 8.0x10°mol |and8.0x10° |and8.0x10° |and8.0x10° | K;S;0s.
concentration | 5} gm3 of dm of K,S,05. | mol dm™ of mol dm™ of mol dm™ of
K3S,0s. K2S,0s. K2S,0s. K2S,0s.

5. Effect of Rate constant Rate constant Rate constant Rate constant Rate constant Rate constant
change in decreased with decreased with decreased with | decreased with | decreased with | decreased with
Na,COs and increase in increase in increase in increase in increase in increase in
NaCl concentration of | concentration of | concentration of | concentration of | concentration of | concentration of

. Na,CO; and Na,CO; and Na,CO; and Na,CO; and Na,CO3 and Na,CO3; and NaCl.
concentration | o, NaCl. NaCl. NaCl. NaCl.
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6. | Effect of Rate constant Rate constant Rate constant Rate constant Rate constant Rate constant was
change in was maximal at | was maximal at | was maximal at | was maximal at | was maximal at | maximal at
FeCls 8.0x10°mol  |8.0x10°mol |8.0x10°mol |8.0x10°mol |8.0x10°mol |6.0x10® mol dm™of
dm™ of FeCls. dm of FeCls. dm?3of FeCls. | dm®of FeCl;. | dm®of FeCl;. | FeCls.
7. | Effect of Rate constant Rate constant Rate constant Rate constant Rate constant Rate constant was
change in was maximal at | was maximal at | was maximal at | was maximal at | was maximal at | maximal at
Fenton’s [1.4:1] of [1:4] of [3:4] of [1.4:1] of [1.4:1] of [1.4:1] of
reagent [F93+:H202]. [Fe3+:H202]. [Fe3+:H202]. [Fe3+:H202]. [Fe3+:H202]. [Fe3+:H202].
8. | Effect of Rate constant Rate constant Rate constant Rate constant Rate constant Rate constant
change in increased with increased with increased with | increased with | increased with | increased with
light intensity !ncrea§e in light !ncrea_se in light !ncrea_se in light !ncrea_s,e in light !ncrea_s,e in light !ncreqse in light
intensity. intensity. intensity. intensity. intensity. intensity.
9. | Effect of Rate constant Rate constant Rate constant Rate constant Rate constant Rate constant
bubbling of decreased on decreased on decreased on decreased on decreased on decreased on
N, and O, bubbling of N,, | bubbling of N,, | bubbling of N, | bubbling of N,, | bubbling of N,, | bubbling of N, but
but increased on | but increased on | but increased on | but increased on | but increased on | increased on bubbling
bubbling of O,. | bubbling of O,. | bubbling of O,. | bubbling of O,. | bubbling of O,. | of O,.
10. | Effect of Solar | Value of rate Value of rate Value of rate Value of rate Value of rate Value of rate constant
light constant constant constant constant constant increased in the
increased inthe | increased inthe | increased inthe | increased inthe | increased inthe | presence of solar
presence of solar | presence of solar | presence of presence of presence of light.
light. light. solar light. solar light. solar light.
11. | Effect of other | The order of The order of The order of The order of The order of The order of photo-
catalyst photo-catalyst photo-catalyst photo-catalyst photo-catalyst photo-catalyst | catalyst activity

activity follows
the orde ZnO
NPs > ZnO >
BiOCI > TiO, >
BaCrO,.

activity follows
the orde ZnO
NPs > Zn0O >
BIiOCI > TiO;, >
BaCrO,.

activity follows
the orde ZnO
NPs > Zn0O >
BiOCI > TiO, >
BaCrO,.

activity follows
the orde ZnO
NPs > ZnO >
BiOCI > TiO, >
BaCrO,.

activity follows
the orde ZnO
NPs > ZnO >
BiOCI > TiO, >
BaCrO,.

follows the orde ZnO
NPs > ZnO > BiOCI
> TiO, > BaCrO,.
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12. | Reusability of | ZnO NPs can be | ZnO NPs can be | ZnO NPs can be | ZnO NPs can be | ZnO NPs can be | ZnO NPs can be used

ZnO NPs used without any | used without any | used without used without used without without any change
change up to change up to any change up | any change up | any change up | up to three cycle of
three cycle of three cycle of to three cycle of | to three cycle of | to three cycle of | photo-catalysis.
photo-catalysis. | photo-catalysis. | photo-catalysis. | photo-catalysis. | photo-catalysis.

13. | Determination | COD decreased | COD decreased | COD decreased | COD decreased | COD decreased | COD decreased from
of COD and from 265 mg/L | from 196 mg/L | from 224 mg/L | from 216 mg/L | from 218 mg/L | 208 mg/L to 1 mg/L
CO, to 0 mg/L while | to 5 mg/L while | to 4 mg/L while | to 0 mg/L while | to 9 mg/L while | while CO, increased

COgincreased CO; increased CO; increased CO; increased CO; increased from 13 mg/L to 115
from 41 mg/L to | from 24 mg/Lto | from 24 mg/L from 32 mg/L from 21 mg/L mg/L in 120 min. of
236 mg/L in 115 | 158 mg/L in 150 | to 175 mg/Lin |to232mg/Lin |to 192 mg/L in | irradiation time.

min. of min. of 180 min. of 4 h. of 60 min. of

irradiation time. | irradiation time. | irradiation time. | irradiation time. | irradiation time.

14. | Identification | COz and NO3 COz and NO3’ CO; and NO3’ CO; and NO3’ COz and NO3’ CO, and NO;5; have
of mineralized | have been have been have been have been have been been identification as
products identification as | identification as | identification as | identification as | identification as | mineralized products.

mineralized mineralized mineralized mineralized mineralized
products. products. products. products. products.
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Abstract

Advanced oxidation processes (AOPs) have been found to be highly efficient in
wastewater treatment specially containing hazardous organic pollutants such as dyes. In
present study, we have carried out photo-catalytic degradation of Acridine Orange (AO)
dye using ZnO NPs in presence of visible light. An effective and green reaction
procedure has been established. ZnO as nanocatalyst has been found to be highly efficient
for dye degradation particularly Acridine Orange. Several reaction parameters such as
amount of catalyst, reaction pH, addition of H,O, and K,S,0g and addition of Na,CO3

and NaCl have been studied.
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Enhanced Photocatalytic Degradation of Direct Blue-1 Dye by
ZnO Nanoparticles Using Visible Light
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ABSTRACT

Photocatalytic degradation of Direct Blue-1 has been studied in ZnO nanoparticles dispersion medium under visible
light. The absorbance of Direct Blue-1 dye under investigation has been found to be decreased in the presence of
visible light and ZnO nanoparticles. The degradation studies have been carried out under various parameters such as
catalyst loading, initial dye concentration, pH, effect of oxidant and effect of light intensity etc. The photocatalyst
ZnO nanoparticles have been found to be more efficient for the degradation of Direct Blue-1 dye than other reported

catalysts.

Keywords: ZnO NPs, Direct Blue-1 Dye, Photo-Catalytic Degradation, Visible Light

I. INTRODUCTION

The degradation of dyes and other organic contaminants
of wastewater effluents has now become the matter of
environmental concern. Dyes are carcinogenic and
potential pollutants. Hence attention has been paid
toward the removal of harmful and these wastewater
contaminants [1, 2]. These pollutants are generated from
paper; textile and leather industries etc. and when
discharged to environment have crucial impact on the
aquatic life and human health as well. Thus it resulted
into serious consequences to the ecosystem. The main
objective of this work is to study the degradation of
Direct Blue-1 dye by using ZnO nanoparticles in the
presence of visible light [3, 4].

Recently, the heterogeneous photocatalysis is emerging
as an effective AOP. Particularly ZnO nanoparticles
have been applied as effective, inexpensive and
nontoxic photocatalyst for the degradation of a wide
range of organic chemicals [5, 6]. In present work,
visible light irradiate photo-catalytic degradation of dye
wastewater has been investigated using ZnO
nanoparticles as photocatalyst. We have investigated
this
condition to assess the feasibility and optimization of
process for industrial dyes effluents [7-10].

degradation process under different reaction
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II. EXPERIMETAL PROCEDURE

Materials

The dye used Direct Blue-1, was analytic grade reagent.
Zn(NOs), and NaOH were obtained from Merck Co.
(Germany). Ethanol (99%) was purchased from Aldrich
Co. (England). The other chemicals used in present
study like H,O,, K,S,05, Na,CO;, NaCl and FeCl; were
of analytical grade and used as received. The double
distilled water was used throughout to carry out
experimental work.

Apparatus and experimental conditions

In a specially designed double-walled slurry type batch
reactor vessel made up of Pyrex glass (7.5 cm height, 6
cm diameter) and water circulation arrangement was
made to keep the temperature in the range of 30 = 0.5°C.
Photocatalytic experiments were carried out with 100ml
of dye solution using ZnO NPs as photocatalyst under
exposure to visible irradiation. Light irradiation was
carried out using 500 W halogen lamp surrounded by
aluminum reflector to avoid irradiation loss.

During photocatalytic experiment, after stirring for 10
min. slurry composed of dye solution and catalyst was
placed in dark for 30 min in order to establish
adsorption and desorption
phenomenon of dye molecule on photocatalyst surface.
Then slurry containing aqueous dye solution and ZnO
NPs were stirred magnetically to ensure complete

equilibrium  between
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suspension of catalyst particle in visible light. At
specific time intervals, aliquot (3 ml) was withdrawn
and centrifuged for 2 min at 3500 rpm to remove ZnO
nanoparticles of decolorization

to assess extent

spectrophotometrically.  Absorption spectra  were
recorded with UV-Vis. Spectrophotometer (Systronic
Model No.166). Intensity of visible radiation was
measured by a digital Lux-meter (Lutron LX - 101). The
desired pH of the solution was adjusted by the addition
of previously standardized 0.050M H,SO, and 1.0M
NaOH solutions and measurement was done using
digital pH meter. COD & CO, estimation were
performed and studied by using standard procedure [11-
13].
III. RESULTS AND DESCUSSION

a. Effect of ZnO nanophotocatalyst

The amount of catalyst is basic parameter to assess the
degradation of Direct Blue-1 dye. It has been studied
using 80mg/100 mL to 220mg/100 mL concentration
keeping all other parameters constant. (Figure 1) Results
showed that the rate increased with an increase in the
amount of catalyst till 160mg/100mL and remained
almost constant above this concentration. Optimum rate
was found at 160mg/100mL and further increase in ZnO
nanoparticles concentration increase the number of
photons absorbed and consequently absorption of light
of dye molecule increases. As the concentration of
catalyst was further increased ZnO nanoparticles
inhibited the direct contact of light with dye molecule
and rate became almost constant [14, 15].

V7 k Value

k x 107%™

Zn0 mg/100mL

Figure 1. Effect of catalyst loading on photocatalytic
degradation of DB-1
[DB-1=2.0 x 10~ mole dm”, pH =6.5, light Intensity =
30 x 10° Lux]
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b. Effect of pH variation

The effect of pH on the rate of degradation needs to be
studied since industrial effluents might not be at neutral
pH. Experiments were carried out at pH values, ranging
from 3.5 to 9.5 for constant dye concentration (2.0 x 10
> mol dm™) and catalyst loading (160mg/100ml). The
reaction rate increased with increase in pH exhibiting
optimum rate of degradation was found at pH 6.5
(figure 2) [16, 17].

k Value

kx 107"

Figure 2. Effect of pH on photocatalytic degradation of
DB-1
[DB-1=2.0 x 10 ° mole dm™, ZnO NPs =
160mg/100ml, light Intensity = 30 x 10° Lux]

c. Effect of initial dye concentration

It is also important to study the dependence of initial
dye concentration for the degradation kinetics. The
influence of initial dye concentration was studied in the
range of 1.0 x 10”° mol dm™ to 3.5 x 10° mol dm™. The
photocatalytic degradation rate was found to increase
from 3.08 x 10™* s to 7.62 x 10™* s™' with increase in
concentration of dye up to 2.0 x 10° mol dm” and
increase in dye concentration degradation rate again
decreased as found in figure 3. It may be due to that
initially as the concentration of dye was increased, more
dye molecules were available for excitation and
consecutive energy transfer. Since the illumination time
and amount of catalyst were constant, therefore, further
increase in dye concentration causes virtual masking of
greater number of adsorbed dye molecules on the
surface of catalyst particles. [18-20]
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kx 107

=) - N w ~ o o ~ ©
I 1 1 1 1 1 1 ! 1

1.0 15 2.0 25 3.0 3.5

[DB-1]x 10” mol dm™

Figure 3. Effect of initial dye concentration on
photocatalytic degradation of DB-1
[ZnO NPs = 160mg/100ml, pH =6.5, light Intensity =
30 x 10° Lux]

d. Effect of H,O, and K,S,05

The degradation rate has been studied at different H,O,
and K,S,0g concentrations. The degradation rate
increased with increasing H,O, concentrations from 2.0
x 10°mol dm™ to 8.0 x 10° mol dm™. The reaction rate
increased for H,O, from 8.03 x 10™* s to 11.23 x 10"
(Figure 4). This was because H,O, inhabited the
electron-hole recombination and hence, accelerated the
reaction by producing an extremely strong and non-
selective oxidant hydroxyl radical from scavenging the
electrons and absorption of visible light by the
following reactions: [21, 22]

H202 +7ZnO (e_CB)
H202 + hv

—» OH+OH (1)
—» 20H )

Further increase in concentration of H,0, beyond
optimal concentration, resulted into the decrease in rate
constant because at an excess H,O, concentration, it
might start acting as hydroxyl radical and hole
scavenger [23, 24].

H202 + 2h+VB — 02 + 21‘1+ (3)
H,0, + ‘OH —» HO,+H,0 &)
HO, + 'OH — H,0+0, %)

With increase in K,S,0g concentration from 2.0 x 10
mol dm™to 8.0 x 10°mol dm™, rate constant increased
from 8.12 x 10* s to 10.93 x 10* s'. At optimal
amount of K,S,0s, the rate of degradation has been
found to be 10.93 x 10* s”. K,S,05 has always been
found to be a beneficial

oxidizing agent in

International Journal of Scientific Research in Science, Engineering and Technology (ijsrset.com)

photocatalytic detoxification due to generation of SO,”
radicals [25, 26]

S0 +e,q — SO, +S0. (6)
S,08 +eq, — SO, +S0,7 7
777 HQ,
1 U222 K,S,0,

7

7

ALy

ANy

2
13 14 15

2

4 5 6 7 8 9 10 11 1

[Oxidant] x 10° mol dm™

~

Figure 4. Effect of oxidants on photocatalytic
degradation of DB-1
[DB-1=2.0 x 10~ mole dm™, ZnO NPs = 160
mg/100ml, light Intensity = 30 x 10° Lux, pH = 6.5]

e. Effect of light intensity

The effect of the variation of the light intensity on the
rate of reaction has also been investigated. The data
indicated that the degradation rate was accelerated as
the intensity of light was increased because any increase
in the light intensity increased the number of photons
striking per unit time per unit area of the semiconductor
powder resulted in more hydroxyl radicals (figure 5)
[27].

k Value

k x 107%s™

20 30 40 50 60

Irradiation intensity x 10°Lux

Figure 5. Effect of Light intensity on photocatalytic
degradation of DB-1
[DB-1 =2.0 x 10~ mole dm™, ZnO NPs = 160
mg/100ml, pH = 6.5]
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IV. CONCLUSION

The detailed experimental findings suggest that the use
of nano ZnO particles under visible light makes an
efficient green degradation technique for complete
mineralization of Direct Blue-1 dye.
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