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Abstract

Present research work is based on development of an innovative method for synthesis of
sodium antimonate using commercial grade (NaCl). There are few reports on the synthesis
of this compound from expensive precursors. Present study aimed to produce NaShOj3 by
Wet chemical synthesis of Sb,Os followed by its solid state reaction with NaCl at 700°C,
four different annealing temperatures (700, 800, 900, 1000°C) have been employed to
investigate the structure and properties. Characterization by XRD revealed the purity,
phase analysis and crystallite size of synthesized material and also indicated the change of
single phase to multi phase at higher annealing temperature. Crystal structure obtained after
Rietveld refinement is pyrochlore type, in that structure Na is present between the layers of
Sb and O. SEM analysis exposed the same chemical composition and gave information
about the morphology of NaSbOs;. Material synthesized at 1000°C showed better
morphological aspect as compared to other samples annealed at lower temperatures.
Dielectric properties and AC conductivity have been measured at room temperature. It has
been found that by increasing the annealing temperature, conductivity decreases because
material is shifting from semiconductor to insulator. The value of optical band gap
increased on increasing the annealing temperature which indicated that material becomes
insulator at higher temperatures. NaSbOj3 is subjected to hardness measurement by using
micro Vickers hardness tester and material synthesized at 700°C exhibited maximum
hardness. NaSbOs is introduced as an additive into engine lubricating oil to check its
effectiveness quality parameters of lubricating oils were measured after addition and
compared with virgin oil. Flash point measurements have also been reported here,
involving the effect of NaSbOj3; concentration on the flash point of lubricating oil. Density,
specific gravity and viscosity of lubricating oils after addition of little amount of NaSbO3 is
measured and results obtained indicates elevation in density and specific gravity and
viscosity of the lube oil decreases. Further research will prove NaSbO3 as a good additive
for lubricating oil to enhance its flash point and has little effect on its density.



ChapterNo.1

Introduction

1.1. Antimony and its compounds

Antimony is a metalloid with silvery lustrous appearance and resistant against acids.
Antimony compounds have been used since prehistoric time in cosmetics. Recently, metallic
antimony is used as an alloying material for tin and lead, improving their hardness for
applicability in preparation of solders, plain bearings, bullets and microelectronics [1].
Antifriction alloys are also made by antimony, used in bullets, lead shots, cable sheathing,
solders and other hardening alloys that are employed for organ pipe manufacturing [2]. Its
compounds include, oxide, hydroxide, halides, hydrides, antimonides and organo-antimony,
etc [3] some are used as a stabilizers and catalysts for PET production, e.g as fining agent to
remove tiny bubbles in glass for TV screens and as a pigment in paints [4]. In addition to
above mentioned applications it is widely used as a dopant for n type silicon wafers in
semiconductor industry and in the production of diodes, IR detectors, and Hall Effect devices
[5-6]. Anti-protozoan and schistosomal drugs are made by antimony and it is also useful for
veterinary medicine [7-8]. Besides wide variety of antimony compounds, in this study the
main focus is on antimony oxide doped with alkali and alkaline earth metals.

1.1.1 Antimony oxides

Antimony oxides exists two different state i.e. +3 (Sb,03) and +5 (Sh,0Os) both are amphoteric
in nature and are synthesized by open air oxidation of Sb [9]. In nature Sh,O3 exist as an
important compound of antimony in the form of minerals e.g. valentinite and senarmonite.
1.1.2 Doping in Sb,03

Metals like Li, Na, K, Rb, Cs, Mg, Ca, Sr, Al, Sc, Ti, V, Cr, Mn, Fe,Co, Ni, Cu, and Zn etc
are doped into Sb,O3 and new properties of resultant compounds are studied [10-86]. There

are numerous reports on optical, electrical, photocatalytic, semiconducting, magnetic and
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electrochemical properties of Sb,O3; doped with alkali, Alkaline earth and transition metals
[87].

1.1.3 Applications of Antimony oxide

Compounds of metal antimony oxide have received increasing attention in recent years
because of their diverse structure chemistry and potential applications in different fields, like
photocatalysis, nonlinear optics, piezoelectricity and luminescence materials [87]. Metals
including alkali, alkaline earth and transition doped Sbh,O3 has following applications given

below:

. Flame retardant: Antimony trioxide and its halides are used as a flame retarding
materials. These materials are used in children’s clothing, toys, air craft, automobile seat
covers and fiberglass composites etc.The Sb,O3 is also employed as additive in polyester
resins of aircraft engine cover. It makes resin to burn till the time it is in contact with flame
but soon extinguishes upon disconnection of flame. [88-91]. Antimonates of Na are used in
textiles, ropes and coatings [92] because of their flame retarding ability. Composite of Sb,03
with Mg(OH), and talc also show flame retardant ability and possess high mechanical

strength.

. Electronics & Solar Cell: Lithium antimonates have ionic conductivity used in
batteries and other electronic devices such as an electrodes material. V, Co and Zn
antimonates also possess electrical property used in electrical appliances [93],[94],[86]. Co,
Fe, and Zn antimonate show electrochemical ability use in electrochemical application
including cells and batteries [74],[71]. Antimonate of Sr have double perovskite like structure
used in fuel cell, solar cell [32], and as a semiconducting material in various fields [95]. Co
antimonites are the candidate oxidants in the time delays for mining detonators [96] other
metals antimonates also have unique and worthwhile properties which serve as a milestone for
the researchers to do extensive research on synthesis of antimony oxide doped with different
metals. The Al, Ti, Cr and Nickel doped antimony oxide yields ion exchange material used as
ion exchangers in industries [68], [97],[62] [78].
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o Magnetic & Sensing material: V, Co and Nickel antimonates show magnetic
susceptibility [50], [74]. Whereas Antimonates of Fe serve as LPG sensing material [70] and
Co antimonates also act as chemical sensor [98].

o Paints & Glass Industry: Antimonates of Ca are used in glass industry as opacifying
agents [99],[100]. Ni antimonates are used as heat resistant pigment in paints [101].

o Photocatalysis: Antimonates of Ca, Fe, Co, V and Zn are used as a photocatalyst
against environmental pollution [102], [98], [72], [85].

1.1.4 Lubricating Oil Additives: Friction between two moving parts are reduced by
presence of certain chemicals such chemicals are known as lubricants. Large number of
lubricants are used for lubrication purposes in vehicles engines and machineries out of which
lubricating oils are most extensive in use. In order to save the energy given to a mechanical
system it is necessary to improve the properties of lubricants [103]. Scientist are keen to
improve the quality of lubricating oils by adding certain chemicals additives. Usually
antioxidant, dispersant, detergent, antiwear agents, viscosity modifier and antifoam agents are
added into lubricating oil as additives. Additives expand the properties of lubricating oil by
affecting the quality parameters, e.g flash point, viscosity, surface tension, density and

specific gravity, etc [104].
1.2 Characterization Techniques

The techniques used for characterization and to ascertain the physical properties are given

below:

1.2.1 X-Ray Powder diffraction

1.2.2 Scanning Electron Microscope (SEM)
1.2.3 L.C.R meter

1.2.4 Diffuse Reflectance spectroscopy

1.2.1 X-Ray Powder Diffraction (XRPD)

XRPD is used for studying crystal structure, phases, preferred orientation, crystallinity, strain

and crystal defects, etc. It is nondestructive technique with the principle based on constructive
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interference of scattered beam, scattered by lattice planes in a sample. Each crystalline
material has its own specific X-Ray powder pattern which acts as a fingerprint for its
identification. It is used to find structure; position of atoms, atomic packing in the structure,

interatomic distances and angles.

Diffracted beam

Incident beam

Transmitted beam

Crystalline material

Figure 1.1: Working of XRD.

XPRD technique is based on Bragg’s law developed by two English scientists Sir W.H.Bragg
and Sir W.L.Bragg.

n A =2dsinf

Distance between atomic layers of crystal is given by d, A represents wavelength of incident
X-Ray beam and n is an integer. Crystal is made up of unit cell which are periodically
arranged in a lattice.When rays land 2 fall on material it causes diffraction and after passing

through the planes of material it come back and recorded in the form of spectrum.
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Figurel.2: llustration of Bragg's law.

1.2.2 Scanning Electron Microscopy (SEM)

SEM uses electron beam instead of light for analyzing the object under investigation and
generates sample micrographs. When electron beam falls on the surface of a sample they
interact with its atoms and produce different signals which contain information about sample
topography, composition, crystalline structure and orientation of material. In the early 1950,
SEM was developed and used in the medical and physical sciences. Scientists are now able to
control the magnification limits greater than 1nm which makes SEM one of the more
powerful and useful instrument for analysis [105]. It produces images of maximum
magnification and resolution. It is very powerful tool in the field of metals and material for
solving problems regarding to product and its processing. Every field of life is aided by SEM
including electronics, petrochemicals, plastics, pharmaceuticals, aerospace, medical devices,
engineering, chemicals, automotives, materials and metallurgy, glass, metals, ceramics,
semiconductors, plastics, polymer, powders and dust, composite materials, fibres all can be
studied by SEM. It also allows studying defects in products and process failure, airborne
contamination identification and analysis of surfaces, particle size and powder morphology,
chemical etching and cleaning problems, corrosion identification and oxidation study, stain
and contaminants investigation. Joining technology and welding quality evaluation, failure
study, coating, paints, adhesives, sealant, gasket filler, fingerprinting, delamination study are
all applications of SEM [106].
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Figure 1.3: Instrumentation of a SEM
SEM consist of following parts:
@ Vacuum system
(b) Sample Stage
(©) Electron Source ("Gun")
(d) Detectors for all signals of interest
(e Display / Data output devices
- Vacuum system: Vacuum pump is used to evacuate the specimen chamber under high
vacuum at 10-3 to 10-4pa. SEM usually has one detector but in some cases additional
detectors can be present [107].
o Specimen stage: In an electron microscope specimen is observed at high
magnification. So a specimen stage is required in a smooth fashion, horizontally (x,y
direction), vertically (z direction), tilting (t) and rotation (r).
o Image display and recording: Signals from SE detectors are amplified and
transmitted to display unit Cathode ray oscilloscope is used as a display unit but now day’s
LCD’s are used. Scanning speed of electrons beam can be changed in several steps. Fast
scanning speed is used for observation purposes and slow scanning speed is used for saving of
images. Image is recorded in digital formatting.
o Sample preparation: Sample preparation is required before SEM analysis. Sample

should be tightly mounted on sample stud and the size of the sample should be in range of
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sample holder. Sample should be electrically conductive in nature at least sample surface
should be conductive. in case of nonconductive sample it will be coated with thin layer of
electrically conducting material, Conducting material used for sample coating are gold,
gold/palladium alloy, Pt, Os, Ir, W, graphite C, and Cr.

o Principle of SEM

Various types of signals produced by SEM are due to different type of electron including SE
or BSE, characteristic X-Ray and light absorbed current, visible light (Cathodeluminescense)
and transmitted electrons. All SEMs are equipped with SE detectors. Mostly in standard
detection mode SE are emitted closely from the surface of specimen. SEM produce very high
resolution image of surface of the sample and details about the sample less than 1nm in size
can be disclosed. Elastic scattering of the electron beam with sample produce back scattered
electron. These emit from the depth of the sample. Resolution of secondary electron images is
greater than back scattered electron images.

Intensity of backscattered electrons signals is related to atomic number of the sample so they
are mostly used for analysis purpose from SEM with characteristic X-Ray spectra. Images of
back scattered electrons deliver information about different elements present in the sample.
When high energy electron beam removes an electron from the inner shell of the sample and
cause the electrons of higher energy shell to fill the vacant underlying shell and release energy
in the form of characteristic X-Rays. Abundance of element in the sample and identification
of sample composition is done by characteristic X-Rays. SEM gives three dimensional

imaging of sample which is helpful for complete analysis of surface of a specimen.
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Figure 1.4: Interaction of electron beam with specimen.
1.2.3. LCR Meter

An electronic equipment which is used to measure the inductance (L), capacitance (C) and
resistance (R) of a material is known as LCR meter. It is an automated computer controlled
device for measurement of sample conductivity at a frequency range of 10kHz to 2MHz. It is
used for measurement of impedance by measuring current, voltage and phase angle between
voltage and current. LCR meter is used to measure conductance, inductance, capacitance,

dissipation factor.

Figure 1.5: LCR meter.

Measurement of impedance is a substantial income of electronic components and material
evaluation. Every material has specific set of electrical features which depend on its dielectric
or insulating properties. When these properties are accurately measured, they provide
essential information for its use and applications. In LCR meter impedance is internally

measured and converted to capacitance and inductance for displa. Measurement of dielectric
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material give us information which is useful for many electronic application. Dielectric
properties are related to impedance of a substrate, frequency of dielectric resonator and loss of
cable insulator [108]. Dielectric information of a material is also useful for packing design,

microwave in which food is processed, ceramic, rubber and plastic etc.

o Measurement Principle

Measurement through LCR meter is based on automatic balancing bridge method. An electric
current is drained through a resistor when amplifier having high gain level automatically
adjusts its gain. Current flow through device under test is equal to R wheras, The value of
potential for device under test is also equal to virtual ground level potential. At this stage feed
back resistance, input voltage output voltages are used to calculate impedance of test material.
when AC voltage is passed through testing material then LCR meter is used for measuring
voltage and current across the testing material. Measurement by LCR meter involves
connection of a material to the instrumenet which require special fixture depending on
material type. Powder materials and other compound can be compressed into a disk or slab
having a measured thickness than fixed into dielectric cell. Dielectric cell is a test fixture with
two adjustable plates in which test sample is fixed for measurement of its electrical behaviour.
After connecting the sample to LCR meter capacitance and loss factor can be readout directly

and give fast result.

o Measurements of Solid Materials: American society for testing and materiala
(ASTM) and international electrotechnical commission (IEC) have established the methods
which are published for measuring dielectric constant and dielectric loss. One method which
is easy and require minimum calculation but has little accuracy, is contacting electrode
method. Actual measurement involves making the pellet of the powder material and then
insert of the test sample in the cell and after insertion electrodes are closed by micrometer
until they tightly touch the sample. The spacing of micrometer is recorded for test sample.
Value of capacitance C and value of dissipation factor D are measured by LCR meter. Sample
is removed from the cell and micrometer is adjusted back to its original position calculation is

repeated in air. Impedance measurement on material can be easily performed by using LCR
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meter. Insulation properties vary with frequency so instrument has wide range of frequency
which is programmable. Accuracy of result can be improved by averaging several
measurements and obtained results can be simplified by computer programs. This all result
increased efficiency , superior product results and better control over process.

o Dielectric Constant: Relative permitivity is also called dielectric constant its
measurement is a basic tool for finding insulating behaviour of rubber, plastic and powders.
Ability of a material to store electrical energy is find by dielectric constant measurements.

Dielectric constant is a ratio of capacitance of a material with the capacitance of air,

k'= =x
Co

Cx represents the capacitance of a material and Cy represent the capacitance of vacuum.

Dielectric constant value of dry air is 1.00053, therefore, a material which is used for

insulating material should have low value of dielectric constant or its value needs to be closer

to air and for electronic purposes for electrical charge storage a material is used which have

high value of dielectric constant. Charge storage will be maximum if more dielectric material

is present between the plates of capacitors. Dielectric constant is greater than 1 for any solid

or liquid.
Table 1.1: Dielectric constants of common materials.
Materials Dielectric constant
Vacuum 1.0
Air 1.0005
Pure Teflon 2.04
Fused Quartz 3.78
Water 78
o Dissipation Factor: At specific frequency, the ratio of resistance of an insulating

material to its capacitive reactance is called dissipation factor. Its value is always greater than

0 and very smaller than dielectric constant. It measures the loss of material and gives an idea
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about contamination and deterioration so it is an indication of quality control parameter.
Presence of moisture also influence the value of dissipation factor. Purity of epoxy and some
raw material also checked by dissipation factor measurement [108-109].

1.2.4. Diffuse Reflectance Spectroscopy (DRS)

In diffuse reflectance spectroscopy, there is no need to make pellets all the material which are
not soluble or make suspension in different solvents their band gap is calculated accuratly by
DRS.

Incident rays are reflected at many angles after falling on the sample. Surfaces like plaster,
fibers and polycrystalline materials, reflect light diffusivly. Formation of the object image is
due to diffused reflection of light [110].
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Figure 1.6: Diffuse and specular reflection from glossy surface.

Surfaces of materials are not only responsible for reflection but below the surface of material
scattering occurs [109]. Certain materials do not allow diffuse reflection including metals,
liquids, gases, glass and transparent plastics, single crystal like gems and salt crystal. In case

of glossy paints in homes painting gives specular and diffuse reflection [111].
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Figure 1.7: General mechanism of diffused reflections by solid surface.
o Principle of diffuse Reflectance spectroscopy

DRS principle is similar to that of UV/Visible spectroscopy, in both techniques, visible light
is used for electronic excitations. UV/Visible spectroscopy is used to find relative change of
transmittance of light when it passes through the solution whereas, DRS is used to find the
relative change in the reflected light when it is reflected from the sample surface. If test
material has electronic energy levels which are separated by small energy difference which is
equal to visible region energy then such material absorb light and undergo electronic
transition from valence band to conduction band. Amount of energy in the particular light
after absorption is reduced than reference source and % transmittance and reflectance will
reduced.

Incident light

Diffuse
reflected
light

Specular
reflected

Figure 1.8: Light scattering through powdered sample.

Powder samples which possess particles having random orientation and size, reflect light in

different direction. This combined effect of reflection, diffraction, absorption and refraction of
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light waves by particles of test sample oriented in different direction and shape is called

diffused reflection.
o Measurement by DRS

Light can not pass through opaque objects it is reflected back from the surface. In front of
incident light window sample is placed. light is falling on the sample and reflected from the
sample. Reflected light is move toward detector. This movement of reflected light toward
detector is brought about by spheres which are coated with barium sulphate inside. Values
obtained for DRS is reflectance of light with reflectance of standard sample which is taken to
be 100%. When light directed angle on sample is 0 then specular reflected light exit from the

sphere and not detected. In this case only diffuse reflected light is measured.
1.3. Mechanical properties

1.3.1. Hardness

It is property of a material due to which it tends to resist against applied force. Broadly knoop
and vicker methods are used for hardness measurement of composites and teeth denture [112-
115]. Material hardness is a complex property and is greatly influenced by crystalographic
orientation inside the material, applied force and size of the indentation [116-119].
Microscope usually monitors the object surface and indentation of the diamond. Material,
used for measurement of hardness, is placed on the stud of the machine and then its image is
focused and finally required load for for certain time period is applied and record the digital
value. Vickers hardness tester is used for measurement of hardness of a material; it consists of
a pyramid shape diamond which is suppressed onto the surface of material during operation.
Then length of diagonal is measured from the machine and applied load is also taken from the
Vickers hardness tester, formula for hardness calculation is given below [119],

Hv = 2Fsin(0/2)/d2

This formula indicates that hardness is ratio between applied load and area influencing that
load. In this formula, d represents diagonal in mm, sin theta represents angle between opposite

faces and Hv is hardness in Vickers number and F is applied load.
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Figure 1.9: Micro Vickers hardness tester.

1.3.2. Density
The mass of the substance in unit volume is called its density. It is important parameter for oil

analysis. Qil thickness is deduced by density.

Figure 1.10: Specific gravity bottle.
Density is determined by the following formula [120],
Density = m /V

1.3.3. Specific gravity
It is heaviness of a material compared to that of water. It is measured by following formula
[121]:

Specific gravity =d,/d,
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1.3.4. Viscosity

Most important parameter for lubricating oil analysis is its viscosity. It is thickness and
internal friction of the liquid and important parameter for prediction of oil properties.
Lubricating oil consist of series of fluid layers that are superimposed above one another and
oil viscosity is the measure of resistance produce between the individual layers. High
viscosity indicates high resistance to flow and low viscosity offer low resistance to flow. It is
inversely related to temperature. pressure and load increases the viscosity of oil. Lubricating
oil viscosity is measured in two ways either kinematic or dynamic viscosity [122].

Figure 1.11: Viscometer.
1: Kinematic viscosity

It is resistance to flow and shear due to gravity. It is measured by timing the flow rate and it is

ratio of absolute or dynamic viscosity to the density of oil
V=u/p

Where V= Kinematic viscosity
p= Dynamic viscosity
p=Density of liquid

2: Dynamic viscosity

It is tangential force per unit area required for the movement of one horizontal plane over the

other at unit velocity when a unit distance is maintained between the layers.
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1.3.5. Flash point

Flammability of combustible and volatile substances is measured by flash point. This
parameter is also important from safety point of view for handling of flammable iquids. It is
the minimum temperature at which a substance catches fire in air in the presence of flame.
Two standard methods are employed for flash point measurement 1-open cup method and -
close cup method. Open cup method gives error so close cup method is widely used for
measurement of flash point. It consists of sample holder which is closed and material to be
analysed is injected into it by injection. [123-124]. Lubricating oils used in engines and
machinery of industries require high flash point in order to avoid fire hazards. Additives in
lubricating oil raises the flash point of oil. Motor oils and engine oils have high flash point

which prevent the engine from capturing fire.

Figure 1.12: Close cup flash point tester.

1.4,  Effect of addittives on lubricating oil properties

The high viscosity index, high flash point, corrosion resistance, oxidation resistance and
thermal stability are vital quality parameters to evaluate the performance of lubricating oil. A
good quality oil, lubricats the engine parts under all operating conditions and remains
unchanged and prevents the damage of metal parts. To establish these necessities the
operating temperature of system, physical and chemicals properties of lubricating oils, all are
within the definite limits [125].

1.4.1. Viscosity Index: Visosity index describes the effect of flow with temperature
changes. Lubricating oils having high viscosity index are good for service due to proper
lubrication inside the engine at higher temperatures. Wheras, low viscosity index describes
poor quality of lubricating oil because it leads to poor wear rsistance which consequently
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reduce the engine life. Additives of high molecular weight polymers improves the viscosity
index of lubricating oils [126-127].

1.4.2. Volatility & Flash Point: Lubricating oils should be of low volatility otherwise can
be hazardous. Flash point of lubricating oils in turn is controlled by the volatility. Flash point
is the temperature at which vapours produce from the oil mixes with air and form combustible
mixture and cause fire. In order to reduce fire hazards which result deterioration of whole
system lubricating oils having high flash points are preferred. Lubricants having low flash
points easily capture fire it should blended with additives which raise its flash point before
application. Scientists are trying to introduce such chemicals which greatly enhance the flash
point of the lubricants [128].

1.4.3. Pour point: It is a temperature below which lubricating oil ceases to flow and
becomes a gel like wax or in other words it is the lowest temperature at which oil maintains
its quality. The pour point of lubricating oil should be low in order to obtain good lubricity.
For this purpose pour point depressant additives are added to retard its pour point to ambient
conditions at least, e.g. below 10°C. The pour point depressants are certain polymers designed
to lower the pour point of lubricating oil. e.g. polymethylmethacrylates PMMA, chlorinated
wax, polyacrylates, acrylate styrene copolymers, maleic anhydride etc [129].

1.4.4. Alkalinity: Large number of additives are present in lubricating oil to enhance its
performance which in addition enhance the base number of oil. Base number is the quality
parameter which measures the amount of basic substances in the oil, relative amount of such
substances are measured by using base number calculation method by treating the oil with
acid. [130]. Failure to keep oil alkaline results in damage to bearing and engine parts due to

acidic attacks and increased wear.

1.4.5. Oxidation: The lubricity of engine oil is directly related to its antioxidant property.
Antioxodants are added into lubricating oil to retard its oxidation and prevent formation of
corrosive substances. The antioxidants are the additive chemicals which are added in
lubricating oil to prolong its life by raising oxidative resistance. These chemicals also allow
the lubricating oil to function properly at higher temperature otherwise. Antioxidants action is

described in two ways they inhibit peroxides and radicals scavenging. Oxidation process is
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carried out by formation of reactive free radicals and peroxides, antioxidants retard their
propagation these oxidation product result thickening of lubricating oil during service [131-
132].

, Phase 1: Heat and shear
l Initiation I '

Reactive
Radical

Phase 3:
Branching and
Termination

Lubricant

Break In the Oxidalion Cycle

Secondary AOs

1

Primary AOs

Figure: 1.13: oxidation cycle

Two types of antioxidants are used in lubricating oil primary and secondary antioxidants.
primary antioxidants consist of aromatic amines and phenolic substances and secondary
antioxidants comprises of phosphites and sulphur containing compounds including thioethers
and thioesters. primary antioxidant act as free radical scavengers and secondary retard

peroxide propagation.

1.5. Aims and objectives of research

This research work concentrates on synthesis, properties and applications of antimony oxide
doped with alkali metal because such doping prompts extra ordinary changes in properties.
New method of synthesis was introduced by using cheap precursors. Being a flame retardant
material NaSbOj3, an attempt was made to introduce its little amount into lubricating oil as an
additive. And changes produce after addition of sodium antimonates into lubricating oil was

observed by mean of measuring quality parameters of lubricating oil and compared with
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virgin oil. Quality parameters includes density, specific gravity, viscosity (kinematic,
dynamic) , flash point and surface tension. Followings are the aims and objectives of this
research project

e To develop the synthesis procedure.

e Tryto introduce easily available precursors for synthesis.

e To make the use of NaSbhO; additives in different products lubricating oils for

improved performance.
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Chapter 2

Literature Review

2.1.  Synthesis of Inorganic Materials

The synthesis of inorganic materials is one of the most important aspect of material sciences. The
proper choice of chemical precursor and synthesis technique to obtain a material with desired
chemical and physical properties is a challenge for both material scientist and in organic chemist
[133]. Large number of elements are reported which are doped into antimony oxide, and the
product after doping is called either antimonate or antimonite, depending upon oxidation state of
antimony in the compound, e.g., alkali and alkaline earth metals, transition metals and various
other elements are doped into antimony oxide following different synthetic routes; hydrothermal,
solid state (sintering) methods are emphasized. These methods are widely used for synthesis of

metal doped antimony oxide.

(a) Hydrothermal method

The hydrothermal method is a low cost synthesis method and depends on the solubility of
materials in hot water under high pressure. The process is carried out in an autoclave in which
chemicals along with water are supplied, usually maintaining the temperature below 300°C [134]

under pressure.

The advantages of hydrothermal method over other synthesis method because the materials with
high vapor pressure near their melting points can be synthesized and the good quality crystals
can also be grown by controlling the precursors composition [135].

(b) Solid state reaction
Reactants in stiochemertic ratios are mixed properly in order to increase area of contact between
them. After pelletizing the sample, heating at high temperature is carried out followed by

keeping it at certain temperature in order to attain the equilibrium [136].
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2.2.  Alkali Metals Doping in Sb,03

In order to study multipurpose changes in properties of antimony oxide alkali metals are doped
into it. doping result into new compound with unique and useful properties. Metals like Li, Na,

K, Rb, Cs are doped into antimony oxide and new properties of resultant compounds are studied.
2.2.1. Lithium (Li) Doping

The sodium and lithium antimonate have been synthesized by precipitation method. In 1% step
Li[Sb(OH)e] and Na[Sb(OH)s] were prepared in the presence of potassium antimonate in the
solutions. Dehydration and annealing at 850-1000-C yield sodium and lithium antimonates [10].
There is another report on Synthesis of LiSbO, compound in vacuum by continuous heating of
Sb,05 and Li,O mixture in a silver tube covered by quartz tube for 72h [11]. All grindings and
weighing were done in glove box under Ar atmosphere. Product structure has been analysed by
XRPD and NPD techniques. The structure of LiSbO, crystal was monoclinic with the lattice
parameters, a = 4.8550, b = 17.857, ¢ =5.5771A, p = 90.061-.

2.2.2. Sodium (Na) Doping

Synthesis and crystal structure study of sodium antimonate has been reported by Ramirez et al.,
the Na,CO3; and Sh,0O3; mixture in 1:1 ratio have been sintered in a platinum crucible at 860°C
(x4°C) for 273h in air. The mixture was analyzed in a TGA-DSC thermal analyzer fluxing with

air 60 mL/min with heating rate of 10°C/min. The reactions taking place during heating,
Na,CO3.XxH,0 — Na,CO3 + xH,01
Na,CO; — Na,O +CO,
Na,O + Sh,03 + O, — 2NaShO;

Structural and morphological analysis indicated the trigonal geometry of sodium antimonate.
SEM analysis indicated a homogenous product only possible after sintering below 750°C [12].
Long et al., synthesize sodium antimonates by chloridizing leaching process following
hydrolysis [13]. Chlorine was introduced as a leaching agent and chlorides were formed which

upon hydrolysis were converted into oxide form. H,O, was used as an oxidizing agent and final
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product was sodium antimonates. Chen et al., worked on effect of particle size on properties of a
compound. Synthesis route and controlling precursors amount size of a nanocrystal can be
altered [14]. Ultrasonic spray method was used for sodium antimonate synthesis which gives
controlled size nanocrystal. Aerosol assisted synthesis followed by adding 15 mL of water in a
vial containing sodium antimonyl tartarate (116 mg) and cesium nitrate (780 mg). This
suspension was sparged with compressed air at 307 ccm for 30 minutes followed by
nebulization. Growing of sodium antimonate crystal was observed and controlled by varying the
temperature of furnace. Powder particles were collected in gas bottle filled with water.
Centrifugation was done and supernatant was removed. After drying white sodium antimonate
was obtained. David J.Stewart et al., worked on structure of sodium antimonates crystal by
different methods in order to fix it in pyrochlore type, which was only possible if Na:Sb ratio is
less than 1:1.5 [15]. In order to prepare pyrochlore type of crystal structure for sodium
antimonates required ratio should be emphasized. When synthesis of metal antimonates involve
intermediate compound antimonic acid and that suspension (antimonic acid in water) was treated
with excess of sodium salt. The resultant crystal structure will be pyrochlore. All other methods
yield ilmenite (FeTiOs) type crystal structure. a=5.0884(1)A ¢=14.0855(4) A V=315.84(1) A’
[16].
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Figure 2.1: llmenite type crystal structure FeTiO3 [17].

The crystal structure of ilmenite is highly ordered with alternating iron layers between the

oxygen layers. The oxygen layers are hexagonally packed and each metal ion is bonded to three
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oxygen layer above and three oxygen layer below. Synthesis of sodium antimonate has been
reported by wet as well as by the dry method. In wet method several filterations were performed
on the mixture of ShCls and crushed ice until clear filterate was obtained. Precipitates were
washed with cold water for many time. In order to get rid of CI" ions, washing with AgNO3
solution has been performed. After drying at room temperature, distilled water was added into
antimonic acid precipitates. The metal salt (carbonate, oxalate, nitrate or acetate) was added then
along with the continuous shaking and boiling for many hours it produced crystalline sodium
antimonates. While in dry method, the mixture of Sh,O3; or antimonic acid and metal salt
(carbonate, oxalate, nitrate or acetate) was ground. This mixture was exposed to firing in an
alumina crucible for many times. The mass deficit was estimated after each firing by weighing
the sample. Sodium antimonate with ilmenite type crystalline structure was obtained. Waring et
al., constructed phase diagram for Sb,O4«>NaSbO3 system [18]. For this purpose sodium
antimonate was prepared by oxidizing high purity antimony metal powder on platinum setter at
elevated temperature in air. After 450°C there was formation of oxide coating on metal which
stop further reaction of antimony with platinum. Mixture of Sh,O,4 with sodium carbonate was
prepared followed by its crushing. Mixture was placed on setter fabricated from platinum foil
and calcined in air at 700°C for 60 h and again at 500°C for 60 h. Babkenovich studied exchange
reactions of sodium antimonates by placing the ground mixture of NaNOj3, Na,CO3 and Sb,03 at
500°C for an hour followed by regrinding and calcination at 850°C for 2h [19]. The chemical
and XRD analysis confirmed it as NaShOs later it was treated with molten nitrates in order to

check its ion exchange reaction.

2.2.3. Potassium (K) Doping

Brower et al., synthesized ilmenite (FeTiO3 structure type) type potassium antimonate by using
1:1 mixture of K,COj3 and Sh,0O, in platinum crucible by heating at 100°C for 1 month [20]. The
same reactants yield body centered cubic potassium antimonate upon hot pressing at 800°C and
20 Kbar pressure for 5 min.

2.2.4. Rubidium (Rb) Doping

Kasenova Sh.B et al., studied heat capacity of rubidium antimonites at 673 K which was

prepared by reacting rubidium carbonates with antimony oxide [21]. Characterization was done
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by XRD. Govindaraasan kalpana and weller reported the synthesis of rubidium antimonite single
crystal by flux method [22]. Mixture of Rb,CO3, Sh,O3 and H3BO3 after grinding was subjected
to the heat treatment in different steps; 1% heated slowly and kept at 773 K for 12h, for next 12h
at 923 K then adjusted at 1273 K for 24h and finally furnace was adjusted to room temperature.
After 48 hour cooling, the melt was washed with hot water to remove excess of boric acid
followed by filteration and drying in an oven at 353 K. The colorless nanocrystals of rubidium
antimonate were obtained having monoclinic structure with the parameters; a=19.504(11),
b=7.5681(4), c=7.2115(4) A and B=95.203" (3) revealed through X-ray single crystal and SEM

analysis.
2.3. Alkaline Earth Metal Doping in Sb,0;
2.3.1. Magnesium (Mg) Doping

Brian Mason and Charles reported 1 time on crystal structure and properties of the mineral
bystromite (MgSh,Og) and also compared it with the synthetic magnesium antimonate [23]. It
was synthesized by heating MgO and Sb,0; in air at 1000°C for 18 h. The lattice parameters
were found the same for both the synthetic and natural MgSh,Og compounds; a=4.68, c=9.21and

c/a=1.968A in space group P4/mnm, with Z=2.

2.3.2. Calcium (Ca) Doping

Barry Gdboer reported the results of an extensive work on structural analysis of Ca, Sr and Ba
antimonates. Calcium meta antimonates were prepared from concentrated solution of Ca(NO3),
in minimum amount of hot distilled water in a fused silica boat. Stirring was done by adding
50% Sh,03 then this mud was dried at 378K for few h. Temperature was 773K for 1% hour until
water and NO, will evolve meanwhile oxidation from Sb** to Sb*® took place. The sample was
kept at 1473K until white smoke of Sb,0, finishes, boat (the sample holder) gets crack during
cooling and calcium antimonate was obtained, XRD characterization revealed the following data,
a=5.2405(4), ¢=5.0221(4) A, V=119.45(2) A® [24]. The electrical conductivity of calcium
antimonates has been reported by Zyryanov et al., synthesized by mechanochemical method. The
fine ground mixture of CaO, Sbh,03, and Bi,O3 was fired in open air to oxidize, followed by

leaching in 1IN HCI. The product obtained was CaSbh,0¢ and CaSh,07, only calcium passed into
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the solution with some antimony oxide. Chemical analysis, XRD and thermal analysis in argon
atmosphere (DTA+TG) revealed the structure of the compound, (Caggz Sb™ 0.15) Sb*™ 1650520
with the lattice parameters, a=5.238 A, ¢=5.013A. The synthesis of nanostructured calcium
antimonite has also been reported by hydrothermal method in recent years [25]. Huang et al.,
synthesized nanocrystaline calcium antimonite by hydrothermal method, using
Ca(CH3C0O0);,-H,0 (0.441g, 2.5 mmol) and Sh,0s (0.809 g, 2.5 mmol) were used as starting
materials, mixed in 12 mL deionized water. After maintaining the pH of the solution by HNO3
and NaOH, the mixture was loaded into 23 mL Teflon lined autoclave which was filled with14
mL deionized water and sealed, maintained at 180°C for 48h. After 48h mixture was cooled
down filtered and washed many times with deionized water and absolute alcohol followed by
drying in air. Different samples of Ca,Sh,0; and Ca,Sh,0s have been prepared from pH value 1
to 14. pH changes effect the ratio of Ca and Sb in compound [26]. The pressure also influence
the crystal structure of metal antimonates, Chelazzi et al., reported the effect of high pressure on
crystal structure of calcium antimonate. Calcium antimonate single crystals have been obtained
by heating the CaCO3; MnO and Sh,O3 ground mixture at 1100°C for 30 days in air in Pt
crucible. The calcium antimonate (Ca,Sh,07) crystals of 300 um have been obtained as a result
of little addition of Na,B4O7. The high pressure X-ray diffraction gave a= 7.2818(4) b=10.1839
(5) c=7.4467 (4) A V=542.23(9)A3 [27]. Cornelis et al., compared the romeite (Ca,Sb,0)
[naturally occurring calcium antimonates are called romeites] and the synthetic calcium
antimonate [28]. The synthetic calcium antimonate has been prepared by mixing KSb(OH)s
0.01M and Ca(NO3), .9H,0 0.005 M solutions in order to get a suspension, which was stirred for
24 h followed by aging at 60°C. Such suspension mixture gave Ca:Sb molar ratio as 1:2.
Ca[Sb(OH)g], was precipitated from this suspension at the pH=6.5, different samples were
prepared by changing the pH of the suspension and amount of KSb(OH)s. The rietveld
refinement of XRD data revealed the similarity between natural and synthesized romeites with
formula Cay+xSh20s OH2.ox.

2.3.3. Barium (Ba) Doping

Geng et al., synthesized barium antimonate single crystals by hydrothermal method by using
KCI, 2 mmol Sb,03; and 1 mmol Ba(OH),.8H,0 in water. The Teflon lined autoclave was heated

to 190°C for 4d followed by sample cooling. Product was filtered and washed with DI water in
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ultrasonic bath. Two type of barium antimonates crystals different SbO; ratioswere obtained; the
pale brown Ba,Sb;013(OH) and the colorless BaSh3;Os(OH) crystals. Addition of 10% more
Ba(OH),.8H,0 and introduction of KCI salts as a mineralizer has increased the pale brown
product Ba,Sh;0:3(OH). The yield gets maximum at the precursor ratios Sh,Os/Ba(OH),
8H,0/KCl was 1.4:1:0.8 at 190°C [29].

2.3.4. Strontium (Sr) Doping

Hun Xue et al., reported synthesis of strontium antiomonate nanocrystals by hydrothermal
method from a solution of 0.88 gm Sr(CH3C0OQ),-0.5H,0 and 0.9 gm Sb,0Os in 70 mL deionized
water at different pH values. After pH adjustment with help of HNO3; and NaOH samples were

placed in a Teflon lined autoclave at 180°C for 48 h, following reaction occured during heating .
Sb,0s5 + 3H,0 — 2H3SbO,
H3SbO4 + 2H + 2e” — H3SbO3; + H,0
1.36Sr%* + 1.64H3Sb0, + 0.36H35ShO3 — Sr1.36Sb,06 + 1.64H,0 + 2.72H"

The precipitates obtained after this operation were washed for many time with dist water and
alcohol and dried in air at 80°C. The PXRD and SEM analysis indicated nanooctahedral
structure of Sry36Sb,0¢, and octahedrons with diameters 40 —120 nm [30]. Recently, a new
structure type for strontium doped antimony oxide by hydrothermal method was reported for
SrsSh,,035 [31]. The synthesis was carried out by the precursors; 0.1458g (0.5 mmol) of Sh,03,
0.0797g (0.3 mmol) Sr(OH),.8H,0 and 0.0058g (0.1 mmol) KF in a Teflon lined autoclave at
190 °C for 4d use water as solvent. After 4 d of heating, block shaped crystals of Sr5Sb,,03g
were obtained by cooling the mixture to room temperature then filtered and washed with DI
water many time. The X-ray single crystal studies revealed the monoclinic crystal structure with
lattice parameters; a=11.739(9), b= 12.014(10), c=16.412(13) A, B =91.460°(8)1 and V
=2314.0(3) A®. The analysis throuygh SEM confirmed the single crystal elemental ratios
Sb,03/Sr(OH); -8H,0/KF= 2.2:1:0.2. A cubic structures for Sr doped antimny oxide compound
Sr(SrosSbos)Os.y was also reported [32]. The ceramic method was used for the synthesis
(ceramic method involve mixing of powder chemical precursor with water and then prefiring in

order to hard the mixture) of Sr(Sro5Sbo5)Os.y. The mixture of high purity Sb,O3 and SrCO3; was
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fired at 900°C for 24 h after grinding. After firing powder was again ground, pelletized and

sintered at 1200°C for 48 h, the solid-state reaction expressed as,

0.25Sh,03 + 1.55rCO5 0.125yi2) + 0,— Sr1,58b0_503.y+ 1.5CO

2.4  Transition metals doped antimony oxide

2.4.1 Sc doped antimony oxide: Sc doped Antimony oxide, the ScSbO compound was reported
to obtain by solid state reaction between Sc(NO3) and the Sh,0s. At 1% metallic scandium was
dissolved into the nitric acid in order to obtain the scandium nitrates upon evaporation to
dryness. The scandium nitrate and antimony oxide were than crushed, mixed and compacted in
an equimolar ratio followed by heating slowly upto 500°C in order to get oxidized product. After
the oxidization that mixture was cooled ground and compacted again and heated in an oxidizing
atmosphere for 8h at 750-850°C than for next 20h at 1000°C. The final product was single phase
ScSbO rutile type crystal structure with Sb ion is +5 oxidation state characterized by PXRD. The
PXRD analysis also revealed that the reaction between ScO and SbO started at 950°C and
completed at 1050°C XRD analysis confirm the crystal structure [33].

2.4.2 Ti doped antimony oxide: Synthetic inorganic ion exchange material got remarkable
significance due to high stability and strong resistance toward high level of radiation [34].
Oxides and hydroxide of zirconium [35-36] antimony [37-39], titanium [40] and manganese [41]
[42] were studied for ion exchange materials. M.abe and Ito were the first who studied
antimonate of Sn and after synthesizing Sn antimonate they discover its ion exchange capability
[43]. Ti doped antimony oxides are important as an ion exchange materials. M.abe synthesized
Ti antimonate for this purpose from 4M (aq) SbhCls and 120 cms of 4M (aq) TiCl, were mixed at
60-C followed by an immediate addition of 5dm® DI water. And then with 960mL demineralized
water at same temperature. The white precipitates obtained, were allowed to stand overnight in
mother solution at 60°C, then filtered and washed with demineralized water through centrifuge
@ 10,000 rpm until the pH of solution become higher than 1.5. The product was dried at 60°C
for 4d then grounded and sieved through mesh size 100-200. Re washing was performed with
demineralized water remove any adherent particle then precipitate were treated with 1M HNO3

to remove chloride ion then again washed with demineralized water and finally dried at room
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temperature. Thermal analysis and XRD were done and result was a =4 . 66A ¢ =2.97 A
Another group of scientists also has reported the lon exchange properties of titanium antimonates
they have synthesized it by prehydrolysing SbCls in water and then mixing it with TiCly,.
Different ratio of antimony and titanium salts were used to prepare 5 mixtures. The XRD
analysis indicated poor rutile type crystal structure (a=4.593 A, ¢=2.959 A space group
P42/mnm) [44].

Antimonates show unusual properties when compared with phosphate, molybdate, arsenate and
tungstate. They also act as an in organic ion exchange material and large number of scientists
worked on inorganic ion exchangers [45]. M. Qureshi and V. Kumar did experiment to study ion
exchange capacity of titanium antimonates. For theis purpose they synthesized titanium
antimonate by mixing 0.1 M TiCl; and 0.1 M SbCls solutions in the volume ratio 1:1. Then
liquid NH3; was added dropwise with constant stirring till the required pH was attained. White
ppt obtained after 24 h stirring at room temperature. After washing by decantationand filteration,
drying was done at 40°C. This dried material cracks into small particles when sat in water.
Addition of 2M HNO; converted this material into hydrogen form which was washed with
demineralized water and dried at 40°C. After drying, sieving operation was done with 100-200
mesh size. After sieving material was ready for column operation to study its ion exchange
properties [46]. Antimonates of titanium synthesized by this method capture many hydrogen ions

in its structure during nitric acid treatment which were responsible for its ion exchange ability.

TiO, exists naturally in three crystalline phases, rutile, anatase and brookite. Out of these rutile
type phase is thermodynamically stable one, possess smaller band gap energy than its other
polymorphs. Anatase and brookite are metastable [47]. Rutile is a mineral composed primarily of
titanium dioxide TiO, [48].

XRD analysis indicated the following result for rutile type crystal structure with lattice

pararmaters; a=0.4594nm ¢=0.29589nm, cell volume = 0.0624 nm®
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Figure:2.2: represent Anatase and rutile phase of titanium oxide.

F.J berry et al, worked on shear planes formation when a crystalline materials was doped into
another crystalline material. They reported shear planes and twin boundaries formation when
SbCls was doped with rutile type of TiO,. For this purpose antimony oxide doped with titanium
was synthesized by calcination method. Mixture of SbCls and TiCl, solution was stabilized by
addition of ammonia and HCI for pH maintenance. Then mixture was filtered, precipitated and
washed. After washing material was calcined in air at 1000°C for 1 day. Characterization was
performed after calcination by XRD, which indicated the lattice parameters; a = b = 4.598(3)A, ¢
=2.968(3) A [49].

2.4.3 Vanadium doping in antimony oxide

Frank et al, in 1983 synthesized antimony oxide doped with vanadium by reacting the respective
oxides [50] Composition and structural properties of V-Sb oxide synthesized by three different
routes were studied by Taufiq et al, following XRD, FTIR and BET analysis. VSbO is used as a
catalyst for ammoxidation of propane to acrylonitrile it converts propane into propene [51-52].
For a long time propene is used as a starting material for acrylonitrile synthesis, but now a days
an attempt was made to prepare acrylonitrile from propane. For this purpose VSbO was used as a
catalyst which play its good part for synthesis of acrylonitrile. Three methods of VSbO synthesis

were followed.

Q) Deposition on Antimonic Acid (DAA) Method.
(i)  Sol-Gel (GS) Method.
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(iii)  Solid State Reaction (SS) Method [53].

(i). Deposition on antimonic acid: H,O, solution was prepared by mixing 30% of H,0, in water
and this aqueous mixture was placed in ice bath then SbCls was added into it. This mixture was
aged for 6 hour in ice bath. Light yellow ppt of antimonic acid were produced. After filteraton
ppt were washed with distilled water and drying operation were carried out at 120°C overnight.
V,05 solution was prepared in water with oxalic acid addition and 3 hour boiling to maintain V
in +4 oxidation state. Antimonic acid was added into V,0Os solution. The solution was refluxed
for 3 hours with continuous stirring. After evaporation of water obtained solid was grinded and
dried at 120°C for 1 night. Sb/V ratio was =3 and mixture was calcined at 700°C For 3 h.

(ii). Sol gel method: Aqueous solution of 30% H,0, was added slowly into another solution of
V,05 in 300ml water placed in ice bath. Solution was continuously stirred for 2 hour on ice bath.
After 2h solution was heated upto 100°C with stirring and refluxing. Then Sb,O3 was added into
that solution until solution become viscous and desired ratio of Sb/V was obtained. Solution
turns into dark green then again this solution was stirred and refluxed for 3h. After this operation
water was evaporated by hot plate and product was dried at 120°C for 1 night. Sb/V ratio was=2.
Then mixture was calcined for 3h at 600°C.

(iii) Solid State Reaction (SS) Method: V,05 and Sh,0; separately grinded and after grinding
mixed together. Time was requird to obtain the homogeneity of mixture. After mixing the
mixture was calcined at 500°C for 3 hours. Sb/V ratio was =1. Commercial Li ion batteries used
carbon as anode material. Morales et al did extensive research to introduce a substitute of carbon
anode in lithium ion baterrires. Antimony based intermetallic compound capture the attention of
researchers to used these compound as an anodic material. Electrochemical properties of
nanometric vanadium antimonite was studied for battery anode. Synthesis involved fine grinding
of V,05 and Sh,03 in 1:20 ratio. The mixture was ball milled in air using stainless steel vials
(250 ml) and ball size 20mm for 70h at 200 rpm. Characterization was carried out by XRD, TEM
and Mossbauer spectroscopy (MS) [54].

Sundana in 1984 studied the redox properties of compound having binary oxide system V,0s-
Sh,03. Solid state reaction at high temperature was carried out to synthesize VSbO. Equal weight
of powdered V,0s5 and Sbh,O3; were mixed and introduced into a quartz tube in open air and

temperature was gradually raise to 900°C. Then the product was water quenched to room

40



temperature which was black flowing crystalline powder. Characterization with XRD revealed
the tetragonal unit cell with a = 4.60 A, ¢ = 3.02A lattice parameters. ESR study indicated V**

oxidation state act as impurity in VSbO structure [55].

Doping of different metals in antimony oxide has profound effect on its structural chemistry and
properties. This change in properties of f-Sh,0, when small quantity of dopant metal was added
studied by Raymond and his colleagues. Synthesis involve coprecipitation method or sintering
method. In 1% method Sb,Os sol was prepared from Sb,O3 or Sh,04. NH;VO; was dissolved in
water then Sb sol was coprecipitated with ammonium vandate then evaporation and

denitrification was done. 2"P

method of synthesis of vanadium doped antimony oxide involve
grinding of both oxide then firing at temperature 800°C. Characterization through XRD, SEM
and neutron diffraction was carried out. Vanadium antimonate possess a rutile type structure with

space group P4,/mnm and lattice paramerters; a=4.6321(2)A c= 3.0355(2)A V= 65.12(1)A; [56].

Ballarini et al, studied the catalytic activity of VSbO prepared from two different methods for
ammoxidation of alkane to acrylonitrile. Two methods of VSbO synthesis were
mechanochemical method which involve ball milling and coprecipitation method. Catalyst
obtained by the both methods were characterized by XRD, BET, FTIR and TGA. Result
indicated that co precipitation method yield highly active catalyst for ammoxidation of propane.
In coprecipitation method VO(acac), and SbCls (V/Sb ratio=1) was dissolved in absolute
alcohol. The pH 7 was maintained by adding buffer solution the precipitate was separated from
the supernatant by centrifugation, and then filteration was carried out. Precipitates obtained were
dried at 140°C for 1 night and finally calcined by gradually increasing the temperature from
300°C,450°C, 550°C and was 700°C. Mechanochemical method involve mixing of V,0s and
Sh,03 in anticipated proportion (V/Sb =1 at. ratio). Then mixture was placed into vessel in which
stainless steel sphere were present the ratio of stainlesss steel sphere and metal oxide sphere was
=20/1. Milling was done to sample for 70 hourand finally this sample was calcined at 700°C.
Characterization was done by XRD, BET and FTIR techniques. Catalytic test for propane
ammoxidation was also carried out. Catalyst prepared by mechanochemical method has small
crystallite size and large morphological defect and in this type of synthesis compound show
rutile type structure. Sample prepared by coprecipitation method do not show high catalytic

activity toward ammoxidation of propane [57].
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The effect of preparation method of VSbO catalyst on ammoxidation of propane has been
revealed by Gabrielli et al. The VSbO has been synthesized by four different methods and their
catalytic behavior has been studied. During catalytic reaction V was reduced from its +5 to +4
oxidation state and the compound formed was V,0,. Antimony in its +5 oxidation state on
surface of vanadium antimonate was highly active to catalyse the ammoxidation of propane to
acrylonitrile. V reoxidize the Sb and play effective role in catalytic ammoxidation. Method of

synthesis involve solid state reaction, sol gel method and redox reaction in solution method.

I Solid state reaction: This method involves mechanical mixing and grinding of V,0s and
Sbh,03 samples. Mixing involved the maintenance of Sh:V as 1:3. After mixing calcination was
done with mixture at 400°C for 6 h then at 600°C for 3h. In order to enhance the possibility of
happening of solid state reaction between two oxide the mixture during calcination was
recurrently taken out from oven and ground and mixed. After this step small portion of calcined
sample was re calcined at 750°C or 850°C for 3 h.

ii. Redox reaction in solution: Slurry method for the preparation of VSbO was already reported
in patents [58-59]. VSbO preparation involves refluxing of NH4VVO3 solution with Sh,O3 for 8h
then solvent evaporation was done in a rotavapour following drying at 100°C for 1 night. Solid
after drying undergone heat treatment at 350°C for 4 hour then 500°C for 6 hour in the presence
of air or vacuum at pressure 10 torr. When heat treatment was completed the sample was
ground and mixed then calcined at 600°C for 2 h then 850°C for 2 h.

ii. Sol gel: Sol gel method used for VSbO synthesis was similar to those reported in patents. [60-
61]. 30% aqueous H,O; solution was added into V,0s solution. Mono peroxovanadium ion will
form in the reaction vessel. Continuous stirring was done for 2 h which resulted formation of a
sol. When stirring was continued for 16 hours the sol was converted into gel. Then Sb,03 was
added into the gel in such a quantity to attains desired ratio of Sb/V. Little quantity of water was
also added in order to reduce the viscosity of mixture then solution was refluxed with stirring for
3 h. After water evaporated through heating on hot plate, drying was done at 110°C for 1 night.
After drying the solid was crushed and calcined.

iv. Coprecipitation: SbCls was added into 10% H,O; solution at 0°C. After filteration the solid

was dried at 110°C. V,0s solution was prepared by reducing V*° into VV** by addition of oxalic
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acid at 100°C. Then antimony oxide was added into it final ratio of Sb/V was 1-3. Slurry was
refluxed and stirred for 3h. Then evaporation remove the water and resulted solid was dried at

110°C. After drying calcination was done.

2.4.4 Doping of Cr in Sb30: The ion exchange properties of antimonates with different metals
as an ion exchange material has been studied by J. Mathew et al, For this purpose chromium
antimonate was synthesized. Synthesis of chromium antimonate involved precipitation method
using CrCl; and HK,O;Sh, precursors. Antimonic acid was prepared by potassium

pyroantimonate solution [62].

2.4.5 Doping of Mn in antimony oxide: Subramanian et al synthesized Mn,Sbh,O; compound
by using MnCO3 and Sbh,03 as a starting material. Both chemicals were thoroughly milled in the
presence of CCl, which was added to enhance contact points during grinding in 1:1 ratio. After
grinding mixture was dried to evaporate the CCl,4 then pelletized. The pellet was fired in air on Pt
foil at 1100°C for 72h.. The first compound that was formed MnSh,03 at 950°C and the reaction
was completed after 72h heating. Samples were weighed during firing operation in order to
check the occurrence of chemical reaction by losing of elements during evaporation.
Characterization involve XRD analysis which indicated trigonal structure in space group=
p3:21with lattice parameters; a=7.191(1) ¢=17.398(1)A for the Mn,Sbh,0; compound [63-64]. In
this paper the crystal structure of the compound reported was distorted pyrochlore

Table 2.1: Product of solid state reaction of Mn,CO3 with Sb,03 at different temperature.

Temperature | Reaction time Reaction products
cC) (hr)

600 24 Mn,03 + ¥-Sh,04

900 24 Mn,03 +¥-MnSb,0¢

950 24 Mn,03+Mn,Sbh,O7+¥-MnSh,0¢

950 96 Mn,Sh,O7+x-MnSh,0g+
unidentified phase

1100 72 Mn,Sbh,0-

1200 24 Mn,Sb,0-

1250 24 Mn,Sh,0+ unidentified phase

A new crystal structure of MnSbh,Og has been reported by Vincent et al with hexagonal
symmetry. According to previously reported work the crystal structure of manganese doped
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antimony oxide was orthorhombic, distorted pyrochlore and tetragonal etc. [63]. Synthesis

involved heating of Mn,O3 and Sh,O3; mixture in different steps for 24h in ratio 2:5 and 5:2.

Then in next step sample was heated slowly 700-1200°C. Specimen obtained after heating at
1000°C, and 1200°C were analysed by XRD, SEM and thermogravimetry, lattice parameters, a =
8 8056(1), c=4.7232(1)A for hexagonal symmetry. Single crystal was also prepared by mixing
and grinding Mn,03 and Sbh,Og in ratio 2:5 and the obtained mixture weight was almost 5g. Then
mixture was pelletized under the pressure of 5 ton at room temperature in 5mm diameter pellet.
The pellet was heated on platinum foil for 24h at different temperatures. Temperature ranges
from 700, 800, 900 and 1000°C. There were no intermediate grinding after 24 h annealing
sample was quenched to room temperature. The single crystals obtained were needle shaped

showing a little hexagonal section [65].

Subramanean et al, synthesized Mn,Sh,07 by following solid state reaction and determined the
crystal structure by employing the MnCO3 and Sh,03; and CdO presursors. After fine grinding
heating was done in platinum crucible for 6h at 600- 900°C. At 600°C MnCO3; was decomposed
and at 900°C Sh,03 was oxidized to Sb,Os. Samples were agin ground then sealed to platinum
tubes and heated at 1100°C for 20h. XRD, Mossbauer spectroscopy and chemical analysis
characterize the product. XRD indicated that Mn,Sh,0; has rhombohedrally distorted pyrochlore

structure. Electrical study revealed that compound as an insulator [63].

2.4.6 Doping of Fe in antimony oxide: Synthesis of FeSbO, was carried out by adding the
aqueous solution of Fe(NO3)3 into Sb sol. Then this mixture was heated and stirred to drying and
firing for 3 h at 425°C. XRD and NDA indicated the presence of two phases in the reaction
product; the FeSbO, and Sh,0,4. FeSbO, found to be in space group= P4,,/mnm, a=4.6365(6)
b=4.6365(6) c=3.0742(6)A, V=66.09 A® [66]. Synthesis of iron antimonite involved heating of
Sb,03 and a- Fe O3 at 925°C in air. XRD and Mossbauer spectroscopy revealed magnetic

ordering at temperature ranges from 42.5 to 45 K [67].
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Figure 2.3:. Structure of FeSh,0, shaded octahedral are Fe*? ion located within O ion are
(black sphere) and Sb (white) .

Now a days inorganic lon exchange material get special attention due to their unique properties
like thermal stability and selectivity etc. Iron(iii) antimonates was also studied. In order to ensure
exchanging property, Rawat et al, worked on iron antimonates. For this purpose they synthesize
FeSbO by using salts of Fe(NO3); and SbCls. While the Antimony pentachloride was diluted
with 4M HCI. Solutions of 0.1 M iron antimonate and antimony pentachloride were mixed and
pH was adjusted by adding NH3 solution dropwise the the Fe/Sb ratio 2:1 was maintained. The
solution was aged for 24 h then the product was filtered, washed with demineralized water at
pH=6 and dried at 100°C. After drying the ppts were immersed in water when ppt make contact
with water they were broken down. The sample was dried at 40°C the ppt were converted to H*
form. By changing pH value different sample has been synthesized and their ion exchange
property have been measured. lon exchange ability of compound synthesized at lower pH was

higher than those samples which were synthesize at higher pH [68].

The FeSbO, nanoparticles have been synthesized by following sonochemical method [Paratnul].
The 0.2 M solutions of Fe(NOs); nonahydrate and Sb,O3; were prepared in slightly acidic
solution. After mixing both the solutions the mixture was sonicated for 30 min with gradual
addition of dropwise NH3 until pH = 9-10 and precipitation was completed. Sonication was
continued for 0.5h then cooled to room temperature. Brown ppt were obtained after cooling.
Solution was centrifuged and ppt obtained after filteration were washed with distilled water and

acetone for many times. Precipitates after washing were dried in air, ground and calcined at
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300/450°C for 6h in air. XRD analysis indicated rutile type of phase for FeSbO, nanoparticle
whereas XPS analysis indicated proper valence of Sb* and Fe** in nanoparticles [69]. Satyendra
et al, did researches on LPG gas sensing material using FeSbO, the Synthesis involved sol gel
and spin coating method. 0.1M solution of FeCl; and SbCl; were prepared in alcohol by
continuous stirring of 6h at 50°C. Both gel after 6h stirring were mixed properly into each other
and the solution after mixing was refluxed at 50°C for 6h in rotary vacuum evaporator. Then
precipitation of iron and antimony hydroxide take place after drop wise addition of NH,OH with
continuous stirring. Precipitates after filteration annealed at 450°C. Resultant compound was

FeSbO,. Chemical reactions taking place are following
Ethanolic solution of (FeCl3+SbCl3) — ppt.of Fe and Sb hydroxides(NH4OH dropwise)
2Sb(OH)3 +2Fe(OH)3+0,—2FeSbO4+ 6H,0 (450°C)

XRD suggested much smaller particle size of FeSbO,. Single phase of FeSbO, obtained at 450°C
annealing due to high diffusion rate of chemicals. The material has tetragonal crystal structure

and lattice parameter were a=b=4.5820 and c=3.0854A (P 42/mnm space group) [70].

The FeSbO,4 nanorods were synthesized by solid state reaction method followed by the ball
milling. Dry milling was done with measured quantity of Sb,Os and B-FeCOOH at 300r/min for
6h in PTEF vial. After milling the mixture was heated from 700- 900°C for 6h in air at the rate of
10°C/min. Structure characterization was done by PXRD and elemental analysis with SEM.
P42/mnm space group was reported and crystals were of rutile type tetragonal with lattice
parameters; a=0.4629 and c¢ = 0.3072nm. Electrochemical properties were measured further its
reaction with Li was studied which indicated that it can be used as cathodic material for primary

rechargeable Li ion battery. Further investigation in this regard are required [71].

The catalytic behavior of iron antimony oxide for ammoxidation of propene has been reported.
Synthesis involved slurry impregnation method, at 333K Fe(NO3); 9H,0 was heated in a beaker
on hot plate/magnetic stirrer in this way solution of iron nitrate was formed from its own water
of crystalisation. Sb,O3; was added into iron nitrate solution brown fumes were formed and
temperature was raised to 350K. Aquoeous NH3 was added into the solution to adjust the pH= 3.
After filteration the brown ppt were obtained which were dried at 400K for 16h. Then calcination
was done in air at 1173K for 7h which increases the rate of diffusion of ions. Sb:Fe ratio was 2:1
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which can be adjusted by adjusteing the amount of starting chemical precursors. Characterization
was performed by XRD, BET and TEM techniques. XRD indicated high temperature calcination
yield ordered structure of the product [72].

2.4.7 Co doped antimony oxide: Cobalt doped antimony oxide nanoparticle has the potential to
act as a chemical sensor and a photocatalyst for environmental pollution. Synthesis of CoSb30s
follow hydrothermal process, 0.1 M solutions of CoCl, and SbCls solution were added into
100mL double distilled water whose pH = 10.5 was adjusted by addition of NH;OH. This
reaction mixture was transferred to Teflon autoclave and placed in oven at 150°C for 16h. Brown
ppt of CoSbh,O¢ were obtained after washing with acetone. The ppt were dried at room
temperature and were grinded into fine powder than heated at 400°C in oven. Heating induced
uniform nanosize crystal of CoSh,0Os. The photo catalytic activity was measured by using

acridine solution [73].

Figure 2.4;. CoSh,0s SEM image [73]

The hydrothermal synthesis of CoSbO nanoparticles has been reported by Peter Norby et al.,
which involved in situ and ex situ experimentation. In situ experiment saphire capillary tubes
were used which is Al,O3 anisotropic, monoaxial, crystalline, substance, hardest and durable
material, possess excellent thermal stability upto 1600°C. Chemical precursors were Co-
(CH3CO0),:4H,0, SbCl;, NaOH and HCI. Solution of SbCl; was added into 4M HCI then
aqueous solution of Co(CH3COQ).2H,0 was added into it. The pH of mixture was maintained
by adding NaOH which also changed the solution from red to blue. A little amount of this

solution was injected into saphire tube at pressure of 256 bar. Then heating was done by
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applying jet of hot air and desired temperature was attained within 20 s. Ex situ experimentation
involved mixing 10ml of 1.33M SbCl; solution in 4M HCI and 0.66M Co(CH3C0OO0).2H,0
aquous solution with magnetic stirring. Afterwards 16mL of 8M NaOH solution was added in
order to maintain the pH. An autoclave was filled with the 70 ml of reactiom mixture and placed
into oven for 53h at 220°C. The powder was obtained from filtered, washed and dried reaction
mixture which was characterized by PXRD and SEM analysis. An electrochemical analysis was
aslo performed to check the conductivity of CoSbO [74]. The synthesis of mesoporopus
CoSh,0¢. H.bonilla et al studied gas sensing ability of nano CoSb,0Os for this study they prepare
its nanoparticles by colloidal method by using Co(NO)s, SbCls, n-dodecylamine (C12H27N) and
C,HsOH. Synthesis involve dissolution of SbCl; and dodecylamine in alcohol and Co(NO3); also
dissolve separately in alcohol with dodecylamine. Cobalt solution was red in colour and ShCl;
solution was colorless. Cobalt solution was continously stirred for 1h than SbCI3 solution was
added into it red colour of cobalt solution turn blue after SbCl; solution addition due to formation
of blue ppt and pH of this suspension was 2 this suspension was stirred for 24h at room
temperature. Then using microwave oven the solvent was evaporated by microwave radiation
(160 W). The temperature of suspension was kept at 50 °C in microwave oven. For maintenance
of temperature inside the microwave the microwave radiation was applied 10 time for 20s. After
this operation the sample became viscous and was dried at 200 °C in air for 5h then further
calcination was carried out from 300 °C to 700 °C for 5h. The temperature of furnace was raised
@ of 100 °C/h. XRD analysis indicated that several phases are present in the sample [75].

2.4.8 Doping of Ni in antimony oxide: Synthesis of mixed metals oxide, their properties and
applications were studied by Osama et al. The materials synthesized were Ca,CuQ3, Ca3C0,0s,
and NiSb,0g involving solid state calcination method. In which NiCO3 and Sb,O3 powders were
mixed and calcined in stoichiometric amounts at 900°C for 2h after grinding. These oxide

showed good heat resistance and corrosion resistance properties [76].

The effect of temperaure changes on NiSb,O, structure prepared by sol gel method was
investigated by Sandrella et al. The compound, NiSb,O4 was prepared by using 1M NiCl,, 2M
SbCl; and 8M NaOH solutions. In NaOH solution, NiCl, and SbCl; solution were sdded slowly
with constant stirring. Afterwards the precipitates formed were filtered and washed many times

with dist. water. Chemical reaction took place during synthesis followed the given equation,
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2ShCl3 + NiCl,.6H,0 + 8NaOH — NiSh,0,4 + 8NaCl + 10H,0

Then product obtained was calcined at different temperatures, i.e, 500 ,900 and 1100°C.
Characterization was carried out by DTA and XRD. Sample calcined at 1100°C showed intense
peak of NiSbh,0, and small peak of NiO and Sb,03 by XRD, whereas sample calcined at 900°C
showed single phase of NiSb,O, while the sample calcined at 500°C showes peaks of two
different compounds (NiO,Sh,03) [77].

lon exchange ability of Ni and Co antimonates were studied by Qureshi et al, in 1978. They
synthesized nickel antimonate by sol gel method, by addition of 0.05M H,Sb,0; into 0.05M
Ni(NOg3), and by maintaining the pH = 11.The ratio of Ni/Sb was 1 : 2. Then gel was refluxed in
the mother liquor for 10h. After 10 h refluxing, the mixture was filtered, ppt were washed with
dist. water and dried at 100°C [78].

Ni antimonate synthesis and catalytic activity for ammoxidation of propane was reported by T.J.
Cassidy. Synthesis involved dissolution of NiCl, and SbCls in ag. solution of HCI. Then this this
green solution was added dropwise into buffer solution of NH,CH3COO, which was stirred
thoroughly (pH = 7). Precipitates were washed with dist. water three times and centrifuged after
very time of washing. Drying at 120 °C for 1 night then temperaturewas raised to 300 °C for 2h,
then finally to 700 °C for 16h. [79].

2.4.9 Doping of Cu in antimony oxide: Copper compounds(CusSbOg or CusSbQ,4) having
honey comb lattices show fantastic magnetic properties at low temperature. E.Climent et al,
studied five compounds of copper for their magnetic properties in this paper.These compounds
have delaffosite crystal structure (delaffosite is copper iron oxide mineral with formula CuFeO..
Gabriel delafosse gave the name to this material in 1873 and friedel first time discovered this
material CuFeO,. After this, many compounds having delefossite structure have been discovered
including CulnO,, CuScO,, CuYO, etc. In delafossite structure, every Cu atom is linearly
coordinated with two oxygen atom and form O-Cu-O dumbbells parallel to c-axis having
rhombohedral unit cell) [80].
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Figure 2.5: Delafossite structure [80]

John teller distortion in Cu* d9 system also result formation of Cu*>-Cu*? dimer which give
copper containing compounds magnetic property. These dimerization leads to triangular lattice
rather then rectangular. Powder CusSbOg were prepared by following solid state reaction method
from mixture of CuO and Sh,0O3 in ratio of 5:1 and heated in air at 950°C @ 100°C per hour for
16 h. Then reheated at 1000°C for 24h in air. PXRD analysis indicated the monoclinic structure
with a=8.93, b=5.60, ¢ =11.85 A, and B = 103.6°. A magnetic property of CusSbOg was also
measured by VSM (vibrating sample magnetometry), which indicates magnetic behavior of
CusSbOg [81].
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Figure 2.6: Delafossite honeycomb crystal structure of CusSbOgs. (a). View
perpendicular to the honeycomb layer with the Cu?* honeycomb arrangement
emphasized (black dashed lines and dots). Sb(V)O¢ octahedral are shown in blue (dark)
while Cu(l1)Og octahedral are shown in yellow (light). A schematic illustration of the
relationship of the unit cell axes between the hexagonal (light-gray dashed-dot arrows)
and monoclinic (red solid arrows) cells is also included. (b) View parallel to the

honeycomb layers. The two types of O —Cu(I) —O sticks that separate the planes a [81].

Walter synthesized copper antimonite by following facile synthesis route and studied its
application as a future candidate oxidant for using in delaying of time for mining
detonation. The copper antimonite was prepared by refluxing method in three necked
flask attached with condenser. In 28g NH3 solution, 10g of CuCOs3.Cu(OH), and 282
gram distilled water were added (mixture was magnetically stirred at 500 rpm). Then 26g
Sbh,03 was added into the stirred suspension and mixture was heated in an oil bath to
reflux. Temperature was settled at 60-70°C. Stirrer speed was increased upto 700 rpm to
ensure homogeneity of suspension. Cooling water was passed through condenser in order
to prevent NH3 escaping. Refluxing was done for 6h. The NH3 was allowed to evaporate
by stopping the cooling water. Suspension was filtered, ppt obtained were washed and
calcined at 1000°C for 2h. Chemical reactions took place during the process is given

below,
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CuCO3.Cu(OH), + 8NH3; — 2[Cu(NH3)s]** + (CO3)* + 20H
2[Cu(NH3),]*" + COs* + 20H + 2Sb,03 S 2Cu(ShO,); + CO, + H,O + 8NH;
CUCOg.CU(OH)z + 8NH; + 2Sb, O3 = 2CuSh,04 + CO, + H,O + 8NH;3

1100°

CuSh,04 + O —> CuSh,04

CuSh,0¢ powder sample was characterized by SEM, PXRD, UV-Visible Spectroscopy
and TGA analysis [82-83].

Koltsova et al, studied the phase relation of Cu-Sh-O system at 700°C to 1000°C. They
concluded that Sh,O4 in CuSbO exist in two polymorphic form Sh,0, and B-Sbh,0, at
800°C. Synthesis of CuSbO involved mixing of CuO and Sb,03 in ethanol. Then mixture
was heated in a crucible at 700 °C, 800 °C and 950 °C for 30h in air with intermediate
regrindings. Products obtained after heating were cooled to room temperature, different
samples were prepared at different heating duration and temperature followed by

quenching.

Table 2.2: Sh,03 and CuO phase relation at different temperature.

S}'n‘thes"is o Phase composition
temperature, “C
700 CuO + CuSb,04_ 5 + 0-Sb,0,
800 CuO + CuSb,04_3;
800 CuSb,04_5
800 CuSb,04_5+ 0-Sb,0, + 3-Sb,0,
1000 CuO + CusSbOg
950 CuO + Cu;SbOg
950 CusSbO;
950 CuSb,04_ 5+ CusSbO,
1000 CuSb,04 _ 5+ CusSbO,
950 CuSb,04_5
950 0-Sb,0,. B-Sb,0,

Then analysis indicated orthorhombic cell with a = 4.6047, b = 4.6603, and ¢ =9.2531A [84].
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2.4.10 Doping of Zn into antiomony oxide: A.singh et al, prepared ZnSh,0Os by single step
hydrothermal method of synthesis. limenite (NaSbO3) was added into the teflon lined autoclave
divalent metal chloride solution of ZnCl, and CdCl, were also added into the autoclave along
with an appropriate amount of water. Then heating was done in oven at 150-240°C for different
durations. Product obtained by heating at 210°C for 3 d was CdSh,0Og while heating at 240°C for
4 d the product obtained was ZnSh,Og. After heating solution was filtered and ppt. obtained were
washed and dried. Characterization was performed by SEM, XRD UV-Visible analysis revealed
the trirutile structure of ZnSh,0g with space group (P42mnm) and lattice parameters were a =
4-6827(8) and ¢ =9-277(1) A. Optical and photocatalytic activity was also measured for ZnSb,O¢
[85].

The generation of carrier in the structure of ZnSbO has been studied by Naoto et al., which is
semiconducting nature and it is n type carrier. Its conductivity depends on method of synthesis.
Sol gel method of ZnSbO preparation show different conductivity as compared to that of
prepared by solid state method. In this paper ZnSbO a synthesis has been reported which
involves Sh,0O3; powder addition to dist. water and H,O. This sol was heated to 363-373 K for 2h
during this process Sh,O3 gets converted into Sh,Os. With continuous stirring of Sb,Os sol at
368K 3ZnC03.4Zn(0OH), was slowly added. The ZnSh,0s was produced as a product of this
reaction while the main product was Zn and Sb rich.Zn,SbOg, obtained after filteration and
drying at 373-573K. Obtained powder was sintered in air at three different temperatures and time
durations ; at 893K for 12h, 1173K for 6h and 393K for 24h. In order to control the crystallinity
and electrical properties, different sample of ZnSbO prepared in different conditions.
Characterization was done by SEM and XRD analysis which indicated trirutile phase of ZnSh,0¢
with the existence of rutile chains. Due to these chains the mobility of electron carrier was
considered to be high [86].
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Figure 2.7. Crystal structure of ZnSh,0¢. Edge-shared octahedrons represent the rutile
chain [86]

2.5  Lubricating oils
Lubrication is a technique used to reduce the wear of surfaces in close contact and move relative
to one another by introducing a substance called lubricant between them. Vast varieties of
lubricating oils are introduced at commercial level in vehicles and machines. Such lubricants
enhance the life of engines and machineries by reducing the friction between the rubbing parts.
Engine lubricating oils are widely used for transportation and machinery lubrication [137]. In
order to get good quality of lubricants scientist are trying to introduce new chemicals as additives
in lubricating oil. Lubricating oils properties are greatly influenced by addition of certain
additives, in terms of flash point, viscosity, surface tension, wear, oxidation and specific gravity
etc.
2.5.1 Addition of chemicals in lubricating oil
Large number of researches are conducted to improve the performance of lubricating oil by
introducing new additives into it. Following survey concentrates the past work done by scientist
to enhance the efficiency of lubricating oil.
2.5.2 ZDDP
Allyson et al in 2000 determined the function and mechanism of action of ZDDP (Zinc dialkyl
dithiophosphate) as an additive and determined its effect on properties of lubricating oil. ZDDP
retards oxidation of lubricating oil during service because when engine is working it produces
heat and due to heating lubricating oil start oxidation and there is production of free radicals (the
peroxy radicals). ZDDP react with these radicals and retard their propagation and it acted as
radical scavangers and stopped production of free radicals. ZDDP also acted as an antiwear
chemical by forming thick layer on rubbing parts [138]. Following the ZDDP additive scientist
used metals other than zinc and form metal DDP including Mo, Ca, Cd and Pb. Anti-oxidant and
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anti-wear properties of these MDDP were studied and found inferior than ZDDP [139]. Other
antiwear additives metal free dithiophosphate [140], aminothiophosphate, O,O-
dialkylphosphorodithioic disulfides [(RO).P(S)S-SP(S)(RO),] as potential replacements for
ZDDP [141], metal organophosphates including those of Ca, Zn and Al [142], tricresyl
phosphate (TCP), dialkylphosphonates [143], Dithiocarbamates of several different metals and
metalloids including Zn [141], molybdenum, Cu [144], Ce , Pb, Sb [145] and Bi, Mo
dialkyldithiocarbamates (MoDTC) [146] were also introduced in lubricating oil and their effect
were studied, all acted as good antiwear additives.

2.5.3 CuO,TiO; and nano diamond as an additives

Y.Y.Wu et al introduced nano CuO, TiO, and nano diamond into lubricating oil as an additives
and studied the effect on properties of lubricating oil. In order to protect oxidation of
nanoparticles of following materials were soaked in glycol and in the presence of glycol were
added into lubricating oil. Friction analyser and Viscometers revealed the good friction reduction
and antiwear properties of these materials. Nano diamond had very little effect but CuO has
tremendously reduced the wear and friction by forming a layer on worn surfaces which
decreased the shearing stress and improved tribological properties. Viscosity of oil was greatly
enhanced by TiO, and CuO nanoparticles at high temperature which led to proper lubrication
[147].

2.5.4 CuO additive

Ehsan ollah et al in 2013 studied the effect of CuO nanoparticles addition on lubricating oil
properties. They measured the quality parameters of lube oil with CuO including; viscosity, flash
point, antiwear ability and pour point etc. in comparison to virgin oil. Results indicated the
improvement in performance of lube oil. Viscosity and flash point increased and pour point of
the lubricating oil decreased which produces good effect during service [148].

2.6.  Properties of antimonates

Lithium antimonates has ionic conductivity used in batteries and other electronic devices as an
electrodes material. Antimonates of Na show flame retardant ability [92], antimonates of Ca are
used in glass industry for creation of opacity [99], and also it possess photocatalytic activity
[100]. Antimonate of Sr have double perovskite like structure used in fuel cell, solar cell [32],
and as a semiconducting material [94]. Antimonates of Fe serve as LPG sensing material [70]. Ti

antimonates show ion exchange property [97],V antimonates show magnetic susceptibility [50],
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electrical property [54], and catalytic property for ammoxidation of propane. Cr antimonates also
show ion exchange property [62]. Manganese antimonates show magnetic property [149]. FeSbO
used as a catalyst [72], as an ion exchange material and possess various analytical applications
[68], including electrochemical property [71]. Ni antimonates show ion exchange ability [78] and
heat resistant pigment in paints [101]. Co antimonates have magnetic property along with the
electrochemical ability these compound will used in batteries [74]. Co antimonites are the
candidate oxidants in the time delays for mining detonators [96] also show electrical properties
[94]. Co antimonate show electrochemical ability [74], as a chemical sensor and photocatalyst
for environment pollutants [98] also show magnetic properties [83]. Zn antimonates show
photocatalytic property [85], it also shows optical and electrical properties [86]. And other
metals antimonates also have unique and worthwhile properties which serve as a milestone for
the researchers to do extensive research on synthesis of antimony oxide doped with different

metals.

2.7.  Properties of lubricating oil

When certain additives are added into lubricating oils they directly influence the properties of
lubricating oil. Density, viscosity, flash point,wear resistance, oxidation and corrosion resistance
of lubricating oil increases by addition of additives. Such oils considered good for service inside
the engine possess high values of following quality parameters.

2.8 Properties of doped antimonates

2.8.1 Optical properties

U.V visible spectroscopic analysis for Sr antimonates was carried out and spectrum shows that
compound has no absorption from 400-800nm .and absorption edges appear near 375 nm. Which

indicates that strontium antimonates is an insulator with optical band gap of 3.3 eV [31].
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Figure 2.8 Optical absorption spectrum converted from optical diffuse reflectance
spectrum for polycrystalline sample of strontium antimonates [31].

Ba,Sh,03 also possess indirect band gap semiconductor properties Its optical diffuse reflectance
spectrum were measured and result deduced from the spectra indicated in figure that

Ba,Sh;013(OH) belongs to a semiconductor with optical band gap of 2.7eV [150].

3.0

AN
2.5 /_/"’

2.0 -

17

(i)' %(eV)'?

1.5

1.0 -

0.5 <
£ E =27eV

0.0 — T T T T
1 2 3 4 £ (] 7
Energy (eV)

Figure 2.9. Optical band gap estimated from the plots of (ahv)1/2 versus energy (hv)
for polycrystalline sample of Ba,Sb;03(OH).

Semiconductor-based photocatalytic oxidation has been established to be one of the most
auspicious technologies for the environment remediation and has been employed in the treatment
of all kinds of organic contaminants [151-153]. The require photocatalyst should be of high
photocatalytic activity if it can be use for environmental remediation. Therefore incredible
researches are done for the development of new photocatalysts [154]. CaSb,Os and

CaSh,05(0OH), show photocatalytic property This property was measured by degradation of
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methyl orange and gaseous benzene [102]. Photocatalytic experiment was carried out in a quartz
tube having 17Cm length and 4.6Cm inner dia under UV light irradiation. Four UV lamps with
A=254 nm was used as illumination source. The photocatalyst was added in an amout of 80 mg
into 80 mL methyl orange solution and stirred for 2h before irradiation to assure that adsorption
desorption equilibrium was reached. At given irradiation time interval 4mL of suspension was
collected, centrifuged and filtered to separate the photocatalyst particle. Degraded solution of
methyl orange were analysed by U.V vis spectrophotometer. Changes in concentration of methyl
orange were monitored by maximal absorption in U.V vis spectra at 464 nm. Result after
irradiatintion indicated that methyl orange was degraded completely by irradiating
CaSh,05(0OH), for 60 min. While Ca,Sh,0; show little photocatalytic activity comparable to
CaSh,05(0H),, in the same time for illumination the methyle orange degradation only 70%.
Both photocatalyst show high stability towards UV radiation. Following figure indicated the

irradiation.
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Figure 2.10: UV-visible degradation spectra of CaSh,05(OH), prepared at pH=1and cubic
CaSh,0s

ZnSh,0s also show photocatalytic activity which can be measured by degradation of RhB and
Methyl orange dyes.dyes aqueous solution is required and for irradiation purpose 4 UV lamps of
tungsten with 254nm wavelnegth were used. Photocatalytic reaction was carried out in a quartz
tube having 4.6cm inner diameter and 17cm length. In 150 mL RhB solution 150 mL ZnSbh,0¢
was added and continuously stirred for 1 night. Then suspension was irradiated with different
time intervals. 4 mL of suspension was taken and centrifuged then filtered to collect
photocatalyst particles. Degraded solutins of RhB and Methyle orange were analysed by UV-vis
spectrophotometer. Absorption peak of RhB at 554 nm was observed. ZnSh,0s photocataalytic
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activity was measured by degradation value of RhB and MO dyes under UV light irradiation.

Sequential changes in RhB concentration monitored by the maximal absorption in UV-vis

spectra at 554 nm over ZnSh,Og are given below.
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Figure 2.11: Temporal changes of RhB concentration as monitored by the UV-vis absorption spectra

at 554nm over illuminated ZnSh,Qg, illuminated P25 and UV irradiations only

When UV light fall on RhB solution in the presence of ZnSh,0g for 40 min 95% of RhB was
degraded and when 60 min irradiation was done complete degradation of RhB was carried out. In
the absence of ZnSh,0¢ only 40% RhB was degraded by uv radiation.photocatalytic activity of
nano ZnSh,Og was compared with commercial Degussa P25in above figure.C represent
absorption of RhB at different time interval of irradiation. C° is the absorption of starting
concentration. Similarly degradation of methyl orange was measured in the presence of ZnSh,0g
its initial concentration was 20 ppm and absorption peak at 464nm was monitored [155].

antimonates of cobalt also show photocatalytic ptoperties [98].
2.8.2. Photoluminescence Properties.

ZnSh,0g show photoluminescence ability which is measured at room temperature.He-Cd laser is

used as an excitation source at 325nm rangeiindicated by figure below,
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Figure 2.12:Excitation power intensity-dependent PL of the nanostructures measured at room

temperature, where o is about 20 kW/cm?. Position (b) and integrated intensity

It is excitation power dependent photoluminescence. Intensity of excitation light ranges about 0.2
and 20 kW/cm?. Sample possess narrow UV emission which is associated to near band emission
and a broad green emission band which is related to deep level defects [a]. Substantial red shift
from 383-398nm is shown with increasing intensity of excitation power from 0.2-20 KW/cm? by
near band edge emission[b]. Near band edge excitation is dominant by bound exciton transition
at room temperature when excitation power intensity is low. When intensity is high for excitation
photogenerated electrons discharge phonons by Auger recombination and relaxation happen
from conduction band to trap states. It result saturation of Near band edge emission and cause

redshift by increasing intensity of excitation [156].
2.8.3. Surface photovoltage property

Surface photovoltage spectroscopy is very versatile and powerful characterization technique it is
applied to study different semiconductor bulk material and various nanostructures studies.it gives
information about electronic structure and optical behavior of a material at room temperature.
Sps is performed by using kelvin probe and material is illuminated by a light source [157].
Surface photovoltage property of a material can be calculated by surface photo voltage spectrum.
This property provides information about electrons and holes when light fall on the surface of
material [158]. ZnSb3Og show surface photovoltage property.and it is measured by taking the
spectra of ZnSh,0s .2 sample of ZnSh,0s were studied by sps analysis. Pure ZnSh,0¢ and doped
ZnSh,0¢ .The pure ZnSh,0g show absorption band from 320 to 380 nm.and doped ZnSh,0g do
not show absorption peak. Difference between doped and un doped material is due to
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modification of doped material with dopant. Maximum signal was at 320nm which shows
transition from 2p orbital of oxygen to 4d orbital of Sb [159]. Intensity of spectra gives the
information about photocatalytic activity [160]. Photocatalytic activity will be higher if surface

photovoltage signals are weak [161].

ZSO (900)

SPS signal / au.

Wavelength / nm

Figure 2.13: SPS spectra of ZSO(900) undoped and N-ZSO(900)doped ZnSh,0¢ without

external bias.

2.8.4. Electrical properties

2.8.4.1. Conductivity. Antimonates of Ti show electrical conductivity with temperature. The
electrical conductivity was measured as a function of frequency range in the temperature ranging

from 76-350K. Graphical represention of the relationship between temperature and conductivity

is shown in figure 2.14. .
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Figure 2.14: conductivity vs temperature

Three samples of different antimony oxide concentration were studied graph indicated convex
curves when antimony oxide concentration increased the maximum shift of line move toward
higher temperature and higher conductivity side. Similarly when frequency increased the
maximum shift move toward higher temperature [162]. The V antimonates also show electrical
properties [163].

N&SbOg

IImenite phase of NaSbhOj; show little ionic conductivity figure below indicated the

typical ac impedance spectrum of ilmenite type NaSbO3 at 182°C.
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Figure 2.15: The ac complex impedance spectrum of ilmenite NaShOs.
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Semicircle is present at higher frequency and an inclined straight line is present at lower
frequency. lonic conductivity of ilmenite phase also be measured by Arrhenius plot figure below

indicated the plot.
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Figure 2.16; Arrhenius plot for NaSbO3 ionic conductivity for ilmenite phase.

Arrhenius plot indicated Linear behavior in the temperature range of 150-400-C for ionic
conductivity. Highest conductivity is shown at 400-C by ac impedance is 3.0x10™ S.cm™ and

having activation energy Ea=0.66 eV.

In ilmenite NaSbOs; the Na* ions are orderly arranged between the edge sharing SbOg in
octahedral sites.movement of Na’ is 2 dimensional in ilmenite phase instead of three
dimensional. Na-O bond is stronger and bond distance is 2.313(5) and 2.535(5)A Strong bond
result reduce ionic conductivity.Na-Na separation is 3.175(2)A. and activation energy is also
higher then other crystalline phase of NaSbOj3. Lower conductivity is also attributed to higher

sodium occupancy factor [164].
2.8.5. Electrochemical properties

Nano CoSh,0Og possess electrochemical properties. Future trials are made to use it as ann anode
in lithium ion batteries.its potential was measured by half cell of type CR2032. Galvanostatic

cycling is mentioned below in the figure for CoSb,0s.

63



Li per CoSb,0,
1 2 3 4 5 & T

=

3 2

L pear CoSh, 0, T
@ F 4 8 8 W 12 HE

— ek e
o N B
=

[T

1

Villags va_ [LaLi WV
oo Do s
B

i

O 200 400 800 B0 0001200 |
Capacty (méhig)

Voltage vs. (Li/Li" YV
[ T - |
o o

=
N B

100 200 300 400 500
Capacity (mAh/g)

=]

Figure 2.17: Potential (vs Li/Li") vs capacity for CoSh,0, under galvanostatic
charge/discharge at 30 mA/g between 0.05 and 1.3 V for the second, third, and tenth cycles.

The inset shows the initial discharge and charge curves.

15 Li atoms reacted with CoSh,0g when initial discharge reached at 1131 mAh/g. it is analogous
to the 1127 mAh/g already reported.inital charge capacity was 417 mAh/g which is parallels to
dealloying below Li3Sb two formula units. It is renowned that in half cell unreacted cobalt is
inactive electrochemically. On successive cycling capacity was fadeup quickly. After 10" cycle
only 20 mAh/g reversible capacity was remaining. CoSh,0¢ potential for using it as an anode
material in Li battery is not suitable . Because material possess large irreversible capacity in 1%
cycle and this capacity fades up in 10" cycle. Further research is required to use CoSb,Og as an

anode material for batteries [74]

2.8.6 lon exchange property. Antimonates of Ti show ion exchange ability [44], chromium
[62], FeSbO3 also possess ion exchange capacity [68].

2.8.7. Magnetic properties.

Magnetic studies of FeSbO, indicated the magnetic nature of iron antimony oxide at room
temperature. A vibrating sample magnetometer was used for magnetization studies. Result
indicated that magnetization decrease to zero when applied field was removed which resulted

superparamagnetic behavior. Superparamagnetism is unique phenolmenon possessed by few
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nanomaterial which show paramagnetic behavior above a critical size. Figure indicated that
FeSbO, nanoparticles having average crystallite size 3nm show no magnetization at zero
magnetic field strength, which indicated superparamagnetism. The smallest crystallite having
2nm size is single domain particle also exhibit superparamagnetism. This revealed that magnetic
domain size of these particles were approximately larger than 2nm. When magnetic particle size

was decrease they change from multi domain to single domain [70].
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Figure 2.18:Magnetic behaviorof FeSbO,

COszOe and CUszOs

Cobalt and copper antimonates also show magnetic susceptibility. Measurement was done by
magnetic susceptibility measurement and NMR/NQR techniques. Magnetization (M) and
susceptibility(M/H) depends on temperature for CoSh,0¢ measured at different magnetic field

given below in figure:
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of CoSh,0g compounds measured at various magnetic Fields (H).

Susceptibility (M/H) values do not depends on magnetizationH above 70k.and it shows curie-
weiss behavior. Effective moment(per) estimated value was 4.66ug and Weiss temperature
expected value was 17.8K [165]. Co™ has slightly higher value of effectine moment de to
presence of d7 high spin state. Susceptibility values below 70K quickly increases due to
formation of short range ferromagnetic order. After 30K, at low temperature susceptibility values
are going to decreases for zero field cooling.it was constant below 30K for field cooling
measurement. Spin freezing behavior is observed 1% time in CoSh,Os structure which was

caused by spin frustration due to low dimensional magnetic structure. Further researches are in

progress to find the electronic and magnetic state of cobalt.

CUszOa

Magnetic susceptibility of CuSb,0g depends on temperature. Figure below indicated this

dependence when field of 2.5kOe is applied.
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Figure 2.20: Temperature dependence of the magnetic susceptibility of the CuSbh,0¢
sample. The solid line represents a result of the curve fitting S**12 1-D

antiferromagnetic Heisenberg model.

Cu*? sublattice ids 2-D square but its magnetic susceptibility matches well withnumerical
calculation of 1-D antiferromagnetic Heisenberg model.this 1-D behavior indicated that
superexchange pathways are not not similar for [1 1 0] and [1 1 0] directions [166 ]. In 1% one
Cu O O Cu coupling take place and bond angle is 180°. In 2™ case Cu O Cu coupling is present
with bond angle 160°. In figure magnetic susceptibility decrease quickly at 8.5K. Which
signifies that magnetic transition is undergoing inside the system. Which indicated that magnetic
moment of Cu*? is less than 1.0ug if 3-D antiferromagnetic long range order is present.Magnetic
transition at 8.5 K is not due to antiferromagntic long range order. It is an open question for
researchers. NMR and NQR measurement indicated that it is due to spin pierls transition.Further

researches are required to proof this data [167].
Antimonates of vanadium [50], manganese [168], and FeSb,0, show magnetic property [67].
2.8.8 Catalyst

Vanadium antimonates are used effective catalyst for ammoxidation of alkanes. FeSbO also used

as a substitute catalyst for alkane ammoxidation [72].

Vanadium antimonate act as a catalyst for conversion of hydrogen sulfide to sulfer.petroleum
refinery gases and natural gses use VSbO for removal of H,S pollutant and converted into
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elemental sulfer it serve as an excellent source for H,S removal. Various catalyst were used for
this purpose which poses their own hazards but vsbo proof itself to be a good substitute for
previous one. Catalytic activity of vsho for conversion of H,S into sulfer was studied by using a
flow reactor with temperature 180-280°C. VSBO catalyst was prepared in five different ratios of
VISb 1/0, 5/1, 1/1, 1/5.0/1 In a tubular reactor catalytic reaction with hydrogen sulfide was
studied. Reactor consist of a pyrex tube with diameter 0.007m. Before measuring the catalytic
reaction reactor was heated with a tube furnace.presulfurization of catalyst was carried out in an
environment of 15 vol %H,S, 25 vol%0; and 60 vol%N, for 8h at 250°C. Reactor temperature
was decreased from 250°C to 180°C after presulfurization. Then gaseous feed was introduced at
the top of the reactor which carry 1vol% H,S , 94vol % N, and 5 vol%H,. Gaseous feed was
flowing into the reactor at 200 mL/min and catalyst contact with gas feed for 0.03s. Gas product
analysis was carried out.
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Figure 2.21: Sulfer yield as a function of reaction temperature

Yield of sulfer as a function of temperature shown above for vsbo catalyst having four different
concentration pure antimony oxide is excluded due to its low activity. Different concentration of
catalyst having different yield.5/1, 1/1, 1/5 concentrations having maximum yield of 86.1%,
100% and 92%. Yield was maximum for 1/1 ratio of V/Sb .VSbO, which contain Sh+5 in

oxidized state and vanadium in reduced state [169].
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2.8.9 Acid base property

iron antimonates show acidic and basic nature due to presence of iron and antimony. Iron
antimonates strongly acidic sites possessing Fe** cations are obstructed by weakly acidic Sb**
cation. strength and nature of acidic and basic sites and relative concentration of these sites can
be determined by IR spectroscopy of adsorbed molecules.pretreatment of prepared sample of
iron antimonates was done in a vacuum of 10 to 10® torr at 273 K thenin the presence of
oxygen at 400 -600 torr. Cooling was done in the presence of oxygento room temperature. And
evacuation to 107 torr.spectra was recorded at room temperature by using UR-20
spectrometer.recorded spectra was decomposed into individual component on SC-2 curve
synthesizer.iron antimonate surface has two type of basic centres and responsible for bands at
2242 cm™ and 2259cm™ in CdCl; spectra. This relates to pka of basic centres +2 and-3 [170].

2.8.10 Sorption behavior

Titanium antimonates show sorption behavior their ability was tested in nuclear power plant.it

removes radiocobalt in the presence of complexing agent [171].
2.8.11 Opacifying agent

Large number of opacifier are used in early history Calcium antimonates got special attention
due to its very long time use in early antiquity for opacification of glass [98]. Antimonates of
sodium is used in glass industry as a fining agent or degasser, especially in colour television
bulbs and optical glass, as an oxidizing agent at high temperature, enamel opacifier, glass fining

agent, as a decolourizer in glass tube and fiber glass [165].
2.8.12 Flame retardant

When Na antimonate is used with halogen especially with chlorine it shows fire retardant
property with low tinting characteristic. As such it is used in plastics, paints, fibre glass, resins
and various textile goods The colloidal antimony pentoxide produced from Sodium antimonates
hexa hydrate is used as flame retardant. Extremely high purity antimony metal and high purity

antimony oxide is also produced by antimonates of sodium.
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2.8.13 Gas sensing ability

FeSbO, powder show gas sensing property. Fabricated film has improved gas sensing ability
with high sensitivity and fast response. Sensing ability was checked by using different
concentration of H, gas. From 1000ppm to a higher concentration of 8% H; gas. In figure 2.23
different concentration of H, gas (1000ppm, 1,2,4 and 8%) are plotted as a function of
temperature. Operating temperature was 350°C. At 300°C sensor displayed a response of 65%
toward 1% H, and 80% toward 2% H, gas. When sensor exposed to 4% H, for 20s resistance of
sensor decreased which result in high sensitivity of 83.5% toward 8% H, gas. The sensitivity
increased linearly with gas concentration at all temperatures. At 350°C the sensitivity was
maximum and then decreased. At 250°C and 300°C operating temperature the same sensor
response was 70% and 76% toward 4% H; gas [69].
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Figure 2.22. Percentage response characteristics as a function of temperature toward different
concentrations of H, gas exhibited by the sensors fabricated using 300 °C calcined FeSbhO,

powder[69]

NiSb,Og also possess gas sensing property .thin film of NiSb,Ogs was prepared on alumina
substrate.this thin film was placed in a chamber having inlet and outlet knob for gases. film have
silver contacts. On both sides of filmohmic contacts are made with the help of silver paste to
make it a sensing film. Ability of gas sensing was measured for this film by introducing this film
into chamber where LPG and CO, gases were used as a target material. the measured volume of
gases are introduced into the gas chamber which was filled with air. Electrical resistance of the
thin film was measured before and after the exposing it to the target gases [172]. Using Keithley
electrometer. After 1000s recovery the chamber was opened to the atmosphere and sensing plate

was studied. figures given below indicated the morphology of thin film fabricated on alumina
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before and after the exposure to gases.SEM analysis of the film before gases exposure indicate
the diameter of nanoparticle that was 50-70nm. After exposing this thin film to gases SEM

analysis was also done which indicated the diameter of nanoparticle to be 50-400nm range.

Zgann

Figure 2.23: SEM analysis of thin film

Enhanced diameter revealed that LPG was in contacted with sensing film surface. On the
surfaces there are dangling bonds which cause the high chemical reactivity of the surface.Due to

this reactivity surface of the thin film easily absorb LPG when it comes in contact with it [173].
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Chapter 3
Materials and Methods

3.1 Synthesis of precursors

Indirect synthesis method has been followed; in the first step, high purity NaCl and antimony
oxide was synthesized from ShClzvia wet chemical methods [174]. Antimony trichloride (SbCls)
from BDH chemicals Ltd Poole England with purity 99.9%, liquid Ammonia (NH3) from BDH
chemicals Ltd Poole England with purity 70%, hydrochloric acid (HCI) from Sigma Aldrich with

70% were used without further purification.

Synthesis of Sb,0s was carried out by precipitation method from 0.8 M SbClzmaintained at pH
11 by addition of NHj; solution. After 40 min stirring, the suspension was filtered and washed
with ethanol (thrice) and then it was subjected to drying at 100°C for 5h, resulting material was

then characterized.

SbCl; + 2H,0 — ShOCL L +H,0
4SbOCL + H,0 — Sb,0sCl, L +2HCI

2Sb,0<Cl, + 2NH,OH - Sb,0< + 2NH,Cl + H,0
Sb,0sCl, + NH,OH — 25b,0< + NH,Cl + HCl

Sb,0sCl, + H,0 — 2Sb,0s + 2HCl

3.2 Synthesis of NaSbO;
Purified NaCl and Sbh,Oswere mixed and ground in 1:3 ratio and pelletized. Pellets were first
annealed at 650°C for 4d afterwards reground, pelletized and annealed at 700°C for next 21h.

The resulting material was characterized to ensure the complete removal of chlorine from the
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samples. Synthesized material was then annealed at four different temperatures;700, 800, 900
and 1000°C for 1d.

3.3 Characterization

X-Ray powder diffraction (XRPD):X-ray powder diffraction data was collected for each sample
in as cast and annealed state employing a Model STOE Germany operating at 40kV and 40mA,
using monochromatic Cuk,; radiation in range of 10°<26>80°. For qualitative analysis
POWDER CELL program has been used [175] while quantitative Rietveld refinements were
performed with the FULLPROF program to calculate crystal structure [176-177].

Scanning electron microscopy (SEM): The as cast and annealed samples were coated with gold
employing standard procedures. Micro-Analyses was performed (EPMA) on a MIRA3 TESCAN
equipped with an EDX system operated at 40kV.

Ultra Violet Diffused reflectance Spectroscopy(UV DRS): Optical properties were measured by
PerkinElmer UV/VIS/NIR spectrometer Lambda 950 having the spectral range of 190-3300cm™.
Small amount of pellet is introduced into sample holder for reflectance scan.

Electrical properties LCR (Inductance Capacitance and Resistance) meter: The pellets of
12mm diameter were fixed one by one between the electrodes using Wayne Kerr model-6500B
LCR meter having frequency range of 100Hz - 5MHz for dielectric properties measurements at
room temperature.

Micro Vickers hardness test: Pellets of sodium antimonate prepared at different annealing
temperatures, i.e. 700, 800, 900and 1000°C were tested one by one for Vickers hardness. Single
pellet was placed on sample holder and load of 1kg was applied by pressing the diamond
indenter into the material surface for 10 second.

Flash point: The effect of Sodium antimonate addition on the flash point of lubricating oils
obtained from four different locally available companies, including; Havoline, Castrol Active,
Shell and Zic were studied. Fine crushed 0.3g of NaSbO3 annealed at different temperatures have
been mixed with above mentioned oils, in total 16 samples were prepared for flash point testing.
Flash point of virgin oils was also measured for comparison. Close cup flash point tester (SETA
series 3) maximum temperature range 300°C. Time taken for analysis was 2 min for 4mL

volume.
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Density: Densities of virgin lubricating oils and with NaSbO3; powder were measured by using
pycnometer having volume 25mL at room temperature i.e, 30°C. Specific gravity was also
measured for 16 samples prepared by addition of little amount of NaSbO3; powder. Density of
water was measured first and then it is compared to the density of each oil sample and the obtain
ratio of both densities gave us specific gravity of each sample.

Viscosity: Kinematic and dynamic viscosities of above prepared samples were measured by
using Ostwald viscometer. Before starting the experiments, the viscometer was calibrated by
measuring the kinematic and dynamic viscosity of water. Later, viscosities of virgin oils and with

NaSbO; were measured at 30°C.
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Chapter 4

Results and discussion

4.1 Structural and morphological analysis

X-Ray diffraction study of synthesized samples was carried out. Phase analysis, crystal structure
and crystallite size was measured. X-Ray study was carried out to analyse the phase and crystal
data of the synthesized material. XRPD of NaSbOj3 annealed at different temperatures revealed
that material is similar unless annealing temperature was raised and intensity of peaks increases
by increasing the annealing temperature which indicated the growth of grains to certain axis. At
higher annealing temperature material become multiphase.

1000°C |

| 900°C |

| —— 800°C|

Intensity (a. u)

20 30 40 50
2 theta (Degree)

Figure 4.1; X-Ray Powder diffraction pattern of NaShO3; annealed at different temperatures

Rietveld Refinement
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The Rietveld method refines user-selected parameters to minimize the difference between an
experimental pattern (observed data) and a model based on the hypothesized crystal structure and
instrumental parameters (calculated pattern) and This method is used to characterize the
crystalline material. Data obtained after Rietveld refinement shows the minimum difference

between the calculated values and experimentally determined values figure below
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Figure 4.2; Rietveld refinement result of NaShO;

Calculated Crystal structure of the NaSbO3 indicated the pyrochlore type in which sodium atoms
are present between the layers of Sb and O. oxide of rare earth and transition metals usually exist

in this type of crystal structure.
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Figure 4.3; Crystal structure of NaSbOs

Crystal structure data obtained after unit cell study indicated the lattice parameter and density
given below in table 4.1
Table 4.1.unit cell data of NaShO;

Annealing temperature 700-C 800-C 900-C 1000-C

a (A) 5.29039(6) | 5.2920(1) |[5.2882(8) | 5.3025(2)

c(A) 15.937(3) | 15.947(4) | 15.9390(4) | 15.959(5)
3

D (g/cm) 5.15 5.129 5.420 4.942

4.2. Scanning electron microscopy (SEM)

Scanning electron microscopy was performed for different samples annealed at 700, 800, 900
and 1000°C. Figure below clearly indicates the morphology of samples annealed at different
temperatures. Material annealed at 1000°C showed good results, as it become homogenous at

higher temperature and particle size indicated that the material is in bulk range.
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Figure 4.4: SEM images of samples annealed at (a) 700°C (b) 800°C (c) 900°C (d) 1000°C.

Figure 4.5 reveals the EDS spectra of samples prepared at various temperatures. EDS spectra of
all four samples show the chemical composition of prepared sample in a ratio of 1:1:3 (NaSbOj3).

Extra peaks appeared due to gold coating on material.
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Figure 4.5: EDS spectra of samples prepared at different temperatures; (a) 700°C, (b) 800°C,
(c) 900°C, (d) 1000°C.

4.3 Optical properties

4.3.1 Diffuse Reflectance Spectroscopy

UV-Vis spectroscopy was not a fruitful method because sodium antimonite was neither soluble
in common available solvents nor produced ideal suspension even after 6h sonication. Diffuse
reflectance spectroscopy technique was employed for calculation of optical properties and band
gap. Band gap of samples annealed at different temperatures was measured through DRS and

then obtained values were compared.
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Figure 4.6: UV-DRS spectra of NaShO3 samples %Reflectance vs In F.

The reflectance spectra provided in figure 3 indicates an increasein reflectance with increasing
wavelength. Better reflectance ability is observed in sample annealed at 1000°C as compared to
other samples annealed at different temperatures. Tauc plot (a plot of energy (eV) Vs (hva)™
[178] for calculation of band gap is also plotted using Kubelka-Munk expression. Absorption

factor in DRS-UV is replaced by reflectance factor F(R) given below [179]:

F(R) — ﬂ — 5
2R S

where:

R-Absolute reflectance

K-Molar absorption coefficient

S-Scattering coefficient
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Figure 4.7: Tauc plot, of [hv x F(R)J*vs energy for sample annealed at:(a) 700°C, (b) 800°C,
(c) 900°C (d) 1000°C

The average band gap was estimated from the intercept of linear portion of the hvF(R)? vs energy

plots shown in Figure 4.7 For calculation of approximate value of E, a plot of energy (eV) Vs
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hv X F(R)? has been plotted. Figure 4.7 shows estimated values of band gaps for samples
annealed at 4 different temperatures including 700, 800, 900 and 1000°C. Results obtained from
these graph showed that band gap increases by increasing the annealing temperature. Band gap
of samples annealed at different temperatures are 2.47, 3.33, 3.59 and 3.8. Sample annealed at
700°C is semiconducting in nature and sample annealed at 1000°C is going toward insulating
behavior. Results obtained by measuring the band gap of material are in close connection with
results obtained by measuring the dielectric behaviour of the material.

Table 4.2: Optical band gaps of samples at different temperatures.

Samples at different Band gap (eV)
temperatures
700-C 2.47
800-C 3.33
900-C 3.59
1000-C 3.80

4.4 Dielectric Properties

Dielectric properties are usually measured for those compounds which are insulator or
semiconductor in nature because dielectric has no influence on direct electric current and they
get influenced by electric field. Dielectric properties are categorized into four important
parameters; dielectric constant, dielectric loss, tangent loss and AC conductivity.When
semiconducting material is subjected to electric field four types of polarization can be developed,
i.e. ionic, electronic, space charge and orientation which give rise to dielectric constant. These
dielectric properties of materials are important to know the charge transport phenomena and the
lattice dynamics in the crystals.

4.4.1 Dielectric constant (¢)

It is also called relative permittivity which reveals that how easily amaterial is polarized in the

applied field. The dielectric constant can be calculated by the following formula,
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Where C represents capacitance, d is the sample thickness, &, is permittivity of free space having
value 8.85x10™2 Fm™ and A is the surface area of the sample [180]. High value of dielectric
constant at low frequency indicates lower electrostatic binding strength which is due to
polarization of charge near the grain boundaries. Both dielectric constant &' (real part) and
dielectric loss €” (imaginary part) provide information about charge storing capacity and energy

dissipation [181-182].
4.4.2 Dielectric loss factor (£”)

When alternating current is applied tothematerial the amount of energy loss to align the charges
of such material along the direction of applied electric field is called dielectric loss. It is an

imaginary part of dielectric loss and calculated by using the formula [183],

e”=¢eXxD.factor

The dielectric loss factor relates to the inability of molecules in the insulating material to reorient
with an alternating electric field. This ability is dependent on the temperature of the sample, the
size of the molecules involved, and their polarity. It is also dependent on the frequency of the
alternating field. Low value of dielectric loss factor at high frequency suggests that material has

fewer defects.
4.4.3 Dissipation factor (tand)

Dissipation factor is direct measure of dielectric loss. Real part for energy loss calculation is
called tangent loss. It is measured by using the following formula [184],

144

tand = —
£

4.4.4 AC conductivity

It is measure of materials ability to conduct an alternating current (c,c) Which can be calculated

oac DY the given formula,
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Figure 4.8: Variation of dielectric constant with frequency.

Behaviour of dielectric constant with respect to frequency is explained by knowing the
polarizarion types. The dielectric constant is directly related to the electronic, atomic and
orientational polarization of the material. Atomic and electronic polarization is persuaded by the
applied field and it is caused by electronic displacement within the atoms.Orientational
polarization exists only in polar compounds which possess permanent dipole moments. The first
two polarizations do not vary with temperature but orientational polarization depends on
temperature. All these polarization take place to a limited range of frequency after that range of
frequency they start disappearance [185-186]. The plot of In (F) and ¢ (figure 4.8) shows a higher
value of ¢ for material annealed at 1000°C as compared to material annealed at other
temperature. High value of dielectric constant (31) for sample annealed at 1000°Cindicated that
this material can be easily polarized by application of external electric field later its value
decrease. The value of dielectric constant decreases with increasing frequency is due to decrease
in polarization of space charge because dipole do not orient themselves fast when alternating
electric field is applied with increasing frequency [187]. Sample annealed at 700°C shows
minimum value of dielectric constant as compared to other samples which is even lower at high

frequency. This sample has large number of dislocations which do not allow the charges to
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orient. Upon annealing of same material at 800°C number of dislocations decreases and material
allow orientation of charges in appliedalternating current. By increasing the annealing
temperature further in sample at 1000°C material response toward applied electric field changes.
Semiconducting properties are greatly influenced by annealing because annealing increase the
degree of ordering and affect physical properties of material. By increasing frequency Dielectric
constant € decreases. At higher temperature and lower frequency this decrease is very sharp.
Because at low frequency all type of polarizability contributes including ionic, electronic,
orientational and interfacial polarizability. The material acts as multicomponent of polarizability
[188].

When frequency increases the rotation of dipoles is no longer to continue rapidly and dielectric
constant going to decrease and reaches to a constant value at higher frequency. This constant
value is due to interfacial type of polarization and is common for nonpolar material. Above
figure 4.8 indicates that dielectric constant increases with increasing annealing temperature of
material for all frequency ranges. This increased value of dielectric constant is very clear at low
frequency and it is due to the reason that dipoles in polar material cannot be oriented at lower
temperature and this orientation of dipole take place when we raise the temperature of
synthesized material and value of dielectric constant increases as we increase the annealing

temperature.
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Figure 4.9: (a) plot of dielectric loss vs In F (b) plot of tangent theta loss vs In f.

Dielectric loss and tangent loss show similar trend with frequency change (figure 4.9a and 4.9b).
Values measured for dielectric loss for samples annealed at different temperatures (700, 800, 900
and 1000°C) are 10.7, 9.4, 7.8 and 6 respectively. The tangent loss or dissipation factor values
for samples are 0.4, 0.3, 0.29 and 0.23. The value of tangent loss decreases with increasing
annealing temperature because there is augmentation in the degree of crystallinity in a material

by increasing temperature. Material annealed at 700°C has highest value of dielectric loss and

86



tangent loss and when same value is taken for material annealed at 1000°C these values are
lower with respect to other three samples annealed at different temperatures. Conduction losses,
dipolar losses and vibrational losses take place inside the material by application of alternating
current which is responsible for dielectric loss factor and tangent loss [189].
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Figure 4.10: Variation of AC conductivity with frequency.

4™ parameter is AC conductivity to designate the dielectric behavior of material. Figure 4.10
indicates the trend of AC conductivity in materials annealed at different temperatures. All
materials show similar trend of AC conductivity at the starting point then at certain frequency
changes are observed. Material annealedat 700°C show increase in AC conductivity at higher
frequency due to alignment of particles. At high frequency there is phenomenon of electrons
hopping which cause accretion in AC conductivity with frequency. Same trend is happened in
material synthesized at 800°C. Figure 4.10 shows different behavior observed in materials
annealed at 900°C and 1000°C [190],[178-179].
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4.5 Mechanical Properties

Physical properties that a material exhibits by the application of force are called mechanical
properties, for example tensile strength, elongation, hardness and modulus of elasticity etc.
Indentation method is preferred over all other methods for measurement of mechanical properties
because there is no specific requirement for a material i.e. any shape and size can be used for

indentation method and it is a non-destructive method utilizing little amount of sample [191-195]

4.5.1 Hardness

Hardness is the ability of a material to resist the external mechanical action [196] and permanent
deformation by indentation. It is a complex property which depends on loading forces,
indentation size, grain size, defects and crystallographic orientations[119]. Rockwell, Brinell and
Vickers methods are used for hardness measurements out of which Vickers hardness is the
standard one forhard surfaces.Four samples of NaSbO3 annealed at different temperatures (700°C,
800°C, 900°C, and1000°C) were tested by Vickers hardness tester. The hardness of materials in

terms of Vickers number (HV) is calculated by the following formula

HV = 1.854(F/D2)
Where
F=applied load in Kgf
D= area of diagonal in mm
Table 4.3: Vickers hardness of samples.

S/no Sample Hardness in (Hv)
1 Annealed at 700°C 792.3
2 Annealed at 800°C 457.3
3 Annealed at 900°C 301.4
4 | Annealed at 1000°C 276.7

Material annealed at 700°C shows maximum hardness value as compared to other sample
annealed at 800, 900 and 1000°Chaving hardness in Vickers number 457, 301 and 276Hv.
Sample at 700°C annealed show hardness of 792.3Hv because this material has defects and
dislocations as we are going to increase the annealing temperature the defect inside the material
is reduced and particles inside become more organized making the material brittle due to

development of perfect crystal planes. Increasing the annealing temperature results in increasing
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the grain size of the material and there is inverse relation between grain size and hardness.
Hardness decreases with increase in grain size[197-199], [148]. There is reduction in the grain
boundary energy which causes reduction in grain boundary total area. During growth of grains,
some grains are grown at the expense of already present grain in the material. Few grains ingest
fine grained region and combine with large grain. Higher annealing temperatures are driving

force for growth of grains and grain agglomeration [200-203].

1. Applications

Antimony in its pentavalent form retard the flammability when combined with halogens and
form halogenated antimony compound which omits oxygen from the flame front [204-206]. Due
to flame retardant property of sodium antimonate, it is tested as an additive for engine lubricating
oil and it has tremendous effect on lubricating oil behavior by raising the flash point. This is
great success of this work. For improvement of chemical and physical properties of lubricating
oil,large number of chemicals were added into base oil these chemicals are called additives
[207]. Additives provide desirable results in cheaper and economical way. Oil additives are
usually added to prevent undesirable changes taking place during service in lubricating oils [208-
209].The purpose of the present research is to add sodium antimonate into engine oil and

evaluate the produced changes in some of its properties [148].

4.6 Flash Point Elevation

It is the minimum temperature of petroleum products or other combustible fluids at which
vapours are produced and form combustible mixture and it is the lowest temperature at which
vapours and air mixture in the presence of small flame, flash. Flash point indicates the presence
of volatile and combustible chemicals in a material. Measurement of flash point is necessary for
lubricating oil used in transportation and storage requirement. High flash point is prime
requirement for lubricating oils used in different engines of transports. Very heavy flash point is
required for lubricating oils used in ships engine and heavy machinery vehicles. Because low
flash point lubricating oils easily capture fire during service inside the engine [209]. Formerly,
the flash point was developed for the purpose of determining the fire hazard of oils and fuels
being used for storage and transportation. Sodium antimonates, when introduced in little amount

in lubricating oil, enhance the flash point. In the present research work, the effect of NaSbhOj;
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addition as an additive is studied in 4 different engine lubricating oil. For this purpose 4

lubricating oils including Havoline, Castrol Active, Shell and Zic are taken for testing.

Table 4.4: Effect of NaSbO3 on flash point of lubricating oil.

Oil samples Flash point °C
Havoline Shell Castrol Active Zic
Virgin oil 240 240 225 256
700°C 250 245 235 262
800°C 252 250 238 263
900°C 253 254 244 264
1000°C 255 260 248 265

It is clear from all data obtained from the experiment that NaSbOzaddition in lubricating oil
raises the flash point of lubricating oil and this trend is observed in different companies
lubricating oils. This is great results of synthesized compound. Powder NaSbOj3 lower the surface
area of the oil and its vapour pressure is reduced when vapour pressure of oil reduced it take
higher temperature to produce vapours and flash point of oil was raised. Oils having high flash

point are considered good for service inside the engine.

4.7 Effect on density of lubricating oil

Densities are affected by mass and volume. Lubricating oils densities are measured at 30°C for
all samples prepared in 4 different oils. Mass of empty bottle was 16g and volume of bottle was
25ml.

Density=mass/volume= 18 [120]

m;= mass of empty bottle

m»,=mass of oil filled bottle

m=m,-m;
Table 4.5: Effect of NaShO3 addition on densities of lubricating oil.
Density (g/cm®
Samples . y (@ ) _ .
Havoline Shell Castrol Active Zic

Standard oil 0.892 0.908 0.908 0.896

Oil + NaSbO; 700°C 0.896 0.912 0.920 0.900
Oil + NaSbO; 800°C 0.900 0.916 0.924 0.904
Oil + NaSb0O; 900°C 0.904 0.960 0.928 0.908
Oil + NaShO; 1000°C 0.908 0.964 0.932 0.912
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Above table indicates that density of lubricating oil increases by increasing the annealing

temperature of the added material in all types of lubricating oil mentioned above.

4.8 Specific gravity

It is the ratio of liquid density with water density at particular temperature 30°C density of water
is noted in the same way as given above. The density of water calculated by following above
method is 1 glem®.

Specific gravity = Density of sample / Density of water [122]

Table 4.6: Effect of NaShO; addition on specific gravities of lubricating oils.

Samples Specific Gravity
Havoline Shell Castrol Active Zic
Standard oil 0.892 0.908 0.908 0.896
Oil + NaSbO3 700°C 0.896 0.912 0.920 0.900
Oil + NaSbO3 800°C 0.900 0.916 0.924 0.904
Oil + NaSbO3 900°C 0.904 0.960 0.928 0.908
Oil + NaSbO; 1000°C 0.908 0.964 0.932 0.912

After adding little amount of powdered NaSbOj3 into lubricating oil, the specific gravity of oil
sample was measured. The value of specific gravity of lubricating oil was increases by adding
NaSbO3 and it was further increases by adding the material annealed at higher temperature.

4.9 Viscosity

Resistance offered to the flow of liquid is called viscosity. Two types of viscosity of lubricating
oils are measured after addition of little amount of NaSbO3; powder kinematic viscosity and

dynamic viscosity or absolute viscosity

4.9.1 Kinematic viscosity

It was measured by using IP method number 71/78 (ASTM D445-87). Viscometer was used after
thorough cleaning and time for liquid flow was calculated between two marks on the bulb of
viscometer. Following formula is used for measuring kinematic viscosity of oils after NaSbO3
addition [123].

pn=C.t
Where

M = Kinematic viscosity
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C = calibration constant of viscometer

t = time of flow between two marks

Table 4.7: Effect of NaSbO3 addition on kinematic viscosity of lubricating oils.

Samples Kinematic Viscosity (cSt)
Havoline Shell Castrol Active Zic
Standard oil 229.1 238.1 237.7 232.1
Oil + NaSbO3 700°C 208.1 215.2 214.2 212.1
Oil + NaSbO3 800°C 216.4 218.3 217.3 216.2
Oil + NaSbO3 900°C 223.2 221.5 220.4 220.3
Oil + NaSbO; 1000°C 224.1 223.3 223.2 222.1

The addition of NaSbO3; powder annealed at 700°C decreased the kinematic viscosity and at
higher annealing temperatures it increases. Powder NaSbOs3 trapped within the layer of oils and
affect its viscosity and material annealed at higher temperature raised the viscosity of lubricating

oil.

4.9.2 Dynamic Viscosity
Dynamic viscosities of all samples were calculated from kinematic viscosity, i and density (p)

by means of following equation
V =du

Where
V = dynamic viscosity
d = density of sample

M = Kinematic viscosity

Table 4.8: Effect of NaShO; addition on Dynamic viscosity of lubricating oils.

Samples Dynamic Viscosity (cP)
Havoline Shell Castrol Active Zic
Standard oil 204.3 216.1 215.8 207.9
Oil + NaSbO; 700°C 186.4 196.2 197.0 190.8
Oil + NaSbO3 800°C 194.7 199.9 200.7 195.4
Oil + NaSbO3 900°C 201.7 212.6 204.5 200.0
Oil + NaSbO3 1000°C 203.4 215.2 208.0 202.5
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Value of dynamic viscosity decreases by adding NaSbO3; powder annealed at 700°C and then
gradually increases by raising the annealing temperature.Viscosities of all types of lubricating oil

increaseed by increasing the annealing temperature of the added material.
Summary and future prospect

Sodium antimonite is successfully synthesized by solid state method using cheap precursor NaCl
and synthesized compound is further annealed at four different temperatures i.e. 700, 800, 900,
and 1000-C. All previous method of NaSbOj3 synthesis reported in literature used salts excluding
NaCl and different synthesis routes have been followed. XRPD analysis was carried out to
confirm the phases, crystallite size purity and crystal structure of synthesized compound. Crystal
structure was rhombohedral and material was polycrystalline at higher temperature. SEM
analysis reveals the elemental composition which was 1:1:3 NaSbO3 and material annealed at
higher temperature show uniform geometry. Optical band gap was calculated by using DRS
technique and its value is increased at higher temperature because material become insulator at
higher annealing temperature.Material annealed at 700°C has 2.eV band gap and material at
1000°C has 3.80eV band gap energy. Dielectric behavior of the material is measured by LCR
meter and material annealed at higher temperature show maximum value of dielectric constant
with frequency. tangent loss and dielectric loss values are inversely proportional to dielectric
constantthese values are maximum for material annealed at lower temperature because material
at low annealing temperature is not organized and its particle dissipate maximum energy to
orient according to applied electric field. AC conductivity is higher for material annealed at
lower temperature than other annealed at higher temperatures. By increasing the frequency
electron overhopping phenomenon is more prominent which result high value of AC
conductivity. Mechanical properties of the material is measured and material annealed at lower
temperature show maximum value of hardness (792Hv) and by raising the annealing temperature
material become brittle and its hardness is reduced. Due to stable and flame retarding ability of
NaSbhOs it is introduced as an additive into lubricating oil in little quantity and after addition
quality parameters of lubricating oils were measured and compared with virgin oil. flash point of
lubricating oils was increased to 10 degree by NaShOj3 addition. Viscosity including kinematic
and dynamic also lower by NaSbO3 addition. Specific gravity and density of lubricating oils with

NaSbOs; also increased. Improvement in quality parameters results better lubricating oil quality.
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NaShOj; is used as a semiconducting material due to having optical band gap 2.4 and having
dielectric behavior it is used in electronics and capacitors. having good impact on properties of

lubricating oil it can be used as an additive in future to improve the quality of lubricating oil.
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