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ABSTRACT

Nanotechnology is an emerging interdisciplinary subject that has been booming in
many areas during the recent decade. Looking into this aspect, black MnO;
nanoparticles (nps) have been synthesized, via a facile one stop solution phase
approach, by co-precipitation method by the reduction from a system containing
KMnO, and MnSO, solutions. Pure phase, spherical, uniformly dispersed brown
Mn3O, nps powder was synthesized successfully by forced hydrolysis of Mn(ll)
acetate by heating its aqueous solution at 80°C. Blackish brown y—MnOOH nps was
synthesized by a simple route using Mn(ll) acetate as precursor by hydrothermal
treatment.

The evidence of MnO,, Mn304 and y—MnOOH nps formation under the synthesis
conditions were confirmed by UV-vis spectra, FT-IR, XRD, SEM, EDX, DLS, TG-DTA,
pHyzc and Specific Surface Area (SSA) analysis. FT-IR spectra of MnO, nps showed
the occurrence of O-Mn—O vibrational mode at around 571 and 535 cm™. The
selected area electron diffraction patterns revealed that the MnO, was crystalline
and rod like in nature. Elemental analysis exhibited the presence of Mn and oxygen
elements in the MnO,, Mn304 and y—MnOOH and no foreign elements in them. The
average crystallite size was calculated from the XRD data for MnO,, Mn3z0O, and
Y—MnOOH nps were approximately 7.0 nm, 10.0 nm and 11.0 nm respectively. The
specific surface area of y—MnOOH nps was found to be 142.962 and 195.747 (m* g
1) respectively.

Oxidative decolorization of MB and OG were studied at different pH,
concentration, adsorbent dose and contact time by UV-Vis spectroscopy. From
kinetic analysis, it was found that decolorization is dependent on parameters such as
dye concentration, Mn-oxide doses, pH and other parameters. The observed results
were in good agreement with experimental data.

The decolorization data showed that both MB and OG could be decolorized by Mn-
oxide surface. But the extent of MB decolorization was much higher than OG,
suggesting the present y—MnOOH nps can be used as a highly efficient material for
oxidative decolorization of MB. MB decolorization was through a surface mechanism,
that is, formation of surface precursor complex between MB and surface bound
MnOOH center, followed by electron transfer within the surface complex. Kinetic
study demonstrated that both MB and OG decolorization followed pseudo-second-
order kinetic.

The experimental isotherm results were fitted using Langmuir, Freundlich, Temkin
and Sips isotherm. The Freundlich model agreed very well with experimental data.
The pathogenic experiment was performed following the standard conventional
method by treating the Mn-oxides nps in 7.5% (v/v) DMSO suspension to various
pathogenic organisms. The experiments were performed duplicate and triplicate.
From the experimental evidence it was clear that Mn-oxides did not have potential
antibacterial activity.
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CHAPTER- 1

INTRODUCTION

1.1. Chemical aspects of nanomaterials

1.1.1. Nanomaterials

Nanomaterials, having a dimension scale 1-100 nm, have received increasing
interest owing not only to their fundamental scientific significance but also to the
potential applications that derive from their fascinating electrical, magnetic and
catalytic properties [1-3]. Compared to bulk active electrode materials, the
corresponding nanomaterials possess more excellent electrochemical activity,
such as higher capacities, larger surface areas, and lower current densities,
thereby, nanomaterials have wildly potential application in electrochemistry field.
Manganese oxides, including MnO, MnO, and MnzOg4, are intriguing composites
and have been used in wastewater treatment, catalysis, sensors, supercapacitors,
and alkaline and rechargeable batteries [4-10]. Particularly, MnO and MnO,
nanomaterials have attracted great interest as anode materials in lithium-ion
batteries (LIBs) for their high theoretical capacity, low cost, environmental
benignity, and special properties [11].

Nowadays, nano metal oxide is one of the promising materials for scientists.
The applications of nano metal oxide particles are increasing day by day. The
most commonly used transition metal oxides are titania, manganese oxide, zinc
oxide, cobalt oxide, nickel oxide, iron oxide etc.

Nanotechnology is expected to be the basis of many of the main
technological innovations of the 21% century. Research and development in this
field is growing rapidly throughout the world. A major output of this activity is the
development of new materials in the nanometer scale, including nanoparticles. A
unique aspect of nanotechnology is the vastly increased ratio of the surface area
to volume present in many nanoscale materials which opens new possibilities in
surface-based science, such as catalysis.

A number of physical phenomena become noticeably pronounced as the size
of the system decreases. These include statistical mechanical effects, as well as

quantum mechanical effects, for example the “the quantum size effect” where the
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electronic properties of solids are altered with great reductions in particle size.
This effect does not come into play by going from macro dimension. However, it
becomes dominant when the nanometer size range is reached.

Materials reduced to the nanoscale can suddenly show very different
properties compared to what they exhibit on a macroscale, enabling unique
application. For instance, opaque substances become transparent (copper); inert
materials become catalyst (platinum); stable materials turn combustible
(aluminum); solids turn into liquids at room temperature (gold); insulators
become conductors (silicon). Materials such as gold, which is chemically inert at
normal scales, can serve as a potent chemical catalyst at nanoscales. Much of the
fascination with nanotechnology exhibits at the nanoscale.

A nanoparticle (which historically has included nanopowder, nanocluster and
nanocrystal) is a small particle with at least one dimension less than 100 nm. This
definition can be fleshed out further in order to remove ambiguity from future
nano nomenclature. A nanoparticle is an amorphous or semicrystalline zero
dimensional (OD) nano structure with at least one dimension between 10 and 100

nm and a relatively large (=15%) size dispersion [3].

1.1.2. Review of mixed metal oxide

Mixed-metal oxide (MMO) nanoparticles (nps) (also called heterometal oxide
nanoparticles) have been intensively studied in the last decade for their unusual
physical and chemical properties owing to their extremely small size, large specific
surface area and number of promising applications. Among various classes of
nanomaterials, metal oxides are very common, most diverse and possess richest
class in terms of physical, chemical and structural properties. The result and
prospects of numerous applications of metal oxides, such as fabrication of
microelectronic circuits, sensors, piezoelectric devices, fuel cells, dielectrics,
lasers, magnets and catalysts have been discussed in literature [1-13]. Recently,
considerable effort has been made on the preparation of surface modified
nanoparticles of different types of metal oxides. Mixed metal oxide nanoparticles
can play an appreciable role in many areas of chemistry and physics. The unique

2
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electronic and magnetic properties obtained when combining two metals in an
oxide matrix have been well studied. However, the most common use for MMOs
has been in the area of catalysis mixed metal oxides are also used in many
applications in the electronic industry as passive or active components in devices.
These exhibit high dielectric, and ferro- or pyroelectric properties, e.g., BaTiOs3,
LiNbO3, KTaOs, Pby. LaxTiyZr,03 etc.

1.1.3. Review of manganese oxide (MnO,)

Manganese oxides are some of the most abundant minerals on earth, and can
commonly be found in natural sediments, soils and ores. They are also prominent
in formations such as desert rock varnish and marine manganese oxides [14].
Manganese occurs in a variety of oxidation states and chemical and structural
forms. Manganese oxides are also powerful oxidants due to high reducing
potential. Due to a variety of oxidation states as well as the facile phase
transformations of MnOx during preparation, only a mixture of various manganese
oxides (MnO,, Mn,0O3 and Mn3z04) is usually obtained. In addition, manganese
oxyhydroxides (MNOOH) are often associated phases in wet synthesis. Manganese
oxide is any of a variety of manganese oxides and hydroxides [13]. This includes:

(i) Manganese(ll) oxide, Manganosite, MnO

(i) Manganese(ll, I11) oxide, Hausmannite, MnzO4

(i) Manganese(lll) oxide, Mn,03

(iv) Manganese dioxide, (manganese(l1V) oxide), Pyrolusite, MnO,

(v) Manganese(VIl) oxide, Mn,0O-

(viy manganese oxide-hydroxide ,Manganite MNOOH

Manganese may also form mixed oxides with other metals such as Fe, Nb, Ta:
() Bixbyite, a manganese iron oxide mineral
(i) Jacobsite, a manganese iron oxide mineral
(iii) Columbite, also called niobite, niobite-tantalite and columbate
(iv) Tantalite, a mineral group close to columbite
(v) Coltan, a mixture of columbite and tantalite

3
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(vi) Galaxite, a spinel mineral

(vii) Todorokite, a rare complex hydrous manganese oxide mineral.

There are over three dozen naturally-occurring crystalline manganese oxides
with approximate MnO, stoichiometry. In addition, there are many amorphous
forms [14-17]. Crystalline architectures of these materials are comprised primarily
of edge-shared MnOg octahedral units which are arranged to form tunneled or
layered structures. These structures contribute to the high porosity and surface
areas of the manganese oxides. A few examples of crystalline tunneled and
layered structures include the layered structure of birnessite and tunneled
arrangements as seen in the 1x1 nonporous pyrolusite, 1x2 ramsdellite, 2x2
hollandite, 2x3 romanechite and 3x3 todorokite. Many of these materials have
Mn(l11)/Mn(1V) mixed-valency, imparting an overall negative charge to their
framework. This allows the intercalation of cations and water molecules in tunnels
or between layers, when there is an appropriately large volume. Due to high
porosity, many manganese oxides exhibit high surface areas that are
advantageous in potential applications related to rechargeable battery technology
[14-17] toxic waste remediation [14, 18, 19] and heterogeneous catalysis [16,
20,21].

Fig.1.1. Crystalline structures of (A) pyrolusite, (B) ramsdellite, (C) birnessite, (D)
hollandite, (E) romanechite and (F) todorokite.
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1.1.4. Review of the chemistry of manganese (IV) oxide

Manganese (IV) oxide is the inorganic compound with the formula MnO;
(Molar mass: 86.9368 g/mol, Melting point: 535°C, Density: 5.03 g/cm3, Insoluble
in water but soluble in HCl and H,SO,4. This blackish or brown solid occurs
naturally as the mineral pyrolusite, which is the main ore of manganese and a
component of manganese nodules. Of the known catalysts, MnO, is considered
one of the best because of its low cost and toxicity, high catalytic activity, and
environmental compatibility [20-22]. However, MnO; particle size and morphology
importantly contribute to battery performance [22]. The principal use for MnO; is
for dry-cell batteries, such as the alkaline battery and the zinc-carbon battery
[23]. MnO; is also used as a pigment and as a precursor to other manganese
compounds, such as KMnO,. It is used as a reagent in organic synthesis, for
example, for the oxidation of allylic alcohols. It is known that MnO, can exist in
different structural forms, a-, -, y-, -, &- and A-types and so forth, when the
basic structural unit MnOg octahedron is linked in different ways. Based on the
different MnOg links, MnO, can be divided into three categories: the chain-like
tunnel structure such as a-, -, and y types, the sheet or layered structure such
as 6-MnO,, and the 3D structure such as A-type [23]. The properties of MnO, are
significantly affected by their phases and morphologies; moreover, the operating
properties of LIBs also depend on the phase of MnO,. In this regard, a great
effort has been directed toward the preparation of MnO, with different phases
and various shapes [24]. Generally, MnO;, nanostructures could be synthesized
through the oxidation of Mn?*, reduction of MnO,~, redox reactions between Mn?*
and MnO,", or direct phase transformation from other manganese oxides. As
regards all other non-noble metals or transition metal oxides studied in modern
times, MnO; is one of the most attractive inorganic materials not only because of
its physical and chemical properties and wide range of applications in catalysis,
ion-exchange, molecular adsorption, biosensor and particularly energy storage but

also because of its low cost and environmentally benign nature.
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1.1.5. Review of manganese (II, III) oxide Mn30,

Manganese is present in two oxidation states +2 and +3 and the formula is
sometimes written as MnO.Mn,03. (Molar mass: 228.812 g/mol, Appearance: red
or brown, Density: 4.86 g/cm®, Melting point: 1,567°C, Boiling point: 2,847°C,
insoluble in water but soluble in HCI). Mn3O,4 is found in nature as the mineral
hausmannite. Mn3O, formed when any manganese oxide is heated in air above
1000°C [25]. Considerable research has centered on producing nano-crystalline
Mn30, and various syntheses that involve oxidation of Mn(ll) or reduction of
Mn(IV). Mn3O4 has been found to act as a catalyst for a range of reactions e.g.
the oxidation of methane and carbon monoxide [26, 27]; the decomposition of
NO [28], the reduction of nitrobenzene [29] and the catalytic combustion of
organic compounds [30]. Mn3O4 has the spinel structure, where the oxide ions are
cubic close packed and the Mn(ll) occupy tetrahedral sites and the Mn(lll)
octahedral sites[25]. The structure is distorted due to a Jahn-Teller effect [25]. At
room temperature Mn3O,4 is paramagnetic, below 41-43K, it is ferrimagnetic [31].
Although it has been reported as reducing agent in nano-crystalline sample to
around at 39K [32-33]. Mn30,4 is sometimes used as a starting material in the
production of soft ferrites e.g. manganese zinc ferrite [34], and lithium

manganese oxide, used in lithium batteries [35].
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1.1.6. Review of manganese oxyhydroxide, manganite (y—MnOOH)

There are three forms of MnOOH and they are a—MnOOH (groutite),
B—MnOOCH (feitknechtite) and y—MnOOH (Manganite). Manganite (y—MnOOH) is
the most stable of the trivalent manganese hydroxides and is the hydroxide most
like to be present in lakes and rivers with high manganese concentrations and or
high sulphate concentration [36]. It occurs in the form of colloidal particles in
water and sediments. Manganite is one dimensional nanostructure which has
attracted a great deal of attention because of their potential applications in many
fields including separation, chemical sensing devices, biology and electronics.
Among them a and y—MnOOH, present particular interest because of their

applications as catalysts and as electrode materials in Li batteries [37].

Fig.1.2. (a) Representation of the crystal structure of y—MnOOH and (b)
llustration of tunnel structures of manganite. MnOg units are linked via edges and

vertices.

The structure of monoclinic manganite consists of MnOg octahedra sharing
edges to form single octahedral chains. These chains are corner linked by oxygen
atoms parallel to the b-axis to a three dimensional framework. The octahedral
framework of manganite is characterized by endless 1x1 edge-shared MnOg

octahedral chains, which are corner-connected to form one-dimensional channels
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of about 0.23 nm x 0.23 nm parallel to the c-axis. The hydrogen position is
located in the interstitial channels between the chains and bonds to oxygen

together with a H-bond to another oxygen.

1.2. Synthesis of manganese oxide nano materials

There is a great research interest for the synthesis of Mn-oxide nanoparticles
due to their potential applications in electronic, optical and mechanical devices
based on variable oxidation states. Different methodologies are used to synthesize
metal oxide nanopowder but reported procedures have limited control on the
particle functionality [36]. So it is an urgent need to modify the cost-effective
procedure in chemical and environment friendly approach. These nanoparticles
are of great importance because of their unique properties like large surface to
volume ratio, high crystallinity, chemical purity, and phase selectivity which are
different from their bulk counterpart. It has been reported that the physical and
chemical properties are relative to its stoichiometry as well as particle size and
shape. MnO;, Mn30, nanoparticles are potentially used in various fields such as

electrodes [36] catalysis [37] sensors [38] and in optoelectronics [39].

1.3. Synthesis techniques of Mn-oxides

The first requirement of any novel study of nanoparticulated oxides is the
synthesis of the material. The development of systematic studies for the synthesis
of oxide nanoparticles is a current challenge and essentially, the corresponding
preparation methods may be grouped in two main streams based upon the liquid-
solid and gas-solid nature of the transformations. Developments in the field of
MMO nanoparticles have produced many significant and interesting results in all
areas investigated. This attracted attention toward the preparation of these
potential new materials with variable composition having unique properties.
Researchers have explored and developed both physical and chemical methods by
which such materials can be prepared. Supported metal oxide and mixed metal

oxide are usually prepared by the following methods:
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1.3.1. Physical Methods
a) Vapor condensation method,
b) Spray Pyrolysis,
¢) Thermochemical / flame decomposition of metal and

d) organic precursors

1.3.1 (a). Vapor condensation method

It involves two steps. In the first step, a metallic nanophase powder is
condensed under an inert convection gas at high pressure, after the
supersaturated vapor of metal is obtained inside a chamber. In the second step,
the powder is oxidized by allowing oxygen into the chamber. It is a critical step in
which the temperature is as high as 1000°C because of the exothermic nature of

the reaction.

1.3.1(b). Spray Pyrolysis

The starting materials, or chemical precursors, are usually the appropriate
salts, either in solution or in a sol or in suspension form. Aerosol droplets are
generated by nebulizer or atomization technique. These droplets generated
undergo evaporation with solute condensation within the droplet followed by
drying and thermolysis of precipitate particles at high temperatures forming

microporous particles. They are finally sintered to form dense particles.

1.3.2. Chemical Methods
a) Precipitation,
b) Co-precipitation,
c) Incipient wet impregnation,
d) Deposition,
e) Grafting,
f)  Sol-gel method,
g) Precipitation-deposition,

h) Selective removal and
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i) Reverse microemulsion/micelle method.

1.3.2(a). Precipitation method

Hydroxide or carbonate of the desired metal is precipitated out from
solution by using a precipitating agent [44]. The hydroxides or carbonates are
decomposed by heating to the oxides, which are, reduced to the metal when
required on to a suspension of the support. In all precipitations it is essential to
carefully control all the details of the process including.

(i) The order and rate of addition of one solution into the other.

(i) The mixing procedure.

(i) The pH and variation of pH during the process and

(iv)The maturation process.

Precipitation involves two distinct processes, namely nucleation and growth.
Nucleation requires that the system is far from equilibrium. Growth of the new
phase takes place in conditions which gradually approach the equilibrium state.
Many procedures are used for precipitation. One simple method is to add drop-
wise the solution containing the active component to the precipitating solution, or
vice versa. There is little difference between those inverse procedures. In both
cases high super saturation can be produced locally, leading, if the solubility
constant is low, to fine precipitates. If not, redissolution takes place at the
beginning of the process, when agitation disperses the precipitate in the liquid. In
both cases, concentrations change continuously throughout the precipitation
process resulting in an inhomogeneous product being formed, at least with
respect to texture. Any precipitation process is situated somewhere between two
extremes. Either the solutions are contacted instantaneously (only an ideal
situation as, in all cases, diffusion has to take place), the super saturation
decreasing continuously, or the super saturation is maintained constant during the
whole precipitation process.

Instantaneous precipitation is achieved by two methods. The first consists in
pouring continuously, in constant proportion, both solutions into a vessel under
constant and vigorous stirring. The second consists in mixing the solutions
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through specially designed mixing nozzles. The latter method ensures a better

uniformity in composition and texture of the Precipitate.

1.3.2(b). Co-precipitation method

This method involves the addition of a precipitation agent leading to the
formation of a mixture of metal compound and the support, both previously in
solution. This method is traditionally associated with nickel alumina catalyst used
mostly in the hydrogenation of unsaturated fatty oils [41]. At a defined
temperature the precipitating agent is OH" ions that convert the active metal salts
to a mixture of metal hydroxide. After drying, the decomposed and reduced to get
a co-precipitated supported catalyst. This method offers a better surface in terms
of homogeneity, though some of the active component may be embedded within
the carrier and hence not available. This method is especially employed for the

preparation of mixed oxide catalyst.

1.3.2(c). Sol-gel method

Sol-gel preparation, which involves the formation of a sol followed by
formation of a gel, typically uses either colloidal dispersions or inorganic
precursors as the starting material. However, it is important to realize that sol-gel
preparation can be done with a wide variety of precursors. With an alkoxide
M(OR) as a precursor, sol-gel chemistry can be described in terms of two classes
of reactions:
Hydrolysis: MOR + H,O = MOH + ROH
Condensation: MOH + ROM = MOM + ROH

or MOH + HOM = MOM + H,0

Despite its oversimplification, this description of sol-gel chemistry identifies
two key ideas. First, a gel forms because of the condensation of partially
hydrolyzed species into a three-dimensional polymeric network. Second, any
factors that affect either or both of these reactions are likely to impact on the
properties of the gel. In fact, it is the control of many of these factors, generally
referred to as sol-gel parameters that separate sol-gel preparation from other

11
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methods. A representative but not exhaustive list of these parameters includes
type of precursor, type of solvent, water content, acid or base content, precursor
concentration, and temperature. These parameters affect the structure of the
initial gel and, in turn, the properties of the material at all subsequent processing
steps [42].

A gel, a solid matrix encapsulating a solvent, needs to be dried to remove
the solvent. The time between the formation of a gel and its drying, known as
aging, is also an important parameter. As Scherer pointed out, a gel is not static
during aging but can continue to undergo hydrolysis and condensation.
Furthermore, syneresis, which is the expulsion of solvent due to gel shrinkage,
and coarsening, which is the dissolution and reprecipitation of particles, can
occur. These phenomena can affect both the chemical and structural properties of
the gel after its initial formation. One other parameter that affects a sol-gel
product is the drying condition. Conventional evaporative drying, such as heating
a gel in an oven, induces capillary pressure associated with the liquid-vapor
interface within a pore. In a sample with a distribution of pore sizes, the resultant
differential capillary pressure often collapses the porous network during drying.
The dried sample, known as a xerogel, thus often has a surface area and pore
volume that is too low to be of catalytic interest. There are several ways to
minimize the deleterious effect of conventional drying, and xerogels with high
surface areas and pore volumes can be prepared with care. One other approach is
that of Kistler, who used supercritical drying to bypass the problem of differential
capillary pressure. The resultant materials, known as aerogels, have high surface
area, porous structure, and low density. In a way drying can be viewed as part of
the overall aging process because the material can, and often does, undergo

physical and chemical changes during this stage [43].

1.3.2(d). Reverse microemulsion/micelle method

Surfactants dissolved in organic solvents to form spheroidal aggregates called
reverse micelles. The polar ends of surfactant molecules organize around small
water pools (100A°) in the presence of water. This leads to dispersion of aqueous

12
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phase in the continuous oil phase. These reverse micelles are used as water
solutions of reactive precursors to prepare insoluble nanoparticles. Solvent

removal followed by calcinations lead to the final product.

1.4. Properties of metal oxide nanoparticles

The current knowledge on oxide materials allows affirming that most of their
physico-chemical properties display acute size dependence. Physico-chemical
properties of special relevance in Chemistry are mostly related to the industrial
use of oxides as sensors, ceramics, absorbents and/or catalysts. A bunch of novel
application within these fields rely on the size-dependence of the optical,
(electronic and/or ionic) transport, mechanical and, obviously, surface/chemical
(redox, acid/base) properties of oxide nanomaterials. We should stress that size
effects in oxide chemistry have frequently two interrelated faces,
structural/electronic quantum influence of these two phenomena in the main
physico-chemical properties of oxides. Properties of MMO nanoparticles are mainly
size dependent, and their chemical and physical properties are unique in

comparison to corresponding bulk materials.

1.4(a).Chemical properties

i) Acid—base behavior (catalysts)

This behavior varies from one MMO to another. Some exhibit surface basic
behavior and some surface acidic behavior, whereas mixtures show unusual
properties. The mixing of two oxides can enhance the catalytic activity many fold

because of synergistic effects, as seen in the mixed aerogel of titania/zirconia.

ii) Unusual adsorptive properties

Perhaps one of the greatest promises of MMO nanoparticles in chemistry is
their ability to chemically adsorb a wide range of organic molecules or inorganic
gases that are considered as hazardous environment pollutants. They not only
adsorb but also dissociate these to nonhazardous substances on their surface.
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Carnes et al. studied the adsorption of CCls, SO,, and paraoxon on both Al,03 and

1.5. Characterization of metal oxide

Metal oxide characterization is necessary to establish understanding and
control of metal and mixed metal oxides synthesis and application.
Characterization is done by using a variety of different techniques, mainly drawn
from metal oxide materials. Common techniques are Electron Microscopy [TEM,
SEM], Atomic Force Microscopy [AFM], Dynamic Light Scattering [DLS], X-ray
Photoelectron Spectroscopy [XPS], Powder X-ray Diffractometry [XRD], Energy
Dispersion X-ray (EDX) spectroscopy, Fourier Transform Infrared Spectroscopy
[FT-IR] TG-TDA, point of zero charge (pHpzc) and SSA analysis. Whilst the theory
has been known for over a century, the technology for Nanoparticle Tracking
Analysis (NTA) allow a direct tracking of the Brownian motion and this method
therefore allow the sizing of individual nanoparticles of metal oxide in solution
[44].

1.6. Structure and surface morphology of mixed oxides

1.6.1. Spinel structures

The general formula of spinel is written as AB,O, [where, A is a Group 2
metal ion or transition metal in +2 oxidation state and B is a Group 3A (B, Al, Ga,
In) cation or transition metal ion in +3 oxidation state]. As a unit cell has 32 O,
ion and only 4 are present per molecule (from the formula), then spinel structure

has 8 (64/8) tetrahedral and 4 (32/8) octahedral vacancies per molecule of AB,0,.

1.6.2. Perovskite structures

The class of MMOs having the formula ABO; (such as CaTiOs) is called
perovskite. The structure of this mineral was first thought to be cubic but later
confirmed as orthorhombic. The truly cubic form is referred to as “ideal
perovskite” having a unit cell edge of A° containing one ABOs.
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1.6.3. Surface morphology

Control over structural and morphological properties is most crucial for
performance of MMO nanoparticles in various applications. Mixed metal oxides are
known to have different structural arrangement of constituent ions. The nature of
these ions is important (size and charge) in the final adaptation of geometry. As
MMOs contain a variety of cations, the prediction of structure simply on the basis
of radius ratios of cations and oxide ions becomes complicated. This means some
simpler approach is required. For example, take a list of known structures and the
radii of the ions present in them. The radii of two of the ions present in a given
compound are plotted against each other.

Scientists have taken to naming their particles after the real world shapes
that they might represent. Nanospheres [45], Nanoreefs [46], nanoboxs [47],
microsphere [45] and more have appeared in the literature. These morphologies
sometimes arise spontaneously as an effect of a templating or directing agent
present in the synthesis such as micellular emulsions or anodized alumina pores,
or form the innate crystallographic growth patterns of the materials themselves.
Some of these morphologies may serve a purpose, such as long carbon
nanotubes being used to bridge an electrical junction, or just a scientific curiosity
like the stars shown at left. As MMOs contain a variety of cations, the prediction
of structure simply on the basis of radius ratios of cations and oxide ions becomes
complicated. This means some simpler approach is required. For example, take a
list of known structures and the radii of the ions present in them. The radii of two

of the ions present in a given compound are plotted against each other.

1.7. Applications of Mn-oxide nanomaterials

From the past and even recently MMO materials preparation have received
great interest because of the large variety of their potential applications such as in
catalysis [48, 49] adsorption [50, 51], as anode [52] and alternative cathode
material [53]. Taylor et al. [54] also reported the use of a mixed oxide of copper
and zinc as catalysts. MMO can also be used as material as capacitor [55], its
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films as pH sensing materials [56], as pigments [57] and also found as coating
materials [58].

Metal oxides with wide or moderate band gap, such as TiO,, CeO,, ZrO,, and
HfO,, have been widely used for various applications like semiconductor materials
in dye-sensitized solar cell, catalysts, fuel cells, resistors, gas sensors, transparent
optical device, and optical coatings [59-60]. Oxide materials, which have very
important optical properties, can also be used in the fields such as short
wavelength lasers, blue light emitting diodes, UV detectors, gas sensors, etc.
[61]. The American Nuclear Society (ANS) also endorses the rapid application of
mixed oxide (MOX) fuel technology to accomplish the timely disposition of surplus
weapons-grade plutonium in the United States and in the Russian Federation
(November 2002).

1.8. Review of dye
Dye has been used since the prehistoric times. The prehistoric man used to

dye furs, textile and other objects with natural substances, mainly vegetable, but
also of animal origin. Nowadays, dyes are not only made from the natural sources
but also there are synthetic dyes. They are widely used in many industries such
as textile, paper, leather and mineral processing industries to colour their product.
Dye is a natural or synthetic colouring material, whether soluble or insoluble,
which impart its colour to a material by staining or being imbibed by it, and which
employed from a solution of fine dispersion, sometimes with aid of mordant.
A dye can generally be described as organic colorants that have an affinity to the
substrate which it is being applied and consists of a color producing structure.
Dyes can be firmly fixed to the fabrics and other supporting materials used in
textile, food and other industries for imparting different shades of colors [62]. All
colored compounds are not dyes. A substance is referred to as a dye when it
bears the following criteria:

i) It must have a desired color to match the object to be dyed.

i) It must be capable of being fixed to the fabrics or supports directly or

indirectly with the help of certain reagents called mordant.
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i) When fixed to the supports, the color must be fast to light and resistant to

soap and water and to a certain extent to dilute acids and alkalis.

1.8.1. Classification systems for dyes
Dyes can be grouped in accordance with two different principles:

(a)Chemical structure (chemical classification)
(b)Dyeing methods areas of application (colouristic classification)

A review of the whole field of technical dyes shows that the two classifications
overlap that there is hardly a chemical class of dye, which occurs solely in one
coloristic group, and vice versa. When classified according to the dyeing method,
they may be anionic, direct or disperse dyes, depending on whether they are
intended for use on protein, cellulose or polyamide fibers. Moreover, certain
reactive dyes with a particular type of chemical structure can be used for several
substrates, whilst others with the same type of structure are suitable for only a
single substrate.

It is possible to devise a logical method of chemical classification. With
some classes of dyes, however, we have abandoned the conventional
nomenclature, since it is either wrong (for instance, ‘basic’ instead of ‘cationic’
dyes) or insufficiently comprehensive (e.g., phthalocyanine as a sub group of azo
annulene structure). Both classifications are used by the Colour Index (1971)
which lists all dyes and pigments used commercially for large-scale colouration
purposes, that is dying of textile fibers, for pigment colouration of plastics, paints,
printing inks and for the colouration of liquids (solvent and so on).

Dyes are classified as anionic, cationic and nonionic. Anionic dyes are the
direct, acid and reactive dyes. A cationic dye is basic dyes; while a nonionic dye is
disperse dyes. Nonionic dyes refer to disperse dyes because they do not ionize in
an aqueous medium. The chromophores in anionic and nonionic dyes are mostly
azo groups or anthraquinone types. Where, chromophore is the group producing

the colour.
1.8.2. Review of Methylene blue (MB)
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Methylene blue (MB) (CisH1sN3SCI) is the typical organic cationic dye.
Molecular mass of MB is 355.89 and Amax Of MB is 664 nm. It is the most
commonly used substance for dying cotton, wood and silk. It is also used as a
photosensitizer commonly employed in solar cells, a photodynamic antimicrobial
agent in biological materials, a test compound in semiconductor photocatalysis,
and a surface modifier of semiconductor colloids [63—66]. Other than a marked
guantity of colorful wastewater generated from various industrial processes, the
biodegradable resistance of MB suggests that physicochemical treatments are
indispensable for effectively controlling pollution [67-71]. The chemical structure

is shown in Fig. 1.3.

N
X
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cr
Fig. 1.3. Chemical structure of methylene blue (MB).

1.8.3. Review of orange green (OG)
Orange green is a typical azo anionic dye in textile wastewaters whose
molecular mass is 452.38 and Amax Of OG is 477 nm. The chemical structure of

orange Green (OG) is shown in Fig. 1.4.

SO;Na

Fig. 1.4. Chemical structure of orange Green (OG).

1.9. Importance of dye removing
Water is absolutely essential to animals and plants in order for their survival.
Human beings use water for drinking, bathing, washing, culinary purpose,

transportation, industrial and agricultural activities etc [72]. The day to day
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human activities and industrial revolution have influenced the flow and storage of
water and the quality of available fresh water. Many industries like textile,
refineries, chemical, plastic and food processing plants produce wastewater
characterized by a perceptible content of organics [73]. Significant amounts of
chemically different dyes are used in various industries such as textile, pesticide,
paint, solvent, pharmaceuticals, paper, pulp and petroleum etc [74, 75].

Textile and other industrial dyes have become major environmental
contaminants in many countries including Bangladesh owing to their non-
biodegradability and toxicity [76-78]. Several of these dyes are stable and resist
photodegradation by sunlight, oxidation by molecular oxygen O,, and
decomposition by common acids and bases. A typical textile dyeing process
consists of resizing, scouring, bleaching, dyeing, finishing and drying operations.
Dyeing is a fundamental operation during textile fiber processing. The dyeing
process consumes large quantities of water for dyeing, fixing and washing and
produce large volume of wastewater [79]. Over the last decades, the increasing
demand for dyes by the textile industries has shown a high pollutant potential. It
is estimated that around 10-15% of the dyes are lost in the effluent during the
dyeing processes [80].

The effluent generated from the textile processing industries are considered
to be a very complex and inconsistent mixture of many pollutants, such as,
mixture of heavy metal ions (e.g., Cr, Al, Cu etc.), suspended solids, dissolved
solids, inorganic salts, dispersing agents, dyestuffs, and other toxic organic
pollutants including poly vinyl alcohol, starches, various surfactants, organic-
chlorine based pesticides, biocides as well as acidic and alkaline contaminants.

Effluents discharged from textile and dyeing industries are characterized by
low BOD, high COD and variation of pH in the range of 2-12 [81-82]. Color is
usually the first contaminant to be recognized in wastewater; a very small amount
of dye in water (10-20mg/L) is also highly visible and affects water transparency
and the gas solubility of water bodies. The discharge of these colored dye effluent
as wastewater in the ecosystem is a damaging source of esthetic pollution,
eutrophication, and interruption in many natural processes (e.g., photosynthesis,
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respiration) and perturbations in aquatic life. These dyes in the strongly absorb
sunlight, which decreases the intensity of light absorbed by water plants and
phytoplankton, reducing photosynthesis and the oxygenation of water reservoirs
[83]. Dyes often contain elements such as nitrogen, Chlorine or sulfur. The
oxidation product of these molecules may be more toxic than the parent
molecule. Because of these unbearable problems created by the discharge of dyes
as effluent, it requires clear concepts about dye and its undesirable impact and a

quick search for the remedy of these problems.
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1.10. Disadvantages of dyes

Many dyes are toxic. This is because many dyes are made from known
carcinogens, such as benzidine and other aromatic compounds [84]. Dye bath
effluent, in particular are not only aesthetic pollutants by nature of their colour
but also can interfere light penetration through the bodies of water [85]. Hence,
dyes disturbing biological process of the aquatic life especially the photosynthesis
activity. Furthermore, dyes are also carcinogenic, mutagenic, or teratogenic in
various microbiological, fish species. It also can cause severe damage to human
beings such as dysfunction of kidney, reproductive system, liver brain and central
nervous system [86]. The better representation may be possible in the Table 1.1

according to different dye class[87] .

Table 1.1. Disadvantages of different dye class

Dye class Disadvantages

(i) Azo groups Their reductive cleavage of azo linkages is
responsible for the formation of toxic amines

in the effluent.

(i) Anthraquinone- It is most resistant to degradation due to their
based fused aromatic ring structure and thus
remains coloured for a longer time in

wastewater.

(iii)Basic dyes It has high brilliance and intensity of colours
and is highly visible even in a low

concentration.

Especially some disperse dyestuffs have been found to cause allergic reactions,
i.e. eczema or contact dermatitis. Reduction of azo dyes, i.e. cleavage of the dyes
azo linkage(s), leads to formation of aromatic amines. The acute toxic hazard of
aromatic amines is carcinogenesis, especially bladder cancer. Hence, dye removal

is very much essential.
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1.11. Treatment technologies of dyes removal

Conventional biological wastewater treatment systems are inefficient in
treating dye wastewater. This is due to the low biodegradability of dye. Usually
dye wastewater treated by physical- or chemical-treatment process. These include
physico-chemical flocculation combined with flotation, electroflotation, flocculation
with Fe(Il1)/Ca(OH),, membrane-filtration, electrokinetic coagulation, precipitation,
ozonation and Katox treatment method involving the use of activated carbon and
air mixtures [88] have done a review on the widely used methods of removal dye
from dye-containing industrial effluents. The methods have been categorized in
three categories, which are chemical, biological, and physical. Various physical,
chemical and biological treatment techniques can be employed to remove color
from dye containing wastewaters [81-82]. Physico-chemical techniques include
membrane filtration, coagulation/flocculation, precipitation, flotation, adsorption,
ion exchange, ion pair extraction, ultrasonic mineralization, electrolysis, advanced
oxidation (chlorination, bleaching, ozonation, Fenton oxidation and photocatalytic
oxidation) and chemical reduction. Biological techniques include bacterial and
fungal biosorption and biodegradation in aerobic, anaerobic, anoxic or combined

anaerobic/aerobic treatment processes.

1.11.1. Chemical methods
1.11.1(a). Oxidative processes

This is the most commonly used method of decolourisation by chemical
means. This is mainly due to its simplicity of application [89]. It was stated that
there is a need for more powerful oxidizing methods, such as chlorine, ozone,
Fenton’s reagent (peroxide and ferous sulfate), UV/peroxide, UV/ozone, or other
oxidizing techniques or combination. This is because modern dyes are resistant to
mild oxidation condition, such as exist in biological treatment system. The main
oxidizing agent is usually hydrogen peroxide. This agent needs to be activated by

some means, for example, ultra violet light.
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1.11.2. Biological method
1.11.2(a). Decolourisation by white-rot fungi

White-rot fungi are those organisms that are able to degrade lignin, the
structural polymer found in woody plants [89]. The most widely studied white-rot
fungus, in regards to xenobiotic degradation, is Phanerochaete chrysosporium.
This fungus is capable of degrading dioxins, polychlorinated biphenyls (PCBs) and
other chloro-organics [90] also showed the potential of using P. sordida to treat
creosote-contaminated soil. AP.chrysosporium had the ability to decolourise

artificial textile effluent by up to 99% within 7 days [91].

1.11.2(b). Other microbial cultures

Mixed bacterial cultures from a wide variety of habitats have also been shown
to decolourise the diazolinked chromophore of dye molecules in 15 days [92].
They demonstrated that a mixture of dyes was decolourised by anaerobic bacteria
in 24-30 hrs, using free growing cells or in the form of biofilms on various support
materials. Ogawa and Yatome (1990) also demonstrated the use of bacteria for
azo dye biodegradation [93]. These microbial systems have the drawback of
requiring a fermentation process, and are therefore unable to cope with larger

volumes of textile effluents.

1.11.2(c). Adsorption by living/dead microbial biomass

The uptake or accumulation of chemicals by microbial mass has been termed
biosorption [94]. Dead bacteria, yeast and fungi have all been used for the
purpose of decolourising dye-containig effluents. Textile dyes vary greatly in their
chemistry, and therefore, their interactions with micro-organisms depend on the
chemistry of a particular dye and the specific chemistry of the microbial biomass
[95]. Depending on the dye and the species of micro-organism used different
binding rates and capacities was observed. It can be said that certain dyes have a

particular affinity for binding with microbial species.
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1.11.3. Physical methods
1.11.3(a) Adsorption: surface process

Adsorption techniques have gained favour recently due to their efficiency in
the removal pollutants too stable for conventional methods. Adsorption produces
a high quality product, and is a process, which is economically feasible [96]. Also,
adsorption process provides an attractive alternative treatment, especially if the
adsorbent is inexpensive and readily available [97]. Furthermore, this process has
the edge on the other method due to its sludge free clean operation and complete
removal of dyes even from dilute solution [98]. Therefore, one of the powerful
treatment processes for the removal of dyes from water with a low cost is
adsorption. Several adsorbents are eligible for such a purpose.

Adsorption is operative in most natural physical, biological, and chemical
systems, and is widely used in industial applications such as activated charcoal,
synthetic resins and water purification. Although there is no chemical distinction
between the molecules or atoms on the surface and the molecules or atoms in
the bulk, energy considerations lead to quite dissimilar properties.

Adsorption is a process that occurs when a gas or liquid solute accumulates
on the surface of a solid or a liquid (adsorbent), forming a molecular or atomic
film (the adsorbate). Adsorption is a surface phenomenon. Formally adsorption
may be defined as a process in which the concentration of a chemical species is
greater in the surface than in the bulk resulting from inelastic collision suffered by
molecules on the surface. The species that is adsorbed is called adsorbate and the
material of the surface on which adsorption takes place is called adsorbent.
Adsorption strictly refers to accumulation of adsorbate on the surface only due to
residual field of force. It is different from absorption, in which a substance
diffuses into a liquid or solid to form a solution. The term sorption encompasses

both processes, while desorption is the reverse process.

23



Introduction

1.12. Classification of adsorption
Adsorption is a consequence of surface energy. In a bulk material, all the

bonding requirements (be they ionic, covalent or metallic) of the constituent
atoms of the material are filled. But atoms on the (clean) surface experience a
bond deficiency, because they are surrounded by other atoms. The adsorbed
material is generally classified as exhibiting two categories:

(a) Physisorption and

(b) Chemisorption.

1.12.1. Physisorption
Physisorption occurs when non-balanced physical forces appear at the

boundary of the phases and adsorbed species is attached to the surface by
weekly Van der Waals force. Physisorption is characterized by,

1) Low heat of adsorption (10-40 KJ/mol).

i) Non specific.

iii) Mono or multi-layer.

iv) Rapid, non activated and reversible.

v) Significant at low temperature.

vi) No electron transfer.

1.12.2. Chemisorption
Adsorption, which results from chemical bond formation (strong interaction)
between the adsorbent and the adsorbate in a monolayer on the surface, is called
chemisorption. Chemisorption is characterized by,
i) More heat of adsorption (80-400 KJ/mol, sometimes endothermic).
i) Very specific for active site of heterogeneous catalyst.
i) Mono-layer only.
iv) Effective over a wide range of temperature.
v) Slow, activated and irreversible.

vi) Electron transfer between adsorbate and surface.
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1.13. The main purpose of the adsorption study

Numerous investigations have focused on surface adsorption as a means of

removing

textile dyes from water. Beside, the following information can be

obtained in an adsorption experiment:

(i)

(ii)

(iii)

Nature of adsorption, that is whether it is adsorbed physically or
chemically and the conditions (temperature, pressure, state or
adsorbent etc.) under which the adsorption takes place.
Thermodynamic data regarding the adsorption process. This include the
amount of the adsorbent adsorbed under various equilibrium
concentrations at definite temperature.

Specific surface area-surface area of one gram of the substance by the

adsorption process can also be measured.

1.14. Adsorption isotherms

Adsorption is usually described through isotherms. Many different types of

isotherms

have been observed in the literature [99, 100]. These isotherms can

have very different shapes depending on the type of adsorbent, the type of

adsorbate, and intermolecular interactions between the solute and the surface.

The variat

ion of surface coverage (©) with equilibrium pressure (or concentration

in the case of solution) at a given temperature is called adsorption isotherm.

According

to IUPAC classification [101], there are six different types of adsorption

isotherm as shown in Fig. 1.5:

Amount Adsorbed

I o T

E.elative Concentration

Fig. 1.5. IUPAC classification of adsorption isotherms.
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(a) Type 1: This shape of the isotherm is characterized by the asymptotic
approach of monolayer of adsorbate on the surface.
(b) Type 2: This is the most common type of isotherm corresponding to multi-
layer formation on a surface of high adsorption potential.
(c) Type 3: This pattern of isotherm is comparatively uncommon, corresponding
to multi-layer formation on the solid.
(d) Type 4 and 5: These are analogous to type 2 and 3 on porous adsorbents
where the adsorption is limited by the volume of mesopores, causing the
adsorption to level off at a pressure less than saturation pressure of adsorbate
(Po). They reflect capillary condensation and may show hysteresis effect.

IUPAC classification considers adsorption at sub critical temperature, but
adsorption at near critical and super critical temperature was not considered.
Hence this classification is incomplete. Considering the adsorption at near or

super critical temperature a new classification is proposed as shown in Fig. 1.6.

Fig. 1.6. A new classification for adsorption isotherms.
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1.15. Model of adsorption isotherms
Several theoretical models were proposed in order to explain the
experimental adsorption isotherms:
a) Langmuir isotherm,
b) Freundlich isotherm,
c) BET isotherm,
d) Temkin isotherms and

e) Sips Isotherm.

1.15.1. Langmuir isotherm
Characteristics feature of Langmuir isotherm equation:

(i) Adsorption is limited to monolayer formation.
(i) In the case of physisorption, this equation satisfactorily explains adsorption
behavior only at low surface coverage and at low adsorbate pressure.
(iii) In the case of chemisorption which is associated with monolayer coverage
Langmuir equation is quite consistent.

Langmuir derived the following equation to explain the experimental
adsorption isotherm:

Ce/de = Ce/Qm + 1/ KiOm

Where, ge is the amount of adsorbate adsorbed at equilibrium Conctration, (Ce)
in mg/g and qn, is the monolayer capacity in mg/g; K. is the adsorption constant
(egm. constant for adsorption process ) in L/mg
From plot of Ce/qe Vvs. Ce slope = 1/ gm, gm = 1/slope =monolayer capacity and,

intercept = 1/ K.gm and K. = 1/(intercept *qm) (Fig. 1.7 and 1.8).
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Fig. 1.7. Langmuir plot of ge vs. equilibrium concentration (C).
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Fig. 1.8. Langmuir-Hinshelwood linear plot of Cc/qe Vvs. Ce.
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1.15.2. Freundlich adsorption isotherm
The variation of adsorption with concentration of the substance in solution is

usually represented by Freundlich isotherm as follows:

1
y=kCh

or, bgy:bgk+%bgc

1.15.3. BET adsorption isotherm
The theory of Brunauer, Emmett and Teller (BET) is an extension of the Langmuir
treatment to allow for multilayer adsorption on non-porous solid surface.

The BET equation is usually written as:
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P _ 1 ,C-1 P
X(P,-P) XmC XmC B,

where, P, = saturation vapor pressure, x,,= the monolayer capacity and

C=exp [(AH2 - AHL) / RT].

1.16. Factors affecting adsorption
1.16.1. Temperature

The level of adsorption at any particular concentration decreases with the
increase in temperature; that is the overall process is exothermic. At higher
temperature the adsorbed molecules have greater vibrational energies and

therefore, more likely to desorb from the surface.

1.16.2. Nature of the solvent

The solvent has an important effect, since it competes with the surface of the
adsorbent in attracting the solute. There are three different ways to describe the
influence of solvent on adsorption behavior of the solvent (a) its interaction with
the solute in solution, (b) its interaction with the adsorbed layer, and (c) its
interaction with the solute in the adsorbed layer. However, when the solvent is

water, it is worthless to consider the solvent effect.

1.16.3. Particle and pore size

The adsorption efficiency increases as mean diameter of the particle
decreases. Large surface area is available for adsorption with the small particles.
Another reason is the reduced diffusive path length of the interior of small
adsorbent particles and the adsorbate particles require less energy of jump from

one active site to another, resulting in higher uptake by the adsorbent.

1.16.4. pH of the solution
The effect of pH is extremely important when the adsorbing species is capable
of ionizing in response to prevailing pH. It is well known that substances adsorb

poorly when they are ionized. When the pH is such that an adsorb able compound
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exists in ionic form, adjacent molecules of the adsorbed species on the adsorbent
surface will repel each other to a significant degree, because they carry the same
electrical charges. Thus the adsorbing species cannot be packed together very
densely on the surface. This is the common observation that non-ionized forms of
acidic and basic compounds adsorb much better than their ionized counterparts.
The acidic species thus adsorb better at low pH and basic species adsorb better at

high pH.

1.17. Adsorption from aqueous solution

Adsorption from solution is much simpler than that of gas adsorption. A
known mass of adsorbent is kept in touch with a known volume of solution at a
given temperature until there is no further change in the concentration of the
supernatant solution. This concentration can be determined by a variety of
methods involving chemical or radiochemical analysis such as colorimetry,
refraction index, etc. The experimental data are usually expressed in terms of an
apparent absorption isotherm in which the amount of solute adsorbed at a given
temperature per unit mass of adsorbents calculated from the decreases of
solution concentration is plotted against the equilibrium concentration. By analogy
with gas adsorption, one might hope to calculate the monolayer capacity, the
application of an equation of the individual isotherm has a pattern of a sharp knee
followed by a clear plateau; the monolayer capacity is then given by the height of

the plateau.
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1.18. Theoretical aspects of the analytical techniques
1. 18.1. Scanning electron microscope (SEM) technique

The scanning electron microscope (SEM) uses a finely focused beam of
electrons to scan over the area of interest. The beam-specimen interaction is a
complex phenomenon. The electrons actually penetrate into the sample surface,
ionizing the sample and cause the release of electrons from the sample. These
electrons are detected and amplified into a SEM image that consists of Back
Scattered Electrons and Secondary Electrons. Since the electron beam has a
specific energy and the sample a specific atomic structure, different image will be
collected from different samples, even if they have the same geometric
appearance. The specimen stage allows movement of the specimen along 5 axes
as indicated in Fig.1.9. The basic stage is controlled manually by micrometers
and screw-type adjusters on the stage door. The motorized stage has motors
driving the X, Y, Z and rotation controls, all with manual override. The stage can
be tilted over 90°. The tilt axis always intersects the electron optical axis of the
column at the same height (10 mm). When the specimen positioned at this
height, the specimen can be tilted in the eucentric plane. This means that during
tilt, almost no image displacement occurs. The tilting mechanism can be locked

for more stability at high magnification.

Fig. 1.9. A schematic overview of Scanning Electron Microscope (SEM).
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1.18.2. Energy dispersive X-ray analysis (EDX)

EDX is a micro analytical technique that uses the characteristic spectrum
of X-ray emitted by the specimen after excitation by high-energy electrons to
obtain information about its elemental composition. An electron beam strikes the
surface of the sample. The energy of the beam is 120 keV. This causes X-rays to
be emitted. The energy of the X-rays emitted depends on the material under
examination. The X-rays are generated in the whole section. The detector used in
EDX is the Lithium drifted Silicon detector. This detector must be operated at
liquid nitrogen temperatures. When an X-ray strikes the detector, it will generate
a photoelectron within the body of the Si. As this photoelectron travels through
the Si, it generates electron-hole pairs. The electrons and holes are attracted to
opposite ends of the detector with the aid of a strong electric field. The size of the
current pulse thus generated depends on the number of electron-hole pairs
created, which in turn depends on the energy of the incoming X-ray, which
depends on the composition of the sample. Thus, an X-ray spectrum can be
acquired giving information on the elemental composition of the material under
examination. By moving the electron beam across the material an image of each
element in the sample can be acquired. If an electron beam strikes the surface X-
rays (hv) were emitted, which energy depends on the elemental composition of
the sample and Vice versa the energy of the electrons is reduced. Analysis of the

X-rays is called EDX.

1.18.3. X-Ray diffraction (XRD)

The X-ray diffraction (XRD) provides substantial information on the crystal
structure. This method is applied for the investigation of orderly arrangements of
atoms or molecules through the interaction of electromagnetic radiation to give
interface effects with structures comparable in size to the wavelength of the
radiation. Studies on the crystal structures developed based on methods using
single crystals after the discovery of X-ray diffraction by crystals made by the Von
Laue. Now a days XRD is used not only for the determination of crystal structure

but also chemical analysis, such as chain conformations and packing for polymers,
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for stress measurements and for the measurement of phase equilibria and the
measurement of particle size, for the determination of the orientation of the
crystal and the ensemble of orientations in a polycrystalline material.

X-rays are the electromagnetic radiation whose wavelength is in the neighborhood
of 1° A. The wave length of an X-ray is thus of the same order of magnitude as
the lattice constant of crystals, and it is this which makes X-rays so useful in
structures analysis of crystals whenever X-ray are incident on a crystal surface
they are reflected. The reflection abides by the celebrated Bragg’s law as given

below:
2d Sin6 = nA

Where, d is distance between crystal planes, 6 is the incident angle, A is the
wave length of X-ray and n is a positive integer. The diffracted X-ray may be
detected by their action on photographic films or plates or by means of a

radiation counter or electronic equipment feeding data to a computer (Fig 1.10).
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Fig. 1.10. A schematic diagram of XRD instrumentation.

The phase formation of the samples calcined at different temperature is

confirmed by X-ray diffraction studies using Bruker X-ray diffractometer with CuK,
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radiation (A =1.54056A). The lattice parameters are calculated for the cubic and
tetragonal phase using following relations.
For cubic phase, a = d (h®+ k? +[%)'/2

Where, a is the Lattice parameter, (h,k,)) = Miller indices, d is the interplanar
distance. The crystallite size of Mn-oxides (D,) can be calculated from the full
width at half maxima () of the most intense peak by using Scherrer’s formula,

Dp = 0.9\ / B Cos6
Where, symbols have their usual meaning. The X-ray density (theoretical density)
can be calculated according to the formula,

dx = 8M/Na®
Where, N, is the Avogadro’s number (6.023x10% atom/mole), M is the Molecular
mass, and ‘a’ is the lattice constant which was calculated from the X-ray

diffraction pattern.

1.18.4. FT-Infra-red (FT-IR) spectroscopy
Emission or absorption spectra arise when molecules undergo transition
between quantum states corresponding to two different internal energies. The
energy difference AE between the states is related to the frequency of the
radiation emitted or absorption by the quantum relation,
AE = hv

Where, h is the Planck’s constant and v is the frequency. Infrared frequencies
have the wave length range from 1 um to 50 um are associated with molecular
vibration and vibration-rotation spectra. Detection of chemical groups and
bonding are done by the typical spectra. In oxides surface, the IR absorption
spectrum is often surprisingly simple, if one considers the number of atoms
involved. This simplicity results first from the fact that many of the normal
vibrations have almost the same frequency and therefore appear in the spectrum
as one absorption band and second, from the strict selection rules that prevent
many of the vibrations from causing absorptions. IR spectrums of all the

compounds are recorded on IR spectrophotometer in the region of 4000-400 cm’
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! Samples are introduced as KBr pellets. A block diagram of an IR

spectrophotometer is shown in Fig. 1.11.
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Fig. 1.11. A block diagram of an IR spectrophotometer.

1.18.5. Absorption (UV-Visible) spectroscopy

The greater the number of molecules capable of absorbing light of a given
wavelength; the greater will be the extent of light absorption. Furthermore, the
more effective a molecule is in absorbing light of a given wavelength, the greater
will be the extent of light absorption. From these guiding ideas, the following
empirical expression, known as the Beer-Lambert law, which is the basis of
spectrometric methods of chemical analysis, may be formulated:

A =log (lo/I) = ec/ (for a given wavelength)

Where, o is the intensity of the light incident upon the sample cell, | is the
intensity of the light having the sample cell, c is the molar concentration of solute,
/is the thickness of sample cell (1 cm), € is the molar absorption coefficient and A
is the absorbance. The molar absorption coefficient (€) is a property of the
molecule undergoing an electronic transition and related to transition probability

and is not a function of the variable parameters involved in preparing a solution.
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The value of € indicates how intense a given transition is and totally an intrinsic
property of the molecule, i.e.

£>10" is high intensity absorption.

€<103 is low intensity absorption and

€ =100 to 1000 is forbidden transition.
A block diagram of a double beam UV-Visible spectrophotometer is shown in Fig.
1.12,
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Fig.1.12. A block diagram of a double beam UV-visible spectrophotometer.

1.18.6. Dynamic light scattering (DLS)

Dynamic light scattering is a technique that can be used to determine the size
distribution profile of small particles in suspension or polymers in solution. It is a
relatively simple spectroscopic technique based on Rayleigh scattering to
determine the size of nanoscale objects such as particles, aggregates and large
molecules, e.g. polymers and proteins [102-106]. When light hits particles that
are small compared to the wavelength of light, a major scattering mechanism
observed is elastic Rayleigh scattering. DLS is based on measuring the speed at
which particles move under Brownian motion by monitoring the intensity of light
scattered by the sample at some fixed angle. Brownian motion causes

constructive and destructive interference of the scattered light. Technically, DLS

36


http://en.wiktionary.org/wiki/particle
http://en.wikipedia.org/wiki/Suspension_%28chemistry%29
http://en.wikipedia.org/wiki/Polymers
http://en.wikipedia.org/wiki/Solution

Introduction

uses the method of autocorrelation to uncover information contained in the light
intensity fluctuations. Autocorrelation measures how well a signal matches a time-
delayed version of itself, as a function of the amount of time delay. Quicker
autocorrelation function decay indicates faster motion of the particles. The
autocorrelation function can be related to the hydrodynamic radius (A5 of the
particles, which is the information of interest, by the Stokes Einstein equation
[107]: .

61, R,
Where, D is the diffusion coefficient of the molecules, k is Boltzmann-

constant, T is absolute temperature and no is the solvent viscosity. Larger
particles correspond to slower Brownian motion and slower delays of the
autocorrelation function. If the system is monodisperse, the mean effective
diameter of the particles can be determined. This measurement depends on the
size of the particle core, the size of surface structures, particle concentration, and
the type of ions in the medium. Since DLS essentially measures fluctuations in
scattered light intensity due to diffusing particles, the diffusion coefficient of the

particles can be determined.

DLS software of commercial instruments typically displays the particle
population at different diameters. If the system is monodisperse, there should
only be one population, whereas a polydisperse system would show multiple
particle populations. If there is more than one size population present in a sample
then CONTIN analysis must be applied. For more than two populations CONTIN
analysis at several scattering angels is required. Periodical DLS measurements of
a sample can show whether the particles aggregate over time by seeing whether
the hydrodynamic radius of the particle increases. If particles aggregate, there
will be a larger population of particles with a larger radius. A schematic set up of a

modern DLS instrumentation is shown in Fig.1.13.
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Fig.1.13. A schematic set up of a modern DLS instrumentation.
1.18.7. TG-TDA Analysis

Thermal analysis is a branch of materials science where the properties of
materials are studied as they change with temperature. Several methods are
commonly used — these are distinguished from one another by the property which

iS measured:

a) Thermogravimetric analysis (TGA): mass

b) Differential thermal analysis (DTA): temperature difference

c) Dielectric thermal analysis (DEA): dielectric permittivity and loss factor
d) Differential scanning calorimetry (DSC): heat difference

e) Dilatometry (DIL): volume

f) Dynamic mechanical analysis (DMA) : mechanical stiffness and damping
g) Evolved gas analysis (EGA) : gaseous decomposition products

h) Laser flash analysis (LFA): thermal diffusivity and thermal conductivity
i) Thermomechanical analysis (TMA): dimension

J) Thermo-optical analysis (TOA): optical properties.
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1.18.7(a). Thermal gravimetric analysis (TGA)

TGA is a method of thermal analysis in which changes in physical and
chemical properties of materials are measured as a function of increasing
temperature (with constant heating rate), or as a function of time (with constant
temperature and/or constant mass loss) [108]. TGA can provide information
about physical phenomena, such as second-order phase transitions, including
vaporization, sublimation, absorption, adsorption, and desorption. Likewise, TGA
can provide information about chemical phenomena including chemisorptions,
dessolvation (especially dehydration), decomposition, and solid-gas reactions
(e.g., oxidation or reduction) [109-110]. TGA is commonly used to determine
selected characteristics of materials that exhibit either mass loss or gain due to
decomposition, oxidation, or loss of volatiles (such as moisture). Common

applications of TGA are

(i) Materials characterization through analysis of characteristic decomposition
patterns,

(i) Studies of degradation mechanisms and reaction kinetics,

(i) Determination of organic content in a sample,

(iv) Determination of inorganic (e.g. ash) content in a sample, which may be
useful for corroborating predicted material structures or simply used as a
chemical analysis.

(v) It is an especially useful technique for the study of polymeric materials,
including thermoplastics, thermosets, elastomers, composites, plastic
films, fibers, coatings and paints.

(vi) TGA can be used to evaluate the thermal stability of a material. In a
desired temperature range, if a species is thermally stable, there will be
no observed mass change. Negligible mass loss corresponds to little or no
slope in the TGA trace. TGA also gives the upper use temperature of a
material. Beyond this temperature the material will begin to degrade.TGA
has a wide variety of applications, including analysis of ceramics and

thermally stable polymers.
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1.18.7(b). Differential thermal analysis (DTA)

DTA is a thermoanalytic technique, similar to differential scanning
calorimetry. In DTA, the material under study and an inert reference are made to
undergo identical thermal cycles, while recording any temperature difference
between sample and reference [111-116]. This differential temperature is then
plotted against time, or against temperature (DTA curve, or thermogram).
Changes in the sample, either exothermic or endothermic, can be detected
relative to the inert reference. Thus, a DTA curve provides data on the
transformations that have occurred, such as glass transitions, crystallization,
melting and sublimation. The area under a DTA peak is the enthalpy change and
is not affected by the heat capacity of the sample. A DTA curve can be used only
as a finger print for identification purposes but usually the applications of this
method are the determination of phase diagrams, heat change measurements
and decomposition in various atmospheres. A modern TGA-DTA system is shown
in Fig.1.14 and 1.15:

Fig. 1.14. A schematic diagram of a modern TGA-DTA system.
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Fig. 1.15. Furnace components of a typical modern TGA-DTA system.

1.19. Point of zero charge (pHpzc)

The pH where the net total particle charge is zero is called the point of zero
charge (PZC), which is one of the most important parameters used to describe
variable-charge surfaces. The pHpzc of solid surface naturally depends on the
relative number of each type of grouping and on their respective dissociation
constants. It has been found that the point of zero charge is usually not obtained
at equal concentration of the positive and negative ions but at a slight excess of
one of the ions. The zero point does not necessary occur at neutral pH, but it
known to vary with the crystal structure of the solid. For example, alumina is not
neutral at pH. The PZC of the oxide may be the most important parameter since it
is the pH around which strong buffering effect is observed [117]. The buffering
effect is seen through the plateau on a pH final (pH after oxide addition) vs. pH

initial graph.
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Fig. 1.16: Plot of a pH final (pH after oxide addition) vs. pH initial graph.

The oxide surface becomes protonated (deprotonated) when the initial pH is
below (above) the afore-mentioned plateau region. Oxide ions are strong bases.
Thus, in aqueous solutions, they become neutralized by water to form hydroxyl
groups. The hydroxyl groups on the surface of an amphoteric oxide then become
protonated or deprotonated, which leads the solution pH increasing or decreasing.
In other words, as oxides in an acidic (basic) pH become protonated
(deprotonated) the solution, which supplies (consumes) protons, becomes more
basic (acidic). Adsorption is largely depends on the pH of the bulk. If the pH of
the bulk higher than pHpzc surface become negative and the lowering of the pH of
the bulk than pHpzc surface become positive. This general concept is shown in the
diagram (Fig.1.17).
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In solution, when the pH is greater than the PZC, the surface of the oxide is

negatively charged and deprotonated. When the pH is less than the PZC, the

surface of the oxide is positively charged and protonated. So, oxides that are

places in solutions with a pH greater than its PZC will absorb cations and oxides

contacted with a solution with a pH less than its PZC will absorb anions. Two

important points are to be noted here,

(i) The surface charge is equal to the fraction of positively charged sites minus

the fraction of negatively charged sites.

(ii) The electrical double layer consists of a layer of charge on the oxide’s

particle surface and another layer of opposite charge in the surrounding

solution.

1.19.1. Methods for the determination of point of zero charge (PZC)

There are several methods namely:
a) Mass titration;
b) Potentiometric titration;
¢) lon adsorption and

d) Electrophroretic mobility.
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1.19.1(a). Mass titration

Mass titration was originally developed for pure metal oxides [118] and later
extended so that it can be used also for contaminated samples. The principle of
the method is simple; one needs to be added subsequent portions of metal oxide
powder to the water or aqueous electrolyte solution, which might be acidified or
may contain a base. The pH of the system is changed gradually and approaches a
constant value, which is the PZC in the case of pure oxide. If the sample is
contaminated, i.e., if it contains a certain portion of acid or base, the final pH is
higher or lower than PZC, depending on the type and amount of the acid or base

in the powder.

1.20. Surface characterization by adsorption methods

Adsorption methods may be used to provide information about the total
surface area of a catalyst, the surface area of the phase carrying the active sites,
or possibly even the type and number of active sites. The interaction between the
adsorbate and the adsorbent may be chemical (chemisorption) or physical
(physisorption) in nature and ideally should be a surface-specific interaction. It is
necessary to be aware, however, that in some cases the interaction between the
adsorbate and the adsorbent can lead to a chemical reaction in which more than
just the surface layer of the adsorbent is involved. For example, when using
oxidizing compounds as adsorbate (O, or N,O) with metals such as copper or
nickel or sulfides, sub-surface oxidation may occur.

Physical adsorption is used in the BET method to determine total surface
areas [119]. Many catalysts comprise an active component deposited on a
support. In order to investigate relationships between catalytic properties and the
amount of active surface it is necessary to have a means of determining the
surface area of the phase carrying the active sites (active phase) in the presence
of the support. One has to resort to phenomena specific to the active phase.
Chemisorption on the active phase is commonly used for this purpose. Because of

its intrinsically specific nature, chemisorption has an irreplaceable role. It should
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be recognized, however, that well defined thermodynamic equilibrium
physisorption is much more difficult to achieve by chemisorption than with
physisorption. Moreover, it does not obey simple kinetics. Empiricism permits the
derivation of procedures which give reproducible results, and yield values which
are proportional to the true surface area within certain limits. But the real
coefficient of proportionality is actually unknown. Different procedures are used,
according to UIC nature of the active phase/support system to be characterized,
and depending on the choice of adsorbate. Provided standard, reproducible

procedures are used, invaluable information can be obtained.

1.21. Measurement of specific surface area by adsorption method
Adsorption measurements have a variety of uses and applications, but

perhaps the most important from our point of view is in determining the surface
areas of catalysts. Provided the rate of transport of reactants to the surface, and
product away from the surface, is faster than the catalyzed reaction, then the
observed rate should be proportional to the surface area of the active phase of
the catalyst. Adsorption measurement can be performed by two ways,

(1) Gas adsorption measurement.

(2) Dye adsorption measurement.
The surface area of a catalyst could then be determined by either BET or

Langmuir adsorption equation depending on which is appropriate for given data.

1.21.1. Gas adsorption measurements

Gas adsorption is accompanied by adsorption of a gas or vapour onto a bare
solid surface. The total surface area of the catalyst can determined by adsorption
of relatively inert gases like Ar, N, etc. at near their condensation temperature, as
at such condition adsorption is non-specific and physical in nature. If the catalysts
are not susceptible to poisoning by H;, O,, CO, NO gases, the specific surface
area, i.e. the surface area due to active metal component can be determined by

chemisorption of these gases.
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1.21.2. Dye adsorption measurements

Dye adsorption technique involves the adsorption of dye molecules from
solution onto a solid surface, in particular, dyes such as methylene blue and OG.
The method of adsorption of methylene blue in liquid phase for specific surface
area determination has been adopted widely for various natural solids: activated

carbon, charcoal, silica etc.

1.22, Antibacterial activity of Mn-oxides nps

Bactericidal nanomaterials, particularly metallic nanoparticles, opened a new
avenue in medical science. The bactericidal effect of silver nanoparticles on the
micro-organisms is very well known. Antibacterial test is accomplished by a
method named one of Inhibition Test or Kirby—Bauer Test. It is used clinically to
measure antibiotic resistance and industrially to test the ability of solids and
textiles to inhibit microbial growth. About a million cells from a single strain are
spread over the agar plate using a swab. Then, incubated in the presence of the
antimicrobial object (Petri disk). If the bacterial strains are susceptible to the
antimicrobial agent, then a zone of inhibition appears on the agar plate and if it is
resistance to the antimicrobial agent, then no zone is evident.
Researchers who develop antimicrobial textiles, surfaces and liquids use this test

as a quick and easy way to measure and compare levels of inhibitory activity.

1.23. Literature review and aim of the present study

Nano-materials become more and more attractive in recent years, because
they possess favorable and enhanced physical and chemical properties. The
development of nanoparticles (nps) has been intensively pursued because of their
huge fundamental and technological prospects. Manganese oxide (viz., MnO, and
Mn3O4) nps are the technologically important materials with a variety of
applications. MnO, can be utilized as oxidative catalyst, electrode materials for
rechargeable lithium batteries, colorants, corrosion inhibiting agents for paints

and water treatment agents [120-122].
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Solution-based synthesis and use of metal oxide nanoparticles, however,
require special mention due to their low cost, mildness, convenience and use
without additional templates and apparatus. In spite of their important
applications, there have been only few reports on synthesis of monodisperse
manganese oxide nanoparticles [123]. Deogratius Jaganyi et al. [124], have
synthesized whisker-shaped MnO,, via a facile one step solution phase approach,
by the reduction of KMnO,4 by Na,S,03 solution at room temperature.

Xiujuan Chu et al. [125] have established a chemical coprecipitation route in
aqueous solution, without using any templates, catalysts and organic reagents to
prepare MnO, nps. In this process, MnSO, were dissolved in distilled water,
KMnO, solution was added slowly with magnetic stirring at a molar ratio of
KMnO4/MnSO, = 2/3 at room temperature. The resulting black solution was kept
at room temperature in air for 24h, then filtered and washed with double
deionized water for several times to remove any soluble products. After that, the
deposition was dried at 80°C in air for about 12h.

Hyun-A Choi et al. [126] , have synthesized various MnO, morphologies in
the forms of nanorods, nanoparticles, and mesoporous MnO, structures with
interpores or intrapores. They synthesized MnO, nanoparticles using a
precipitation method based on KMnO4 and Mn(OAc), and investigated the effect
of calcinations on particle size. They also fabricated the interpore structure by
slowly dropping 0.5 M KMnQO, solution onto a CCl4/H,0 interface [127], whereas
the intrapore structure was obtained using a reduction method using KMnO,4 and
ascorbic acid as the reducing agent [128] which involved mixing KMnO, with a
solution of ascorbic acid and aging for 10 min under continuous stirring at room

temperature.

DeGuzman et al. [129] prepared fibrous @-MnO, through redox reactions
between KMnO4 and MnSO,4. However, some minor differences in the morphology
of final products have been observed as specific reaction conditions were being

altered slightly [130]. Parameters such as temperature, time and capping
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molecules can influence the growth of nanocrystals under nonequilibrium kinetic
growth conditions in the solution-based approach [131].

Suh Cem Pang, et al. [132] reported the controlled synthesis of various MnO,
nanostructures via a facile and mild hydrothermal route without using any
physical template and addition of any surfactant. They synthesized both o -MnO,
and a-MnO, nanostructures based on the hydrothermal reaction of MnSO, and
KMnO,4 in aqueous medium at mild temperatures. They also investigated the
effects of hydrothermal synthesis conditions on the evolution of structural
morphology and phase transformation of MnO, nanostructures.

Aye Aye Hlaing et al. [133] reported a novel and simple approach to
synthesize aMnO; single-crystal nanorods by hydrothermal homogeneous
precipitation by mixing MnSO4 (0.01M) and KMnQO, (0.02M) solution and dissolving
at room temperature in 70 mL of H,O, solution (1:1 molar rations of H,O, to
water) which provides a substantial amount of O, for rapid redox reaction by

magnetic stirring to form a homogeneous solution.

Danisa Tabassum et al. [134] also prepared black MnO, by mixing KMnO,4 and
MnSQO, stoichiometrically (KMnO4/MnSO, = 2/3) in aqueous solution at room
temperature and brown MnO, from a mixture of KMnO4 and NH4OH solution at
90°C.

Tran Hong Con et al. [135] prepared nano dimensional MnO, by oxidation-
reduction reaction by slowly adding of MnSO, (3x102 M) water — ethanol solution
into the KMnO, (2x10 M) solution with the same volume at room temperature.

In the present study, attempt has been made for a facile one-step solution
phase synthetic approach of MnO, nanoparticles without any template or
stabilizing agent by the reduction from a system containing KMnO4 and MnSOg4
solutions at room temperature. The resulting MnO, sol was taken under
sonication to ensure dispersion of MnO,. The dispersed phase was washed
thoroughly followed by drying before its any use.

On the other hand, Mn3O, has gained significant attention due to its wide

range of applications such as high density magnetic storage media, catalysts,
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molecular adsorption, electrochemical materials and solar energy transformation
[136-138]. Due to their small size, nps exhibit novel material properties that are

significantly different from those of their bulk counterparts.

Yang et al. [139] synthesized MnzO4 polyhedral nanocrystals by a microwave
assisted technique using an aqueous solution containing Mn(OCOCH3), and
hexamethylenetetramine.

Chen et al. [140] synthesized crystalline Mn3O, nanoparticles of different
morphologies using liquid homogeneous precipitation with MnCl,, H,0,, NaOH and
sodium dodecylbenzene sulfonate surfactant as reactants.

Zhang et al. [141] prepared crystalline Mn3O, nanopowders by solvothermal
treatment of y-MnOOH nanowires in ethylenediamine and ethylene glycol.

Gibot et al. [142] prepared Mn3O, nanoparticles in agueous solution using
KMnO,4 and hydrazine as a reducing agent.

Wang et al. [143] synthesized single-crystal Mn3O4 nanorods by a method
starting from MnCl, and NaOH as a precipitating agent.

Vazquez-Olmos et al. [144] reported one-step synthesis of Mn3zO4 nanoparticles
starting from Mn(ll) acetate in aqueous dimethyl formamide.

Ozkaya et al. [145] synthesized Mn3z0,4 nanoparticles by a precipitation method
based on the oxidation of manganese sulfate and hydrolysis with NaOH and
concentrated NHs solution.

Hu et al. [146] synthesized monodisperse Mn30, particles by y-irradiation of
manganese sulfate in the presence of a cationic surfactant.

K. Usha et al. [147] prepared Mn3O, nanoparticle by mixing Mn(ll) acetate
and urea in 1:3 molar ratio in ethylene glycol and kept in a domestic microwave
oven. The colloidal precipitate obtained was cooled and washed several times
with double distilled water and then with acetone to remove the organic
impurities present, if any. The product was dried in atmospheric air and collected

as the yield.
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Masoud Salavati-Niasari et al. [148] have synthesized Mn3O,4 nanoparticles by
thermal decomposition of a [bis(salicylidiminato) Mn(l1)] complex as a precursor
without the presence of a catalyst.

Shafiul Azam et al. [67] have prepared MnzO, nanoparticles by forced
hydrolysis of Mn(ll) acetate solution (0.4M) heating in an oven at 80°C for 2h.
The resulting brown dispersed product, Mn3zO4, was then quenched in cool water
and recovered by centrifugation. The product was then washed several times with
double distilled water and dried in air in an oven at 40 °C.

In the present study, Mn3O, nps was prepared by forced hydrolysis of
aqueous Mn(ll) acetate solution by heating its aqueous solution. As expected, the
formed Mn3zO, nps was then quenched in cool water and recovered by
centrifugation. The product was washed several times before drying the nps
under heating.

Mixed metal oxides (MMO) are used because overall properties of the MO
are superior to those of the individual oxide. Preparation of new mixed metal
oxides of both industrial and synthetic importance has become a routine work in
advanced material laboratories. Extensive research work has been carried out in
the synthesis and characterization of metal oxide and mixed metal oxides type
semiconductor photo catalyst and adsorbent as they have effective capability to
destroy toxic and hazardous organic substances. The wide applications of MnO,
and Mn3z0O, made us interested to develop a Mn-oxide nano-matrix containing
MnO, and Mn3z04 nps.

Jr-1. Lai, et al. [149] have studied on mixed Fe-Mn oxide nanoparticles.
They have discussed sonochemical synthesis and characterization of nanosized
Mn-Fe oxide powder by FT-IR spectroscopy, X-ray diffraction, scanning electron
microscopy and transmission electron microscopy and all physical measurements
supported compete mixing of the Fe(lll) and Mn(lll) ions in the mixed oxide
amorphous samples.

J. Zhou, et al. [150] has worked on Nanosized Ni-Mn oxides prepared by the

citrate gel process and performances for electrochemical capacitors.
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C. L. Shope, et al. [151] published research work on the influence of hydrous
Mn—Zn oxides on diel cycling of Zn in an alkaline stream draining abandoned mine
lands.

AZURDIA Jose A, et al. [152] has studied systematic synthesis of mixed-metal
oxides in NiO-Co304, NiO-M00O3, and NiO-CuO systems via liquid-feed flame spray
pyrolysis (LF-FSP).

Samira Saimuma et al. [153] prepared Fe-Si mixed oxide in a reactor which
involved the simultaneous generation of hydrous ferric oxide (FeOOH) and silica
sol. A mixture containing sodium silicate (Na,SiO3) and sodium carbonate
(Na2CO3) was kept under stirring. After that, Fe(NO3); was added in the former
mixture also under stirred condition to yield a gel of Fe-Si components at an
appropriate pH. The Fe-Si slurry was then allowed to age for a few hours. The
slurry was then washed and separated by filtration. Finally, it was dried at a

temperature of 200 °C for 3 hours in an oven.

Roushown Ali et al. [154] studied the selective oxidation of benzylic alcohols
using copper-manganese mixed oxide nanoparticles as catalyst. In this case, the
Cu-Mn mixed oxide (Cu/Mn=1:2) nanoparticles were prepared by co-precipitation
method using the required amount of precursors Cu(NO3),.3H,0, Mn(NO3),.4H,0
and Na,COs.

Gong Zhou et al. [155] have studied Ce—Mn mixed oxides for oxidation
catalysis. The pure Ce-Mn oxides were prepared by dissolving stoichiometric
amounts of Ce(NOs3); and Mn(NO3), in distilled water and then mixed with
aqueous citric acid to produce a solution with a citric acid: metal-ion ratio of 2:1.
After vigorous stirring for 1 h at room temperature, the water was removed by
evaporation with mild heating. The resulting solids were calcined in air at 973 K
for 5 h to produce the mixed oxide solutions.

Hansung Kim et al. [156] prepared Mn/Pb and Mn/Ni mixed oxide at ambient
temperature by reduction of KMnO, with either lead(ll) acetate-manganese
acetate or nickel(ll) acetate-manganese acetate reducing solutions, respectively
[157].
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Nisha J tharayl et al. [158] synthesized nanoparticles of Co-Mn oxide by
chemical coprecipitation method by decomposition of CoCl,, MnCl, and Na,CO3

using ethylene diamen tertra acetic acid (EDTA) as a capping agent [159].

However, work on MnO,-Mn3O4 nano-matrix has not been reported so far.

Thus, in the present work, attempt was made to prepare MnO,-Mnz04 nano-
matrix by a simple chemical route under ambient conditions. This low temperature
synthetic route, based on the simple reaction with no participation of catalysts or
templates and requiring no expensive and precise equipment, ensures higher
purity of the products, greatly reduces the production cost, and thus offers great
opportunity for industry scale-up preparation of nanostructure materials.
From the early days of using bone charcoal for decolorization of sugar solution
and other foods, to today's thousand of applications, the adsorption phenomenon
has become a useful tool for purification and separation technologies. Adsorption
phenomena are operative in most natural, physical, biological and chemical
systems and adsorption operations employing solids such as activated carbon,
alumina, silica gel and zeolite are so far used widely in industrial applications and
for purification of waters and wastewater [160-162].

A large specific surface area is preferable for providing large adsorption
capacity. As a result, presently, a great deal of attention has been focused on the
search for new materials with better adsorption capacity [163-166]. In catalysis,
alloys or multi-component system often perform better than its pure or single
component [167-168]. Like catalysis, adsorption is also a surface property. Thus,
employment of a binary or multi component surface for adsorption seems to be
interesting to be investigated.

Wen-Hui Kuan et al. [169] studied kinetic modeling for microwave-enhanced
degradation of methylene blue Using manganese dioxide.

Lili Zhang et al. [170] Decolorization of methylene blue in layered manganese
oxide suspension with H,0,.

Shafiul Azam et al. [67] studied the decolorization of methylene blue (MB),

procion red (PR) and a dye contaminated real sample (dye effluent of a local
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textile industry) as the model organic contaminants was investigated using MnzOg4
as an oxidant.

In our study, chemical properties of the nps were tested by the oxidative
decolorization of MB and OG at different pH. The extent of dye removal was be

monitored by UV-Vis spectroscopic method.

MB was chosen in this study because of its strong adsorption onto solid and
recognized usefulness in characterization of catalyst. Also in aqueous solution it
shows distinct absorption band near uv-visible region (400-800 nm) of the
electromagnetic radiation with absorption maxima at 664 nm.

Orange G (OG), a typical azo dye in textile wastewaters, has been the subject
of intense investigations [171]. However, the information about OG degradation
by the manganese oxide is still limited. In this study, the kinetics of OG
degradation will be elucidated based on the experimental data. Furthermore, the
influence of some important reaction conditions such as pH of solutions, dosages
of Mn-oxide was investigated.

A common features that metal oxide nanoparticles exhibit is their
antimicrobial behavior against pathogenic bacteria. Sahin, E. et al. [172], studied
Antibacterial activity against Escherichia coli and characterization of ZnO and
Zn0O—-Al,03 mixed oxide nanoparticles.

Ameer Azam et al. [173] have studied a comparative studyof antimicrobial
activity of metal oxide nanoparticles against Gram-positive and Gram-negative

bacteria.

R. Gokulakrishman et al. [174] studied in vitro antibacterial potential of metal
oxide nanoparticles against antibiotic resistant bacteria pathogens. However,

antibacterial acitivity of MNOOH has not yet been studied.

Therefore, in this dissertation, the pathogenic experiments were performed
following the standard conventional method [175] by treating the MnO;, Mn30,
and Mn-oxide nps suspension to various pathogenic organisms at different pH.

Bacteria for various diseases were grown onto a Petri dish to find out active zone
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of inhibition by applying a standard reference and the Mn-oxide rps that proposed

in the present work.

Prime aim of this work was to design a mixed matrix based on Mn-oxide nps
and studies on its characterization and activity, particularly towards oxidative
decolorization and pathogenic accomplishments. The possible outcome of this

study may include:

i) A facile route, be its chemical, for the generation of Mn-oxide nps was
established.

i) A protocol for controlling the particle size and distribution of nps was
identified.

iii) Organizing variety of material functionalities in a single matrix was opened.

iv) Sciences (e.g., physico-chemical behaviours) were revealed differences,
from its constituent Mn-oxide.

v) Information about the surface morphology and surface charge of the mixed
oxide adsorbent.

vi) The functionalities of the nps would be able to affect the various activities
and uses of Mn-oxide nps.

vii) To compare the decolorization capacity of MB and OG dyes by using MnOa,
Mnz04 and MNOOH.

viii) Batch experiments to remove MB and OG dyes from water under various
parameters such as pH, concentration, dose etc.

ix) The evaluation of kinetic parameters for the decolorization of MB and OG by
MnO,, Mn3z0, and MNnOOH surface.

X) Antimicrobial activity of synthesized nanomaterials.
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CHAPTER - II
EXPERIMENTAL

2. Chemicals and Instruments

2.1. Chemicals

The chemicals and reagents used in the present research work were

analytical grade and used without further purification. Doubly distilled water was

used as solvent to prepare most of the solution of this work.

()
(i)
(iii)
(iv)
v)
(vi)
(vii)
(viii)
(ix)
)
(xi)
(xii)
(xiii)

Potassium permanganate [E. Merck, Germany ]
Manganese sulphate.2H,0 [Merck, India]
Manganese (1) acetate.4H,0 [Merck, India]
Hydrochloric acid [E. Merck, Germany]

Sodium hydroxide [E. Merck, Germany]
Sulphuric Acid [Uni-chem, China]

Absolute Ethanol [E. Merck, Germany]
Phosphoric Acid [Merck, India]

Acetone [Merck, India]

Methylene Blue [E. Merck, Germany]

Orange Green [E. Merck, Germany]

Dimethyl Sulphoxide (DMSO) [E. Merck, Germany]
Muller Hinton Arar broth [Aldrich].

2.2. Instruments

Analysis of the synthesized samples of manganese oxides performed in this

work employed the following instruments:

0]

(ii)
(iii)
(iv)

UV-visible spectrophotometer [UV-1601 PC, Shimadzu, Japan]
FT-IR spectrophotometer [Perkin- Elmer, UK]
Scanning electron microscope [ Philips XL30, Holland]

X-ray diffractometer [Philips, Expert Pro, Holland ]
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(v)  pH meter [Hanna, pH 209, India]

(vi)  Centrifuge machine [Hermle, 2200 A, Germany]

(vii)  Shaker machine [Heidolph Unimex 1010]

(viii) 100 mesh sieve [Endecotls test sieves limited, England]
(ix)  Digital balance, [FR-200, Japan]

(xX)  Electrical Furnace [DK, Chino, England]

(xi)  Microburette [China]

(xii)  DLS Analyzer [Malvern]

(xiii)  Electrical hot plate

(xiv) TG-DTA analyzer [Hitachi, TG-DTA-7200]

2.3. Bacterial Strains
Three bacterial strains viz., Vibrio Cholera, E. Coli and S. Aureous were
obtained from ARI laboratory, ICDDR,B, Dhaka, Bangladesh.
2.4. Synthesis of Mn-oxides nanoparticles (nps)
2.4.1. Nanoparticle MnO, Synthesis

Black MnO, nps was prepared by reduction from a system containing
aqueous KMnO,4 and MnSQO, solutions by co-precipitation method. Details are

described in result and discussion section 3.1.1.

2.4.2. Nanoparticles Mn3;04 (husmannite) synthesis

Brown MnzO,4 nps was prepared by forced hydrolysis of Mn(ll) acetate by
heating its aqueous solution at 80°C. Details are described in result and

discussion section 3.1.2.

2.4.3. Mixed manganese oxide nano-matrix synthesis

Dark steel grey mixed manganese oxide nano-matrix (identified
experimentally as manganite, y—MnOOH nps) was synthesized by incorporating
MnO, sol into Mn(ll) acetate solution at 80°C. Details are described in result and

discussion section 3.1.3.
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2.5. Characterization of synthesized nanomaterials

2.5.1. FT-IR spectral analysis

FT-IR study was used to indicate the vibrational modes in the samples.
The FT-IR spectra were recorded using Perkin Elmer FT-IR in Material Chemistry
Research Lab, University of Dhaka using KBr pellets. FT-IR spectra of all the
dried samples of as synthesized MnO,, Mn304 and y—MnOOH, were recorded on
an IR spectrometer in the region of 4000-400 cm™ by using KBr pellets. IR
spectra of the solid samples were frequently obtained by mixing and grinding a
small amount of materials with dry and pure KBr crystals. Thorough mixing and
grinding were done in a mortar by a pestle. The powdered mixture was then
compressed in a metal holder under a pressure of 8-10 tons to make a pellet.
The pellet was then placed in the path of IR beam for measurements. The

spectra were presented in Fig. 3.1, 3.2 and 3.3 respectively.

2.5.2. X-ray Diffraction (XRD) analysis

The crystalline nature of the samples was confirmed by XRD analysis using
CuK, source and at a scan rate of 1%min in SCSIR and BAEC Lab, Dhaka. As
synthesized MnO,, Mn30; and y—MnOOH were analyzed for their X-ray
diffraction pattern in the powder state. The powder samples were pressed in a
square aluminum sample holder (40 mm x 40 mm) with a 1 mm deep
rectangular hole (20 mm x 15 mm) and pressed against an optical smooth glass
plate. The upper surface of the sample was labeled in the plane with its sample
holder. The sample holder was then placed in the diffractometer. The spectra

were presented in Fig. 3.4, 3.5 and 3.6 respectively.

2.5.3. Scanning electron microscopy (SEM) analysis
The surface and structural morphologies of synthesized MnO,, Mn3;0O, and
Yy—MnOOH were studied by SEM in Deptt. of Glass and Ceramics, BUET. Samples

were dispersed on a conducting carbon glued strip. The sample-loaded strip was
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then mounted to a chamber that evacuated to ~ 10 to 10™ torr and then a
very thin gold layer (~ few nanometers thick) were sputtered on the sample to
ensure the conductivity of the sample surface. The sample was then placed in
the main SEM chamber to view its surface. The system was computer interfaced
and thus provides recording of the surface images in the computer file for its use

as hard copy. The spectra were presented in Fig. 3.7, 3.8 and 3.9 respectively.

2.5.4. Electron Diffraction X-ray (EDX) analysis

Elemental analysis of the as-synthesized MnO,, Mn30, and y—MnOOH nps
was performed by EDX spectra in Deptt. of Glass and Ceramics, BUET. The dried
powders were dispersed on a 1 cm x 1 cm conducting steel plate. The still
plates were then placed on a conducting carbon glued strip and a very thin gold
layer was sputtered on the sample to ensure the conductivity of the sample
surface. The sample was then placed in the main SEM chamber integrated with

the EDX machine. The spectra were presented in Fig. 3.10-14 respectively.

2.5.5. Dynamic light scattering (DLS) analysis

To determine hydrodynamic particle size of as synthesized MnO,, MnzO,4
and y—MnOOH nps, DLS data was taken over time using water as dispersant
(RI= 1.333) in Material Chemistry Research Lab, University of Dhaka. The
nanoparticles sample (typical concentrations are 0.5-2.0 mg/mL) was dissolved
or suspended in water and fill it into a micro glass cuvette with round aperture
(cell volume 10-20 uL) at 25°C with count rate 144.8 kpcs. Then the
hydrodynamic radius and polydispersity index of the sample molecules was
determined. All experiments were performed in duplicate and repeated three

times. Typical spectra are presented in Fig. 3.15, 3.16 and 3.17 respectively.

2.5.6. TG-DTA analysis
In order to examine the thermal stability of as synthesized dry
nanoparticles, thermal gravimetric (TG) and differential thermal analyses (DTA)

were carried out between 25 and 800°C in nitrogen atmosphere at the heating
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rate of 10°C/min in Material Chemistry Research Lab, University of Dhaka.
Thermal analysis of the different compositions of the as-synthesized MnO,,
Mn30, and y—MnOOH nps was carried out from the curves of TG-DTA. Different
kinds of thermodynamic and kinetic parameters were determined from the plots
of TG-DTA curves. Spectra are presented in Fig. 3.18, 3.19 and 3.20

respectively.

2.5.7. Determination of point of zero charge

The point of zero charge (pHpzc) of solid substance means the pH at which
the positive and negative charge in the surface is equal. To determine the point
of zero charge of Mn-oxide, the experiment was done in the following way:
Exactly 0.005 g of Mn-oxide was taken in four different reagent bottles. Then 1
x 10 M NaCl solution was added to each bottle. The sample solution was
agitated for 24.0 hours at low speed in a shaker. Then, the suspensions were
observed in each bottle. Two bottles of them were titrated directly with 0.05 M
NaOH using microburette (£ 0.01 mL). The pH values were noted carefully after
addition of each drop of titrant (alkali). Contents of other bottle were filtered
with sintered crucible and the supernatant thus obtained was titrated with 0.05
M NaOH. The experiments were carried out in the same way for the 1x 107 M
and 1x 10 M NaCl solutions respectively. Similar experiments were done using

MnO, and Mn304 nps.

2.6. Oxidative decolorization of dyes by as-synthesized Mn-oxide nps

2.6.1. Adsorbate

A cationic dye, methylene blue, having molecular formula
C16H18N3SCI.2H,O0 and molecular mass as 355.89 ¢ mol? was chosen as
adsorbate. The MB was chosen in this study because of its known strong
adsorption onto solids. In some experiments an anionic dye orange G was also

used as adsorbate.
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2.6.2. Adsorbent

Manganite, y—MnOOH nps, which were synthesized from Mn(ll) acetate
solution incorporating MnO, sol was selected as an adsorbent to study MB and
OG decolorization from aqueous solution. In some experiments MnO, and Mnz0,4
nps were also used as adsorbent to compare decolorization capacity among

these three Mn-oxides.

2.6.3. Decolorization of MB and OG using MnO, and Mn;0; and
Y—MnOOH nps
2.6.4. Preparation of dye solution
2.6.4(a). Preparation of MB (cationic dye) stock solution

Methylene blue (MB) (molecular mass=355.89 gmol™) was used in this
study as an environmental pollutant. Stock solutions of MB dye were prepared
by dissolving the required amount of MB in distilled water. Batch experimental
solutions were obtained by diluting the dye stock solutions in accurate different
initial concentrations. Calibration curves were prepared by serial dilutions (0.2 to
1.5%107° M). Typically, 1x10° M MB solution was prepared by dissolving 0.036g
of solid MB in 100 mL double distilled water which was used as stock MB
solution. Some solution having different concentrations was prepared simply by

diluting the stock MB solution.

2.6.4(b). Preparation of OG (anionic dye) stock solution

A stock solution of OG (molecular mass is 452.38 gmol™) 1x10° M was
prepared by dissolving 0.05 g of solid OG in 100 mL double distilled water. The
experimental solutions were obtained by diluting the dye stock solution in

accurate proportions to required initial concentrations.
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2.6.5. Determination of the concentration of dye solutions

Concentration of the dye solution was measured spectroscopically by a
double beam UV-vis spectrophotometer. The UV-vis spectral analysis of the
sample solutions was employed a double beam spectrophotometer. Adsorption

of the dyes was also studied spectroscopically by following the spectral change.

2.6.6. UV-visible spectrum of MB
The absorption spectrum of 1.0x10° M MB solution at pH = 6.99 is
presented in Fig.2.1. The spectrum showed an absorption maximum at 664 nm

which indicated the Anax of MB.

0.8

0.6

Absorbance
o
N

©
N}

00 1 1 1
550 600 65 700

0
Wavelength (nm)

Fig.2.1: UV-spectrum of 1.0x10° M MB solution using water as reference.
2.6.7. UV-visible spectrum of OG

The UV-visible spectrum of 1x10™ M OG at pH=6.92 is presented in Fig.2.2.

The spectrum showed a typical band at 477 nm.
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Fig. 2.2: Spectrum of an aqueous solution of 1.0 x10° M OG at pH 6.92.

2.6.8. Determination of molar absorption co-efficient (€) of MB

For this purpose, different concentration of MB solution was prepared as
given in the Table 2.1. The corresponding absorbance of the MB solutions was
then determined by the spectrophotometer (Fig.2.3). The absorbance values
are depicted in table too. A plot of absorbance vs. MB concentration yielded a
straight line passing through the origin which has well verified the Beer-Lambert
law (Fig.2.4). For the slope of the line, the molar absorption co-efficient (g) was
calculated as below

A=¢eC/

The molar absorption co-efficient (¢) was found to be under the experimental

condition employed 77,449 L mol™ cm™.

(1) 0.2x10°M
(2) 0.5x10°M
£ 0.8 | (3) 0.8x10°M
c (4) 1.0x10°M
b o (5) 1.2x10°M
©
+ 0.6
)
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o
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a
<
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Fig. 2.3: UV-spectrum of MB solution at different concentrations using water as

reference.

Table 2.1: Absorbance of MB solution at different concentrations

Reference: Water Amax for MB Solution: 664 nm
Temperature: 28°C pH: 7.94
Run No Concentration of MB  Absorbance at  molar absorption co-
%10° (mol dm®) 664 nm efficient (L mol*cm™)
1 0.2 0.168
2 0.5 0.406
3 0.8 0.720 77,449
4 1.0 0.803
5 1.2 0.973
6 1.5 1.168
1.2
£
S0.8[
3 °
(0=}
®
g
c
§0.4 o
2
2
<
0.0 1 L L 1
0.0 0.4 0.8 1.2 1.6

[MB] X 10° (moldm™)

Fig.2.4: Determination of molar absorption coefficient of MB solution at 664 nm.

2.6.9. Determination of molar absorption co-efficient (g) of OG

For this purpose, different concentration of MB solution was prepared as
given in the Table 2.2. The corresponding absorbance of the OG solutions was
then determined by the spectrophotometer. The absorbances at 477 nm values
are depicted in table too. A plot of substrate vs. OG concentration is presented
in the Fig. 2.5. The result produced a straight line passing through the origin

which has well verified the Beer-Lambert law. For the slope of the line, the molar
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absorption co-efficient was calculated as below the molar absorption co-efficient
(¢) was found to be 16,168 L mol*cm™ under the experimental condition

employed.

0.25

(1) 0.2x10°M
(2) 0.5x10°M
0.20 || (3) 0-8x10°M
(4) 1.0x10°M
(5) 1.2x10°M
(6) 1.5x10°M

0.15 |

0.10 |

Absorbance at 477 nm

0.05 F

0.00
400 420 440 460 480 500 520 540
Wavelenth(nm)

Fig.2.5: Spectrum of OG solution at different concentrations using water as

reference.

Table 2.2: Absorbance of OG solution at different concentrations

Reference: Water Amax for OG Solution: 477 nm
Temperature: 28°C pH: 8.27
Run No Concentration of OG Absorbance at Molar absorption co-
%10° (mol dm®) 477 nm efficient (L mol*cm™)

1 0.2 0.035

2 0.5 0.080

3 0.8 0.130 16,168

4 1.0 0.161

5 1.2 0.197

6 1.5 0.244
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Fig.2.6: Determination of molar extinction coefficient of OG at 477 nm.

2.7. Decolorization kinetic experiments

Kinetic studies of decolorization were carried out at various concentrations
of the MB and OG wherein the extent of adsorption was investigated as a
function of time. For kinetic studies, solutions of (5-40) x10°® mol L™ MB and OG,
as the initial concentration each, were treated with 0.02 g Mn-oxide nps at a
constant temperature of 300 K. The mixtures were then subjected to agitation
using shaker incubator at 300 rpm for 3h. The working pH was that of solution
and but in some cases pH of dye solution was controlled. After a definite interval
of time (10, 15, 20, 30, 60, 120, 180, 240, 300 min) each bottle was withdrawn
from the shaker and after centrifugation, the left out concentration in the MB
and OG solution was estimated. Then, the amount of adsorbed at time t, q;

(mg/g), was calculated by

V(G -C)
W

q; =

Where, Cp and C; are initial concentration, concentration at any time t of dye
solution (mol/L), respectively, g; is the amount of dye adsorbed onto Mn-oxide
(mg/g), V is the volume of the solution (L), and W is the mass of adsorbent Mn-

oxide (g).
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2.8. Decolorization Equilibrium Experiments
For equilibrium studies, the batch technique was used because of its
simplicity. In batch adsorption experiments, certain amounts of adsorbent Mn-
oxide were added into several 50 mL bottles, each containing solution of MB and
OG dyes with known concentration and pH. Then, the bottles were stirred at 300
rpm for 180 min using orbital shaker at room temperature. During this period,
adsorption of the dye took place onto the Mn-oxide surface. After a definite
interval of time, each bottle was withdrawn from the shaker. The supernatant of
the bottle was transferred and centrifuged repeatedly until a clear liquid was
obtained. The absorbance of the clear solution was measured by monitoring the
absorbance changes at a wavelength of maximum absorbance (Anax = 664 nm)
for MB dye and at 477 nm for OG dye. The amount of dye uptake onto Mn-oxide
at any time (qg¢) was calculated using the mass balance equation:
V(G -C)
W
At equilibrium g; = ge and C; = C; therefore, the amount of adsorbed dye (qe)

q; =

was calculated from

The dye percent removal (%) can be calculated using the following equation

Removal% = Lr} x 100
Cy
Where, Cy, Ciand C. are initial concentration, concentration at any time t and
equilibrium concentrations of dye solution (mg/L), respectively, ge is the amount
of dye adsorbed onto Mn-oxide (mg/g), V is the volume of the dye solution (L),

and W is the mass of adsorbent Mn-oxide used (g) .
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2.9. Kinetic Models Study

The decolorization kinetics shows the evolution of the decolorization
capacity through time and it is necessary to identify the types of adsorption
mechanism in a given system. Pseudo-first-order model, Pseudo-second-order
model, Intra-particle diffusion model and Elovich models were used to describe

the decolorization kinetics behavior of MB and OG by Mn-oxide surface.
2.10. Equilibrium Isotherm Modeling

Decolorization isotherms were determined by introducing 0.02g Mn-oxide to
respective 50 mL of different dye concentrations at room temperature. The
experimental data at equilibrium amount of adsorbed dye (ge) on the adsorbent
(Mn-oxide) and the concentration of dye in solution (C;) at a constant
temperature and pH were used to describe the optimum isotherm model. The
linear forms of Langmuir, Freundlich, Temkin and Sips equations were used to
describe the equilibrium data (Table 2.3). Applicability of these equations was

compared by judging the correlation coefficients (R?).

Table2.3: Different isotherm models used in this study and their linear forms

Isotherm Nonlinear form Linear form Plot

Langmuir-IT g = L ‘ ! +[ﬁ : \] Lovs. 2
AN SIr- ¢ = —= —_ R — o —
; 1+ KLC" q. , Kf-qm / CIC' L qw ) q, Cn
- I'n 1 T al
Freundlich q, =K. C/ logg, =log K, +—logC, logg, VS. logC,
n
RT RT RT
Temkin G'o:b_]ﬂ(KrC}} ¢, =7 K+ —InC, g, VS. InC,

T

2.11. Effect of adsorbent mass
To investigate the effect of adsorbent mass, different mass of Mn-oxide (0.02

to 0.05 g) was introduced to a number of reagent bottles containing a specific
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volume of a fixed MB and OG concentration at the same pH and at room

temperature. Concentrations of MB and OG were measured at equilibrium.

2.12. Effects of initial Dye concentration (C;) and contact time
To evaluate the effect of both contact time and decolorization Kkinetic,
experiments were conducted at different periods using previously described

system.

2.13. Antibacterial activities of MnO,, Mn304 and y—MnOOH nps

The antibacterial activity of MnO,, Mn3O, and y—MnOOH nps was tested
against the Vibrio Cholerae, Escherichi Coli and S. Aureous bacteria that cause
cholera, dysentery, typhoid and diarrhea respectively using DMSO (7.5% v/v at
which DMSO did not show antibacterial activity) media. The antibacterial
experiments were performed following the standard conventional method by
treating the MnO;, MnzO, and y—MnOOH nps suspension (10mg/10mL) to
various pathogenic organisms. Bacteria such as V. Cholerae, E. Coli and S.
Aureous were grown onto a Petri dish. 100uL of the MnO;, Mn3O, and
y—MnOOH nps suspension absorbed on a circular soaking paper was then placed
into that dish. The reference antibiotic, tetracycline was also soaked on another
similar soaking paper and placed into the same dish. The soaked papers were
kept in contact with the bacteria for overnight and the antibacterial activity
against the tested bacteria was predicted by measuring the zone diameter of

inhibition both by the nanoparticles and the reference antibiotic.
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CHAPTER-III
RESULTS AND DISCUSSION

3. Synthesis and characterization

3.1. Synthesis of Mn-oxide

A novel and facile synthesis of MnO;, Mn30, and y—MnOOH nps with small
particle size having large surface was synthesized which offers advantages like,
simple and rapid preparative method, easy control of particle size and
composition can be made in this method and also, there are various possibilities
to modify the particle surface state and overall homogeneity. In all cases the
concentration of KMnO4, MnSO4 and Mn(ll) acetate solutions and the reaction
temperature played an important role in the formation of Mn-oxide nanostructures

with different morphologies and controlling particle properties.

3.1.1. Nanoparticle MnO, synthesis

The synthesis of MnO, nps was based on the method reported by Xiujuan
Chu et al. with some modifications [125] using aqueous KMnO,; and MnSQq4
solutions by co-precipitation method. Typically, to synthesize MnO, nps, 75 mL of
0.01 M MnSOq solution was taken in a 250 mL beaker and 50 mL of 0.01 M KMnO4
solution was added dropwise by gentle stirring with magnetic stirring until
completion at room temperature. The colour of the solution changed rapidly from
purple to brown (indicating the onset of the formation of MnO, nps) and finally
blackish brown. The resulting MnO, sol was continuously stirred for two hours and
then kept for another 48 hours to ensure dispersion of MnO,. The reaction taking
place under these conditions may be written by stoichiometrically:
2Mn0,4~ (ag) + 3MnSO4 (aq) + 2H,0(aq) = 5Mn0,(aq) + 4H™ (aq) + 3504%(aq)

The reaction product was collected by filtration, washed and then air dried at

room temperature.
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3.1.2. Nanoparticle Mn304 (husmannite) synthesis

Mn304 nps was prepared by forced hydrolysis of Mn(lIl) acetate by heating its
aqueous solution. Typically, Mn(ll) acetate (0.2 M 500 mL) solution was prepared
in a 500 mL beaker. The solution was heated at about 80 °C in an oil bath for 2
hours and stirred with magnetic stirrer and then kept for another 48 hours at
room temperature (28 °C).

Mn(CH3COO0),(aq) = Mn304(aq) + CH3COOH(aq)

The resulting brown suspension was separated with centrifuged machine, washed
with distilled water several times then dried in an electrical oven at 40°C. A brown
Mn304 nano powder was obtained in quantitative yield which was further kept in a

desiccator.

3.1.3. Manganite synthesis

Manganite (y—MnOOH) nps was synthesized by hydrothermal treatment.
Typically, MnO, sol was prepared according to the procedure described in section
3.1.1. Then 0.2 M Mn(ll) acetate solution was taken a 1000 mL beaker and
placed in an oil bath and heated at 80 °C with continuous stirring with magnetic
stirrer. When Mn30,4 was supposed to form as observed brown solution which is
the characteristic color of Mn3O4 nps, the previously prepared MnO, sol was
transferred slowly into the beaker. The resulting mixture was heated at 80 °C for
two hours and then kept for another 48 hours at room temperature (28 °C) for
dispersion. The resulting dark steel grey suspension was separated with
centrifuged machine, washed with distilled water several times then dried in an
electrical oven at 40 °C. A dark steel grey nanopowder was obtained in
guantitative yield which was further kept in a desiccator. The as prepared

y—MnOOH nps was used for analytical, oxidative and pathogenic activities.
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3.2. Characterization of Mn-oxide nps

The prepared MnO;, Mn30, and y—MnOOH nano powder were characterized
by FT-IR, X-Ray Diffraction (XRD), Energy-dispersive X-ray spectroscopy (EDX),
Scanning Electron Microscopy (SEM), DLS, TG-DTA, pHpzc and Specific Surface
area (SSA). EDX provided the information about chemical composition. The oxides
were characterized in terms of their particle size and morphology by SEM. In XRD

analysis, the information about crystalline structure and particle size were found.

3.2.1. FT-IR spectral analysis

FT-IR spectral analysis provides some useful qualitative information on the
identification of compounds. Both organic and inorganic substrates absorb IR light
and thus IR active. Oxides and hydroxides of metal nanoparticles generally give
absorption peak in the finger print region i.e. below wavelength of 1000 nm
arising from inter-atomic vibrations. In order to get some insight about the
structure of the synthesized oxides, FT-IR spectra of MnO,, Mn304 and y—MnOOH
nps are presented in Fig. 3.1 to 3.3.

The FT-IR spectrum of black MnO, is presented in Fig. 3.1. The IR spectra
did not have strong M-O stretching frequencies, however a weak peak was
observed at ca. 571 and 535 cm™ which corresponded to the Mn—O stretching
frequencies [176, 177]. Broad absorption peaks centered at around 3400 cm™ and
1630 cm™ are caused by the absorbed water molecules and carbon dioxide
because the nanocrystallines materials exhibit a high surface-to-volume ratio
[178]. A peak due to Mn—O vibrations was observed at 715 cm™ in the spectra of
MnO,. The band at 1060 cm™ is absorption peak of the Mn-OH functional group,
and band at 1400 cm™ are associated with the hydration water of MnO,.
Therefore, the FT-IR spectrum further confirmed that the as-synthesized product
is MnO..
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Fig. 3.1. FT-IR spectra of MnO, nps obtained by co-precipitation method by the

reduction of KMnO4 by MnSO, solution at room temperature.

FT-IR spectral analysis also provided useful qualitative information on the
identification of the Mn3O, compounds (Fig. 3.2). The FT-IR spectrum of the
present powder nps displayed three main bands at ca. 627, 526 and 411 cm™*
which are in agreement with the previous IR findings on Mn3zO, compounds [179,
180] suggesting that the bands at ca. 627 and 526 were associated with the
coupling modes between the Mn-O stretching modes of tetrahedral and
octahedral sites and the band at ca. 411 cm™ was due to the band stretching
mode of the octahedral sites. Moreover, the band at 1559 cm™ corresponded to

the O-H vibrating mode of the adsorbed water. Thus, the result further confirmed

that the nanoparticle analyzed was Mn3O,.

w H [ [-)) N -]
o o o o o o

Transmittance(%)

N
o

10

2000 1500 1000 500
-1
wavenumber(cm™)

72



Results and Discussion

Fig.3.2. FT-IR spectra of Mn3O, nps obtained by forced thermal hydrolysis of
Mn(11) acetate solution at 80°C for 2h.

The FT-IR spectrum of y—MnOOH nps is presented in Fig. 3.3. The peaks at
447, 491 and 594 cm™ corresponded to Mn—O stretching vibrations. The typical
broad absorption in the wavelength ranges between 4,000 and 3,000 cm™ are
allocated both the stretching collision of H-O—H and hydroxyl absorption, while
the peak detected at 1,564 cm™ and 1423 cm™ corresponded to the existence of
large numbers of residual O-H groups, which implied the O-H vibrating mode of
traces of adsorbed water. The simultaneous presence of both these peaks
indicated the existence of adsorbed H,O molecule for this sample. The broad band
at 3400 cm™ is believed to be associated with the stretching vibrations of
hydrogen-bonded surface water molecules and hydroxyl groups. The peaks at
1,152 and 1085 cm™ were attributed to OH-bending modes to y—OH and d-1-OH
respectively [181]. The broad peak at 2600-2700 cm™ is the fundamental O-H
stretching band related to the H-bond with an O-H....O length of about 2.60 A° in
the structure of manganite. Another peak at 2074 cm™.was also observed in the
study of Kohler et al [181]. This band could be considered as a combination band
of the O-H stretching mode at 2666 cm™ (7;) and the excited lattice mode at 592
cm™(£). Thus, by f = f;-f, i.e., 2666-592 cm™ = 2074 cm™ , the value obtained is
close to the reported 2060 cm™ by Kohler et all [181]. The spectrum was
consistent with typical reported reference about MNnOOH [176].

Transmittance(%)
N w H (V)] -]
o o o o o

[y
o

L L L
2000 1500 1000
Wavenumber(cm™)

73



Results and Discussion

Fig. 3.3. FT-IR spectra of y—MnOOH nps obtained by incorporation of MnO sol
into Mn(11) acetate solution at 80°C for 2h.

3.2.2. X-ray diffraction (XRD) analysis

X-ray scattering technique is a non-destructive analytical technique which
reveals information about the crystallographic structure, chemical composition,
and physical properties of materials. This technique are based on observing the
scattered intensity of an X-ray beam hitting a sample as a function of incident and
scattered angle, polarization, and wavelength or energy. X-ray diffraction yields
the atomic structure of materials and is based on the elastic scattering of X-rays
from the electron clouds of the individual atoms in the system. The most
comprehensive description of scattering from crystals is given by the dynamical
theory of diffraction. Powder diffraction (XRD) is a technique used to characterize
the crystallographic structure, crystallite size (grain size), and preferred
orientation in polycrystalline or powdered solid samples. Powder diffraction is
commonly used to identify unknown substances, by comparing diffraction data
against a database maintained by the International Centre for Diffraction Data.

The XRD pattern of MnO,, Mn30O4 and y—=MnOOH nps are given in the Fig.
3.4, 3.5, and 3.6 respectively. The scattering pattern as a function of Bragg
angle, 20 at A= 1.54056 nm for the studied samples powder present in those
figures.

Fig.3.4 shows the XRD recorded for the chemical coprecipitation MnO; nps.
It can be seen from the figure that the peak profile (Ref. Code 00-030-0820) is
broad and most of the peaks (26 = 23.5°, 37.14°, 42.48°, 56.30°) are indexable to
tetragonal y-MnO, phase (space group: 14/m) and a peak (26 =66.84°) of 5-MnO,
phase. The broadness of the peaks indicates that the formed compound has
predominantly nanophase. The content of our results matches with JCPDS (Joint
Committee on Powder Diffraction Standard) card 044-014 on Annes-A indentifying

the sample to be 8-MnO, nanoparticle. From XRD data it is clear that synthesized
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MnO, nps was pure crystalline in nature. Average particle size of MnO, nps was
found to be 3.0 to 10.0 nm.

Intensity (a.u.)

0 1 1 1 1 1 1 1 1 1

20 25 35 40 45 50 55 60 65
2 theta(degree)

Fig. 3.4. XRD pattern of MnO, nps synthesized by co-precipitation method.

The XRD pattern of the powder Mn3O,4 nanoparticles is shown in Fig. 3.5. The
results of as synthesized Mn3;0, nanoparticles match with JCPDS pattern No. 00-
024-0734. All diffraction peaks can be perfectly indexed to the Body-centered
tetragonal hausmannite structure [67] (space group: 141/amd (141)) with strong
ring patterns dueto (101),(103),(211),(220), (224),and (4 00) planes.
The Mn30, lattice constants obtained by refinement of the XRD data of the
nanoparticles are a = b = 5.7630A and ¢ = 9.4560A, which are consistent with
standard values for bulk Mn30,4 [67], although the peaks were widened as a result
of the small-size effects of the nanoparticles. No characteristic peaks of impurities,

such as other forms of manganese oxides, were detected.
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Fig. 3.5: XRD pattern of Mn3O,4 nps by hydrothermal synthesis method.

All of the reflections of the XRD pattern (Fig. 3.6) of as synthesized
Y—MnOOH nps were indexed to a pure monoclinic phase of y—MnOOH (
manganite, space group p2./c (14)) with lattice parameters a= 5.307 A%, b=
5.277 A’ and ¢ = 5.307 A and B =114.38° (Ref. code 00-008-0099). The
distinguishing lattice plane peaks are present in 110 (26.0°), 020(33.8°),
111(35.6°), 002 (37.1°), 121(39.5°) and 220 (51.4°). The peaks 100 and 110 are
counterpart of JCPDS card 01-088-0649; 600, 440 and 448 are match with JCPDS
card 361216; 104 is match with JCPDS card 730603. The XRD pattern shows the
evidence that the y—MnOOH nps was perfectly synthesized in the present work
[181, 182].
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Fig.3.6: XRD pattern of y—MnOOH nps obtained by hydrothermal synthesis

method.

Crystallite size of MnO;, Mn;04 and y—MnOOH nps
Crystallite size of manganese dioxide, Mn3O; and y—MnOOH nps was

calculated by fitting the synchrotron XRD results usin the Scherrer equation,
0.944
cosd
Py
Where, 6 = Bragg angle, A=1.5406 nm = wave length of X-ray, i, =Full Width

Lk =

b4

Half- maxima (FWHM), D, = crystallite size of particle.

The particle sizes of black MnO, measured from Peaks (101), (200), (111)
and (210) was ca. 6.47 nm. The crystallite sizes measured from the four peaks (1
12),(103),(211), and (224) were averaged to obtain the Mn30, crystallite size
was ca. 9.65 nm which is in agreement with the TEM observation of the MnzO4
nanoparticles prepared by force hydrolysis of Mn(OOCCH3), solution at 80°C for
2h [176].The particle size of y—MnOOH nps was 8.61 nm. Therefore, it can be
concluded from this result that the oxides that were prepared in this study were in

the nano state.

3.2.3. Scanning electron microscopy (SEM) analysis

The scanning electron microscope (SEM) is a type of electron microscope
that images the sample surface by scanning it with a high-energy beam of
electrons in a raster scan pattern [40]. The electrons interact with the atoms that
make up the sample producing signals that contain information about the
sample's surface topography and composition. The black MnO, (Fig.3.7), brown
Mn30, (Fig.3.8) and y—MnOOH nps (Fig.3.9) samples obtained were layered
over steel plate for its SEM analysis. All the images display well-dispersed
particles, however, with different morphologies and varying uniformity [41]. The
average particle size distribution measured from SEM may be in higher range (10

nm to 100 nm) than the crystallite size measured from XRD. This is expected as

77



Results and Discussion

the XRD measurement is a mean of the actual crystallite size. Albeit, the particles
were found to be highly crystallite according to the X-ray diffraction studies but
from the SEM images a thick amorphous layer surrounding each particle was
observed [42]. From these images it can be seen that particles are of needle
shape but not well distributed. In all cases more than 80% particles are of
nanometer level.

From SEM picture of MnO; nps (Fig. 3.7) it can be seen that they consist
of rod-like nanostructures with an average diameter of 10-50 nm, an average
length of 2um and are present in a large quantity which is in good agreement
with literature [133].

Fig. 3.7 (a-d): SEM micrograph of black MnO, nps at different pixels.
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The morphology as-synthesized Mn3O,; nps is shown in Fig.3.8. (a-d).
Aggregated nanoparticles with octahedral shapes are observed and their diameter
varies between 10 and 80 nm. The SEM results of the Mn304 nps agreed well with

the XRD data [147].

Fig. 3.8. (a-d): SEM micrograph of brown Mn3;0, nps at different pixels.
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The SEM observations of y—MnOOH nps (Fig. 3.9) show that particles are
agglomerated but were not uniform in size and particle diameter varies between
6 to 30 nm and lengths of several micrometers. The particle morphology observed

rod like with uneven shapes [182].

a b

Fig. 3.9 (a-d): SEM micrograph of y—=MnOOH nps at different pixels.

3.2.4. Energy-dispersive X-ray (EDX) analysis

EDX is an analytical technique [43] used for the elemental analysis of a
sample. It is one of the variants of X-ray fluorescence spectroscopy which relies
on the investigation of a sample through interactions between electromagnetic
radiation and matter, analyzing X-rays emitted by the matter in response to being

hit with charged particles. Its characterization capabilities are due in large part to
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the fundamental principle that each element has a unique atomic structure
allowing X-rays that are characteristic of an element's atomic structure to be
identified uniquely from one another.

To stimulate the emission of characteristic X-rays from a specimen, a high-
energy beam of charged particles such as electrons or protons, or a beam of X-
rays, is focused into the sample being studied. At rest, an atom within the sample
contains ground state (or unexcited) electrons in discrete energy levels or electron
shells bound to the nucleus. The incident beam may excite an electron in an inner
shell, ejecting it from the shell while creating an electron hole where the electron
was. An electron from an outer, higher-energy shell then fills the hole, and the
difference in energy between the higher-energy shell and the lower energy shell
may be released in the form of an X-ray. The number and energy of the X-rays
emitted from a specimen can be measured by an energy-dispersive spectrometer.
As the energy of the X-rays is characteristic of the difference in energy between
the two shells, and of the atomic structure of the element from which they were
emitted, this allows the elemental composition of the specimen to be measured.
EDX of black MnO;

After selecting the excellent as-synthesized product, its chemical composition
was analyzed by EDX (Fig. 3.10). From EDX analysis it was found that the
product was composed of Mn and O elements only. The peak of Cu was caused
by the Cu microgrid on which the product was placed. The Mn peak observed at
5.894 keV and peak observed at 1.34 keV for K lines of the oxygen element. The
percentage of Mn and O were determined from the intensity of the lines and the

results are summarized further in Table 3.1.
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Fig. 3.10: Elemental analysis of as-synthesized MnO, at sample location 4.

Table 3.1: Elemental composition of MnO,

Elements Sample Sample Sample Average Average
location 1  location location composition composition
5 4 elements (%) formula
Mn (%) 33.58 33.88 34.42 33.96
0 (%) 66.42 66.12 65.58 66.04 MnO,

Therefore, from the chemical composition, it can be concluded that the
composition of the prepared black sample is MnO, and no other phases were

present [133].
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EDX of brown Mn304

Elemental analysis of the powder brown Mn3O4 nps was achieved from the EDX
spectra as presented in Fig 3.11. The Mn peak observed at 5.894 keV and 0.525
keV for k lines of the oxygen element and at 1.00 is for M lines of the copper
element (that employed as reference substrate). The lines assigned to O and Mn
agrees with those found in a previous report [31]. The average quantities of Mn
and O in the prepared Mn304, according to the EDX spectrum are 34.37% and
65.63% respectively (Fig.3.11). The percentage of Mn and O were determined
from the intensity of the lines and the results are summarized further in Table
3.2,

Fig.3.11. EDX analysis of the powder Mn3O, nps prepared by heating 0.2M
Mn(I1) acetate solution at 80° C for 2 h at sample location 2.

Table 3.2: Elemental composition of brown Mn304

Elements Sample Sample Sample Average Average
location 2 location location composition composition
1 3 elements (%) formula
Mn (%) 34.37 33.52 36.08 34.65
0O (%) 65.63 66.48 63.92 65.34 Mn30g4
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Thus, from the chemical composition obtained from the EDX spectrum, it can be
calculated that the composition of the prepared sample is Mn3O4 and no foreign

elements were present [67].

EDX analysis of y—MnOOH nps

Elemental analysis of the prepared y—MnOOH nps was performed by
employing EDX method. The patterns of the EDX spectrums at different locations
are presented in (Fig. 3.12-14). The peaks observed at 5.894, 5.894 and 5.894
keV for K line of the Mn element and the peaks at 0.525, 0.525 and 0.525 keV for
K series respectively for the oxygen element (Fig.3.12-14). The percentage of
Mn and O were determined from the intensity of the lines and the results are

summarized further in Table 3.4.

Fig. 3.12: Elemental analysis of y—MnOOH nps at sample location 1.
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Fig. 3.13: EDX analysis of y—MnOOH nps at sample location 3.

Fig. 3.14: EDX analysis of y—MnOOH nps at sample location 4.
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Table 3.3: Elemental composition of y—=MnOOH nps

Elements Sample Sample Sample Average Average
location 1  location location composition composition
3 4 elements (%) formula
Mn (%) 27.20 25.40 29.95 27.55
0O (%) 72.80 74.60 70.05 72.48 MnOOH

Thus, from the chemical composition obtained from the EDX spectrum, it can be
calculated that the composition of the prepared sample is MNOOH and no impurity
was found.

3.2.5. DLS analysis of as synthesized samples
DLS analysis of MnO>

DLS spectra of black MnO, is given in Fig. 3.15. The hydrodynamic particle
size, DLS data was taken over time. The DLS data indicated that the particles are
in aggregate state, not individual particle size. The hydrodynamic diameter (Z-
average) for MnO, was 809 nm with a polidisperse index of 0.089. Therefore, the

particle is big and agglomerated [184].
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Fig.3.15: DLS spectra for black MnO, sample at three time interval.
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DLS analysis of Mn30,4

DLS spectra of Mn3O, are presented in Fig. 3.16. In this case hydrodynamic
diameter is 392 nm with polydisperse index of 0.248. If any solution contains
large aggregates (visible floating in solution or particles that settle with time) then
the presence of the larger particles dominate the light scattering signal and mask
the presence of the smaller particles. It is interpreted that the readings of sizes
above 500 nm with PI >0.5 as “big and agglomerated” without giving much
weight to the actual numbers. Thus, our synthesized sample Mn3O, is big and

agglomerated.
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Fig. 3.16: DLS spectra for as-synthesized brown Mn3zO4 nps.

DLS analysis of y—MnOOH nps

DLS analysis of y—=MnOOH nps is presented in Fig.3.17. The hydrodynamic
diameter is 183 nm with a polydispersity index of 0.137. If the DLS measured diameters
is in the 100-300 nm range with a polydispersity index of 0.3 or below then it classified
as polydisperse nanoparticle solutions or stable solutions of aggregated nanoparticles (no
visible particulates and no particle settling). Thus, the as synthesized sample is

polydisperse aggregated nanopatrticles.
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Fig. 3.17: DLS spectra for as-synthesized blackish brown y—MnOOH nps.

3.2.6. Thermo gravimetric analysis (TG-TDA)
TG analysis of MnO;, Mn30, and y—MnOOH nps

The temperature of decomposition, crystallization and phase transformation
of the as-prepared powder was studied using TGA measurement for the typical
composition Mn-oxide in the temperature range 30 to 800°C at a heating rate of
10°C/min using alumina pan. TG curves for the dried sample of MnO,, Mns;O,4 and
Y—MnOOH nps are presented in Fig. 3.18.

TG curve of MnO; indicated that the reduction in weight due to evaporation of
contained water begins simultaneously with the start of temperature increase and
the weight reduction continued until the sample is heated over 800°C. Inspection
of this curve also showed that major losses in weight around 450°C and 750°C.
These abrupt reductions in sample weight indicated oxygen emitted by the
sample reactions expressed in the following reactions:

2MnO,—> Mn0O,+1/20;
3MnO,; — 2Mn30,4+1/20,
These decomposition reactions showed that MnO, cannot be heat dried at
atmospheric pressure.
In case of Mn3O,4 nps, thermal gravimetric (TG) were carried out between

30 and 800°C (Fig.3.18). In the temperature range of 25—-250°C, the weight loss
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of 9.15% can be related to the release of weakly adsorbed water molecules. The
broad exothermic peak at about 350°C, associated with the mass gain, is about
0.4% (Fig. 3.18). As confirmed by earlier studies [185—187], this thermal event
can be corroborated by the fact that Mns0, (Mn;*", Mn,™"") can be transformed
into MnsOg (Mn,*™"', Mnz*"") in the temperature range of 300-450°C [188]. The

new (MnsOg) phase is formed according to the following reaction:

MnsOg was observed during the decomposition of manganese oxalate [189] as
well as in the transformation of hydrohausmannite into anhydrous hausmannite
[190]. The oxidation of Mn®** to Mn** in the temperature range of 300-450°C
leads to the crystallization of the MnsOg phase. After the exothermic peak at

350°C the mass remains relatively constant.

The TG plot of y=MnOOH nps indicated that the slight weight loss could be
categorized into three segments. According to literature [191], the initial weight
loss of about 2% below 120°C is due to the removal of physically adsorbed water,
in good agreement with previous observations. The following weight loss in the
temperature range of 120-300°C should correspond to the dehydroxylation. The
third peak at 530-630°C is due to deoxygenation of MnO- to Mn,Os with a weight

loss of about 5.5%.

90 |

85|

MnOOH

~ 0
w o
T T

Weight loss (%)
~
o

Weight loss (%)

=)
a
T

60 |

55

1 1 1 1L 1 T 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 0 10 20 30 40 500 60 70 80
Temperature (°C) Temperature ('C)

89



Results and Discussion

Fig.3.18. TG curves for MnO,, Mn3z04 and y—MnOOH nps (a) and Mn304 nps (b).

DTG analysis

DTG curves for the dried sample of MnO,, Mn30, and y—MnOOH nps are
presented in Fig. 3.19. The DTG curve of y—MnOOH nps recorded in N;
atmosphere, curve showed that y—MnOOH nps did not decompose, but weight
loss was due to dehydrogenation and decarboxylation and yield final product at
585°C. This weight loss and weight gained was very negligible. This weight
change was in the range of 0.02 % only. These indicated that the synthesized

powder was almost stable from the beginning.
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Fig.3.19. DTG curves for MnO,, Mn30, and y—MnOOH nps.

DTA curves analysis

DTA curves for MnO;, Mn30,4 and y—MnOOH nps are presented in Fig. 3.20.
From TDA curve of MnO,, it can be seen that a one to one correlation exists
between these thermo analytical curves indicating that the thermal effects was
accompanied by weight loss. There were two endothermic and one exothermic
peak observed for MnO, decomposition. First step below 150°C is ascribed to the

vaporization of absorbed water. Second step is from 150 to 400°C associated with
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the residual matter. The third step above 400°C is due to weight loss of as

synthesized MnO,.

In DTA curve of Mn3O,, the endothermic event at 575°C associated with the
weight loss of about 2% are related to the consequent release of oxygen due to

the reduction of MnsOg to Mn,O3. The reaction scheme can be written as follows:

The weight loss is still constant at temperature higher than 700°C indicating the
completion of the thermal decomposition of the intermediate phase (MnsOg) and

the beginning of the crystallization of Mn,O3 as a new phase.

The DTA curve of y—=MnOOH nps shows an endothermic peak near at
370°C, related to the oxidation reaction y phase formation y-MnOOH and -
MnO, (pyrolusite) according to the equation A. A second mass loss of about 1.3%
is observed in the range 530-630° C in the presence of a small endothermic peak
at this same interval on the phase transformation of B -MnO, for Mn,03 according
to the equation B. And finally a third peak is observed in the 740-820°C range,
which corresponds to the transformation reaction of Mn,O3 for Mn30,4 (Equation
C) with 1.7% weight loss in the TG curve [192, 193].

4 MnOOH + O, = 4 MnO, + 2H,0  (A)
6 MnO, — 3 Mn,0, +3/2 O, (B)

3 Mn,0O, = 2Mn,0,+050, (C)
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Fig. 3.20. DTA curves for MnO,, Mn3O4 and y—MnOOH nps.

3.2.7. Determination of point of zero charge (pHpzc) of Mnh-oxide nps

The point of zero charge of a solid substance (pHpzc) means the pH at which
the positive and negative charge in the surface are equal. pHpzc has been
determined by simple acid-base titration. It is described in section 2.3.7. The pH
metric titration data and the curves for three different concentration of NaCl

solution are shown in Fig.3.21-3.32 and Table 1 -6 in appendix.

3.2.7(a). Point of zero charge of y—MnOOH nps

The net titration curves corresponding to three different ionic strengths are
shown in Fig.3.24 and data in Table 2 in appendix. If the pH of the bulk is
higher than pHpzc surface then becomes negative and the lowering of the pH of
the bulk than pHpzc make the surface positive. It is seen from Fig. 3.24, the point
of zero charge of y—MnOOH nps surface was found to be 9.8 which is in

agreement with literature [194].
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Fig. 3.21: pH metric titration curves for y—MnOOH nps with 1x10™M NaCl.
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Fig. 3.22: pH metric titration curves for y—MnOOH nps with 1x102M NaCl.
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Fig. 3.23: pH metric titration curves for y—MnOOH nps with 1x10°M NaCl.
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Fig.3.24: Net titration pHpzc curve for y—MnOOH nps in the presence of different

concentrations of NacCl solution. These curves intersect at pHpzc.

3.2.7(b). Determination of point of zero charge (pHpzc) of MnO,

The pH metric titration data for MnO, and the curves for three different
concentration of NaCl solution are shown in Table 3-4 in appendix and Fig.3.25-
3.28. The net titration curves corresponding to three different ionic strengths are
shown in Fig.3.28. From Fig.3.28, the point of zero charge of MnO, nps surface
was found to be 8.8 which is similar to previous report [134, 195]. They found

pHpzc for MnO, nanoparticles at 8.53 and for pyrolosite at 7.50.
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Fig. 3.25: pH metric titration curves for MnO; nps with 1x10™*M NacCl.
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Fig.3.28: Net titration pHpzc curve for MnO, nps in the presence of different

concentrations of NaCl solution. These curves intersect at pHpzc.

3.2.8(c). Determination of point of zero charge (pHpzc) of Mn304 nps

The pH metric titration data and the curves for three different
concentration of NaCl solution are shown in Table 5-6 in appendix and Fig.3.29-
3.32. The net titration curves corresponding to three different ionic strengths are
shown in Fig.3.32. From Fig. 3.32, the point of zero charge of Mn3O, nps was

found to be 8.75. This is also in agreement with literature [196].
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Fig. 3.29: pH metric titration curves for MnzO4 with 1x10™"M NaCl solution.
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3.3. Kinetics of MB and OG decolorization by Mn-oxide nps
Factors influencing dye oxidative decolorization via degradation could be
guantitatively assessed using kinetic rate. Suitable rate expressions obtained from

kinetic modeling can also allow insight into possible reaction mechanisms.

3.3.1. Effect of initial concentration and contact time for MB
decolorization by y-MnOOH nps

Table 3.4. Data for the influence of contact time for MB decolorization by
Yy—MnOOH nps at pH 7.20.

Amount of y—=MnOOH nps: 0.02g Volume of the solution: 10 mL
Amax for MB solution: 664 nm Temperature: 27.8°C
Molar absorption coefficient=77,449 L mol*cm™ Reference: Water
Initial . Absorbance Equilibrium Adsorbed Amount
Run s | Time 6 6
No conc.x10 (min) _‘f"t . conc. <10 conc.x10 adsorbed
Co(molL™) equilibrium Ci (molL™) qm(molL™) a: (Mmg/g)
1 0 0.803 0.000 0.000 0.000
2 20 0.299 3.860 6.140 1.093
3 60 0.339 4.377 5.661 1.008
4 1.0 120 0.359 4.635 5.623 1.001
5 180 0.364 4.670 5.330 0.948
6 240 0.343 4.430 5.570 0.991
7 300 0.358 4.624 5.970 1.062
8 2880 0.384 4.958 5.042 0.897
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o
o
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°
Y
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Fig. 3.33. UV-vis spectra of 1 x 10> M MB solution before and after charging
Y—MnOOH nps at pH 7.20. The spectra taken at 20, 60, 120, 180, 240, 300 min
and 48h after charging the nps (from upper).

10

0.8}

q,(mg/g)
o
(=]

o
>

0.2

0'0 L L L L L L
0 50 100 150 200 250 300
Time (min)

Fig.3.34. Effect of initial concentration and contact time for MB decolorization by
Y—MnOOH nps (T = 300.8 K, pH; = 7.20, amount of y—MnOOH nps = 0.02g,
[MB]; = 1.0x10° M and V= 0.01L).

3.3.2. Effect of contact time for OG decolorization by y—=MnOOH nps at
pH 5.95.

Table-3.5. Data for the influence of contact time for OG decolorization by
y—MnOOH nps at pH 5.95.

Amount of y=MnOOH nps: 0.02g Volume of the OG solution: 10 mL

Amax for OG solution: 477 nm Temperature: 28°C

Molar absorption coefficient:16,168 L mol™*cm™ Reference: Water

Initial . Equilibrium Adsorbed Amount
Run s | Time | Absorbance 5 7
No conc.x10 (min) at 477 nm conc.x10 conc.x10 adsorbed
(molL™) Ci(molL™) gm(mol/L) | q; (mg/g)
1 0 0.165 0.00 0.00 0.00
2 5 0.172 1.064 6.4 0.145
3 1.0 10 0.173 1.070 7.00 0.158
4 20 0.174 1.076 7.62 0.172
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5 60 0.179 1.107 10.71 0.242
6 120 0.180 1.113 11.33 0.256
7 180 0.181 1.119 11.95 0.270
8 240 0.183 1.132 13.86 0.298
9 300 0.188 1.163 16.28 0.368
0.15}
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0
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0.00 L L
450 500 550 600 700

Wavelength (nm)

Fig. 3.35. UV-vis spectra of 1 x 10 M OG solution before and after charging the

Yy—MnOOH nps at pH 5.95. The spectra taken at different time intervals, viz., 15,

30, 60, 90, 120, 150 min and 24 h after charging the nps (from upper).
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Fig. 3.36. Effect of initial concentration and contact time for OG decolorization in
Y—MnOOH nps suspension (T = 301 K, pH; = 5.95, y=MnOOH nps dosage =
0.02g, [0G]; = 1.0x10> M and V= 0.01L).

3.4. Kinetic models applied for dye decolorization in y—=MnOOH nps
suspension

Several steps can be used to examine the controlling mechanism of
adsorption process such as chemical reaction, diffusion control and mass transfer;
kinetic data was used to test experimental data from the adsorption of MB and
OG onto y—MnOOH nps was required for selecting optimum operating conditions
for the full-scale batch process. The kinetic parameters, which are helpful for the
prediction of adsorption rate, give information designing and modeling the
adsorption process. Thus, the kinetics for MB and OG decolorization by y—MnOOH
nps was analysis using pseudo-first order [73], pseudo-second order [75], intra-
particle diffusion [197] and Elovich [198] kinetic models. The conformity between
experimental data and model predicted values was expressed by the co-relation
coefficients (R?, values closed to equal to 1). The relative higher values are the
applicable model to the kinetics for MB and OG decolorization by y—MnOOH nps.
The required derived data for these kinetics models is given below in Table 3.6
and 3.7.

Table 3.6. Derived data for various kinetic models for MB decolorization by
Yy—MnOOH nps

Time | Square root | adsorbed Amount
(®) of contact amount adso'r'be.d A t/ O
Dye . time : at equilibrium | ‘19 — 4} min/(mg
(min at time (t) .
¢ ‘ (mg/g)
20 4.472 1.093 -3.473 18.298
60 7745 1.008 -2.919 59.523
MB 1.062
180 13.412 0.948 -2.172 189.873
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240 15.492 0.991 -2.645 242.17
300 17.321 1.062
2880 | 53 666 0.897

Table 3.7. Derived data for various kinetic models for OG decolorization by

Y—MnOOH nps

Amount
Time o, A:;%Lbrid adsorbed | tae
Dye | (b £z , at equilibrium | Inlge: —g.)
. at time (t) ;
(min) o (Ma/g) at time (Qer)
et (MY/g)
5 2.24 0.145 -2.079 34.48
10 3.16 0.158 -2.189 63.29
20 4.47 0.172 -2.323 116.28
60 7.75 0.242 -3.575 247.94
OG 120 | 10.95 0.256 0.270 4.268 | 468.75
180 13.42 0.270
240 | 15.49 0.298
300 17.32 0.145

3.4.1. Pseudo-first- Order equation
The adsorption kinetics can be described by a pseudo-first order equation as
suggested by Lagergren, which is the earliest known equation describing the

adsorption rate based on the adsorption capacity:

Where, ki (min™) is the rate constant of the pseudo-first order model, g; (mg/g)
denotes the amount of adsorbed at time t (min), and g. (mg/g) is the amount of
adsorption at equilibrium. After definite integration by application of the

conditionst=0to t=tand g = 0 to g = g, the above equation becomes
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Where, Qe and (; are the adsorption capacity at equilibrium and at time t,

respectively (mg/g), ki is rate constant of pseudo-first- order adsorption (L/mg).

In order to obtain the rate constants, the values of In(Qe-Qi) were linearly
correlated with t by plot of In(get-q:) versus t to give a linear relationship. k; and
predicted ge: can be determined from the slope and intercept of the plot,
respectively [Fig.3.23 and 3.24]. The variation in rate should be proportional to
the first power and concentration for strict surface adsorption. However, the
relationship between initial solute concentration and rate of adsorption will not be
linear when pore diffusion limits the adsorption process.

Fig. 3.37 shows that the pseudo-first-order equation fits well for the first 60
min both MB decolorization process and thereafter the data deviate from theory.
Thus, the model represents the initial stages where rapid adsorption occurs well
but cannot be applied for the entire adsorption process. Furthermore, the
correlation co-efficient R® are relatively low (Table 3.8). This shows that MB
decolorization by y—=MnOOH nps cannot be applied and the reaction mechanism is

not a first order reaction.

-2.0

In(q_-q,)

0 50 100 150 200 250
Time (min)

Fig.3.37. Pseudo first order kinetics for MB decolorization by y—MnOOH nps for

entire process.
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On the other hand, pseudo first order kinetics for OG decolorization by y—MnOOH
nps fits well in about 30 min as shown in Fig. 3.38 which is rapid process and

cannot be applied. Therefore, reaction is not first order.

In(q,-q,)

Time (min)

Fig. 3.38. Pseudo first order kinetics for OG decolorization by y—MnOOH nps for

entire process.
3.4.2. Pseudo-second-order equation

The adsorption kinetic may be described by the pseudo-second-order model.

The pseudo-second order equation developed by Ho can be written as

Where; k2 [g (mg min)?] is the rate constant of the pseudo second order.

Integrating the equation for the boundary conditionst=0tot=tand q=0to q

= (e gives

The above equation is generally given as follows:
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K, and ge can be obtained from the intercept and slope of t/q; vs. t plot. If the
pseudo-second-order kinetic [199] is applicable, then the plot of t/q; versus t
should show a linear relationship and the values of k; and equilibrium adsorption
capacity get were calculated from the intercept and slope of the plots of g; versus
t. The linear plots of t/q; versus t show good agreement between experimental
and calculated get values for MB and OG decolorization by y—=MnOOH nps (Fig.
3.39 and 3.40). The correlation coefficient for the pseudo-second-order kinetic
model are very close to 1 that is 0.999 which led to believe that the pseudo-
second-order kinetic model provided good correlation for OG decolorization by
Y—MnOOH nps (Table 3.8).
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o L L L L L
0 50 100 150 200 250
Time (min)

Fig. 3.39: A plot of pseudo-second- order- Kinetics for MB decolorization by
Y—MnOOH nps. 500
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Fig.3.40: A plot of pseudo-second- order- Kinetics for OG decolorization by
Yy—MnOOH nps.

Table-3.8. Comparison of the first and second order rate constants and
calculated and experimental ge; values for MB and OG decolorization by y—MnOOH
nps

Parameter— Experimental Pseudo-first-order Pseudo-second-order
Dye kinetic model kinetic model
! Jet (MQ/Q) (Calculated) (Calculated)
k1 Qet R2 k2 Jet R2
x10°  (mg/g) x10° (mg/g)
MB 1.062 420 0.0363 0.78 52.4 0.968 0.99
oG 0.270 1.99 0.131 0.98 27.1 0.494 0.99

3.4.3. Intra-particle diffusion model

The adsorbate species are most probably transported from the bulk of the
solution into the solid phase through intra-particle diffusion or transport process
[199], which is often the rate limiting step in many adsorption processes,
especially in a rapidly stirred batch reactor. Since the dyes are probably
transported from its aqueous solution to y—MnOOH nps by intra-particle diffusion,
so the intra-particle diffusion is another kinetic model should be used to study the
rate for dye decolorization by y—MnOOH nps. The possibility of intra-particle
diffusion was explored by using the intra-particle diffusion model, which is
commonly expressed by the following equation:

gt = Kaifr t’2+C

1/2

Where, C (mg/qg) is the intercept and Kkgi rate constant (mg/g min—<). The values

of q; were found to be linearly correlated with values of t*/

and rate constant Kyt
directly evaluated from the slope of the regression line (Fig. 3.41 and 3.42).
The values of intercept C (Fig. 3.41 and 3.42) provide information about
thickness of the boundary layer, the resistance to the external mass transfer
increase as the intercept increase. The R? values given in Table 3.9 are 0.84 for

MB and 0.97 for OG indicating the application of this model. This may confirm
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that the rate limiting step may be intra-particle diffusion process [82]. The
linearity of the plots demonstrated the intra-particle diffusion played a significant
role in the uptake of the adsorbate by adsorbent.
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Fig.3.41: A plot of intra-particle diffusion model for MB decolorization by

y—MnOOH nps.
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Fig. 3.42: A plot of intra-particle diffusion model for OG decolorization by
Y—MnOOH nps.
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Table 3.9: The parameters obtained from intra-particle diffusion model for MB

and OG decolorization by y—=MnOOH nps

Dye Parameters of intra-particle diffusion model
Kaiff C R?
(mg/g min*/?) (mg/g)
MB 0.010 1.11 0.84
oG 0.014 0.16 0.97

3.4.4. Elovich model

In reactions involving chemisorption of adsorbate on a solid surface without
desorption of products, adsorption rate decreases with time due to an increased
surface coverage. One of the most useful models for describing such ‘activated’

chemisorption is the Elovich equation. The Elovich equation can be written as:

Where, a is the initial adsorption rate, and B is the desorption constant during
each experiment. Fig. 3.43 and 3.44 show plots of Elovich for OG decolorization
by y—MnOOH nps. The linear regressions (R?) values are relatively lower (0.51
and 0.31 for MB and OG respectively) (Table 3.10). Therefore, Elovich model is

not applicable.
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Fig. 3.43: A plot of Elovich model for MB decolorization by y—MnOOH nps.
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Fig. 3.44: A plot of Elovich model for OG decolorization by y—MnOOH nps.

Table 3.10: The values of parameters and correlation coefficient of Elovich

model for OG decolorization by y—MnOOH nps

Dye Parameters of Elovich model

a B R?
MB 38.168 2.106x10Y 0.51
0G 83.333 2.274x10% 0.31

3.5. Determination of specific surface area of y—MnOOH nps in MB
decolorization method
Analysis of monolayer capacity and surface area

In monolayer adsorption all the adsorbed molecules are in contact with the
surface layer of the adsorbent. The monolayer capacity is defined as the amount
of adsorbate which is needed to occupy all adsorption sites as determined by the
structure of the adsorbent and by the chemical nature of the adsorbate and for
physical adsorption, as the amount needed to cover the surface with a single
monolayer of molecules in close —packed.

Monolayer capacity can be predicted from an experimental isotherm obtained

by adopting adsorption process. In the present research, the adsorbate MB and
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OG were allowed to decolorize by y—MnOOH nps. The progress of MB and OG
decolorization with time on the above mentioned adosrbent was monitored
spectrophotometrically. Langmuir equation is applied to the experimental
adsorption data to estimate the monolayer capacity.The surface area of an
adsorbent can be determined by knowing the value of monolayer capacity and the
cross sectional area of the adsorbed molecule. In order to evaluate the monolayer
capacity and surface area of the y—MnOOH nps, the results of MB adsorption at
room temperature at different pH are presented in the Table 3.11(a-c) and

3.12 and Fig.3.45-3.48 respectively.

3.5.1. Determination of monolayer capacity for MB decolorization by
Y—MnOOH nps

Amount of y—=MnOOH nps: 0.02g

: 180 min

Volume of each MB solution : 10 mL

Shaking time Centrifuge time: 10 min
Molar absorption co-efficient : 77,449 L mol*cm™ Temperature: 28°C
Table 3.11 (a): The amount of MB decolorized in y—=MnOOH nps suspension at

equilibrium concentration of MB at pH 3.03

Initial Final | Equilibrium | Equilibrium | Adsorbed | Amount | C./Qe
conc.x10° | abs | conc.x10° conc. conc. | adsorbed | g/L
Co (MolL” Ce (molL™) | Co (Mg/L) | Co-Cex10° | ge(mg/g)
D) (molL™h)
5.0 0.351 4.532 1.613 4.679 0.833 1.936
8.0 0.450 5.810 2.068 2.189 0.389 5.312
10.0 0.594 7.502 2.670 2.498 0.444 6.012
15.0 0.793 10.239 3.644 4.761 0.847 4.300
20.0 0.992 12.808 4.558 7.192 1.595 2.858
25.0 1.429 18.451 6.566 6.549 1.279 5.134
30.0 1.679 21.679 7.715 8.321 1.481 5.210
40.0 2.169 28.008 9.967 11.994 2.134 4.670
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Table 3.11(b): The amount of MB decolorized by y—MnOOH nps at equilibrium
concentration of MB at pH 7.92

Initial Final | Equilibrium | Equilibrium | Adsorbed Amount Ce/qe
conc.x10% | Abs | conc.x10° conc. conc.x10° | adsorbed | (g/L)
(molL™) (molL™ (mgL™ (molL™) | ge(mg/g)

5.0 0.285 3.679 1.309 0.967 0.172 7.601
8.0 0.434 5.603 1.994 1.682 0.299 6.662
10.0 0.498 6.430 2.292 3.569 0.635 3.602
15.0 0.838 10.820 3.851 4.179 0.743 5.179
20.0 1.087 14.035 4.995 5.964 0.107 4.707
25.0 1.383 17.857 6.355 7.143 1.271 4.999
30.0 1.644 21.226 7.554 8.773 1.561 4.839
40.0 2.235 28.857 10.269 11.142 1.983 5.179

concentration of MB at pH 11.36

Table 3.11(c): The amount of MB decolorized by y—=MnOOH nps at equilibrium

Initial Final | Equilibrium | Equilibrium | Adsorbed | Amount Ce/qe
conc.x10° | Abs | conc.x10°® | conc. conc.x10° | adsorbed | (g/L)
(molL™) (molL™) | (mgL™) (molL™) | (ge)(mg/g)

5.0 0.230 2.969 1.056 2.031 1.016 1.039
8.0 0.362 4.674 1.663 3.326 1.663 1.000
10.0 0.483 6.236 2.219 3.764 1.881 1.179
15.0 0.729 9.413 3.349 5.587 2.794 1.198
20.0 0.938 12.111 4.310 7.889 3.944 1.093
25.0 1.148 14.822 5.275 10.177 5.088 1.036
30.0 1.523 19.665 6.998 10.335 5.167 1.354
40.0 1.867 24.106 8.579 15.894 7.947 1.079

3.5.2. Determination of monolayer capacity for OG decolorization by
Y—MnOOH nps

Table 3.12: The amount of OG decolorized by y—=MnOOH nps at equilibrium
concentration of OG at pH 5.95

Amount of y=MnOOH nps: 0.02g Volume of each solution 10 mL
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Shaking time 2120 min Centrifuge time: 10 min
Molar absorption co-efficient: 16,168 L mol*cm™ Temperature: 28°C
Initial Final | Equilibrium | Equilibrium | Adsorbed Amount Ce/qe
conc.x10° | abs | conc.x10° conc. conc.x10’ | adsorbed | (g/L)
(molL™h) (molL™ (mgL™ (molL™)) | (9e)(Mmg/g)
5.0 0.087 5.381 2.434 3.810 0.0862 28.237
8.0 0.128 7.917 3.581 8.313 0.0188 190.478
10.0 0.165 10.205 4.617 2.053 0.0464 99.504
15.0 0.225 13.916 6.295 10.84 0.2451 25.683
20.0 0.313 19.359 8.757 6.408 0.1449 8.612
25.0 0.391 24.183 10.939 8.164 0.1847 59.227
30.0 0.475 29.379 13.290 6.209 0.1405 94.591
40.0 0.645 39.894 18.047 1.064 0.0241 748.838

3.6. Equilibrium isotherm analysis

The parameters obtained from the different kinetic models provided
important information on the adsorption mechanism and the surface properties
and affinities of the adsorbent. The most widely accepted surface adsorption
models for single solute systems are the Langmuir, Freundlich, Temkin and Sips
models. The correlation with the amount of adsorption and the liquid-phase
concentration was tested with the Langmuir, Freundlich, Temkin and Sips
equations. Linear regression (R?) was used to determine the best-fitting isotherm,
and the applicability of isotherm equations was compared by judging the

correlation coefficients.

3.6.1. Langmuir isotherm

The Langmuir isotherm model is used to predict the sorption of aqueous
compounds onto a solid phase. This mechanistic model assumes that a monolayer
of adsorbed material (in liquid, such as MB) is adsorbed over a uniform adsorbent
surface (a flat surface of solid phase, such as Mn-oxide) at a constant

temperature and that the distribution of the compound between the two phases is
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controlled by equilibrium constant. Hence, at equilibrium both rates of adsorption
and desorption are equal.

The theoretical Langmuir isotherm is valid for adsorption of a solute from a
liquid solution as monolayer adsorption on a surface containing a finite number of
identical sites. Langmuir isotherm model assumes uniform energies of adsorption
onto the surface without transmigration of adsorbate in the plane of surface
[200]. Therefore, the Langmuir isotherm model was chosen for estimation of the
maximum adsorption capacity corresponding to complete monolayer coverage on
the adsorbent surface. The Langmuir equation is derived as:

q,K,C

4= 111 Ki(
Where, C. is the equilibrium concentration (mg/L); ge is the amount adsorbed
(mg/g); qm is a constant and reflects a complete monolayer (mg/g), k. is a
adsorption equilibrium constant (L/mg) that is related to the apparent energy of
adsorption. Both g, and K. will greatly impact the conclusions made about the
experimental data and can be determined by a simple method of equation
optimization by linear regression. That is to transform the isotherm variables to a
linear form and then to apply the linear regression analysis of known ge and Qe
values as described by Line-weaver-Burk (Langmuir-11). The linear form of

Langmuir equation is commonly expressed as followed:

!

1 |1 [ 1
(3
gﬁ' '\KIQ'ﬂ ,‘Cr.l ‘qm s

A plot of C¢/ge versus Ce should indicate a straight line slope of 1/qgn, and intercept

Separation factor for Langmuir isotherm
For the Langmuir equation the favorable nature of adsorption can be
expressed in terms of dimensionless separation factor of equilibrium parameter,

which is defined by:
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Where, K. is the Langmuir constant and Cy is the initial concentration of the
adsorbate in solution. The values of R_ indicates the type of isotherm to be
irreversible (R, = 0), favorable (O<R. < 1), linear (R. =1) or unfavorable (R >1).
R. values for methylene blue adsorption onto mixed Mn-oxide at different
temperature were less than 1 and greater than zero indicating favorable
adsorption.

Fig. 3.47-50 shows Langmuir isotherm and linear plots for MB decolorization
by y—MnOOH nps at different pH.
The results obtained from the Langmuir model are shown in Table 3.13. The
correlation coefficients showed evidence on for MB decolorization by y—MnOOH
nps did not follow the Langmuir isotherm well (Table 3.13). The applicability of
the linear form of Langmuir model to y—MnOOH nps was proved by the lower
correlation coefficients. This suggests that the Langmuir isotherm did not provide
a good model of the adsorption system. The maximum monolayer capacity qm
obtained from the Langmuir isotherm are also shown in Table 3.13 for MB and
0OG.

gl [ * pH3o03
® pH7.92 2
@ pH11.36

7k
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5} ° °

4t °
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10

4 6
C, (mg/L)

Fig. 3.45: Langmuir isotherm for MB decolorization by y—MnOOH nps at different
pH.
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Fig. 3.46: Linear plot of C./qe vs. Ce for for MB decolorization by y—MnOOH nps.
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Fig. 3.47. Langmuir isotherm for OG decolorization by y—=MnOOH nps.
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Fig.3.48. Linear plot of Ce /ge vs. Ce for OG decolorization by y—MnOOH nps.

Table-3.13. Langmuir parameters for MB and OG decolorization by y—MnOOH

nps
’ Dye pH am (M/Q) ke (L/mg) R? RL
3.01 8.296 0.0313 0.30 0.999
MB 7.92 18.89 0.0087 0.35 0.999
11.36 64.98 0.0052 0.38 0.999
0G 5.95 0.032 0.293 0.67 0.999

Calculation of surface area of y—MnOOH nps surface

The adsorption of MB onto y—MnOOH nps follows Langmuir—Hinshelwood

isotherm at pH 11.36 at room temperature (R’= 0.35). From the Langmuir-

Hinshelwood plot of Cc/ge vs. Ce, it has been found that monolayer capacity gm =

64.98 mg/g that obtained from the slope and adsorption constant K. =0.0052

L/mg that obtained from the intercept. Then the specific surface area (Swyg) of

y—MnOOH nps was calculated from the equation
Swe = (Qm /M) x N x Ayg x 10 m? g™
Where, N, = Avogadro’s number = 6.023x 10%,

Aus = Cross sectional area of MB = occupied surface area of one molecule of MB.
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gm = Monolayer capacity= number of molecules of MB adsorbed at the monolayer
of y=MnOOH nps in mg/g = 64.98 mgg™ = 64.98 x 107

Molecular mass of MB, M = 355.89 gmol™

(i) Cross sectional area of MB (Ayg)= 130 A% BET with N,

(ii) Cross sectional area of MB (Ays)= 178 A% BET with N,
Specific surface area, Syg =?

()  Swus =(64.98 x 107 /355.89) x6.023x 10% x 130x 10%° = 142.96 (m*g™)
(i)  Swe =(64.98 x 10 /355.89) x6.023x 10% x178 x 10%° = 195.75 (m*g™)
The specific surface area of y—=MnOOH nps at pH 7.92 and room temperature are
found to be 142.96 and 195.75 (m*g™*) respectively.

3.6.2. Freundlich isotherm

The Freundlich isotherm model [201] is the earliest known equation
describing the adsorption process. It is an empirical equation and can be used for
non-ideal sorption that involves heterogeneous adsorption. The Freundlich
isotherm can be derived assuming a logarithmic decrease in the enthalpy of
adsorption with the increase in the fraction of occupied sites and is commonly

given by the following linear equation:

Or, Inge = Inkg + 1— INCe

Where, A: is a constant for the system, related to the bonding energy. Ar can be
defined as the adsorption or distribution coefficient and represents the quantity of
dye adsorbed onto adsorbent for unit equilibrium concentration. 1/n is indicating
the adsorption intensity of dye onto the adsorbent or surface heterogeneity,
becoming more heterogeneous as its value gets closer to zero. A value for 1/n
below 1 indicates a normal Langmuir isotherm while 1/ above 1 is indicative of

cooperative adsorption.
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The applicability of the Freundlich adsorption isotherm was analyzed, using the
same set of experimental data, by plotting Inge versus InCe as shown in Fig.3.49
and 3.50. The data obtained from linear Freundlich isotherm plots for MB and
OG decolorization in y—=MnOOH nps suspension is presented in Table 3.14. The
correlation coefficients (R? showed that the Freundlich model is comparable to
the Langmuir model. The 1/n is lower than 1.0, indicating that MB and OG are
favorably decolorized in y—=MnOOH nps.

InCe

Fig. 3.49: Freundlich isotherm for MB decolorization by y—MnOOH nps at
different pH.
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Fig. 3.50: Freundlich isotherm for OG decolorization by y—MnOOH nps.
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Table 3.14. Freundlich parameters for the adsorption of MB onto y—MnOOH nps
surface

Dye pH Ke (L/mg/g) R? 1/n
3.01 0.331 0.82 0.77
7.92 0.114 0.60 1.00
MB 11.36 0.966 0.99 0.93
0G 5.95 0.019 0.61 0.89

3.6.3. Temkin Isotherm

Temkin isotherm model was used also to test the decolorization potential of
y—MnOOH nps to MB and OG. This model is taking into account the effects of
indirect adsorbate/adsorbate interactions on the adsorption process. Furthermore,
the model is assuming that the heat of adsorption of all molecules in the layer
decreased linearly by increase the coverage. The linear form of Temkin is given as

follows:

RT RT
g, =—mK; +—InC,

by .

It can be also written as

This may be written as

Where, R is universal gas constant, T is the absolute temperature, 1/bt is the
Temkin constant related to the heat of adsorption (kJ/mol) which indicates the
adsorption potential (intensity) of the adsorbent and K; (L/g) is the Temkin
constant related to adsorption capacity. The linear plots of ge vs. InCe enable to

determine the constants 1/br and Ky from the slope and intercept respectively.

Temkin adsorption isotherm was chosen to fit with the equilibrium adsorption
data. The linear plot of the Temkin isotherm at 303 K was illustrated in Fig. 3.51
and 3.52. The parameters, Tx and by of the Temkin equation have been

calculated for MB and OG (Table3.15). The values of both adsorption capacity,
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Ky and by are lower but linear regressions were higher. Therefore, the data of
equilibrium isotherms for dye decolorization in y—=MnOOH nps suspension was
well described by the Temkin model. But in case of OG both Ky and br were
higher but linear regressions were lower. Therefore, the data of equilibrium
isotherms for OG decolorization by y—MnOOH nps was poorly described by the

Temkin model.

® pH3.01
® pH7.92
A pH11.36

0.0 0.5 1.0 1.5 2.0 2.5
InCe

Fig.3.51. Temkin adsorption isotherm for MB decolorization by y—MnOOH nps.
(T= 303K, y—MnOOH nps = 0.02g, [MB]; = 5-40x10° molL?, pH; = 3.01, 7.92
and 11.36).
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Fig.3.52. Temkin adsorption isotherm for OG decolorization by y—=MnOOH nps
(T= 303K, y—MnOOH nps = 0.02g, [0G]o = 5-40%x10°® molL™, pH = 5.95).

Table-3.15. Temkin parameters for OG decolorization by y—MnOOH nps

Dye pH Kr (Lmg™) R? Br (kJmol™)
3.01 1.016 0.86 1.26
7.92 1.167 0.99 0.91

MB 11.36 1.36 0.99 0.89

oG 5.95 16.32 0.20 42.57

3.6.4. Sips isotherm

Sips isotherm [198] is a combination of the Langmuir and Freundlich
isotherm type models and expected to describe heterogeneous surfaces much
better. At low adsorbate concentrations it reduces to a Freundlich isotherm, while
at high adsorbate concentrations it predicts a monolayer adsorption capacity

characteristic of the Langmuir isotherm. The model can be written as

Where, qm is monolayer adsorption capacity (mg g™) and as is Sips constant
related to energy of adsorption and parameter n could be regarded as the
parameter characterizing the system heterogeneity.
The linear form of the equation is

Ce"qe = 1/asm + Ce ™0

A plot of CcY"/ge vs. Ce ™ should yield a straight line and the values of as and gm
can be calculated from intercept and slope. (Fig. 3.53 and 3.54) showed that
the plots are not linear (Table 3.16). Therefore, Sips isotherm cannot be applied
for MB and OG decolorization by y—MnOOH nps.

121



Result and Discussion

A
® pH3.01
7+ a A pH7.92
v pH11.36
6 °
®
5 A A® A. A
- A —
= )
3 a4l
< 4
5,3 °
8}
2 °
v
1 Y ¥ vy v
o L L
0 2 8 10

4 n 6 n
c.’" (mg/L)"

Fig.3.53. Sips isotherm for MB decolorization by y—MnOOH nps (T= 303K,
y=MnOOH nps = 0.02g, [MB]o = 5-40x10° molL™?, pH = 3.01).
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Fig.3.54. Sips isotherm for OG decolorization by y—MnOOH nps (T= 303K,
y—MnOOH nps = 0.02g, [0G]o = 5-40x10° molL™, pH = 3.01).
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Table 3.16. Sips parameters for MB and OG decolorization in y—MnOOH nps
Dye pH am (Mg/g) as R? n

3.01 8.296 0.0313 0.30 0.376

MB 7.92 6.720 0.0255 0.38 0.345

11.36 27.716 0.0361 0.35 0.245

OG 5.95 0.0324 0.2932 0.67 0.152

3.7. Effect of pH for MB and OG decolorization by y—=MnOOH nps

The pH of the solution may also affect decolorization of MB and OG. The effect of
pH on the rate of decolorization of MB and OG was investigated in the pH range
3.0-12.0. Solutions were irradiation by UV light for given time interval and the
percentage of removal was determined [62]. Initial pH was adjusted by adding

HCI and NaOH (0.05M).The results are reported in Table 3.17 and 3.24.

3.7.1. Effect of pH for MB decolorization by y—MnOOH nps

Table-3.17. Data for the influence of pH for MB decolorization by y—=MnOOH nps

Reference: Water

Volume of the solution: 10mL

Shaking time: 300 min

Amount of y—=MnOOH nps: 0.02g

Temperature: 28°C

Molar adsorption co-efficient: 77,449 Lmol*cm™

Run Initial pH | Absorbance | Equilibrium | Adsorbed | Amount % of
No | conc.x10° at 664 nm | conc.x10° | conc.x10° | Adsorbed | MB
(molL™) Qe Om Qe Removal
molL™ molL™ (mg/g)
1 3.01 0.594 7.502 2.498 0.445 24.98
2 1.0 7.92 0.498 6.430 3.569 0.635 35.69
3 11.36 0.483 6.236 3.764 0.669 37.64
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The pH of the system exerts profound influence on the adsorptive uptake of
adsorbate molecules presumably due to its influence on the surface properties of
the adsorbent and ionization or dissociation on the adsorbate molecule. Despite of
the importance of pH, pH control is not easily maintained. Fig.3.55 shows the
variations on the removal of dyes from synthetic solution at different pH. From
the figure it is evident that the amount of adsorbed MB dye per gram adsorbent is
the highest at pH 11.36 (Table 3.17). The amount of adsorbed cationic dye (MB)
per gram adsorbent is low in acidic condition. This indicates the strong force of
attraction between the dyes and y—MnOOH nps during the adsorption process. In
the study of effect of variation of pH, it was found that as pH of the reaction
mixture was raised, the rate of adsorption also increases. The rate of adsorption

of MB was found increased with increase in pH [63].

The formation of surface precursor complex, one of kinetic rate-limiting steps in
heterogeneous oxidative degradation of organic pollutants, is closely related to
the nature of surface charge. The amount of surface charge on the y—MnOOH is
deter-mined by protonation or deprotonation process, depending on suspension
pH. In the present study, pH at zero point of charge (pH;,c) of the y—MnOOH was
determined to be 9.8 using a simplified method [117]. Theoretically, at pH higher
than 9.8, the surface is negatively charged due to deprotonation and negative
surface charge increases with increasing suspension pH, which is conducive to the
formation of surface precursor complex. Although low pH impeded the formation
of surface precursor complexes, high H* concentration, how-ever, could improve
reducing potential of the system according to the Nernst Equation. An increase in
suspension pH would decrease oxidizing power of the system. On the other hand,
the increase in formation of surface precursor complex due to pH increase could
compensate for the reduction in oxidizing power of the system to some extent.
One may conclude that suspension pH exerted two double-edged effects on MB

decolorization [202].
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Fig.3.55. Effect of initial solution pH for MB decolorization by y—=MnOOH nps.
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Fig. 3.56. Effect of pH for % decolorization for MB by y—MnOOH nps.

3.7.2. Effect of pH for OG decolorization by y—MnOOH nps

Table 3.18. Data for the influence of pH for OG decolorization by y—MnOOH nps
Amount of y—=MnOOH nps: 0.005¢g Volume of the solution: 10 mL

Molar adsorption co-efficient: 16,168 L mol‘cm™ Temperature: 28°C

Shaking time: 120 min
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Initial pH | Absorbance | Equilibrium | Adsorbed | Amount % of
conc.x10° at 477 nm | conc.x10° | conc.x10° | adsorbed | OG
(molL™) Qe Om Qe Removal
molL™ molL™ (mg/g)

1.95 0.143 8.844 1.155 1.045 11.55

1.0 5.95 0.284 17.565 7.565 6.845 75.65
8.42 0.180 0.111 1.133 1.025 11.33

10.02 0.175 0.108 0.824 0.745 8.24

To study the influence of solution pH for MB decolorization by y—MnOOH
nps at equilibrium conditions, experiments were carried out using various initial
pHs varying from 1.95 to 10.02. As shown in Fig. 3.57, the amount of adsorption
of solute increased as the pH was decreasing. When the pH was changed from
5.95 to 10.02, the adsorption decreased from 6.845 mg/g to 0.745 mg/g. Higher
adsorptions at lower pH values could be well explained by protonation properties
of the adsorbent. At low pH, /.e., higher hydrogen ion concentration, the negative
charges at the surface of internal pores are neutralized and some more new
adsorption sites are developed as a result the surface provides a positive charge
for anionic OG dye to get adsorbed. A similar type of behavior is also reported for

the adsorption of the dye at different adsorbents [73].

Amount adsorbed, q_(mg/g)
N w H 4] )] N

=
T
o,

o
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Fig.3.57. Effect of initial solution pH for the decolorization of OG by y—MnOOH

nps.
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Fig. 3.58: Effect of pH for % decolorization for OG by y—MnOOH nps.
3.7.3. Effect of amount of MNOOH nps for MB decolorization

Table 3.19. Data for the effect of amount of y—MnOOH nps on MB decolorization

Volume of the solution: 10 mL Time: 180 min
Temperature: 28°C pH: 11.36
. _ Adsorbed Amount % of
Initial ] Amount Abs. Equmbrlugn conc.x10° | Adsorbed | MB
conc.x10 of dose conc.x10 (Go-Gm) q removal
-1 -1 0™Ym e
0.01 0.453 5.849 4.151 1.478 41.51
1.0
0.02 0.488 6.301 3.699 0.658 36.99
0.03 0.390 5.035 4.965 0.589 49.65
0.05 0.306 3.951 6.049 0.431 60.49

The adsorbent dose is an important parameter in adsorption studies because
it determines the capacity of adsorbent for a given initial concentration of dye

solution. The dependence of MB adsorption on adsorbent dose with varying
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amounts of y—MnOOH nps has been examined and the detail results are
presented in Table 3.19. It was found that MB removal by adsorbents depends
strongly on the adsorbent dose, indicating that adsorption is dependent on the
availability of the bonding sites [203]. When the adsorbent dose of adsorbents
was increased from 0.01 to 0.05 g/10mL the MB binding capacity was increased
dramatically. The capacity was further increased, but the magnitude of the
increase is proportionally less significant with each successive increase. It is
postulated that at low adsorbent doses, all types of sites are entirely exposed for
adsorption, and the surface may become saturated faster; whereas at higher
adsorbent dosages the availability of higher energy sites may decrease [204].
However, when increase the amount of dose percent of removal of MB increased
(Fig.3.59) which indicated optimization of adsorbent dose was necessary before

adsorption because of effective use of synthesized particles.
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Fig.3.59: Effect of y—MnOOH dose on % decolorization of MB.

3.8. Comparative kinetics for MB decolorization by Mn-oxide nps
MnO,, Mn30, and y—MnOOH nps have been synthesized in the present

study. One important application of these substances is their use as decolorizer.
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To observe the decolorization process of these substances, MB was used as

adsorbate at different periods using previously described system.

3.8.1. Decolorization of MB by MnO,, Mn304 and y—=MnOOH nps

Amount of Mn-oxide: 0.005 g Volume of the solution: 10 mL
Amax for MB solution: 664 nm Temperature: 27.8°C
Molar absorption coefficient=77,449 L mol™*cm™ Reference: Water
Initial concentration of MB, Co=1.0x10° (molL™) pH = 11.36.

Table 3.20(a): Data for decolorization of MB by MnO, at different time interval

. Equilibrium Adsorbed Amount
Time | Absorbance at 6 6
(min) | equilibrium conc. xl? conc.xlg adsorbed
Ci(molL™) | gm(molL™) q: (mg/g)
0 0.463 0.0 0.0 0.0
15 0.327 4.22 5.778 4.113
30 0.298 3.85 6.152 4.379
45 0.333 4.29 5.710 4.057
60 0.301 3.89 6.110 4.349
90 0.285 3.68 6.320 4.498
120 0.311 4.02 5.984 4.260

Table 3.20(b): Data for decolorization of MB by Mn30, at different time interval

. Equilibrium Adsorbed Amount
Time Absorbance at 6 6

(min) equilibrium conc. ><1E) conc.><12 adsorbed

Ci(molL™) gm(molL™) q: (mg/g)
0 0.463 0.0 0.0 0.0
15 0.339 4.377 5.623 4.002
30 0.357 4.609 5.391 3.837
45 0.355 4.584 5.416 3.855
60 0.360 4.648 5.352 3.809
90 0.339 4.377 5.623 4.002
120 0.334 4.313 5.687 4.048
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Table 3.20(c): Data for decolorization of MB by y—MnOOH nps at different time

interval

Time Absorbance at Equilibriun; Adsorbed6 Amount
(min) equilibrium conc. ><1? conc.><13 adsorbed
Ci (molL™) gm(molL™) d: (mg/g)

0 0.463 0.0 0.0 0.0

15 0.330 4.261 5.739 4.085

30 0.354 4.571 5.429 3.864

45 0.338 4.364 5.636 4.011

60 0.345 4.454 5.545 3.947

90 0.360 4.648 5.352 3.809

120 0.371 4.790 5.230 3.708

q, (mg/g)

—b»— (MnO,)
—6—(Mn,0,)
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Fig.3.60. Amount of MB decolorized by MnO,, Mn3O, and y—MnOOH nps vs.
time. (T = 300.8 K, pH; = 11.36, adsorbent dosage = 0.005g, [MB]; = 1.0x10
mol L™ and V= 0.01L).

3.8.2. Determination of monolayer capacity for decolorization of MB by
MnO;, Mn304 and y=—MnOOH nps
Amount of Mn-oxide: 0.005 g

Temperature: 27.8°C

pH = 11.36

Volume of the solution: 10 mL

shaking time: 120 min

Molar absorption coefficient =77,449 L mol™* cm™
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Table 3.21(a): Data for the decolorization of MB by MnO; nps at different initial

concentration of MB solution

Initial Absorbance Equilibrium Adsorbed Amount Ce/ Qe

conc.x10° at q conc.x10° | adsorbed | (g/L)

(molL™) equilibrium conc. (mg/L) (molL™) e (Mg/g)
5.0 0.075 0.344 4.032 2.869 0.119
8.0 0.149 0.685 6.076 4.325 0.158
10.0 0.188 0.864 7.573 5.390 0.160
15.0 0.313 1.438 10.958 7.800 0.184
20.0 0.401 1.842 20.000 10.550 0.176
25.0 0.563 2.587 17.731 12.620 0.204

concentration of MB solution

Table 3.21(b): Data for decolorization of MB by Mn30, at different initial

Initial Absorbance | Equilibrium | Adsorbed Amount c./q
conc.x10° at conc. conc.x10° | adsorbed N
(molL™) | equilibrium | Ce(mgL™) | (molL™) . (Mg/q) /L)
5.0 0.127 0.584 3.360 2.392 0.244
8.0 0.177 0.813 5.715 4.068 0.120
10.0 0.22 1.011 7.159 5.096 0.199
15.0 0.278 1.277 11.411 8.122 0.157
20.0 0.452 2.077 14.164 10.082 0.206
25.0 0.592 2.720 17.356 12.354 0.220

initial MB concentration

Table 3.21 (c): Data for decolorization of MB onto y—MnOOH nps at different

Initial Absorbance | Equilibrium Adsorbed Amount Ce/Qe
conc.x10° at conc. conc.x10° | adsorbed | (g/L)
Co(molL™) | equilibrium | Co(mg/L) | dm(molL™) | ge(mg/g)

5.0 0.188 0.864 2.573 1.831 0.472
8.0 0.193 0.887 5.508 3.921 0.226

10.0 0.218 1.001 7.185 5.114 0.196

15.0 0.351 1.612 10.468 7.451 0.216

20.0 0.463 2.128 14.021 9.980 0.213

25.0 0.634 2.913 16.813 11.967 0.243
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Fig.3.61. Langmuir isotherm for decolorization of MB by MnO,, Mn3;O, and
y—MnOOH nps. (T = 300.8 K, pH; = 11.36, adsorbent dosage = 0.005g, [MB]; =
(5.0-25.0)x10°® mol L and V= 0.01L).
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Fig.3.62. Linear plots for decolorization of MB by MnO,, Mn;O, and y—MnOOH

nps.

Comparison of the specific surface area of the substrates

Table 3.22: Comparison of surface area among MnO;, MnzO4 and y—MnOOH nps

(Cross sectional areas of MB (AMB) are 130 A% and 178 A% respectively)

Mn-oxides Monolayer
capacity, qm

Specific surface
area (m*/g)

Adsorption
coefficient K,

RZ

Separation
factor R,
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(mg/9) (L/mg)
MnO, 31.575 71.855 0.252 0.91 0.99
98.366
MnzO4 23.078 50.774 0.137 0.81
69.521 0.99
y—MnOOH 75.585 166.293 0.0674 0.65 0.99
227.695

From the above Table, it is seen that y—MnOOH nps has higher SSA than others.

3.9. Effect of concentration and contact time for decolorization of MB by
MnO,

Amount of MnO,: 0.005 g Volume of the solution: 10 mL
Amax for MB solution: 664 nm Temperature: 27.8°C
pH = 11.36

Table 3.23(a): Data for the decolorization of MB by MnO, at different time

Molar absorption coefficient=77,449 L mol*cm™

interval
Initial Time Absorbance | Equilibrium | Adsorbed | Amount
conc.x10° ) at conc. x10°% | conc.x10° | adsorbed
Co(molL™) (min) equilibrium | C¢(molL™) | gm(molL™) | g: (mg/g)
0 0.463 0.0 0.0 0.0

15 0.327 4.22 5778 4,113

10 30 0.298 3.85 6.152 4.379

45 0.333 4.29 5.710 4.057

60 0.301 3.89 6.110 4.349

90 0.285 3.68 6.320 4.498

120 0.311 4.02 5.984 4.260

Table 3.23(b): Data for the decolorization of MB by MnO; at different time

interval
Initial Time Absorbance | Equilibrium | Adsorbed | Amount
conc.x10° . at conc.x10°® | conc.x10°8 | adsorbed
Co(molL™) (min) equilibrium | C¢(molL™) | gm(molL™) | g (mg/g)
0.5 0 0.463 0.0 0.0 0.0
15 0.122 1.575 3.424 2.438
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30 0.152 1.963 3.037 2.162
45 0.152 1.963 3.037 2.162
60 0.164 2.118 2.882 2.052
90 0.161 2.078 2.921 2.079
120 0.157 2.027 2.972 2.116
al [ ]
3k
) .
) .
E 2} ’ .
&
1}
—m—(3.56 mg/L)
—0—(1.78 mg/L)
0

0 2IO 4IO 6I0 8I0 1(I)0 150
Time (min)

Fig.3.63. Effect of contact time and concentration for decolorization of MB by

MnO, (T = 301 K, pH; = 11.36, MnO, dosage = 0.005g, [MB]; = (1.78-3.56) mg L

Land V= 0.01L).

3.10. Antibacterial activity of MnO,, Mn;04 and y—MnOOH nps
Antibacterial activity of MnO,, Mn3;O, and y—MnOOH nps (10mg/10mL)
against various pathogenic organisms was tested. The results are presented in
Table 3.30 and Fig. 3.64. The bacteria tested are V. Cholerae causing cholera,
E. Coli causing diarrhea and S. Aureous. In order to assess the antibacterial
activity, zone diameter of inhibition observed by both the Mn-oxide and the
control tetracycline antibiotic were measured. It can be seen from the result given
in Table 3.24. Whatever the mechanism might be, this result implied that Mn-

oxide nps could not kill some bacteria and interacts with them relatively strongly.
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Table 3.24: Antibacterial activity of MnO,, MnzO4 and y—MnOOH nps suspension

(10mg/10mL) against different pathogenic organisms.

Zone diameter of inhibition (mm)

Bacteria Control
MnO, M0, e i O (Tetracycline)
Vibrio cholerae R*0.0 R*0.0 R*0.0 S*17
S. aureous R*0.0 R*0.0 R*0.0 S*13
Escherichia coli R*0.0 R*0.0 R*0.0 S*6

Where, S* and R* stand for sensitive and resistant, respectively.

Fig.3.64: Antibacterial activity of MnO,, Mn304 and y—MnOOH nps suspension in
7.5% (v/v) DMSO against different pathogenic organisms.
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Conclusion

Mn-oxide nanomaterials have become very attractive because of their wide
potential applications in various technologically important fields. The proposed
method of obtaining MnO,, Mn3O, and manganite was adequate, based on its
simplicity and reproducibility.

The chemically and structurally well defined particles lead to a better
understanding of structural properties which help in designing their potential
applications.

The FT-IR spectra showed the characteristics signals of MnO,, Mn3zO, and
Yy—MnOOH nps and confirmed the presence of the components in each substrate.
The obtained average crystallite size of Mn-oxides indicated that the as-
synthesized Mn-oxides were in the nanophase. The particles were observed to be
highly crystalline. The SEM images showed aggregating the particulate in the
substrate. EDX indicated the presence of Mn and O only and no other impurity.
DLS indicated the samples were polydisperse aggregated nanoparticles. TG-DTA
revealed that samples were thermally stable. pHpz;c were 8.8, 8.75 and 9.8
respectively for MnO,, Mn304 and y—=MnOOH MnOOH nps.

The as-synthesized MnO,, Mn3;04 and y—MnOOH nps gave attractive surface
area and hence should have a potential application as adsorbent. Consequently,
decolorization of MB by y—=MnOOH nps was found to be significantly higher than
that of OG. y—MnOOH nps seems to be a specific excellent adsorbent for the
removal of cationic MB dye from water. A detailed decolorization characteristic of
the Mn-oxide was successfully demonstrated.

In this work, OG as a model azo dye in aqueous solution was successfully
decolorized by Mn-oxides and it was found that OG decolorization followed the
pseudo second-order kinetic model. The highest pH for MB and OG decolorization
was 11.36 and 5.95 respectively. Kinetic studies were also performed to
investigate the rate of adsorption process. Experimental data fitted well the

pseudo-second-order kinetic model while the first order kinetic model was not
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found valid for the whole range of adsorption process. Other than that, intra-
particle diffusion was found to be prominent at a certain stage of decolorization
but it would not be the only limiting step that controlled the adsorption dynamic.
Batch equilibrium data for MB and OG decolorization also found to have a
good agreement with Freundlich isotherm model. The analysis of isotherm
showed that decolorization was favorable by Mn-oxide nps. Temkin model was
applicable for MB decolorization. Adsorbent doses were necessary to optimize for
effective use of adsorbent.
Our as-synthesized nps did not show potential antibacterial activity towards

both gram-positive and gram-negative bacteria.
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APPENDIX

1. Determination of point of zero charge (pHpzc) of Mn-oxide nps
1.1. Point of zero charge of y—MnOOH nps
Amount of y—=MnOOH nps: 0.005 g Volume of NaCl solution taken: 50mL
Strength of NaCl: 1x10™M, 1x102M and 1x10°M
Rate of agitation: 215 rpm Time of agitation: 24 hours
Strength of NaOH solution: 0.05M

Table 1: pH metric titration with 1x10™M NaCl, 1x10?M NaCl and 1x103M NaCl
for y=MnOOH nps

Volume | 1x10" M NaCl solution 1x10% M NaCl solution | 1x10° M NaCl solution

of NaOH pH pH pH

solution
(mL) . . . . . .

suspensio filtrate suspension filtrate suspension filtrate
n

0.0 10.4 8.32 6.7 6.5 8.58 7.72
0.5 10.59 9.83 10.12 9.9 9.56 10.07
1.0 10.72 10.28 10.43 10.46 9.99 10.38
15 10.8 10.48 10.54 10.66 10.25 10.56
2.0 10.88 10.63 10.68 10.8 10.47 10.68
2.5 10.93 10.73 10.81 10.92 10.62 10.76
3.0 10.98 10.81 10.89 10.99 10.73 10.83
3.5 11.02 10.88 10.98 11.05 10.81 10.9
4.0 11.05 10.93 11.04 11.11 10.89 10.95
4.5 11.07 10.98 11.08 11.16 10.94 10.99
5.0 11.11 11.02 11.11 11.19 11.0 11.06
55 11.13 11.06 11.12 11.23 11.06 11.09
6.0 11.15 11.09 11.15 11.26 11.12 11.13
6.5 11.17 11.12 11.16 11.29 11.15 11.15
7.0 11.19 11.12 11.19 11.31 11.18 11.20
7.5 11.21 11.15 11.2 11.34 11.22 11.23
8.0 11.23 11.2 11.22 11.36 11.24 11.24
8.5 11.25 11.22 11.24 11.38 11.26 11.27
9.0 11.27 11.24 11.26 11.41 11.28 11.28
9.5 11.28 11.25 11.27 11.43 11.30 11.30
10.0 11.29 11.27 11.29 11.44 11.32 11.31
10.5 11.31 11.29 11.31 11.46 11.33 11.33
11.0 11.32 11.30 11.31 11.49 11.35 11.35
11.5 11.33 11.32 11.33 11.50 11.35 11.36
12.0 11.34 11.33 11.34 11.51 11.36 11.37
12.5 11.35 11.34 11.35 11.52 11.38 11.38
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13.0
13.5
14.0
14.5
15.0
15.5
16.0
16.5

11.36
11.38
11.39
11.40
11.40
11.40
11.40
11.40

11.35
11.37
11.38
11.39
11.40
11.40
11.41
11.42

11.36
11.38
11.38
11.39
11.40
11.41
11.42
11.43

11.53
11.54
11.55
11.56
11.57
11.58
11.59
11.59

11.39
11.41
11.42
11.45
11.45
11.47
11.48
11.48

11.39
11.41
11.42
11.43
11.44
11.46
11.46
11.46

Table 2: Data for volume differences of NaOH solution at various pH of net

titration for y—=MnOOH nps for pHpzc

AV of 1x10" M 1x102 M NaCl solution | 1x10° M NaCl solution
NaOH NaCl
solution
pH AV of pH AV of NaOH pH
NaOH
0.0 8.32 0.0 6.5 0.0 7.72
0.5 9.83 0.5 9.9 0.5 10.07
1.0 10.28 1.0 10.46 1.0 10.38
1.5 10.48 1.5 10.66 1.5 10.56
2.0 10.63 2.0 10.8 2.0 10.68
2.5 10.73 2.5 10.92 2.5 10.76
3.0 10.81 3.0 10.99 3.0 10.83
3.5 10.88 3.5 11.05 3.5 10.9
4.0 10.93 4.0 11.11 4.0 10.95
4.5 10.98 4.5 11.16 4.5 10.99
5.0 11.02 5.0 11.19 5.0 11.03
5.5 11.06 5.5 11.23 5.5 11.06
6.0 11.09 6.0 11.26 6.0 11.09
6.5 11.12 6.5 11.29 6.5 11.13
7.0 11.12 7.0 11.31 7.0 11.15
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1.2. Determination of point of zero charge for MnO,

Amount of MnO; nps: 0.005 g Volume of NaCl solution taken: 50mL
Strength of NaCl: 1x10™"M, 1x102M and 1x10°M

Rate of agitation: 215 rpm Time of agitation: 24 hours

Strength of NaOH solution: 0.05M

Table 3: pH metric titration with 1x10™M NaCl, 1x10M NaCl and 1x103M NaCl

for MnO,
Volume of 1x10™" M NacCl 1x102 M NaCl solution | 1x10°® M NaCl solution
NaOH solution
solution(mL) pH pH pH
Suspension | Filtrate | Suspension Filtrate Suspension Filtrate

0.0 6.90 7.05 6.90 6.50 7.22 6.53
0.1 7.04 8.76 7.5 6.64 7.75 6.83
0.2 7.22 8.83 8.34 6.85 7.78 8.67
0.3 7.23 9.32 8.85 6.90 8.85 9.06
0.4 7.24 9.39 9.43 6.99 9.15 9.1
0.5 8.77 9.77 9.89 9.90 9.26 9.14
0.6 8.79 10.01 9.89 10.00 9.45 9.41
0.7 8.83 10.09 10.0 10.01 9.52 9.61
0.8 8.86 10.17 10.13 10.06 9.58 9.62
0.9 8.96 10.22 10.17 10.07 9.66 9.63
1.0 9.03 10.55 10.22 10.21 9.86 9.97
15 9.43 10.67 10.38 10.22 10.17 10.12
2.0 9.7 10.76 10.52 10.52 10.28 10.23
2.5 9.79 10.83 10.62 10.63 10.46 10.32
3.0 10.14 10.89 10.68 10.7 10.56 10.45
35 10.37 10.94 10.73 10.77 10.59 10.52
4.0 10.51 10.98 10.83 10.82 10.71 10.55
4.5 10.57 11.02 10.86 10.84 10.77 10.59
5.0 10.7 11.05 10.89 10.92 10.82 10.63
5.5 10.75 11.08 10.93 10.95 10.87 10.67
6.0 10.85 11.11 10.96 10.98 10.97 10.70
6.5 10.89 11.14 10.99 11.01 11.0 10.73
7.0 10.92 11.16 11.01 11.04 11.03 10.76
7.5 10.99 11.18 11.03 11.06 11.06 10.78
8.0 10.99 11.2 11.05 11.07 11.08 10.8
8.5 11.02 11.22 11.07 11.11 111 10.85
9.0 11.04 11.24 11.11 11.13 11.12 10.87
9.5 11.07 11.26 11.12 11.15 11.14 10.89
10.0 11.09 11.27 11.15 11.17 11.17 10.91
10.5 11.11 11.29 11.16 11.19 11.17 10.94
11.0 11.13 11.3 11.18 11.20 11.18 10.98
11.5 11.15 11.31 11.19 11.22 11.20 11.00
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12.0 11.17
12.5 11.18
13.0 11.2
13.5 11.21
14 11.24
14.5 11.25
15 11.26
155 11.27
16 11.28

11.33 11.21 11.23
11.34 11.22 11.24
11.35 11.23 11.25
11.36 11.23 11.27
11.37 11.24 11.28
11.38 11.24 11.29
11.39 11.25 11.31
11.4 11.26 11.31
11.4 11.26 11.31

11.21 11.10
11.22 11.20
11.24 11.23
11.25 11.24
11.26 11.25
11.26 11.26
11.27 11.27
11.27 11.27
11.28 11.28

Table 4: Data for volume

differences of NaOH solution at various pH of net

titration
1x10* M NaCl solution 1x10 M NaCl solution 1x10° M NaCl solution
AV of NaOH pH AV of NaOH pH AV of NaOH pH
0 7.05 0 6.5 0 6.53
0.1 8.76 0.1 6.64 0.1 6.83
0.2 8.83 0.2 6.85 0.2 8.67
0.3 9.32 0.3 6.9 0.3 9.06
0.4 9.39 0.4 6.99 0.4 9.1
0.5 9.77 0.5 9.9 0.5 9.14
0.6 10.01 0.6 10 0.6 9.41
0.7 10.09 0.7 10.01 0.7 9.61
0.8 10.17 0.8 10.06 0.8 9.62
0.9 10.22 0.9 10.07 0.9 9.63
1.0 10.55 1.0 10.21 1.0 9.97
15 10.67 15 10.22 1.5 10.12
2.0 10.76 2.0 10.52 2.0 10.23
2.5 10.83 2.5 10.63 2.5 10.32
3.0 10.89 3.0 10.7 3.0 10.45
3.5 10.94 3.5 10.77 3.5 10.52
4.0 10.98 4.0 10.82 4.0 10.55
4.5 11.02 4.5 10.84 4.5 10.59
5.0 11.05 5.0 10.92 5.0 10.63
5.5 11.08 55 10.95 5.5 10.67
6.0 11.11 6.0 10.98 6.0 10.7
6.5 11.14 6.5 11.01 6.5 10.73
7.0 11.16 7.0 11.04 7.0 10.76
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1.3. Determination of point of zero charge for Mn304 nps

Amount of Mnz04: 0.005 g Volume of NaCl solution taken: 50mL
Strength of NaCl: 1x10™M, 1x102M and 1x10°M

Rate of agitation: 215 rpm Time of agitation: 24 hours
Strength of NaOH solution: 0.05M

Table 5: pH metric titration with 1x10™*M NaCl, 1x10?M NaCl and 1x103M NaCl

solution

Volume of 1x10* M NaClsolution 1x102 M NaCl solution | 1x10° M NaCl solution

NaOH pH pH pH

solution S - i : i S - Eil
(L) uspension | Filtrate | Suspension | Filtrate uspension iltrate
0.0 7.02 8.32 6.7 6.5 8.58 7.72
0.5 10.4 9.83 10.12 9.9 9.56 10.07
1.0 10.59 10.28 10.43 10.46 9.99 10.38
1.5 10.72 10.48 10.54 10.66 10.25 10.56
2.0 10.8 10.63 10.68 10.8 10.47 10.68
2.5 10.88 10.73 10.81 10.92 10.62 10.76
3.0 10.93 10.81 10.89 10.99 10.73 10.83
3.5 10.98 10.88 10.98 11.05 10.81 10.9
4.0 11.02 10.93 11.04 11.11 10.89 10.95
4.5 11.05 10.98 11.08 11.16 10.94 10.99
50 11.07 11.02 11.11 11.19 11 11.06
55 11.11 11.06 11.12 11.23 11.06 11.09
6.0 11.13 11.09 11.15 11.26 11.12 11.13
6.5 11.15 11.12 11.16 11.29 11.15 11.15
7.0 11.17 11.12 11.19 11.31 11.18 11.2
7.5 11.19 11.15 11.2 11.34 11.22 11.23
8.0 11.21 11.2 11.22 11.36 11.24 11.24
8.5 11.23 11.22 11.24 11.38 11.26 11.27
9.0 11.25 11.24 11.26 11.41 11.28 11.28
9.5 11.27 11.25 11.27 11.43 11.3 11.3
10.0 11.28 11.27 11.29 11.44 11.32 11.31
10.5 11.29 11.29 11.31 11.46 11.33 11.33
11.0 11.31 11.3 11.31 11.49 11.35 11.35
11.5 11.32 11.32 11.33 11.5 11.35 11.36
12.0 11.33 11.33 11.34 11.51 11.36 11.37
12.5 11.34 11.34 11.35 11.52 11.38 11.38
13.0 11.35 11.35 11.36 11.53 11.39 11.39
13.5 11.36 11.37 11.38 11.54 11.41 11.41
14.0 11.38 11.38 11.38 11.55 11.42 11.42
14.5 11.39 11.39 11.39 11.56 11.45 11.43
15.0 11.40 11.40 11.4 11.57 11.45 11.44
15.5 11.40 11.40 11.41 11.58 11.47 11.46
16.0 11.40 11.41 11.42 11.59 11.48 11.46
16.5 11.40 11.42 11.43 11.59 11.48 11.46
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Table 6: Data for volume differences of NaOH solution at various pH of net

titration
1x10™" M NaCl solution 1x10 M NaCl solution 1x10° M NaCl solution
AV of NaOH pH AV of NaOH pH AV of NaOH pH
0.0 8.72 0.0 6.5 0.0 7.72
0.5 8.93 0.5 9.9 0.5 10.07
1.0 9.57 1.0 10.46 1.0 10.38
1.5 9.77 1.5 10.66 1.5 10.56
2.0 9.99 2.0 10.8 2.0 10.68
2.5 10.09 2.5 10.92 2.5 10.76
3.0 10.24 3.0 10.99 3.0 10.83
3.5 10.28 3.5 11.05 3.5 10.9
4.0 10.28 4.0 11.11 4.0 10.95
4.5 10.29 4.5 11.16 4.5 10.99
5.0 10.29 5.0 11.19 5.0 11.03
55 10.51 55 11.23 55 11.06
6.0 10.62 6.0 11.26 6.0 11.09
6.5 10.71 6.5 11.29 6.5 11.13
7.0 10.79 7.0 11.31 7.0 11.15

Vi



