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ABSTRACT

Electrospinning assisted fabrication of metal oxides/ polymer composite nanomaterials for
energy and environmental applications
Shama Perween, Ph.D. 2018
Rajiv Gandhi Institute of Petroleum Technology, India
Energy and environment taking a centre-stage among the issues concerning mankind today, the
recent research in materials science has extensively focused on finding new, efficient and green
techniques to generate, store, and economize the usage of energy. Visible light photocatalysis is
one such area where solar radiation can be utilized to catalyze energy intensive reactions, and in
particular, those degrading environmentally hazardous materials. Phase Change Materials
(PCM), which can store and convert solar thermal energy into chemical energy by virtue of their
high enthalpy of melting, constitute another important class of materials actively being explored
for commercialization. In this thesis we have fabricated nanoparticulate oxide and polymer-PCM
nanocomposite materials using electrospinning route for visible light photocatalysis and thermal
energy storage applications and devised ways to improve their performance. In addition to
showing good visible light photocatalytic activity, the oxide nanoparticulate materials
synthesized in this work also serve as a good rheological and filtrate loss modifier when mixed
with mud used for petroleum production.
In the first part of the thesis concerning oxides, Zinc Titanate (ZnTiO3), one of the oxide
materials studied here, is synthesized sol-electrospinning and shows photocatalytic activity
towards degradation of hazardous environmental pollutants in presence of visible light. In a
completely different application, we have also found these oxide materials (ZnTiO3, BiFeO3 and
SiO2) to be a useful additive to the mud-systems used in petroleum drilling operations that
vii | P a g e

improve the mud characteristics. Their efficacy in improving the mud properties is very
promising since even a small desirable improvement in mud properties may lead to considerable
energy and cost saving in petroleum drilling operations.
Another part of this thesis concerns fabrication of multifunctional nanofibrous structured
materials with controlled wettability via electrospinning technique which we have successfully
demonstrated to have potential applications as oil-water separation membranes and flexible
thermoregulatory enclosures. We have fabricated nanofibrous textured polymer composite sheets
by using a mixture of polymers (polyvinyl alcohol-polydimethylsiloxane) and phase change
materials (lauric/stearic acid) and the obtained sheet-like material with improved mechanical
strength with potential use in heat storage materials application. Owing to an engineered balance
of hydrophilicity and hydrophobicity, these sheets also work as very good membranes for oilwater separation from oil-in-water emulsions.
The nanoparticles and the nanofibrous mats prepared in this study have been
characterized and the conclusions have been obtained based on results from various techniques
such as P-XRD, FE-SEM, AFM, FTIR/Raman/UV-Vis/DRS-spectroscopy, DSC, UTS, DMA,
BET surface area analysis, goniometry, and surface profilometry.
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Nothing in life is to be feared, it is only to be understood. Now is the time to understand more,
so that we may fear less…

Marie Curie (1867-1934)
(Polish and naturalized-French physicist and chemist and twice winner of the Nobel Prize)
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Chapter 1

1.1

Introduction and motivation

Nanoparticles and nanofibers in industrial application

Energy and various approaches being pursued to meet the challenge of disparity between the
demand and availability of energy include finding new sources of energy, utilizing the available
resources in most efficient manner, increasing the efficiency of the energy conversion devices,
proper planning of energy distribution, and energy conservation by storage. Sunlight is an
abundant, ever-renewable, clean, and green source of energy but not as yet an economic one.1,2 A
range of applications such as electrical energy generation and storage, pollutant degradation,
water splitting, and light generation etc. has found facile use of this natural source of energy.
Thus, the development of new strategies for utilization of an efficient visible light from the solar
spectrum is a particularly important goal.
Our research work primarily concerns energy & environmental issues which are the
prime challenges of the 21st century. The work entitled “Electrospinning assisted fabrication of
metal oxide and polymer-based composite nanomaterials for energy and environmental
applications” mainly focuses on designing the fibrous textured nanomaterials either metal oxides
or polymer nanocomposite sheets by employing sol-electrospinning technique. The fibrous
materials that we have developed broadly categorized in: (i) transition metal oxide (wide band
gap materials) and (ii) polymer nanocomposite sheets. The materials with band gap is subjected
to study its behavior in photocatalysis under the irradiation of visible light spectrum by
engineering its band gap which tuned to the visible energy range. And also, we have used these
nanoparticles into the drilling fluid as an additive to improve the rheological and filtrate loss
properties applied in petroleum industries.
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(i)

The metal oxides that we have developed involves an inexpensive synthesis technique
i.e., sol-electrospinning and shows photocatalytic activity towards degradation of
hazardous environmental pollutants. Due to a photocatalytic activity with visible lights,
which is abundant in the form of solar radiation which largely remains unused by
humanity, use of our material has the potential of saving energy and environment, both
being the foremost concerns for mankind in current times. In a completely different
application, we have also found these materials to be a useful additive to the mud used in
petroleum drilling operations, and improve the mud characteristics. Even a small
desirable improvement in mud properties may lead to considerable energy and cost
saving in petroleum drilling operations.

(ii)

The fabrication of multifunctional nanofibrous structured materials with controlled
wettability via electrospinning technique which we have successfully demonstrated to
have

potential

applications

as

oil-water

separation

membranes

and

flexible

thermoregulatory enclosures. Successfully, we have fabricated nanofibrous textured
polymer composite sheets by using a mixture of polymers and phase change materials
and the obtained materials show improved mechanical strength with the hydrophobic
surface for membrane and heat storage materials application.

1.2

Nanoparticles usage in exclusive visible light photocatalysis

(VLPC)
Sunlight is a unique natural resource. It is an inexpensive, non-polluting, abundant and endlessly
renewable source of clean energy. Recently, developing a viable photocatalyst that can use
visible light efficiently has become the mainstay of materials researchers worldwide. Exclusive
visible light photocatalysis has captivated the attention due to its abundance (44-47%) in the
solar energy spectrum, whereas UV light accounts for only 3-5%. Efficient organic
photochemical reactions typically require high-intensity UV light generated in specialized photo
reactor, which limits their scalability and compromises the benefits of utilizing direct solar
radiation. Thus, the development of new strategies for efficient visible light photocatalysis of
synthetic transformations is a particularly important goal. Photo-degradation is an important
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application where toxic materials can be degraded in presence of sunlight so as to benefit human
health and environment. Photo-degradation can be expedited in presence of catalytic materials
which possess catalytic activity in presence of light. Semiconductors having suitable band gaps
form such important class of materials. These materials generate electrons and holes on exposure
to light which impart photocatalytic functionality to these materials. The carriers must have
sufficiently long lifetimes so as to be able to diffuse to the surface before they can recombine. At
the surface, electrons and holes come into contact with the reacting species in solution, and
facilitate the chemical reaction by participating in the reaction. Thus band gaps of these
materials, carrier lifetimes, and surface to volume ratio (or porosity) are important considerations
in design of these materials. Another important aspect governing the performance of the
photocatalytic activity is defects, which can serve as recombination centres as well as carrier
generation sites.

1.2.1 Solar energy harvesting via photocatalysis (Green & renewable energy)
First of all, catalyst is a substance which increases the speed of a chemical reaction without
undergoing any chemical change and this phenomenon is known as catalysis. Photocatalysis is
the acceleration of a photoreaction in the presence of a catalyst. It does so by forming bonds with
the reacting molecules, and by allowing these to react to a product, which detaches from the
catalyst, and leaves it unaltered such that it is available for the next reaction. In fact, we can
describe the catalytic reaction as a cyclic event in which the catalyst participates and is recovered
in its original form at the end of the cycle (Figure 1.1).3
There are two types of catalysis: homogeneous and heterogeneous catalysis.
Homogenous catalysis refers to processes where the catalyst is present in the same phase (mostly
liquid) as the reactants whereas heterogeneous catalysis is a processes in which the reactant
(mostly gaseous or liquid) and catalyst (generally solid) are present in different phases.
Heterogeneous catalysts have gained tremendous important due to their low cost, easy recovery
from reaction system, higher stability and adaptability to either continuous or batch mode of
operation.
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Figure 1.1 Every catalytic reaction is a sequence of elementary steps, in which reactant
molecules bind to the catalyst, where they react, after which the product detaches from the
catalyst, liberating the latter for the next cycle. (Adapted from3)
Photo-degradation is an important application of photocatalysis where toxic materials can
be degraded in presence of sunlight so as to benefit human health and environment. Photodegradation can be expedited in presence of catalytic materials which possess catalytic activity in
presence of light. Semiconductors having suitable band gaps form one such important class of
materials. These materials generate electrons and holes on exposure to light which impart
photocatalytic functionality to these materials. The photo-generated carriers must have
sufficiently long lifetimes so as to be able to diffuse to the surface before they can recombine. At
the surface, electrons and holes come into contact with the adsorbed reacting species in solution,
and facilitate the chemical reaction by participating in the reaction. Thus band gaps of these
materials, carrier lifetimes, and surface to volume ratio (or porosity) are important considerations
in designing of these materials. Another important aspect governing the performance of the
photocatalytic activity is defects, which can serve as recombination centers as well as carrier
generation sites.4 Most of the photocatalytic applications have employed the UV range of the
4|Page

optical spectrum. This limitation arises from the constraint of the optical property of the
semiconducting materials which mostly have bandgaps in the UV range. Since UV part of the
sunlight spectrum accounts only approximately 5-7% of its optical power (Figure 1.2), a more
efficient use is possible if the material interacts strongly with light in the visible range of the
spectrum.2

Figure 1.2 Solar irradiance spectrum.5

1.2.2 Principle of heterogeneous photocatalysis
Semiconducting materials with bandgap (2-3 eV) can absorb light of corresponding wavelength
which leads the formation of electron-hole pair (ecb- , h+vb) in the conduction band (CB) and
valence band (VB), respectively. In aqueous solution, the excited electrons(ecb-) in CB react
with dissolved oxygen thereby leading the formation of superoxide radical anions (O2•-) while
the holes in VB react with water to produce hydroxyl radicals (•OH).6,7 These active oxygen
radical species are extremely reactive, which involves in oxidative decomposition of organic
pollutants present in the wastewater. The schematic representation of the steps involved in
photocatalytic degradation is shown in Figure 1.3.
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Figure 1.3 Photo-activation of a semiconductor and primary reactions occurring on its surface.8

1.2.3 Factors affecting parameters of VLPC
In designing visible-light sensitized photocatalytic materials, the band-gap of the material, the
carrier lifetime, defects, and the accessible surface area are important considerations. In order to
efficiently harvest the sunlight, materials interacting strongly with light in the visible range of the
spectrum with high surface area and longer carrier lifetimes are highly desirable.2 Another
important aspect governing the performance of the photocatalytic activity is defects, which can
serve as recombination centers as well as carrier generation sites.4
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1.2.4 Perovskite oxides as VLPC materials
Perovskite-type oxides have the chemical formula ABO3 and are presentation is shown in Figure
1.4. A is larger cation while B is smaller cation. In this structure, the B cation (yellow sphere) is
6-fold co-ordinated and the A cation (blue sphere) is 12-fold co-ordinated with oxygen anions
(red spheres). Figure 1.4 depicts the corner sharing octahedra that form the skeleton of the
structure, in which the centre position is occupied by the A cation. Crystalline ceramic with
perovskite-type mixed metal oxides of chemical formula ABO3 have attracted keen interest over
the years owing to their unique physical and chemical properties. Many different types of lattice
distortions can occur owing to the flexibility of bond angles within the ideal perovskite structure.
Distortions from the cubic structure can arise from size-mismatch of the cations and anion.
Notably, Goldschmidt's tolerance factor ‘t’ is a dimensionless number that measures the stability
and distortion of crystal structures. Originally introduced to describe perovskite structure,
tolerance factors are today also used for ilmenite. It can be used to calculate the compatibility of
an ion with a crystal structure.9

Figure 1.4 General schematic view of the cubic perovskite unit cell structure.
The Goldschmidt9 tolerance factor (t) is calculated from the ratio of the ionic radii:
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Where, rA is the radius of the A-cation, rB is the radius of the B-cation and r0 is the radius
of the anion (usually oxygen). In an ideal cubic perovskite structure the cell parameter ‘a’ can be
calculated from the atomic radii as:

Oxide based semiconductor particles have shown photocatalytic activity in various
environmental related applications10,11 and ZnO and TiO2 have been found particularly useful12,13
in this regard. Due to limitations imposed by their bandgaps lying in the UV region, mixed
oxides have been explored. The perovskite oxides have attracted interest internationally as a
visible light photocatalytic material. Titanates have good photostability and corrosion resistance
in aqueous environment. Most titanates have band gap energy, Eg > 3 eV and are photoactive in
UV range and often need doping with suitable atoms to make them sensitive to visible light.
However, some titanates do show visible light photocatalytic behavior. For example, SrTiO3 has
an indirect bandgap at 3.25 eV but use of suitable dopant and co-catalyst makes it active in
visible range.14–17 Zhang et al. have demonstrated visible light photocatalytic activity in copper
doped calcium titanate.18 Nickel, cobalt and iron titanate have been shown to have band gaps in
the visible range and are suitable materials for visible light photocatalysis.19–21 In a related work,
nanofibers of CdTiO3 were fabricated by electrospinning assisted method and the material
showed a bandgap of 2.8 eV.22 Zinc being in the same group as Cd but less toxic, we have taken
up zinc titanate (ZnTiO3) in this thesis. Fluorine doped nanodiscs of manganese titanate are also
found to be candidate material for VLPC applications.23 Various mixed oxides have been
explored with a goal to tune the bandgaps to the visible light frequencies and to this end, ZnTiO3,
the material of interest in this study, is found to be a suitable candidate material. It possesses
multiple structural phases, and show favorable light-matter interactions24 which can be exploited
for developing photocatalytic or other kinds of opto-electronic materials.

1.2.5 ZnTiO3 and its properties
ZnTiO3 is a ternary oxide with a perovskite structure. It has been reported that there exist three
different phases in ZnO-TiO2 system which includes hexagonal ZnTiO3 cubic Zn2TiO4 and cubic
Zn2Ti3O8.25–28 ZnTiO3 has been widely investigated for applications in various fields such as
catalytic sorbent for desulfurization of hot coal gases,29 microwave dielectric ceramics,26 paint
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pigment,30 and gas sensors for the detection of NO, CO.28 It has been also found that ZnTiO3 is a
photocatalytic oxide24,26 which can be applied for organic dye degradation. ZnTiO3 has several
some advantages over other reported materials, such assists low price, simple preparation, high
photochemical stability and safety to the environment. This thesis studies the fabrication and
properties of ZnTiO3 nanoparticles and its application in VLPC and drilling mud engineering.

1.3

Nanoparticles in petroleum sector

Over recent decades, use of nanotechnology has improved performance of the drilling fluids by
favorably affecting their rheological and heat transfer properties, and has witnessed significant
breakthroughs.31 The effectiveness of nanotechnology in improving performance of drilling fluid
can be attributed to the size and shape of the nanoparticles and their chemical interactions with
mud constituents. These aspects impart desired properties to the formulation and thereby
improve its drilling performance. Recent studies have demonstrated the use of nanoparticles in
mitigating various drilling related issues which include pipe sticking, lost circulation, torque, and
drag.32 The applications of the nanotechnology in the oil and gas industry are extremely diverse
and can lead to open new frontiers in the exploration and development of the various
hydrocarbon bearing sedimentary basins. The macroscopic properties pertaining to rheological,
filtration, mechanical and thermal behavior of the drilling fluid can be enhanced for optimum
drilling performance with the incorporation of this technology.33
A drilling fluid incorporating nanoparticles can be termed as ‘nanofluid’ which is a colloidal
dispersion engineered by dispersing nano-sized particles (such as nanoparticles, nanofibers,
nanotubes, nanowires, and nanorods) into a base fluid, such as water, ethylene glycol, oil, or a
polymer solution. Nanofluids show distinctive thermo-physical properties, such as significantly
increased thermal conductivity, electrical conductivity, and viscosity etc. when compared to the
base fluid.34 This difference arises due to the very small sizes of the particles dispersed in them
which results into high surface area and enhances the thermal and electrical properties of the
nanofluid. The significant increase in the thermo-physical properties of these nanofluids is
reported in various base fluids. The water-based drilling fluid (WBDF) contains bentonite and
other additives to control the rheological and filtration properties. Various water-soluble polymer
additives acting like viscosity modifiers of the fluid include natural polymers like Xanthan Gum
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(XG)35 and guar gum (Perez et al., 2004), or modified natural polymers like polyanionic
cellulose (PAC).36 With an increase in temperature with well depth, thermal stability has become
an important requirement for drilling fluids. Such stringent requirements can be met and
limitations can be overcome by using a nanofluid prepared by mixing suitable nanoparticles to
optimal extent in a base fluid.37–40 Nanoparticles have been also found helpful in enhancing the
rheological properties of drilling fluids. Smaller size (1-100 nm) and greater surface area per unit
volume of nanoparticles give them unique properties by severely altering the hydrodynamics of
the composite fluid. In present study nanoparticles have been added into the solution by infusion
method whereby nanoparticles are added without much control over chemical and mechanical
interaction between nanoparticles and clay platelets.41–43 Here focus has been given to
rheological properties of bentonite solutions and fluid filtration loss under LTLP (Low
Temperature Low Pressure) conditions.

1.3.1 Rheological and filtration performance of drilling fluid
Drilling fluid is basically a mixture of clays, water/oil and chemicals circulated in oil-well
drilling for lubricating and cooling the bit, flushing the rock cuttings to the surface, and
plastering the side of the well to prevent cave-ins. There are basically two types of drilling mud:
water-based and oil-based, depending on whether the continuous phase is water or oil. There are
a number of additives which are added to either change the mud density or change its chemical
properties. Drilling operations are highly cost extensive affairs for production of oil from
reservoir. The success of a drilling program depends on the composition and properties of
drilling fluid used for the operation. Drilling fluids are an integral part of the drilling system
which prevent formation damage and remove cuttings. They need to exhibit physical, chemical
and thermal stability in an environmentally friendly manner. The rheological properties of mud,
such as plastic viscosity, yield point, and gel strength among others, and fluid loss characteristics
should be examined carefully to achieve the optimal performance of the drilling process.44,45
During any drilling operation it is critical to control the rheological and filtration properties of
the mud for smooth and efficient operation. The properties are controlled in such a way that the
mud provides optimum performance. Rheological properties affect (i) removal of cuttings (ii)
holding cuttings and weight material in suspension when not circulating, (iii) releasing cuttings
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at the surface, (iv) reducing any adverse effect upon the wellbore to a minimum, (v) providing
information about formations penetrated, among others.46

1.3.2 Effect of nanomaterials on drilling mud
The application of nanotechnology in petroleum industry is rapidly becoming an imperative
area for research and development.47 Research is being conducted to develop nanoparticleamended drilling fluid with enhanced functionalities and with a target of maintaining their
properties over a broad range of operating conditions. Owing to the large surface area to volume
ratio of nanoparticles, the effect of nanoparticles on the mud properties can be very different
from that of the bulk materials. Nanoparticles may affect fluid behavior due to several reasons
such as surface charge, functional groups attached to the particle's surface, and particles
morphology. These factors become more pronounced in nanoparticles and small weight fraction
of nanoparticles in the mixture may dramatically alter the microscopic environment and thereby
the observed fluid properties. For example, owing to their small size, the nanoparticles can
occupy the available intermediate space between macroparticulate matters and also affect the
hydrodynamic properties of the fluid. Thus they may give rise to effective plugging of pores
with/without drastically changing the viscosity. If present in drilling fluids, due to their small
size, their kinetic energy impact is much lower which reduces the abrasion action of drilling
mud. Nanoparticles can also be useful in enhancing the thermal stability of the drilling fluid,
because the conventional biopolymer additives (xanthan gum, guar gum, carboxymethyl
cellulose (CMC)) can easily degrade at higher temperature whereas nanoparticles by virtue of
being oxides resist degradation at concerned temperatures. Another important aspect of the
nanoparticles used in the present work, as discussed later, is that they have permanent dipole
moments and hence have charges separated along particular crystallographic directions. Thus
addition of nanoparticles may lead to enhancements in properties such as improved rheological,
filtration, thermal and electrical profiles. These drilling fluids will have close to real-time
responsiveness (i.e. viscosity) to varying conditions downhole.48,49 Nanoparticles have been
found to be more efficient in reducing the filtration losses than other conventional API filtrate
loss reducers (such as polyanionic cellulose, carboxymethyl cellulose and hydroxymethyl
cellulose).50,51 Some nanoparticles have also been proved to be helpful in improving the
rheological properties of drilling fluids (Figure 1.5).38,52
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A fluid incorporating thoroughly dispersed nanoparticles can be termed as ‘nanofluid’.
Nanofluids are basically colloidal dispersion of nanomaterials into a suitable liquid, such as
water, oil, ethylene glycol or a polymeric solution.53,54 Nanofluids have typical thermo-physical
characteristics, such as considerably enhanced thermal conductivity, electrical conductivity, and
viscosity relative to the original liquid.34 The water based drilling mud comprises bentonite
dispersion in water and various additives to maintain the rheology and filtration characteristics.
Water soluble polymeric additives used for viscosity enhancement include natural polymers such
as xanthan gum (XG)35 and guar gum55 and modified natural polymers like polyanionic
cellulose.36 These polymeric additives are prone to degradation at high temperatures and saline
milieus. With the increasing demand of petroleum, deeper reservoirs are being explored where
the temperatures are high. Thermal stability of drilling fluid in such cases becomes an important
factor. These requirements can be achieved by using the nanomaterial based drilling fluids.37–40,56
The metal oxide nanoparticles like silicon oxide, titanium dioxide, iron oxide, copper oxide, zinc
oxide and zinc titanate (ZTO) have been found to be suitable additives for environmental
friendly water based muds in enhancing the rheological and filtration characteristics and also
increasing thermal stability of mud.34,36,42,57–59

Figure 1.5 General schematic representation of filtration loss and mud cake formation (a)
without nanoparticles and (b) with nanoparticles.
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1.3.2.1

Effect of ZnTiO3 nanoparticles on drilling fluid

Single metal oxides nanoparticles like copper oxide (CuO), zinc oxide (ZnO), titanium
dioxide (TiO2), iron oxide (Fe2O3), silicon oxide (SiO2), etc. have proved to be a useful additive
to eco-friendly water based drilling fluid (WBDF) in improving their rheological and filtration
properties and to impart thermal stability 38–40,55. The rheological properties of drilling fluid have
been reported by using various binary metal oxides nanoparticles such as TiO236, SiO242,60,
ZnO61, CuO34,62 etc. Mixed oxides have been also explored and found particularly suitable for
applications concerning semiconducting and optical devices. ZnTiO3 in particular has been
widely investigated for applications in various fields such as catalytic sorbent for desulfurization
of hot coal gases,29 microwave dielectric ceramics,63 organic pollutant degradation, paint
pigments, and gas sensors for the detection of NO, CO

64

. In this work, the use of the ternary

metal oxide zinc titanate (ZnTiO3) nanoparticles is reported for the first time as a potential
candidate nanomaterial for improving drilling fluid properties. We have targeted ZnTiO3 material
as it is a high temperature phase25 of ZnO and TiO2 and therefore expected to impart larger
thermal stability to the drilling fluid in HPHT applications. ZnTiO3 is a crystalline ceramic with
perovskite type mixed metal oxides which has attracted keen interest over the years owing to
their unique physical and chemical properties.65 In this study, various nano-fluids were prepared
by dispersing ZnTiO3 nanoparticles in XG. Our results are obtained by using nanoparticles
prepared by two different synthesis techniques: (a) sol-gel bulk polymerization method, and (b)
sol-electrospinning technique. The sol-gel technique is a well-established technique for making
oxide nanoparticles. In the sol-electrospinning method electrospinning is used as an intermediate
processing step. In electrospinning, a droplet of a suitable solution is subject to high electrostatic
potential, which introduces electrostatic forces as the driving force to form ultra-thin fibers. In
our process, a droplet of spinning precursor solution (mixture of aqueous PVA solution and
ceramic sol) held by its surface tension at the end of a capillary tube is subjected to an electric
potential of ~10 kV which leads to ejection of ultrathin nanofibers. The precursor spinning
solution is prepared by mixing the sol with aqueous solution of polyvinyl alcohol (PVA) which
acts as a guiding polymer. The electrospun nano-fibrous mats obtained by spinning the precursor
solution are subsequently subjected to calcination at high temperature yielding zinc titanate
nanoparticles.64 In this paper, nanoparticles prepared by the bulk polymerization method are
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referred as SNP, and those using electrospinning as an intermediate step as ENP. A marked
difference in the behavior of the particles prepared by these two methods has been observed and
the reader is referred to the Reference 64 for further details. SNP and ENP are separately added to
the base mud composed of pre-hydrated bentonite dispersion, polyanionic cellulose and
potassium chloride giving us two different types of mud systems studied in this paper. Effect of
adding ZnTiO3 nanoparticles with concentrations ranging from 0.5% to 3% on rheology and
filtration loss has been studied. Rheological and filtration properties of the nano-fluids were
studied as a function of nanoparticle concentration. These properties were again tested after
ageing the sample for 16 h. Specifically, the rheological properties of the muds such as apparent
viscosity, plastic viscosity, gel strength, and yield point, and the filtration losses, which are the
crucial parameters influencing the drilling operation, are found to improve upon addition of the
ZnTiO3 nanoparticles. Although Water Based Mud Systems are the most environment-friendly
fluids, possible degradation of rheological properties at higher temperatures is an important
concern, since it may lead to failure in preventing minor kicks or a blowout. This shortcoming
can be overcome by the use of nanoparticle in the drilling fluid and zinc titanate is found to
impart improved thermal stability to the base mud as reported in this study.

1.3.2.2

Effect of Bismuth ferrite (BiFeO3) on drilling fluid rheology

Bismuth ferrite (BiFeO3, also commonly referred to as BFO in materials science) is an
inorganic chemical compound with perovskite structure and one of the most promising
multiferroic materials.66 The room-temperature phase of BiFeO3 is classed as rhombohedral
belonging to the space group R3c.67,68 In BiFeO3, where the polarization is mostly caused by the
lone pair (s2 orbital) of Bi+3, so that the polarization comes mostly from the A site while the
magnetization comes from the B site (Fe+3) (Figure 1.6 (a)).69
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Figure 1.6 (a) General schematic of BiFeO3 perovskite unit cell with the ordering of lone pairs (yellow
“lobes”) of the oxygen ions move closer to the small Y ions. Bi 3+ ions (orange), contributes to the
polarization (green arrow)69 and (b) multiferroics combine the properties of ferroelectrics and magnets.89

Inorganic characteristics of the nano-additives are anticipated to impart thermal stability in
the drilling fluids even at high temperature and high pressure (HTHP) conditions ubiquitous at
the bottom of deep wellbores. Menzel (1973) and Haaland (1976) reported that iron oxides
(Fe2O3) can be used as weighting agents in drilling fluid.70,71 Although effect of various
nanoparticles such as iron oxide, nanosilica, aluminum oxide, ZnO, TiO2, and ZTO on the mud
behaviour has been studied extensively in recent past,58,72–75 the current work is the first such
study where the crystalline nanomaterial, that is BiFeO3 (BFO), is ferroelectric in nature with
spontaneous polarization at room temperature of 3.5 μC/cm2 (along [001] direction) and a very
high Curie temperature of 830ºC.66,68,76–87 Because of dipolar nature of the BFO crystals, their
electrostatic interaction with the charged layers of aluminium silicates in clays is expected to
enhance the dispersion of these nanoparticles (Figure 1.7). A better dispersion owing to the
dipolar nature of the BFO crystals is a governing parameter giving rise to smaller filtrate loss and
a respectable increase in viscosity when mixed in drilling fluids. High Curie temperature (the
temperature up to which the spontaneous polarization may persist) and high degradation
temperature of 852ºC makes these nanoparticles especially attractive for high temperature
drilling operations.88
The objective is to use the ferroelectric BFO nanoparticles as an additive and explore its
effects on rheological and filtration characteristics of drilling fluids. The single phase perovskite
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structure of BiFeO3 shows ferroelectric polarizability because of which these nanoparticles may
remain permanently charged and thereby help in strengthening the network of clay platelets via
electrostatic interactions. Exploiting this unique aspect present with BFO nanoparticles to
engineer the fluid properties forms the motivation of selecting BFO nanoparticles in drilling fluid
formulation.

Figure 1.7 Schematic presenting how BiFeO3 nanoparticles help in making up for the rheological
properties, filtration loss and thermal degradation.

1.3.2.3

Effect of silane coated SiO2 nanoparticles on drilling fluid

rheology
Among the two common varieties of drilling fluids i.e. oil based mud (OBM) and water based
mud (WBM), the former provides standard performance but has problems in after use disposal
and other environmental constraints, apart from the huge costs involved in using OBM.90,91 One
major issue with WBM is the problem of mud filtrate invasion into the formation that may lead
to wellbore instability for water sensitive formations such as shale.91,92 To mitigate this problem,
the mud has to be specifically designed to minimize the filtrate loss. In deeper wells, mud is
exposed to high temperatures, which leads to degradation in its constituents making filtrate loss
to become more severe. A nano-silica based WBM is produced to reduce the filtrate loss in
WBM. Silica nanoparticles have been synthesized in laboratory and subsequently were coated
with 3-(2-aminoethylamino)propyltrimethoxysilane. The resulting product was used as an
additive in a typical water based mud as fluid loss reducer. API filtrate was measured for varying
quantities of silane coated nanoparticles in base drilling mud. Results showed that 0.3% of
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nanoparticles affected a reduction of ~35% after hot rolling at 110°C for 16 hours. Present work
demonstrates the applicability of nanoparticles in overcoming the limitations imposed by the
degradation of the mud constituents due to its exposure to high temperature during drilling
operation.

1.4

Nanofibers: An overview

Production of nanofibers is a fascinating area and has gained a good deal of importance in terms
of research activity worldwide. A fiber is a one dimensional structure with a characteristic
feature of a very high length to diameter ratio, and may form the building segments of extended
structures such as two dimensional sheets or three dimensional objects. The properties of the
constituent single fibers and the way they assemble can be manipulated to control various
properties of the object they form. Among various materials formed of fibers, one example is our
skin which is made of collagen fibers that impart such versatility to it. Kevlar, the material for
bullet proof vests, is also made of fibers. The fibers form the backbone of the textile industry.
One of the processes used for their production is spinning. As we shrink the diameter of the
fibers to sub-micron/nano scale, new properties may be encountered and functionalities of the
material can be enhanced. Thus nanofibrous materials are very attractive materials as they can
offer solution to a wide range of technological problems. Nanofibers are referred to the fibers
with diameter less than 500 nm. They have the ability to form a highly porous mesh, high
permeability and their large surface-to-volume ratio improves performance for many applications
where high porosity is desirable as in energy storage, healthcare, textiles, biotechnology,
environmental engineering, defence and security, tissue engineering, affinity membranes and
recovery of metal ions. These properties are suitable to be used as filtering media applications
such as emulsion filtration. The polymeric nanofibers are currently employed for commercial
applications in air filtrations but still it’s a big challenge to be exploited for real applications in
water.93–97 Since one of the major drawback of the nanofibrous mat is the mechanical stability
and surface properties of the mat when compared to cast membranes. Nanofibers can be
produced by several methods like interfacial polymerization, force-spinning, melt fibrillation,
island-in-sea, gas-jet techniques to highly precise methods like nanolithography and selfassembly.98 However, these are useful with limitations of restricted material ranges, possible
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fiber assemblies, cost and production rate. Here, electrospinning has an advantage with its simple
arrangement, comparatively low cost and relatively high production rate. In this thesis, we have
employed the mixture of polyvinyl alcohol-fatty acids (lauric/steraic acid) composited with
polydimethylsiloxane via electrospinning technique which control the surface wettability
towards oil and water as well as provide the mechanical stability in the membrane.

1.4.1 Electrospinning technique and its importance
Among some of the methods that were studied for the production of nanofibers, a method called
‘Electrospinning’ came up as the most convenient and scalable technique with promising results
in drawing polymeric materials into fibers at micron as well as sub-micron range. In this method,
a polymer containing solution is drawn into fibers utilizing the electrostatic forces. In addition to
neat polymers, solutions containing additives and fillers are also be used to functionalize the
fibers. The nano sized structure of electrospun fiber mesh has intrinsic properties, those differing
from the material in bulk, which are suitable for specific applications. The small fiber diameter,
small pore size, good interconnectivity of pores and high specific surface area add to its unique
characteristics. Electrospinning generally forms a random oriented fiber mesh, but different
kinds of fiber assemblies like aligned fibre mesh, patterned fiber mesh, random 3-D structures
and convoluted fibers can be achieved by modifying the electrospinning machine design.

1.4.2 Phase transition and latent heat storage
When matter changes its phase the process is usually termed as “phase transition”.99 Most
commonly observed transitions are the solid-liquid, liquid-vapor, solid-vapor and the solid-solid.
As the phase changes, the materials absorb or release thermal energy called the ‘latent heat’
without any change in the temperature. The latent heat associated with the melting of solid or
freezing of liquid is called the ‘Heat of Fusion’ and that with vaporizing of a liquid or a solid or
the condensing of vapour is called the ‘Heat of Vaporization’. The phase change materials
(PCMs) come into picture when the thermal energy storage is spoken about. The thermal energy
related research has attracted growing interests in recent years due to the shortage and increasing
cost of the energy resources. One of the examples of this manifestation is the interest scientists
have developed for Phase Change Materials (PCMs). PCMs are basically the substances that
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store high heat of fusion during their phase transition i.e. when the material changes from one
crystalline structure to another. The method of using PCMs to store and retrieve thermal energy
has been studied extensively due to advantageous properties including high storage density as
well as small temperature variation between storage and retrieval.100–102
The phase-change materials (PCM) can be generally classified into inorganic
materials, organic materials and their mixtures. Among the previously studied PCM, fatty acids
constitute an attractive class of materials from the point of view of solar thermal energy storage
and have found use in areas such as building materials and air-conditioning. Owing to their
attractive features such as an easily accessible transition temperature (in the range of 30ºC to
60ºC as listed in Table 1.1), high latent heat, chemical stability, non-toxicity, non-corrosiveness,
and cost-effectiveness, these materials have gained popularity in thermal energy storage
applications.101,103–105 The binary mixtures of fatty acids have also been studied for controlling
the range of melting transitions.
The molecules or atoms interact when they are mixed and there are thermodynamic
changes in the system that varies with the change in composition, temperature and pressure. A
phase diagram is a graphical aid to represent the experimental data concerning the equilibrium
behavior of matter. Specifically, it maps the equilibrium phases which may be characterized in
terms of composition and/or structures over a range of temperatures and pressures.106 According
to the previous studies done on different fatty acid binary mixtures, the phase diagrams present a
simple eutectic system. Eutectic system is a specific mixture ratio of chemical compounds
having the same chemical components as the other mixture ratios, but melts/freezes at a lower
temperature than the other compositions.99 The temperature and the composition corresponding
to this point are called the ‘eutectic temperature’ and the ‘eutectic composition’. A eutectic
reaction is the direct transformation of the liquid into two solid phases and is given as:

Due to the fact that the PCM mixtures exhibit a eutectic behavior, they are useful
materials for energy storage as energy can be changed, stored and recovered over a wide range of
temperatures, thus enabling a better thermal control. However, these PCMs suffer from a severe
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inadequacy, that is, they melt on heating and tend to flow out of the medium that holds them.
Therefore, a suitable medium that provides mechanical integrity to the PCM such that it doesn’t
spill out on melting, and yet enough exposure to the PCM component for a good heat transfer.
The nanofibers offer one such solution as a media that is highly porous enabling efficient use of
heat in melting the PCMs and yet not let the molten PCMs spill out due which is affected by
capillarity.
Table 1.1: Melting Point and Latent Heat of Fusion: Fatty acids.101,104
Saturated Fatty Acids

Formula

Melting Point, ℃

Latent Heat, kJ/kg

Capric Acid

CH3(CH2)8.COOH

31.5

155.5

Lauric Acid

CH3(CH2)10.COOH

44

175.8

Myristic Acid

CH3(CH2)12.COOH

51.5

204.5

Palmitic acid

CH3(CH2)14.COOH

61

203.4

Stearic Acid

CH3(CH2)16.COOH

69

202.5

1.4.3 Nanocomposite polymer (PVA-PDMS-PCM) “Electrospun polymeric
nanofibrous membrane”
The section of this thesis is an attempt to fabricate nano-structured PCM fiber composites using
the electrospinning method so that the goals mentioned above are achieved. We also demonstrate
their application as membrane selective filtering properties.
In this study, binary mixture of long-chain fatty acids; lauric acid (LA) and stearic acid
(SA) is selected as the PCMs, poly vinyl alcohol (PVA) as the polymer supporting material and
PDMS as a component to incorporate mechanical integrity as well as control the surface
wettability (hydrophobicity). A high degree of crystallinity of the polymer imparts a mechanical
integrity and the high surface area of the mat enable higher loading capacity. The PVA mats also
have high thermal stability (up to 230⁰C- 250⁰C). The developed fibrous materials (mats) can
regulate the temperature of a volume enveloped by these mats, with potential applications in
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textile industry such as in developing smart fabric, window glass coatings for thermal regulation
of interiors of the buildings, and process intensification components such as micro-reactors and
micro-heat-exchangers etc. In our composites, the fatty acids act as active energy storage
materials, and the role of the polymeric nanofibrous mats is to provide the necessary scaffold to
the fatty acid component and prevent its leakage after they undergo melting transition, thereby
providing the mechanical strength to the composite nanomats.
Incorporated into this research focus are three key objectives of study:
(i) Fabrication of PDMS rich composite nanofibers with PVA-PCM by electrospinning technique
with the optimized operating parameters.
(ii) Characterize the resulting nanofibers for their morphology, thermal and crystalline
properties.
(iii) Preparing the LASA with PVA-PDMS composite mats, studying its phase behavior and
investigating the altered interaction of LASA in the nanofibrous mat environment than in the
bulk.
Polydimethylsiloxane (PDMS) is a well reported elastomer with high transparency,
biocompatibility, chemical inertness, non-flammability, and non-toxicity. It has wide
applications in diverse areas including biology,107 microfluidics,108–112 energy-storage
devices,113,114 and sensors.115–118 However, in most applications PDMS is used in the form of
either a continuous film or microfluidic channels. Very limited work has been reported on PDMS
fibers due to the difficulties in preparation of PDMS fibers using conventional fiber-making
techniques.119–125 PDMS, due to having extremely low Tg (glass transition temperature) and
short-length chains, cannot be electrospun in neat form, and often requires to be composited with
another component. For example, Yang et al124 utilized mixture of PMMA with PDMS where
PMMA aided the electrospinning process. PVA is a semi-crystalline polymer easily soluble in
water, and unlike PDMS, is easily spinnable. But applications of PVA based nanofibrous mats
are severely limited due to their high solubility in aqueous media. A method able to successfully
control and balance the hydrophilicity and oleophilicity of the as-spun mats will be highly
desirable for producing selectively permeable membranes, and forms the first motivation behind
this work. With this target application in mind, we have used stearic acid to mix the PVA and
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PDMS which are respectively hydrophilic and oleophilic polymers, in various degrees, to
prepare electrospinning solutions and obtain their composite nanofibrous mats.
Stearic acid has been frequently used as a PCM for thermal energy storage applications as
it has high melting enthalpy at relatively accessible temperature.126–129 Stearic acid in a mixture
of PVA and PDMS is not only expected to improve the mixing and homogeneity of the spinning
solution, and thereby the quality and mechanical strength of the resulting mats, but can also
impart multi-functionality to the produced composite mats by acting as a component for thermal
energy storage. In a prior work,130 fabrication of a nanofibrous sheets using electrospinning
technique incorporating mixtures of fatty acids (stearic and lauric acids) and polyvinyl alcohol
was reported. PVA acted as a guiding polymer for electrospinning forming the fibrous matrix
and fatty acid served as a phase change material. It was demonstrated that these sheets can act
like flexible thermoregulating enclosures. A significant drop in eutectic temperature in the fatty
acid binary mixtures was observed when incorporated in PVA nanofibrous mats as compared to
their bulk mixtures. However, the nanofibrous sheets incorporating the eutectic composition
showed poor mechanical strength and severely limited applications of these mats in thermal
energy storage applications. This forms another motivation for the present work which is
described in Chapter 6 and Chapter 7.

1.5

Thesis outline

The aim of this work is to fabricate the nanofibrous materials by using electrospinning technique
and understand the fundamentals and technical approaches in synthesis, fabrication, processing
of nanostructures and nanomaterials and its characteristics properties applied in energy and
environment. This work is presented and divided according to the following chapters:
Chapter 1: In the first chapter, we described the general introduction of the thesis work which
covers the general background of nanoparticles and nanofibers with its application and
motivation of this work.
Chapter 2: In the second chapter, we address the general synthesis and characterization
techniques which we have used to synthesis and fabricate the nanomaterials for this study. And
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also it gives the brief idea of the synthesis approach and the basics of characterization techniques
being used in this work.
Chapter 3: In this chapter, we present a facile and novel approach to synthesize and fabricate
metal oxides nanoparticles such as zinc titanate (ZnTiO3), bismuth ferrite (BiFeO3) and silicon
dioxide (SiO2) nanopowders with different chemical synthesis approach. We also study and
present the characterization and fundamental properties of the obtained nanoparticles.
Chapter 4: This chapter covers the detailed study of photocatalytic degradation of Phenol by
using different kind of ZnTiO3 nanomaterials obtained by different synthesis routes under the
irradiation of exclusive visible light. We have examined the photocatalytic property of obtained
ZnTiO3 in the degradation reaction of Phenol in the presence of solely visible light. A
comparison of the photocatalytic activity of our material with that of the powders prepared by
other standard routes such as the bulk sol-gel method and the sol-gel method in presence of
surfactant (CTAB) shows that the nanopowders obtained by calcining the electrospun-sols afford
a much better photocatalytic activity in presence of the visible light. Surface area analysis of
these nanopowders suggest an enhanced surface area per unit volume and that the nanoparticles
are nanoporous. The enhanced visible-light photocatalytic activity is believed to be originating
chiefly from the enhanced surface area as confirmed by the BET analysis, and larger carrier
lifetimes as confirmed by the photoluminescence spectra. The reaction kinetics studied by
monitoring the UV–Visible absorption spectra of phenol shows a first order decay kinetics in
each case with the powder samples of calcined electrospun-sols giving the highest rate constant.
Chapter 5: In this chapter, we have evaluated the effect of laboratory synthesized ZnTiO3,
BiFeO3 and SiO2 nanoparticles on rheological and filtration characteristics and their response to
heating in a water based drilling fluid. This work is the first study where the use of ternary metal
oxides such as zinc titanate (ZnTiO3) and BiFeO3 nanoparticles are reported to improve the
rheological and filtrate loss properties of water based drilling fluid (WBDF). The role of
nanoparticles is examined by performing a comparative study on drilling fluid properties by
incorporating the nanoparticles from 0.05 to 0.30 w/v% in mud formulations. The experimental
work has been carried out to investigate the influence of concentration of nanoparticles on fluid
rheology at 20°C and 70°C and API filtrate at normal temperature and 100 psi pressure
according to American Petroleum Institute (API) methodology. The mud samples are subjected
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to ageing process in hot rolling oven at 110°C for 16 h to study thermal stability and the effect of
ageing on rheological and filtration properties. The experimental results show that the
nanoparticles significantly affect to the drilling fluid properties and considerably decrease the
filtrate loss and improve thermal stability and rheological properties.
Chapter 6: In this work, we report a facile way to fabricate composite nanofibrous mats of
polyvinyl alcohol (PVA), polydimethylsiloxane (PDMS), and stearic acid (SA) by employing the
electrospinning-technique, with PDMS fraction ranging from 40w% to nearly 80w%. The results
show that for a predetermined fraction of PVA and SA, incorporation of an optimal amount of
PDMS is necessary for which the mats exhibit the best mechanical behaviour. Beyond this
optimal PDMS fraction, the mechanical properties of the composite mats deteriorate. This result
has been attributed to the ability of the SA molecules to mediate binding between the PVA and
PDMS long-chain molecules via van-der-Waals bonding. The morphological, structural,
mechanical, and thermal characterizations respectively using SEM, XRD, DMA/tensile test, and
DSC lend support to this explanation. By this method, it is possible to control the
hydrophilicity/oleophilicity of the mats, and the mats show an excellent selective permeability to
oil as compared to water and successfully filter water from a water-in-oil emulsion.
Incorporation of SA not only serves to aid in electrospinning of a PDMS-rich nanofibrous mat
with good mechanical strength and control over hydrophilicity/oleophilicity, but also has a
potential use in fabricating sheets impregnated with phase change materials for thermal energy
storage.
Chapter 7: This chapter describes the study of the phase behavior of the mixture of SA and LA
inside the PVA-PDMS mats. The obtained phase diagram shows that the eutectic temperature of
the LA-SA mixture shifts from 30°C in pure PVA mats to 32°C when the mat incorporates
PDMS molecules. An increase in eutectic temperature can be attributed to an increased
hydrophobicity in the nano-confined medium formed by PVA-PDMS mixture as compared to
pure PVA. Since fatty acid molecules carry long hydrophobic tails, therefore due to increased
hydrophobicity in the surrounding medium, the compatibility between LA and SA in solid phase
is enhanced which leads to increase in eutectic temperature. This work suggests that we can
engineer the phase behavior of a mixture by altering the properties of nano-confinement. From
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application point of view, PDMS-PVA mats incorporating lauric/stearic acid also exhibit good
selective-filtering ability and can be used to separate oil and water from emulsions.
Chapter 8: In this chapter, a method is proposed for fabricating flexible materials embedded
with macroporous regions by inducing fractures under point loading. Possible use of these
structures in strain sensing is demonstrated. Injecting air at high pressure through a needle-tip
generates 3-dimensional fractures in homogeneously cross-linked polydimethylsiloxane (PDMS)
media, whereas a 2-dimensional planar fracture is generated in a sandwich-like structure wherein
a softer layer is bounded by two stiffer layers. Size-dependence of 3-dimensional fractures on
stiffness of the media which is controlled by the cross-linker concentration shows a maximum,
suggesting an optimal stiffness for generating largest fracture. Using this method an embedded 2dimensional porous domain of polyaniline nanostructures is realized in flexible PDMS matrix.
An Ohmic nature of these embedded polyaniline domains with an ability to change resistance
under compression establishes their suitability for developing inexpensive and flexible strain
sensors.
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Chapter 2

Introduction to different methods for

synthesis and characterization techniques

2.1

Nanostructured materials

Nanostructures and nanomaterials possess a large fraction of surface atoms per unit volume. A
study on nanostructured materials is the engineering of materials with improved properties
through the controlled synthesis and assembly of material at nanoscale level. There are two
approaches to the synthesis of nanomaterials and the fabrication of nanostructures: (i) top-down
and (ii) bottom-up. Attrition or milling is a typical top-down method in making nanoparticles,
whereas the colloidal dispersion is a good example of bottom-up approach in the synthesis of
nanoparticles. The biggest problem with top-down approach is the imperfection of the surface
structure. Bottom-up approach refers to the build-up of a material from the bottom: atom-byatom, molecule-by-molecule, or cluster-by-cluster.1
Many techniques, including both top-down and bottom-up approaches, have been
developed and applied for the synthesis of nanoparticles (Figure 2.1). Top-down approaches
include milling or attrition, repeated quenching and lithography. Attrition can produce
nanoparticles ranging from a couple of tens to several hundred nanometers in diameter.
However, nanoparticles produced by attrition have a relatively broad size distribution and varied
particle shape or geometry. In addition, they may contain a significant amount of impurities from
the milling medium and defects resulting from milling.
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Figure 2.1 Schematic representation of nanoparticles synthesis approach.

2.2

Synthesis procedures

Nano-structural features affect the physical and chemical properties of the materials. Therefore, a
synthesis protocol resulting into nanostructured material is always desirable. Many chemical and
physical processes such as sol–gel,2 solid state reaction,3 gel combustion,4,5 hydrothermal6 and
laser deposition7 have been developed to prepare nano-particulate materials. In this work,
chemical method was used throughout to synthesize nanomaterials. There are numbers of
advantages of using chemical method such as simple technique, inexpensive, less
instrumentation required compared to many physical methods, low temperature range (<350℃),
high yield, possibility of doping of foreign atoms and self-assembly or patterning. Among them,
sol–gel method offers a simple synthesis protocol which affords distribution of components over
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atomic scale to prepare nano-particulate materials. The method requires reduced sintering time
and heating temperature.

2.2.1 Sol-gel method
Sol-gel8 technology is a well-established colloidal chemistry technology, which offers possibility
to produce various materials with novel, predefined properties in a simple process and at
relatively low process cost. In this method, sols which are dispersions of colloidal particles
suspended in a liquid are prepared by appropriate chemical route that frequently involves
hydrolysis and condensation reactions. With time the colloidal particles grow and eventually
form gel, a structural entity formed by their interconnected rigid network. The gels are heattreated at elevated temperatures to yield pure phase samples with good crystallizability,
homogeneity, and uniform particles morphology.

2.2.2 Sol-gel with soft template

Figure 2.2 Schematic representation of a surfactant supramolecular structure (a) micelle (b)
reverse micelle and (c) bi-layered micellar structure.
This part of synthesis describes the sol-gel synthesis of metal oxides using different surfactants
as soft templates to enhance the significant surface area of metal oxides nanoparticles.
Surfactants, also known as surface-active agents or detergents, are extremely versatile chemicals
with applications in chemistry, biology, and pharmaceutical science.9 Surfactants contain both a
non-polar long chain hydrocarbon “tail” and a polar “head” group. This amphiphilic character of
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surfactants allows for self-association or micellization, whereby the hydrophobic portion forms
the micelle core and the polar head groups form the micelle-water-interface (Figure 2.2).

2.2.3 Electrospinning technique
Electrospinning is a frequently used technique for fabricating nanofibers and has been used for
energy related applications.10 The electrospinning method employs a moderately conducting
viscous solution of the desired substance passing through a needle and experiencing a high
voltage (~10 kV) at the needle-tip. The high voltage causes the droplet at the tip of the needle to
destabilize and form an ultrathin jet which subsequently forms ultrathin fibres with diameters
ranging from microns to nanometers, and is collected on the other electrode. Continuous fibres
are collected in the form of a nonwoven fabric. Frequently, a solution of high molecular weight
polymer is utilized for fabricating electrospun fibres, due to their have high viscosity. Chain
entanglements in the polymer solutions also facilitate the formation of nanofibers. Oxide
materials can be prepared in the nanofibrous forms by integrating the sol-gel and electrospinning
technique.11–13

Figure 2.3 (a) Schematic representation of electrospinning set-up for nanofibers fabrication and
(b) showing the electrospinning set up purchased from E-Spin Nanotech Pvt. Ltd used in the
present work.
The electrospinning setup supplied by E-Spin Nanotech, India, consisted of a syringe and
needle (spinneret), a high positive voltage power supply (~10 kV) and a grounded copper plate
collector arranged in a horizontal geometry (Figure 2.3). The precursor solution was loaded into
the plastic syringe and a positive terminal was connected to the metallic needle of the syringe.
Aluminum foil was fixed on the grounded counter electrode and collector. The distance between
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the tip of the needle and the collector plate was fixed at 12 cm. The temperature was maintained
at 25°C and relative humidity of the chamber was around 40%.

2.2.3.1

Sol-electrospinning technique

Sol-electrospinning technique is the combination of two effective and commonly practiced
procedures of sol-gel method and electrospinning technique for synthesizing nanoparticulate
materials. This technique is generally used to prepare ceramic oxide nanomaterials to obtain 1-D
fibrous structure with high surface area. Essentially, a precursor sol is mixed with a guiding
polymer and electrospun, and the resulting film is calcined, giving desired nanopowders.
Electrospinning is an especially attractive and widely used technique for the preparation
of nanofiber mats. It introduces electrostatic forces as the driving force to form ultra-thin fibers.
In this process, a polymer solution (PVA/Ceramic Sol) held by its surface tension at the end of a
capillary tube is subjected to an electric field. With an increase in electric potential the charged
pendent drop is deformed into a cone, known as “Taylor’s cone”.14 At a critical field strength
when the force due to the electric field overcomes the surface tension force holding the droplet,
the solution starts to flow in the form of a charged jet. The jet moves towards the collecting
counter electrode. While in transit, most of the solvent evaporates and the different polymer
strands in the jet separate out due to mutual repulsion, a phenomenon known as ‘‘splaying’’.
When these strands reach the collecting electrode their diameters are in the range of a few
micrometres to nanometres. Continuous fibers are collected in the form of a nonwoven fabric.15–
20

One of the suggested conditions necessary for electrospinning to occur is that the solution

must consist of a polymer of sufficient molecular weight and minimum critical viscosity. As the
jet of polymer solution leaves the tip of needle during electrospinning, it is stretched as it travels
towards the collection plate. During the stretching of the polymer solution, it is the entanglement
of the molecular chains that prevents the electrically driven jet from breaking up and thus
maintaining a continuous jet. As a result, monomeric polymer solution does not form fibers when
electrospun. Molecular weight of the polymer represents the length of the polymer chain, which
in turn has an effect on the viscosity of the solution since the polymer molecular length is one of
key properties determining the degree of entanglement of the polymer chains in a
solvent.10,14,16,20–22
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2.3

Analytical instruments

2.3.1 Powder X-ray diffraction
X-ray diffraction (XRD) is a structural characterization technique based on the constructive
interference of elastically scattered X-rays in a crystal.23 X-ray diffraction occurs when the interplanar distance (d) in a crystal is of the order of the wavelength (λ) of the X-ray radiation,
usually the Cu Kα emission line (λ = 1.54 Å). Diffraction occurs at an angle (θ) when Bragg’s
law is satisfied as follows.
nλ = 2d sin θ ; Where, n is an integer value.
Crystallographic structure of materials is determined from plot of diffraction intensity
against angle of reflection (2θ) (diffraction pattern).24 The peak positions can measure: (i) the
average spacing between layers or rows of atoms, (ii) determine orientation of a single crystal or
grain, (iii) find the crystal structure of an unknown material and (iv) measure the size, shape and
internal stress of small crystalline regions. Hence, XRD patterns are used to determine the
chemical composition and the crystal phase structure of the materials.

Figure 2.4 General schematic representation of powder X-ray diffraction.
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2.3.2 Scanning electron microscopy / Energy dispersive spectra / Atomic
Force Microscopy
A scanning electron microscope (SEM) is a type of electron microscope that produces images of
a sample by scanning the surface with a focused beam of electrons. The electrons interact with
atoms in the sample, producing various signals that contain information about the surface
topography and composition of the sample. The electron beam is scanned in a raster scan pattern,
and the position of the beam is combined with the detected signal to produce an image. SEM can
achieve resolution better than 1 nanometer. Specimens are observed in high vacuum in
conventional SEM, or in low vacuum or wet conditions in variable pressure or environmental
SEM, and at a wide range of cryogenic or elevated temperatures with specialized instruments.25
One disadvantage of electron microscopes is that insulating samples cannot be analyzed directly
as they get charged due to incident electrons and images become blurred/faulty. Therefore
insulating solids are coated with a very thin metal film like gold or platinum (<10 nm) making
them conducting without altering any essential details of the sample. The metal film is usually
sputter coated on the sample to be investigated prior to the introduction into the electron
microscope. This enables even biological samples to be analyzed using an electron microscope.
Additionally, some microscopes provide with a low energy electron flood gun to reduce the
sample charging effect by providing more electrons to an insulating sample. Electron
microscopes can also be used to obtain the composition of sample using a technique known as
Energy Dispersive Analysis of X-rays (EDAX). The high energy electrons striking the sample
produce characteristic X-rays of atoms with which they interact. When analysis of the energies
and intensities of such characteristic X-rays are compared one can obtain the composition
analysis of the sample under investigation.1,26
In this thesis work, the morphologies of the obtained nanomaterials were imaged by using
Field Emission Scanning Electron (FE-SEM) Microscopy (Zeiss Supra 40). The chemical
composition was verified by elemental analysis on a Zeiss electron microscope (accelerating
voltage ranged from 5 to 20 kV) equipped with an EDS analyzer. To prevent samples charging, a
thin gold coating was sputtered onto the samples prior to the analysis. X-ray diffraction data
were assessed by using a PANalytical X’pert Pro MPD diffractometer with monochromatic Cu
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Kα radiation (λ = 1.54056 Å) to investigate the crystallinity. The electrospun as deposited nanofibrous composite mats were directly used to analyze the sample.
The atomic force microscope (AFM) is one kind of scanning probe microscopes (SPM).
SPMs are designed to measure local properties, such as height, friction, magnetism, with a probe.
To acquire an image, the SPM raster-scans the probe over a small area of the sample, measuring
the local property simultaneously. AFM imaging for the nanocomposite fibrous mat was carried
out by Nanosurf AFM system in tapping mode using Dyn190Al cantilevers having resonance
frequency of around 190 kHz and force constant of 48 N/m. The electrospun as deposited
samples were used to analysis, and it has been done at room temperature.

2.3.3 Attenuated

Total

Reflection-Fourier

Transmittance

Infra-Red

Spectroscopy
Attenuated total reflection (ATR) is a sampling technique used in conjunction with infrared
spectroscopy which enables samples to be examined directly in the solid or liquid state without
further preparation.27 ATR uses a property of total internal reflection resulting in an evanescent
wave. A beam of infrared light is passed through the ATR crystal in such a way that it reflects at
least once off the internal surface in contact with the sample. This reflection forms the
evanescent wave which extends into the sample. The penetration depth into the sample is
typically between 0.5 and 2 micrometres, with the exact value being determined by the
wavelength of light, the angle of incidence and the indices of refraction for the ATR crystal and
the medium being probed.28 The Perkin Elmer Spectrum Two FT-IR spectrometer was used to
record the FT-IR spectra of the nanomaterials synthesized and fabricated. All the samples were
recorded by using “attenuated total reflectance” (ATR) mode. The PIKE MIRacle single
reflection horizontal ATR accessory equipped with a ZnSe ATR crystal was used for recording
the FT-IR spectra.

2.3.4 UV-Visible/diffused reflectance spectroscopy
UV-Vis DRS spectroscopy is an optical technique which can give information about the
electronic band structure of the semiconducting materials. The wavelength at which absorption
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starts increasing corresponds to the band gap of the semiconductor. Particle size comparison can
be done with observed degree of blue shift. When light passes through a dielectric medium, then
transmitted intensity (IT) of the light decays exponentially with the path length traversed inside
the medium (L). The relation may be expressed as: IT= I˳e(-αλL); where, αL is the absorption coefficient at a constant wavelength. Diffuse reflectance UV-Vis spectra were recorded in the 200800 nm range, employing a JASCO V-670 spectrometer. BaSO4 was used as a reference. Band
gap energy was calculated from the plot of α2 as a function of photon energy (hυ). A straight line,
α2 = m(hυ) + c was fitted to the rising edge of the curve close to the upturn and the bandgap
energy was obtained from the equation, Eg = [c/m], where m is the material constant. Band gap
energy for indirect band gap semiconductor can also be obtained in a similar way but in this case,
√α is plotted as a function of photon energy.29

2.3.5 UV-visible absorbance / Photoluminescence / Raman spectroscopy
Ultraviolet–visible spectroscopy or ultraviolet–visible spectrophotometry (UV–Vis or UV/Vis)
refers to absorption spectroscopy or reflectance spectroscopy in the ultraviolet-visible spectral
region. Spectrophotometer provides a means for analyzing liquids, gases and solids through the
use of radiant energy in the far and near ultraviolet and visible regions of the electromagnetic
spectrum. The concentration of phenol in the supernatants during evaluation of photocatalysis
was measured with a UV-Vis spectrophotometer (LAB INDIA Spectrophotometer).
Photoluminescence (PL) spectroscopy is a contactless, versatile, non-destructive,
powerful optical method of probing the electronic structure of materials. Light is directed onto a
sample, where it is absorbed and imparts excess energy into the material in a process called
photo−excitation. One way this excess energy can be dissipated by the sample is through the
emission of light, or luminescence. In the case of photo−excitation, this luminescence is called
photoluminescence. Thus photoluminescence is the spontaneous emission of light from a
material under optical excitation. This light can be collected and analyzed spectrally, spatially
and also temporally. The intensity and spectral content of this photoluminescence is a direct
measure of various important material properties. The solid state PL measurements of calcined
powders were taken by using an Edinburgh instrument model FLS 920. The PL data obtained by
using excitation wavelength at 270 nm at room temperature.
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Raman spectroscopy is a useful technique for the identification of a wide range of
substances–solids, liquids and gases. It is a straightforward, non-destructive technique requiring
no sample preparation. Raman spectroscopy involves illuminating a sample with monochromatic
light and using a spectrometer to examine light scattered by the sample. In this study, Raman
images and spectra were recorded by a Confocal Raman Microscope, WITec using an alpha 300
RA equipped with a CCD camera, an UHTS spectrometer, Diode laser used for 532 nm
excitation, Zeiss 50x air objective (Numerical aperture = 0.75) at -61℃.

2.3.6 Differential scanning calorimetry
The Differential Scanning Calorimetry (DSC) is a thermal analysis technique that looks at how a
material’s heat capacity (Cp) is changed by temperature. A sample of known mass is heated or
cooled and the changes in its heat capacity are tracked as changes in the heat flow. This allows
the detection of transitions such as melts, glass transitions, phase changes, and curing.30 DSC
studies has been done for the nanofibrous polymer composite mat sample which is obtained by
electrospinning technique. DSC data of the samples were recorded on a DSC Q200 from TA
Instruments under N2 atmosphere (50 mL/min). Pre-weighed (1.5-10 mg) as-deposited
electrospun polymer composite fibrous samples were taken in a Tzero Aluminum pan for the
measurement. The samples were heated from 24 to 100°C, cooled to 24°C, and again heated to
100°C at a rate of 2°C/min. The data obtained from the first and the second heating traces of the
samples are reported in this article.

2.3.7 Universal testing machine
A universal testing machine (UTM), also known as a universal tester, materials testing machine
or materials test frame, is used to test the tensile strength and compressive strength of materials.
The tensile test studies were performed by using an H25KS UTM Tinius Olsen extensometer.
The tensile strengths of the rectangular (length: 23 mm, width: 6 mm, thickness: 0.04 mm to 0.08
mm) strip samples were recorded at room temperature using a 1000 N load cell and at a
crosshead speed of 1.0 mm/min so as to maintain the quasi-static loading conditions. This is
important for soft materials as high strain rates can cause viscoelastic effects.31 The samples are
gripped at both ends with "lath-like" clamp with one end fixed and the other end moving. The
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Young’s moduli of the samples were determined from the linear region (Hookean slope) of the
stress versus strain plot and compared amongst all PDMS compositions. The ultimate tensile
strength (UTS) is taken at the highest point of the stress–strain curve. The strain at break is taken
as the percent elongation just before the fracture of the film. Toughness of the sheets which is a
measure of energy that the sheets can sustain prior to failure were determined by integrating the
stress-strain curves.

2.3.8 Dynamic mechanical analysis
Dynamic mechanical analysis (abbreviated DMA, also known as dynamic mechanical
spectroscopy) is a technique used to study and characterize materials. It is most useful for
studying the viscoelastic behaviour of polymers. A sinusoidal stress is applied and the strain in
the material is measured, allowing one to determine the complex modulus. The temperature of
the sample or the frequency of the stress are often varied, leading to variations in the complex
modulus. This approach can be used to locate the glass transition temperature of the material, as
well as to identify transitions corresponding to other molecular motions. Two major kinds of test
modes can be used to probe the viscoelastic properties of the polymers: (i) temperature sweep
and (ii) frequency sweep tests.32
The DMA for nanofibrous polymer composite mats was performed on a DMA Q-800
(Manufacturer: TA Instruments) using the tension mode for the temperature and frequency
sweep experiments. The specimen samples of ~5 mm width and ~15 mm length were used for
this purpose. The storage (G′) and loss modulus (G″) data under variable temperature from 25°C
to 160°C with a heating rate of 3°C/min were recorded at constant frequency of 1 Hz and 10 Hz
and variable frequency from 1 to 100 Hz at 25°C.

2.3.9 BET surface area analysis
The area possessed by a nanomaterial is inversely proportional to the particle size, and is
important for measurement of catalytic activity. The gas adsorption-desorption techniques are
generally used to measure surface area and pore size distribution of solid materials. The Brunner
Emmet Teller (BET) method,33 which is the most commonly used procedure for determination of
48 | P a g e

surface area. All adsorption isotherms can be grouped into five categories which are represented
as follow:

Figure 2.5 The five types of adsorption isotherm, I to V, in the classification of Bruauer, Emett
and Teller. (Adapted from34,35)
Type I: pores are typically microporous with the exposed surface residing almost exclusively
inside the micropores, which once filled with adsorbate, leave little or no external surface for
further adsorption.
Type II: most frequently found when adsorption occurs on nonporous powders or powders with
diameters exceeding micropores. Inflection point occurs near the completion of the first adsorbed
monolayer.
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Type III: characterized by heats of adsorption less than the adsorbate heat of liquefaction,
adsorption proceeds as the adsorbate interaction with an adsorbed layer is greater than the
interaction with the adsorbent surface.
Type IV: occur on porous adsorbents with pores in the range of 1.5–100 nm. At higher pressures
the slope shows increased uptake of adsorbate as pores become filled, inflection point typically
occurs near completion of the first monolayer.
Type V: are observed where there are small adsorbate-absorbent interaction potentials (similar to
type III), and are also associated with pores in the 1.5–100 nm range.

2.3.10 Goniometry
A goniometer is an instrument that measures an angle. The term goniometry is derived from two
Greek words, gōnia, meaning angle, and metron, meaning measure. The evaluation of the surface
wettability of electrospun nanocomposite fibrous mats towards water and silicone oil were
performed via static contact angle measurements using a Drop Shape Analyzer DSA100 Krüss
Advance. Three different samples were used for each condition and the mean value is reported
here. Deionized water and silicone oil (10 μL) were dropped on the PVA-PDMS-SA ENCF, and
the affinity of the drop for the surface towards both water and oil were measured using the circle
fitting method. All samples were maintained in a standard room environment (20°C and 30–35%
humidity).
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Chapter 3

Metal oxides nanomaterials synthesis,

fabrication and characterization

3.1

Synthesis, fabrication and characterization of ZnTiO3

Oxide based semiconductor particles have shown photocatalytic activity in various
environmental related applications1,2 and ZnO and TiO2 have been found particularly useful in
this regard.3,4 Due to limitations imposed by their bandgaps lying in the UV region, mixed oxides
have been explored. In this chapter, we have synthesized ZnTiO3 which shows various structural
phases and favourable light-matter interactions.5,6 Dulin and Rase6 have reported three phases in
ZnO-TiO2 system which includes hexagonal ZnTiO3, cubic Zn2TiO4 and cubic Zn2Ti3O8.7
ZnTiO3 perovskite mixed oxide having TiO6 octahedra with Zn2+ cations inserted in the
framework. In general, if the sizes of the A cation (zinc in this case) and B cation (titanium in
this case) in comparison to that of the oxygen anion are such that rA + rO = √2(rB + rO) then a
cubic perovskite structure is predicted. The deviation of the structure arising from the size and
charge effects is characterized by the ratio of the left hand side to the right hand side, defined as
tolerance factor. It is known that for tolerance factor ranging between 1 and 1.13 the perovskite
will have hexagonal symmetry. The hexagonal perovskite unit cell in these structures is obtained
by distorting the perfect cubic perovskite cell such that A atoms have 7-fold coordination (in
cubic it is 12) and B a 5 fold coordination (in cubic it is 6). Crystalline ceramic with perovskite
type mixed metal oxides have attracted keen interest over the years owing to their unique
physical and chemical properties.8
ZnTiO3 in particular has been widely investigated for applications in various fields such as
catalytic sorbent for desulfurization of hot coal gases,9 microwave dielectric ceramics,10,11 paint
pigments12, and gas sensors13 for the detection of NO, CO. In this work, we choose ZnTiO3
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nanomaterials in visible light photocatalysis and in drilling mud engineering as the target
application. Photocatalytic activity can be further enhanced by incorporating nano-scale features
in the morphology. Many chemical and physical processes such as sol–gel14 solid state
reaction,15 gel combustion,16 hydrothermal17 and laser deposition18 have been developed to
prepare nano-particulate ZnTiO3. Among them, sol–gel method offers a simple synthesis
protocol which affords distribution of components over atomic scale to prepare nano-particulate
material.19 Electrospinning is another frequently used technique for fabricating nanofibers and
has been used for energy related applications.20–22 In this chapter, we have combined the sol-gel
processing with the electrospinning step that alters morphology and optical-electronic properties
of the resulting material. The procedure consists of mixing the precursor sol with a guiding
polymer, electrospinning it, and calcining the spun-film to obtain desired nanopowders. In this
thesis, ZnTiO3 is synthesized by modifying a method initially reported by Zhao et al23 in which a
sol-gel method is employed using zinc acetate dihydrate and titanium butoxide as reagents. This
method produced a chemically homogenous product with high purity. The structural,
morphological and optical properties of ZnTiO3 were characterized by various analytical
techniques.
This chapter includes the synthesis and characterization of ZnTiO3 by sol-gel method by
different route: (i) sol-gel, (ii) sol-gel with soft template by using CTAB, and (iii) solelectrospinning by using aqueous PVA as guiding polymer. We have compared the structural,
morphological, and optical properties of the obtained ZnTiO3 nanoparticles resulting from the
different route of sol-gel method which is the candidate materials for visible light catalysis which
will be discussed in Chapter 4.

3.1.1 Experimental
3.1.1.1

Materials

Zinc acetate dihydrate (98%), Titanium (IV) iso-propoxide (98%), were purchased from SigmaAldrich and used without further purification. Acetic acid glacial (100%, GR Merck) and
deionised water were used as solvents. PVA, molecular weight 85,000−1,24,000 (SDCFL) was
used as a guiding polymer. Phenol AR Grade (99.5%, SDFCL) was used for photocatalysis
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studies. CTAB (Hexadecyl trimethyl ammonium bromide, SDFCL) was used as a surfactant.
Urea is used as a nitrogen source dopant. Deionised water is used throughout the experiments.

3.1.1.2

Characterization methods

Powder X-ray diffraction (XRD) data were collected from the prepared powder samples using a
PANalytical X′pertpro MPD diffractometer with monochromatic Cu Kα radiation (λ=1.54056
Å). The UV–Visible diffuse reflectance spectra were recorded on an Aligent Cary 5000 UV–
Vis–NIR spectrophotometer. The spectrum was recorded in the range of 200–800 nm. A pressed
BaSO4 powder was used as a reference. Scanning electron microscopy (SEM) images of the
calcined powder samples were taken by using ZEISS microscope (accelerating voltage ranged
from 5 to 20 kV). Scanning electron microscopy (SEM) images of the calcined powder samples
and filtered mud cake with and without nanoparticles were taken using ZEISS microscope and
NOVA NANOSEM 450 with Bruker SDD-EDS detector, respectively. SEM samples were
prepared on aluminum thin foil substrates by directly depositing 20 μL of the powder solution in
ethanol. The chemical composition was verified by elemental analysis on a ZEISS electron
microscope equipped with an EDS analyzer. To prevent samples charging, a thin gold coating
was sputtered onto the samples prior to the analysis. For photoluminescence (PL), all the three
calcined powder samples were dispersed in DIH2O solution and sonicated it for 5 min at room
temperature. Steady state PL spectra were recorded on a Varian Cary Eclipse fluorescence
spectrophotometer with peltier temperature controller. Synchronous luminescence studies are
performed by scanning the excitation and the emission monochromators of the fluorimeter
simultaneously, with a constant offset of 20 nm between the two. The PL data was obtained by
using excitation wavelength at 270 nm at room temperature. The concentration of phenol in the
supernatants

during

evaluation

of

photocatalysis

was

measured

with

a

UV–Vis

spectrophotometer (LAB INDIA Spectrophotometer). The Perkin Elmer Spectrum Two FT-IR
spectrometer was used to record the FT-IR spectra of the samples as either solid or thin film. All
the samples were recorded using “attenuated total reflectance” (ATR) mode. The PIKE MIRacle
single reflection horizontal ATR accessory equipped with a ZnSe ATR crystal was used for
recording the FT-IR spectra. All the calcined powders (900 °C equilibrated for 2 h) of ZnTiO3
has been used for the characterization i.e., for powder XRD, UV–Vis DRS, room temperature
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solid state PL, SEM, EDS and photocatalysis. The as electrospun and as prepared powders were
used for the powder XRD and SEM micrography.

3.1.2 Synthesis & fabrication
3.1.2.1

Bulk sol-gel synthesis of ZnTiO3

The ZnTiO3 powder was prepared by sol-gel procedure. The mole ratio of Zn:Ti was taken as
1:0.9. In a typical synthesis, zinc acetate dihydrate (2.25 g) and titanium tetrabutoxide (3.14 mL)
were dissolved in 3.33 mL acetic acid (CH3COOH) separately. Both the solutions were mixed
under magnetic stirring and heating at about 50°C followed by the addition of deionised water
(10 mL). A transparent sol was obtained after the addition of deionized water which formed a gel
over a period of several hours. During the gel aging process, it was found that maintaining a
constant temperature is very important to obtain a transparent and homogenous gel. The resulting
product was washed with ethanol to remove excess solvent and dried at 120°C for 10 h. The
resulting gel was calcined at 700–1000°C equilibrated for 2 h at the heating rate of 10 °C/min to
obtain the final powders.

3.1.2.2

Soft template synthesis of ZnTiO3

In a typical synthesis, ionic surfactants- cetyltrimethyl ammonium bromide (CTAB) was used as
a soft template. 0.2 g of surfactant (CTAB) was dissolved in 10 mL of deionised water with 2 h
continuous stirring at 50°C. The mole ratio of Zn:Ti was 1:0.9. Zinc acetate dehydrate (2.25 g)
and titanium isopropoxide (3.14 mL) were dissolved in 3.33 mL acetic acid (CH3COOH)
separately. Both the solutions were mixed under magnetic stirring and heating at constant
temperature 50°C followed by the addition of premixed surfactant in deionised water. A
transparent sol was obtained, which formed a gel over a period of several hours. The obtained gel
was kept for further heating at 120°C as such for 10 h to remove excess acetic acid. The resulting
gel was calcined at 900°C equilibrated for 2 h at the heating rate of 10°C/min to obtain the final
powders.
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3.1.2.3

Sol-electrospinning assisted fabrication of ZnTiO3

In this typical method, the sol synthesis of ZnTiO3 was identical to that of the bulk ZnTiO3 as
discussed earlier. Zinc titanate fibres were synthesized by sol–gel based on electrospinning
process

using

titanium

isopropoxide

[Ti(OiPr)4]

and

zinc

acetate

dehydrate

[Zn(CH3COO)2.2H2O] as the raw materials. The amounts of precursor salts and acids in the solgel method are taken so as to have an equimolar composition of ZnO and TiO2. Polyvinyl
alcohol (PVA), glacial acetic acid (CH3COOH) and deionised water were used as a spinning aid.
All chemical reagents were analytically pure and directly used without further purification. The
only variation was that the addition of premixed aqueous PVA 10% at 60°C solution into the
transparent sol of ZnTiO3 has been done after 30 min stirring of the solution at 50°C. The
solutions were freshly prepared by adding 1 g of PVA into 10 mL DI-H2O under stirring at
10,000 rpm for 2 h at 60°C to get homogenous solution. 1 mL, 1.5 mL, and 2 mL of 10%
aqueous solution of PVA were used. We will refer to these samples as PVA-1, PVA-1.5, and
PVA-2 here onwards. The aqueous PVA solution was added into a sol dispersion of ZnTiO3
drop-wise to obtain homogenous viscous sol avoiding from getting solidified. Due to insufficient
polymer entangling, PVA-1.5 and PVA-2 get electrospun and PVA-1 results into electrospraying
rather than electrospinning. Here we present results obtained from the samples PVA-1 and PVA1.5 only. The electrospinning setup supplied by E-Spin Nanotech, India, consisted of a syringe
and needle (spinneret), a high positive voltage power supply (~10 kV) and a grounded copper
plate collector arranged in a horizontal geometry. The precursor solution was loaded into the
plastic syringe and a positive terminal was connected to the metallic needle of the syringe.
Aluminum foil was fixed on the grounded counter electrode and collector. The distance between
the tip of the needle and the collector plate was fixed at 12 cm. The temperature was maintained
at 25°C and relative humidity of the chamber was around 40%.

3.1.3 Results & discussion
3.1.3.1

Phase & morphology

Powder X-ray diffraction (PXRD) of ZnTiO3 was carried out to investigate the purity, phase, and
crystallinity before and after calcination at different temperatures. Figure 3.1 shows the X-Ray
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diffractograms of samples as prepared by the sol-gel method and calcined at different
temperatures ranging up to 1000ºC. The crystal planes (101), (012), (104), (110), (113), (024),
(116), (214) and (300) for hexagonal ZnTiO3 (JCPDS card No. 25-0671) in the diffractograms
can be indexed. This confirms that the perovskites are hexagonal. A number of diffraction peaks
from other phases, i.e., Zn2TiO4 (JCPDS 73-0578), TiO2 (JCPDS 86-0147) and ZnO (JCPDS 800075) were also detected in diffractograms suggesting small portions of residual impurities. The
hexagonal ZnTiO3 phase with the least amount of impurity phases was observed for the powder
calcined at 900ºC, suggesting higher conversion of other phases to hexagonal phase at 900ºC in
comparison to lower temperature calcined samples. The samples calcined above 900ºC
temperature lead to the formation of rutile TiO2 or Zn2TiO4.

Figure 3.1 The powder XRD patterns of bulk ZnTiO3 samples as prepared by the sol-gel method
and calcined at different temperatures 700, 800, 900 & 1000 °C.
Figure 3.2 presents the comparison of the XRD patterns obtained from the bulk sol-gel
precursor, surfactant (CTAB) assisted sol-gel precursor, and sol-electrospun films, all calcined at
900ºC. In all the three cases, the primary phase obtained is the hexagonal zinc titanate, with
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possibly small impurities of ZnO or Zn2TiO4. Better purity of ZnTiO3 is obtained in surfactant
assisted synthesis and calcined sol-electrospun (SEC) powders in comparison to the one prepared
by the bulk sol-gel procedure. The amounts of precursor salts and acids in the sol-gel method are
taken so as to have an equimolar composition of ZnO and TiO2. The observed XRD results are in
agreement with the phase diagram proposed by Dulin and Rase.6

Figure 3.2 Comparison of the XRD patterns obtained from the bulk sol-gel precursor, surfactant
(CTAB) mixed sol-gel precursor, and sol-electrospun films, all calcined at 900 °C.
The morphology of the following samples has been assessed by field emission scanning
electron microscopy (FESEM) and presented here: (i) nanoparticles prepared by the bulk sol-gel
technique, (ii) nanoparticles prepared by the CTAB assisted sol-gel method, (iii) the films
deposited using electrospinning machine but with insufficient amount of PVA in the parent sol,
and (iv) the films deposited using electrospinning with the spinning solution prepared by mixing
the sufficient PVA polymer mixed in sol. In the films prepared by the electrospinning machine,
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i.e. the cases (iii) and (iv) above, morphologies for both as deposited film and calcined film are
presented.

Figure 3.3 (a) and (b) show the morphology in nanoparticles prepared by bulk sol-gel and (c)
and (d) show that in the particles prepared by the surfactant assisted sol-gel method, showing
scale bar (a) and (c) 1 µm, (b) and (d) 200 nm, respectively.
Figures 3.3 (a) and (b) show the morphology in nanoparticles prepared by bulk sol-gel
and Figures 3.3 (c) and (d) show that in the particles prepared by the surfactant assisted sol-gel
method. Comparison of these figures suggests that a better monodispersity in the size distribution
is attained by surfactant assisted method. In both the cases, the nanocrystallites appear to form
aggregates. The hexagonal structure is also evident in these figures. The nanoparticles
agglomerate to the size lying in the range of 500-1000 nm.
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Figure 3.4 (a), (b), and (c) show the morphology of the as deposited films with small
concentration of PVA leading to electrospraying and not electrospinning that leads to formation
of flaky films. (d), (e) and (f) show the same films after calcination.
Figure 3.4 presents the morphology of the film deposited by electrospinning the sol in
which the PVA solution has also been added, but not to the extent that polymer chains can be
entangled. As a consequence, a flaky film instead of a fibrous film is formed. However,
interestingly, the morphology in the as-deposited film shown in the top horizontal panel in
Figure 3.4 (a), (b), and (c) is retained after the calcination step, which is shown in the bottom
panel in Figure 3.4 (d), (e), and (f). Figure 3.5 shows the morphology of the film resulting from
the spinning solution containing sufficient PVA with sol so that the fibres are successfully spun.
However, unlike the case discussed in the last paragraph, here the morphology changes after
calcinations. Figure 3.5 (a) and (b) show the nano-fibres formed in the as-deposited films. These
nano-fibrous films result into nanoparticles upon calcination as shown in Figures 3.5 (c), (d) and
(e). It can be argued that each fibre initially composed of PVA polymers and sol colloidal
particles before the heat-treatment, simultaneously undergoes depletion of organics and synthesis
of the oxide particles on heating.
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Figure 3.5 (a) and (b) The nano-fibres formed with the sample PVA-2. (c) and (d) The nanoparticles
obtained from calcination of these nanofibrous films. (e) Energy dispersive X-ray (EDX) spectrum for the
calcined powder sample of ZnTiO3 confirming presence of Zn, Ti, and O elements, and Zn:Ti molar ratio
of 1:1.

Loss of organics has been corroborated from the FT-IR data (Figure 3.6). Thus, we
believe this method works favourably because it can afford two advantages: first, the parent
structure is already nanofibrous that assists in nanoparticle formation, and second, the presence
of organics in the fibres prevents formation of larger particles while they form and grow during
calcination. Figure 3.5 (f) shows an energy-dispersive X-ray (EDX) spectrum for the calcined
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powder sample of ZnTiO3 confirmed presence of Zn, Ti, and O elements, and Zn:Ti molar ratio
of 1:1. A comparison of the FT-IR spectra recorded for the bulk sol-gel fabricated powders, asspun nanofibers, and SEC powders confirms removal of organics in the SEC samples as the
peaks appearing in the as-spun fibres originating due to organics completely disappear in the
SEC samples (Figure 3.6). The SEC sample and the calcined bulk sol-gel sample show the same
bands in their FT-IR spectra thereby confirming absence of organics in the SEC samples.

Figure 3.6 Comparative FTIR data of as spun and calcined ZnTiO3

3.1.4 Conclusion
In this work, we have demonstrated that by electrospinning a suitably prepared solution of zinc
titanate sol mixed with PVA, and calcining the resulting film yields nanoporous particles of
hexagonal zinc titanate. These nanoparticles exhibit enhanced visible-light photocatalytic activity
when tested as a degrading agent for phenol. Our results suggest that the increased photocatalytic
activity can be attributed to enhanced surface area as well as increased carrier lifetimes.
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3.2

Synthesis of Bismuth Ferrite nanoparticles (BiFeO3)

Inorganic characteristics of the nano-additives are anticipated to impart thermal stability in the
drilling fluids even at high temperature and high pressure (HTHP) conditions ubiquitous at the
bottom of deep wellbores. Menzel (1973) and Haaland (1976) reported that iron oxides (Fe2O3)
can be used as weighting agents in drilling fluid.24,25 Although effect of various nanoparticles
such as iron oxide, nanosilica, aluminum oxide, ZnO, TiO2, and ZTO on the mud behaviour has
been studied extensively in recent past,26–30 the current work is the first such study where the
crystalline nanomaterial, that is BiFeO3 (BFO), is ferroelectric in nature with spontaneous
polarization at room temperature of 3.5 μC/cm2 (along [001] direction) and a very high Curie
temperature of 830ºC.31–44 Because of dipolar nature of the BFO crystals, their electrostatic
interaction with the charged layers of aluminium silicates in clays is expected to enhance the
dispersion of these nanoparticles (discussed in Chapter 5). A better dispersion owing to the
dipolar nature of the BFO crystals is a governing parameter giving rise to smaller filtrate loss and
a respectable increase in viscosity when mixed in drilling fluids. High Curie temperature (the
temperature up to which the spontaneous polarization may persist) and high degradation
temperature of 852ºC makes these nanoparticles especially attractive for high temperature
drilling operations.45 The objective is to use the ferroelectric BFO nanoparticles as an additive
and explore its effects on rheological and filtration characteristics of drilling fluids which will
see in the next Chapter 5 The single phase perovskite structure of BiFeO3 shows ferroelectric
polarizability because of which these nanoparticles may remain permanently charged and
thereby help in strengthening the network of clay platelets via electrostatic interactions.
Exploiting this unique aspect present with BFO nanoparticles to engineer the fluid properties
forms the motivation of selecting BFO nanoparticles in drilling fluid formulation. To the best of
our knowledge, this is the first study where a ferroelectric nanoparticle has been examined as a
potential additive drilling fluid, and the results suggest that BFO nanoparticles can overcome
some very important drawbacks present with other nanoparticles. (A comparison with previous
research results is presented in Chapter 5, Table 5.4)
In this paper, the synthesized and characterized pure and single phase of BiFeO3
nanoparticles were first dispersed in an aqueous solution of xanthan gum (XG) to yield nanofluid
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which is used in two different ratios 10 v/v% and 20 v/v% with a certain base mud resulting in
two categories of nanoenhanced water based mud (NWBM) systems.

3.2.1 Experimental
3.2.1.1

Materials

Bismuth (III) nitrate pentahydrate [Bi(NO3)3.5H2O, 98% purity] was purchased from SD-Fine
Chem Ltd., Ferric (III) nitrate nonahydrate [Fe(NO3)3.9H2O, 98% purity] was purchased from
Rankem, and N, N-Dimethylformamide (DMF) (99% purity) was purchased from Merck, and all
these compounds were used without further purification. All the source chemicals used for the
synthesis were of analytical grade.

3.2.1.2

Synthesis of BiFeO3 by wet-chemical method

BiFeO3 nanoparticles were synthesized by the non-aqueous wet-chemical method. Bismuth and
Iron were taken in the molar ratio of 1:1. In a closed system, the chemical reagents
Bi(NO3)3.5H2O (5.82 g) and Fe(NO3)3.9H2O (4.848 g) were dissolved in 20 mL DMF under
vigorous magnetic stirring at room temperature (25℃) for 5 h. The obtained solution was
transferred into the silica crucible and calcined in muffle furnace where the heating rate of
10°C/min was used to increase the temperature to 500°C and then it was kept at isothermal
condition for 5 h.

3.2.2 Results and discussion
3.2.2.1

Phase structure by Powder X-ray Diffraction

Powder XRD of calcined BiFeO3 was performed to analyze the crystallinity, purity and phase
composition as shown in the Figure 3.7. The as-prepared powders of BiFeO3 were calcined in
the muffle furnace at temperatures 500°C in order to prepare highly crystalline BiFeO3. The
crystal planes (012), (104), (110), (006), (202), (024), (116), (112), (016), (214), (208), (220),
(131), (036) and (134) for BiFeO3 (JCPDS card No. 86-1518)46 in the diffractograms is indexed
to the formation of R3c space group of BiFeO3 nanopowders with pure and crystalline perovskite
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distorted rhombohedral structure. The experimental PXRD data matches with JCPDS card no 861518 and confirms presence of the BiFeO3 phase.

Figure 3.7 The X-Ray diffractograms of BiFeO3.

3.2.2.2

Morphological Analysis by Scanning Electron Microscopy

Figure 3.8 FESEM images of BiFeO3 nanoparticles showing uniformly shaped particles.
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The morphology of the synthesized BiFeO3 sample was analyzed by FESEM, and the
images obtained are shown in Figure 3.8. It was observed that BiFeO3 nanoparticles are uniform
in shape, having nanometer size in the range around 100-200 nm. It was evident from images
that the powder is composed of nearly uniform sized particles. In addition, the particles are well
defined in shape and also highly agglomerated.

3.2.2.3

BET Surface Area

The BET specific surface area was obtained by using the nitrogen adsorption data at the relative
pressure using a multipoint method. Figure 3.9 (a) shows the N2 adsorption and desorption
isotherm and the corresponding pore size distribution of BiFeO3 is depicted in Figure 3.9 (b). N2
adsorption and desorption isotherms of BiFeO3 display typical type IV curves with an H1-type
hysteresis loop (as per the IUPAC classification), which are observed for mesoporous materials.
The uptake in the adsorption branch at relative pressures around 0.8–0.9 P/Po is indicative of
nitrogen condensation in narrow sized mesopores. Analysis of the adsorption data with the BET
method gives a surface area of 5.02 m2/g, maximum pore volume at P/Po = 0.1483 is 0.0016
cm³/g and a total pore volume of 0.0076 cm³/g.

Figure 3.9 (a) Adsorption and desorption isotherms of BET surface area analysis and (b) Pore
volume of BiFeO3 powders.
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3.2.3 Conclusion
The experimental results have shown the potential use of BiFeO3 in drilling mud. BiFeO3
nanoparticles improved rheological parameters such as AV, PV, YP and gel strength of water
based mud. This may be attributed to the fact that the bismuth ferrite (BiFeO3) nanoparticles are
highly ferroelectric and carry permanent polarization which may assist in associating with clay
platelets thereby enhancing the force of attraction among clay particles resulting in improved
rheological properties such as AV and yield point. NWBM system are thermally more stable
than base mud as there was no drastic reduction in mud characteristics after hot rolling at 110°C.
Thus these nanoparticles also help in recovering the loss in properties such as viscosity, YP, and
gel strengths which may have incurred due to polymer degradation during hot rolling. This may
be due to the high Curie temperature of these ferroelectric crystals (825°C) and therefore retain
their polarizations at the processing temperatures of 110°C. The filtration loss, both before and
after hot rolling, was also reduced by the application of the nanoparticles under study. Interaction
between nanoparticles and clay particles plays an important role in improving mud rheology and
filtration properties. These nanoparticles are compatible with water based drilling fluid and
impart positive change in mud characteristics. Most importantly, they showed flocculating agent
characteristics to enhance YP and reduce the filter cake permeability which caused reduction in
API filtration loss. These mesoporous nanoparticles with high surface area, confirmed by BET
surface area analysis, were found to be a good candidate for water based drilling muds. BiFeO 3
nanoparticles showed great promise by positively influencing the mud properties and this
nanoenhanced water based mud can be further explored for commercial applications.
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3.3

Synthesis of SiO2 nanoparticles by thermal degradation of

PDMS foam
3.3.1 Experimental
3.3.1.1

Materials

We have used Sylgard-184 from Dow Corning, Midland, MI, USA as our working elastomeric
material. This contains both the pre-polymer and the crosslinker. Tetrahydrofuran (THF) was
used as a solvent to swell the PDMS. Sodium hydroxide of laboratory reagent grade (NaOH) was
purchased

from

Rankem,

RFCL

Limited,

Gujarat,

India.

3-(2-

aminoethylamino)propyltrimethoxysilane (TCI Japan, >97%) [AEAPTS] was used as a coupling
agent. Silica nanoparticles (NP) were laboratory synthesized in the range of 20-40 nm. Xanthan
gum was purchased from HiMedia, Mumbai, India. Potassium chloride, methanol, propan-2-ol,
bentonite powder were all purchased from SD Fine Chem Ltd, Mumbai, India. The chemicals
were used as received without any further purification.

3.3.1.2

Synthesis of SiO2

10 g PDMS is dissolved in 10 mL THF followed by the addition of 7.5% cross-linker and heated
in a microwave for about 3-4 minutes, resulting into the formation of PDMS foam composite. In
this process, solution is heated which leads to bubble formation with simultaneously occurring
cross-linking reaction which results into an oleophilic solid foam. The obtained PDMS foam was
kept inside muffle furnace at 550°C two different conditions: (i) in an open crucible for 2 h
isothermal condition at the heating rate of 10°C/min and (ii) in a closed system (wrapped
alumina foil) with fast heating and cooling rate of 50°C. The final calcined product is found (i)
very smooth white powders and (ii) brittle hard particles which was further examined by
analytical characterization.
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3.3.1.3

Silane coating of SiO2 nanoparticles

The obtained smooth white powder of calcined PDMS foam is used to synthesize silane coatedSiO2 nanoparticles (NP). In the first step of synthesis, 2.5 w% SiO2 nanoparticle is added in the
aqueous solution of 0.5 M NaOH and kept on magnetic stirrer for 24 h to form hydroxyl group
on silica nanoparticle surface, i.e., Silica-OH. The resultant product was filtered and washed
multiple times with water. The separated and washed Silica-OH is dried at room temperature. In
the second step, the resulting Silica-OH was dispersed in the aqueous medium containing 400
mL distilled water, methanol 100 mL and 0.5 M ammonium hydroxide under magnetic stirring.
The mixture was stirred for 2 h at 25°C and then 5 g of γ-MPS was added into the solution. The
resultant mixture was stirred through magnetic stirrer at 70°C for 24 h for reaction to take place.
At the end of reaction unused γ-MPS was removed by centrifugation. Separated Silica-MPS was
washed at least three times with isopropanol. The final product was washed using isopropanol to
remove the unused acrylamide. Thereafter it was dried at room temperature for 24 h.

3.3.2 Results & Discussion
3.3.2.1

Phase and morphology of SiO2 obtained by thermal degradation

of PDMS foam
We have calcined PDMS in various physical forms including PDMS pre-polymer, cured PDMS
and PDMS sponge in different ways. These include one with fast heating and fast cooling while
uncovered and covered with aluminum foil, and another uncovered with slow heating which is
equilibrated for 2 h and then slow cooling, both up to a temperature of 550ºC at the rate of 10ºC
per min. The physical appearance and the surface morphology, both differed by the two methods
used. With several experiments, we found that the properties depend on the environment of the
heat treatment viz. open and closed irrespective of the rate of heating and cooling. A more brittle
nature of the material is observed with fast heating and cooling whereas for the slow heating and
cooling, a soft texture appeared which when characterized by SEM show very smooth,
homogenous and fine powders at nanoscale (Figure 3.10 (a & b)).
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Figure 3.10 FESEM of (a) brittle silica nanoparticles obtained by fast heating and cooling under
covered condition of heating. (b) Smooth textured silica nanoparticles obtained by slow heating
and cooling in open condition of heating. (c) SEM image (smooth) of area of interest showing an
elemental mapping and (d) the corresponding EDS spectra of smooth textured SiO2 NP which
confirms the presence of Silicon and Oxygen element.
X-ray powder diffraction pattern of calcined PDMS foam is presented in Figure 3.11. The broad
Braggs’ diffraction peak obtained at 2θ of 24.3° is corresponding to the amorphous nature of
synthesized SiO2 particles.
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Figure 3.11 Powder X-ray diffraction pattern of smooth and brittle SiO2 NP.

Figure 3.12 FT-IR spectra of PDMS foam before and after calcination which shows the
degradation of organics upon heating. Brittle textured SiO2 obtained by fast heating and cooling
under covered heating whereas smooth textured SiO2 by slow heating and cooling.
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3.3.2.2

BET surface area and pore volume analysis

The comparative study of BET surface area obtained by two different paths of heating and
cooling is underway. Here the only BET surface area analysis of smooth textured SiO2 NP is
represented in Figure 3.14 (a) which shows 54.30 m2/g the surface area and Figure 3.14 (b)
pore volume of SiO2. The obtained high surface area of the silica oxide nanoparticles obtained
from the latter method make them suitable for application in water based drilling fluid to
improve thermal stability, reduce filtration loss (formation damage), reduce the mud cake
thickness (possibility of drill pipe stuck up) and impart suitable rheological properties (apparent
viscosity, plastic viscosity, yield point and gel strength).

Figure 3.13 (a) N2-Adsorption/Desorption and (b) Pore volume of SiO2 nanoparticles.

3.3.2.3

FTIR characterization of silane coated silica NP

FT-IR spectra of silica and silane coated silica is shown in Figure 3.13. FT-IR spectra of silica
showed two major peaks at 1087 cm-1 and 885 cm-1 corresponding to Si-O-Si stretching and SiOH stretching. After silane coating, there is a wide absorption spectrum at 3600-2800 cm-1 which
correspond to NH stretching vibrations. The spectral peak at 1485 cm-1 correspond to the
stretching vibration of O-C bond present in silane. Therefore it is confirmed that silica has been
coated with silane coupling agent.
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Figure 3.14 FT-IR spectra of silica and silane coated silica nanoparticles (NP).

3.4

Conclusion

We reported a simple technique to produce SiO2 nanoparticles which is obtained by simply the
calcination of PDMS foam in open and closed condition of heating. The obtained results is
characterized by functional analytical techniques which confirms the SiO2 nanoparticles. This
work is still under progress and the motivation of this work is to do a comparative study on effect
of heating at different external condition. The obtained product is very smooth with high surface
area make it suitable for the application in drilling mud engineering where this nanoparticles can
act as an additive.
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Chapter 4

Exclusive

visible

light

photocatalytic

activity in ZnTiO3 nanoparticles

4.1

Introduction

Sunlight is an abundant, ever-renewable, clean, and green source of energy.1,2 A range of
applications such as electrical energy generation and storage, pollutant degradation, water
splitting, and light generation etc. has found facile use of this natural source of energy. Photodegradation is an important application where toxic materials can be degraded in presence of
sunlight so as to benefit human health and environment. Suitably engineered semiconducting
materials can catalyse the photo-degradation of toxic compounds in presence of sunlight. For
examining the photocatalytic behavior of the samples under visible light illumination, we have
considered photo-degradation of phenol which is an important organic pollutant resistant to
degradation,3–6 a carcinogen, and a mutagen.7 Phenolic compounds also constitute an important
group of wastewater pollutants produced by various industries such as chemical, petrochemical,
paint, textile, pesticide, biotechnological, and food–processing.8 Their presence is toxic to
microorganisms and inhibits their activity in wastewater treatment. The photocatalytic activity of
ZnTiO3 in the degradation of various dyes such as Rhodamine B, methyl orange (MO),
methylene blue (MB), Congo red etc., under UV light irradiation has been reported by several
researchers9–11 but the degradation of phenol under solely visible light irradiation has not been
reported so far. Phenol was taken as a model dye which has an optical absorption only in the UV
region so that sensitization artefacts have been deliberately avoided. Photocatalysis of organic
molecules is known to proceed by generation of hydroxyl and superoxide radicals by the catalyst
upon interaction with light of suitable wavelength.12–15 Visible light photocatalysis is a suitable
approach to degrade the phenolic compounds under such settings. Here we show that
81 | P a g e

nanoparticles resulting from electrospun and calcined sol offer a large enhancement in the
efficacy of the degradation kinetics of phenol under visible light illumination as compared to
those prepared by the conventional routes.
Catalyst is a substance which increases the speed of a chemical reaction without undergoing
any chemical change and this phenomenon is known as catalysis. Catalysis is one of the most
important phenomena both in nature and chemistry.16 Photocatalysis is the acceleration of a
photoreaction in the presence of a catalyst. There are two types of catalysis: homogeneous
catalysis and heterogeneous catalysis. Homogenous catalysis refers to processes where the
catalyst is present in the same phase (mostly liquid) as the reactants whereas heterogeneous
catalysis is a processes in which the reactant (mostly gaseous or liquid) and catalyst (generally
solid) are present in different phases. Heterogeneous catalysts have gained tremendous important
due to their low cost, easy recovery from reaction system, higher stability and adaptability to
either continuous or batch mode of operation.

4.2

Measurement of photocatalytic action

In experiment, 40 mL aqueous solution of phenol (100 μM) was taken into quartz photo-reactor
vessel with effective reactive volume 100 mL. 80 mg ZnTiO3 was dispersed in phenol solution
into the photoreactor. The pH of the resultant solution was close to 7. Initially the solution was
kept in the dark for 1 h under mild magnetic stirring to ensure the establishment of adsorptiondesorption equilibrium of phenol solution on the catalyst surface after which the initial
concentration of phenol has been denoted as Co. The excitation has been carried out with an
incandescent light bulb (visible light; output, 100 W) through an optical glass filter which
allowed only wavelengths above the 400 nm. Portions of approximately 2 mL solutions were
taken at selected time intervals and centrifuged at 13,000 rpm for 15 min to remove the catalysts.
The concentration of phenol in the supernatants was measured by monitoring absorption peaks
with a UV–Vis spectrophotometer.
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4.3

Principle of the heterogeneous photocatalysis

ZnTiO3 is a photocatalytic semiconductor materials having band gap of 3 eV. It can absorb light
of corresponding wavelength which leads the formation of electron-hole pair (ecb-, h+vb) in the
conduction band (CB) and valence band (VB), respectively. In aqueous solution, the excited
electrons(ecb-) in CB react with dissolved oxygen thereby leading the formation of superoxide
radical anions (O2•-) while the holes in VB react with water to produce hydroxyl radicals (•OH).
[18] These active oxygen radical species are extremely reactive, which involves in oxidative
decomposition of organic pollutants present in the wastewater. The schematic representation of
the steps involved in photocatalytic degradation is shown in Figure 4.1.

Figure 4.1 Schematic representation of photocatalytic degradation
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4.4

Results & discussion

4.4.1.1

UV-Visible Diffuse Reflectance Spectra

UV-visible diffuse reflectance spectra (UV-Vis DRS) of all the prepared samples have been
measured to understand their optical response. Figures 4.2 (a) and (b) displays the UV-Visible
DRS data of the nano-powders calcined at 900ºC for 2 h, in terms of absorbance and reflectance.
The spectrum was recorded in the range of 200-800 nm. A pressed BaSO4 powder was used as a
reference. In order to extract the band gap value, Tauc plot is presented in the Figures 4.2 (c)
showing dependence of (F(R)*hν)0.5 vs hν where ν is the frequency of the radiation, h is the
Planck’s constant and F(R) is the remission function F(R) = (1-R)2/(2R) defined in the Kubelka
Munk theory.17,18 Here R is the diffuse reflectance. The intercept on the energy axis of the
straight line fitting the rise in the plot as shown in the figure yields the band-gap value. The band
gap value of the samples prepared by the bulk sol-gel method and those by the surfactant assisted
sol-gel method are found to be close to 2.88 eV. The nanopowders prepared by the
electrospinning route interestingly show a small red-shift in the band gap, giving a value of 2.79
eV. These values are consistent with the previously measured and calculated values of the bandgap of hexagonal zinc titanate phase.19 The band-gaps lying in the visible region makes them
suitable candidate materials for visible light photocatalysis. In addition to having a suitable bandgap, the SEC samples also show an enhanced surface area (as discussed later) making them most
suitable for such applications. As demonstrated later, the SEC samples exhibit best
photocatalytic activity, which may arise partly from the small red shift, but major enhancement
originates from the reduced size which increases surface area of adsorption and increases the
probability of utilization of photo-generated carriers before they recombine.
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Figure 4.2 (a) shows UV DRS data in terms of absorbance and (b) in terms of reflectance. (c)
shows the Tauc plot used for extracting the band gap.

4.4.1.2

Photoluminescence (Pl) Spectroscopy (At Room Temperature)

Study of the spectral behavior of the radiation emitted by materials under a given illumination
constitutes an important tool that sheds light on the electronic states of the material. The
emission spectra are influenced by and hence can be correlated with various factors such as interlevel separation of the electronic states, charge transfer, lifetimes and the separation efficiency of
the photogenerated carriers.19–25 The comparison of emission spectra of calcined powders of zinc
titanate nanopowders prepared by the bulk sol-gel, surfactant assisted sol-gel and SEC method
excited at the wavelength 270 nm and recorded in the visible region is shown in the Figure 4.3.
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Figure 4.3 Emission spectra of three samples after excitation with 270 nm light, recorded in the
range (a) 400-440 nm, and (b) 470-500 nm.
Two emission bands are observed in the visible region, one close to 420 nm and the other
close to 480 nm. The first band can be attributed to the transition from conduction band to
valence band as the energy (~2.9 eV) is close to the band-gap measured from the DRS data (~2.8
eV) presented earlier. The second emission band near 480 nm, also reported by Li et al.23 and
Reddy et al.,24 can be attributed to the defects. These emission bands clearly show that in the
surfactant as well as electrospinning assisted preparation, the emission intensity is significantly
reduced as compared to the nanoparticles prepared by bulk sol-gel technique. Reduction in
emission intensity can be attributed to enhanced carrier lifetime,25 suggesting that in the samples
prepared by surfactant assisted route or electrospinning route have longer lived carriers.
Increased carrier lifetimes in these samples may be one factor responsible for their improved
photocatalytic activities. However, in the SEC samples, the surface area to volume ratio is also
much higher as compared to the surfactant assisted samples, as discussed later. Therefore,
photocatalytic activity in SEC samples is even better due to both the factors: higher nanoporosity, and increased carrier lifetimes.

4.4.1.3

Surface Area Analysis

In addition to having a suitable band-gap, the SEC samples also show an enhanced surface area
making them most suitable for photocatalytic applications. As demonstrated in the last section
the SEC samples exhibit best photocatalytic activity, which may arise partly from the small red
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shift, but major enhancement originates from the reduced size which increases surface area of
adsorption and increases the probability of utilization of photogenerated carriers before they
recombine. For comparison of their surface areas per unit volume, the N2 adsorption/desorption
isotherms and corresponding pore size distributions of ZnTiO3 of the surfactant assisted
nanoparticles and SEC nanoparticles are presented in Figure 4.4 (a) and (b) respectively.

Figure 4.4 shows the comparison of the nitrogen absorption desorption isotherms. (a) shows the
isotherm for the case of surfactant assisted, and (b) shows the isotherm for the samples that
involved electrospinning as a processing step. (c) shows the pore size distribution for both the
cases, emphasizing the large share of nanopores in the samples prepared using electrospinning
step.
According to the Brunauer-Deming-Deming-Teller (BDDT) classification, the majority
of physisorption isotherms can be grouped into six types.26 Our samples show Type IV curves
with hysteresis. The specific BET Surface area of powders made using the CTAB surfactant, and
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e-spun ZnTiO3 are 1.04 and 24.47 m2/g, respectively. It has been seen that the sample e-spun
ZnTiO3 exhibits type IV isotherms with a very steep capillary condensation step in the relative
pressure (p/p0) range of 0.4–0.9, which is characteristic for an ordered mesostructure with a large
and uniform pore size. It should be noted that the isotherm of e-spun ZnTiO3 shows a relatively
steep increase of the adsorbed N2 amount at low relative pressures (p/p0 in the range of 0.01-0.4),
indicating the presence of micropores in this sample. A high relative pressure uptake (p/p0 ~ 0.9)
can be seen for e-spun ZnTiO3, indicative of inter-crystalline pores. These results can be directly
reflected by the pore size distribution as shown in the Figure 4.4 (c). Bulk sol-gel samples show
a flat pore-size distribution, surfactant assisted samples show some presence of nanopores, and
the SEC samples show relatively large fraction of nanopores as suggested by the pore size
distributions. A large fraction of pores with size less than 15 nm is suggested by the pore size
distribution curve. The BET surface area results compliments with the SEM data as well.
Analysis of the absorption-desorption curves leads to the conclusions that (i) the powders
are nano-porous, and (ii) the surface area per unit volume enhances by almost 25 times in
powders prepared using electrospinning step (24.47 m2/g) as compared to those prepared by the
convention surfactant assisted sol-gel technique (1.05 m2/g). The increased surface area can be
considered to be the major reason behind the enhanced photocatalytic activity of the SEC
samples. Figure 4.4 (c) shows the pore size distribution in SEC and surfactant assisted samples.
The samples prepared using bulk sol-gel method did not show any nanopores and a comparison
of the pore size distributions in Figure 4.4 (c) confirms that the ECS samples are nanoporous.
This confirms that the introduction of the electrospinning step in the synthesis protocol leads to
formation of nanoporous nanoparticles. It can be argued that the polymeric domains in the
intermediate region between the sol colloids present in the nanofibers are removed upon high
temperature heating whereas the colloidal particles interconnect. Removal of organics and
interlinking between the oxide colloidal clusters occurring simultaneously leads to formation of
nanoporous particles in the SEC samples that show the best photocatalytic performance under
visible light illumination.
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Figure 4.5 UV-visible absorbance of Phenol

4.4.1.4

Photocatalytic activity

The structural and morphological characterization confirms formation of hexagonal
perovskite nanoparticles. The surface area characterization results suggest that these
nanoparticles are nanoporous giving enhanced surface area. These nanopowders are examined
vis-à-vis their photocatalytic efficacy. We have compared the structural, morphological, optical
and photocatalytic properties of the nanoparticles obtained by sol-electrospinning and calcining,
to those prepared by (i) bulk sol-gel synthesis, and (ii) surfactant assisted sol-gel synthesis.
Surfactants form micelles that act as templates yielding smaller and more uniform sized
particles.27–29 We have found that the photocatalytic activity of the nanoparticles obtained by
calcining the sol-electrospun films significantly improves as compared to those prepared by the
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sol-gel method. The improvement stems chiefly from the enhanced surface area and partially
from the altered optoelectronic behavior as discussed below.
The band gap value of the samples prepared by the bulk sol-gel method and those by the
surfactant assisted sol-gel method are found to be close to 2.88 eV. The nanopowders prepared
by the electrospinning route interestingly show a small red-shift in the band gap, giving a value
of 2.79 eV. These values are consistent with the previously measured and calculated values of
the band-gap of hexagonal zinc titanate phase.19 Although the particle size reduces, the band-gap
is red shifted. This can be attributed to presence of gap/defect states arising due to mesoporosity
introduced by the electrospinning step as confirmed by the surface area analysis presented later.
The band-gaps lying in the visible region makes them suitable candidate materials for visible
light photocatalysis.
Study of the spectral behavior of the radiation emitted by materials under a given
illumination constitutes an important tool that sheds light on the electronic states of the material.
The emission spectra are influenced by and hence can be correlated with various factors such as
inter-level separation of the electronic states, charge transfer, lifetimes and the separation
efficiency of the photogenerated carriers.20–25 The comparison of emission spectra of calcined
powders of zinc titanate nanopowders prepared by the bulk sol-gel, surfactant assisted sol-gel
and SEC method excited at the wavelength 270 nm and recorded in the visible region is shown in
the Figure 4.3. Two emission bands are observed in the visible region, one close to 420 nm and
the other close to 480 nm. The first band can be attributed to the transition from conduction band
to valence band as the energy (~2.9 eV) is close to the band-gap measured from the DRS data
(~2.8 eV) presented earlier. The second emission band near 480 nm, also reported by Li et al.23
and Reddy et al.24, can be attributed to the defects. These emission bands clearly show that in the
surfactant as well as electrospinning assisted preparation, the emission intensity is significantly
reduced as compared to the nanoparticles prepared by bulk sol-gel technique. Reduction in
emission intensity can be attributed to enhanced carrier lifetime,25 suggesting that in the samples
prepared by surfactant assisted route or electrospinning route have longer lived carriers.
Increased carrier lifetimes in these samples may be one factor responsible for their improved
photocatalytic activities.
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Hence the high surface area favours adsorption of reaction molecules, and small particle
size is advantageous for minimal internal diffusion resistances of molecules.30 It has been well
established that, upon photoexcitation, the hole which is generated in valence band has sufficient
oxidation potential to initiate aerobic oxidation of many organic compounds. The characteristic
absorption peaks of Phenol at 210 nm & 270 nm shown in Figure 4.5 (a) were chosen to monitor
the photocatalytic degradation process. Figure 4.5 (b), (c), and (d) present the temporal
evolution of the UV–visible spectra of phenol in presence of zinc titanate nanopowders prepared
by three different routes. The kinetics curves for the decay of the signal at two peak wavelengths
with time (up to two hours) are presented in Figure 4.6. At longer times, the kinetics slows down
in each case (see supporting material). The apparent rate constants have been deduced from ln(C/C0), (where C and C0 are respectively the instantaneous and initial concentrations of phenol)
versus time curves by linear fitting. The data suggests that the photodecomposition reaction
follows first-order rate law and the calculated rate constants (with excellent regression
coefficient R2 > 0.99) are tabulated in Table 4.1. It is clear that the SEC ZnTiO3 samples
exhibits much better photocatalytic activity than that of ZnTiO3 prepared by either bulk solgel
method or by surfactant assisted sol-gel method.

Figure 4.6 shows the comparison of photocatalytic activities of ZnTiO3 bulk, with CTAB and
electrospun nanofibers for the degradation of Phenol evaluated at (a) λmax = 210 nm and (b) λmax
= 270 nm.
Table 4.1: First order rate constant values extracted for phenol degradation by ZnTiO3 powders
prepared by bulk sol-gel method, CTAB assisted sol-gel method, and sol-electrospinning
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method. The rate constants corresponding to the kinetics of both the absorption peaks of phenol
are presented.
Rate Constant

Rate Constant

@ λmax = 210 nm (min−1)

@ λmax = 270 nm (min−1)

Bulk ZnTiO3

0.00326

0.00330

ZnTiO3/CTAB

0.00601

0.00658

E-spun ZnTiO3

0.00925

0.01124

Photocatalyst material

4.5

Conclusion

In this work, we have demonstrated that by electrospinning a suitably prepared solution of zinc
titanate sol mixed with PVA, and calcining the resulting film yields nanoporous particles of
hexagonal zinc titanate. These nanoparticles exhibit enhanced visible-light photocatalytic activity
when tested as a degrading agent for phenol. Our results suggest that the increased photocatalytic
activity can be attributed to enhanced surface area as well as increased carrier lifetimes.
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Chapter 5

Effect of nanoparticles on rheological and

filtration properties of water based drilling fluids

5.1

Introduction

Over recent decades, use of nanotechnology has improved performance of the drilling fluids by
favourably affecting their rheological and heat transfer properties, and has witnessed significant
breakthroughs.1 The effectiveness of nanotechnology in improving performance of drilling fluid
can be attributed to the size and shape of the nanoparticles and their chemical interactions with
mud constituents. These aspects impart desired properties to the formulation and thereby
improve its drilling performance. Recent studies have demonstrated the use of nanoparticles in
mitigating various drilling related issues which include pipe sticking, lost circulation, torque, and
drag.2 The applications of the nanotechnology in the oil and gas industry are extremely diverse
and can lead to open new frontiers in the exploration and development of the various
hydrocarbon bearing sedimentary basins. The macroscopic properties pertaining to rheological,
filtration, mechanical and thermal behaviour of the drilling fluid can be enhanced for optimum
drilling performance with the incorporation of this technology.3
A drilling fluid incorporating nanoparticles can be termed as ‘nanofluid’ which is a colloidal
dispersion engineered by dispersing nano-sized particles (such as nanoparticles, nanofibers,
nanotubes, nanowires, and nanorods) into a base fluid, such as water, ethylene glycol, oil, or a
polymer solution. Nanofluids show distinctive thermo-physical properties, such as significantly
increased thermal conductivity, electrical conductivity, and viscosity etc. when compared to the
base fluid.4 This difference arises due to the very small sizes of the particles dispersed in them
which results into high surface area and enhances the thermal and electrical properties of the
nanofluid. The significant increase in the thermo-physical properties of these nanofluids is
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reported in various base fluids. The water-based drilling fluid (WBDF) contains bentonite and
other additives to control the rheological and filtration properties. Various water-soluble polymer
additives acting like viscosity modifiers of the fluid include natural polymers like Xanthan Gum
(XG)5 and guar gum (Perez et al., 2004), or modified natural polymers like polyanionic cellulose
(PAC).6 With an increase in temperature with well depth, thermal stability has become an
important requirement for drilling fluids. Such stringent requirements can be met and limitations
can be overcome by using a nanofluid prepared by mixing suitable nanoparticles to optimal
extent in a base fluid.7–10
Nanoparticles have been also found helpful in enhancing the rheological properties of drilling
fluids. Smaller size (1-100 nm) and greater surface area per unit volume of nanoparticles give
them unique properties by severely altering the hydrodynamics of the composite fluid. In present
study nanoparticles have been added into the solution by infusion method whereby nanoparticles
are added without much control over chemical and mechanical interaction between nanoparticles
and clay platelets.11–13 Here, focus has been given to rheological properties of bentonite solutions
and fluid filtration loss under LTLP (Low Temperature Low Pressure) conditions. We have
synthesized and fabricated three different kind of nanoparticles with (i) charged surface; ZnTiO 3
(ii) multiferroic; BiFeO3, and (iii) neutral charge; SiO2 and applied in drilling mud to study the
effect on the rheological and filtration properties of drilling mud.

5.1.1 Zinc titanate (ZnTiO3)
Single metal oxides nanoparticles like copper oxide (CuO), zinc oxide (ZnO), titanium dioxide
(TiO2), iron oxide (Fe2O3), silicon oxide (SiO2), etc. have proved to be a useful additive to ecofriendly water based drilling fluid (WBDF) in improving their rheological and filtration
properties and to impart thermal stability.8–10,14 The rheological properties of drilling fluid have
been reported by using various binary metal oxides nanoparticles such as TiO2,6 SiO2,12,15 ZnO,16
CuO4,17 etc. Mixed oxides have been also explored and found particularly suitable for
applications concerning semiconducting and optical devices. ZnTiO3 in particular has been
widely investigated for applications in various fields such as catalytic sorbent for desulfurization
of hot coal gases,18 microwave dielectric ceramics,19 organic pollutant degradation, paint
pigments, and gas sensors for the detection of NO, CO.20 In this work, the use of the ternary
metal oxide zinc titanate (ZnTiO3) nanoparticles is reported for the first time as a potential
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candidate nanomaterial for improving drilling fluid properties. We have targeted ZnTiO3 material
as it is a high temperature phase21 of ZnO and TiO2 and therefore expected to impart larger
thermal stability to the drilling fluid in HPHT applications. ZnTiO3 is a crystalline ceramic with
perovskite type mixed metal oxides which has attracted keen interest over the years owing to
their unique physical and chemical properties.22 In this study, various nano-fluids were prepared
by dispersing ZnTiO3 nanoparticles in XG. Our results are obtained by using nanoparticles
prepared by two different synthesis techniques: (a) sol-gel bulk polymerization method, and (b)
sol-electrospinning technique. The sol-gel technique is a well-established technique for making
oxide nanoparticles. In the sol-electrospinning method electrospinning is used as an intermediate
processing step. In electrospinning, a droplet of a suitable solution is subject to high electrostatic
potential, which introduces electrostatic forces as the driving force to form ultra-thin fibers. In
our process, a droplet of spinning precursor solution (mixture of aqueous PVA solution and
ceramic sol) held by its surface tension at the end of a capillary tube is subjected to an electric
potential of ~10 kV which leads to ejection of ultrathin nanofibers. The precursor spinning
solution is prepared by mixing the sol with aqueous solution of polyvinyl alcohol (PVA) which
acts as a guiding polymer. The electrospun nano-fibrous mats obtained by spinning the precursor
solution are subsequently subjected to calcination at high temperature yielding zinc titanate
nanoparticles.20 In this paper, nanoparticles prepared by the bulk polymerization method are
referred as SNP, and those using electrospinning as an intermediate step as ENP. A marked
difference in the behavior of the particles prepared by these two methods has been observed and
the reader is referred to the Reference 20 for further details. SNP and ENP are separately added
to the base mud composed of pre-hydrated bentonite dispersion, polyanionic cellulose and
potassium chloride giving us two different types of mud systems studied in this paper. Effect of
adding ZnTiO3 nanoparticles with concentrations ranging from 0.5% to 3% on rheology and
filtration loss has been studied. Rheological and filtration properties of the nano-fluids were
studied as a function of nanoparticle concentration. These properties were again tested after
ageing the sample for 16 h. Specifically, the rheological properties of the muds such as apparent
viscosity, plastic viscosity, gel strength, and yield point, and the filtration losses, which are the
crucial parameters influencing the drilling operation, are found to improve upon addition of the
ZnTiO3 nanoparticles. Although Water Based Mud Systems are the most environment-friendly
fluids, possible degradation of rheological properties at higher temperatures is an important
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concern, since it may lead to failure in preventing minor kicks or a blowout. This shortcoming
can be overcome by the use of nanoparticle in the drilling fluid and zinc titanate is found to
impart improved thermal stability to the base mud as reported in this study.

5.1.2 Bismuth ferrite (BiFeO3)
Inorganic characteristics of the nano-additives are anticipated to impart thermal stability in the
drilling fluids even at high temperature and high pressure (HTHP) conditions ubiquitous at the
bottom of deep wellbores. Menzel (1973) and Haaland (1976) reported that iron oxides (Fe2O3)
can be used as weighting agents in drilling fluid

23,24

. Although effect of various nanoparticles

such as iron oxide, nanosilica, aluminum oxide, ZnO, TiO2, and ZTO on the mud behaviour has
been studied extensively in recent past,25–29 the current work is the first such study where the
crystalline nanomaterial, that is BiFeO3 (BFO), is ferroelectric in nature with spontaneous
polarization at room temperature of 3.5 μC/cm2 (along [001] direction) and a very high Curie
temperature of 830ºC.30–43 Because of dipolar nature of the BFO crystals, their electrostatic
interaction with the charged layers of aluminium silicates in clays is expected to enhance the
dispersion of these nanoparticles. A better dispersion owing to the dipolar nature of the BFO
crystals is a governing parameter giving rise to smaller filtrate loss and a respectable increase in
viscosity when mixed in drilling fluids. High Curie temperature (the temperature up to which the
spontaneous polarization may persist) and high degradation temperature of 852ºC makes these
nanoparticles especially attractive for high temperature drilling operations.44
In present work, the objective is to use the ferroelectric BFO nanoparticles as an additive and
explore its effects on rheological and filtration characteristics of drilling fluids. The single phase
perovskite structure of BiFeO3 shows ferroelectric polarizability because of which these
nanoparticles may remain permanently charged and thereby help in strengthening the network of
clay platelets via electrostatic interactions. Exploiting this unique aspect present with BFO
nanoparticles to engineer the fluid properties forms the motivation of selecting BFO
nanoparticles in drilling fluid formulation. To best of our knowledge, this is the first study where
a ferroelectric nanoparticle has been examined as a potential additive drilling fluid, and the
results suggest that BFO nanoparticles can overcome some very important drawbacks present
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with other nanoparticles. (A comparison with previous research results is presented in Table
5.4).
In this paper, the synthesized and characterized pure and single phase of BiFeO3
nanoparticles were first dispersed in an aqueous solution of xanthan gum (XG) to yield nanofluid
which is used in two different ratios 10 v/v% and 20 v/v% with a certain base mud resulting in
two categories of nanoenhanced water based mud (NWBM) systems.

5.1.3 SiO2
In this section, a nano-silica based WBM is produced to reduce the filtrate loss in WBM. Silica
nanoparticles have been synthesized in laboratory by simply the calcination of PDMS foam and
subsequently were coated with 3-(2-aminoethylamino)propyltrimethoxysilane. The resulting
product was used as an additive in a typical water based mud as fluid loss reducer. API filtrate
was measured for varying quantities of silane coated nanoparticles in base drilling mud. Results
showed that 0.3% of nanoparticles affected a reduction of ~35% after hot rolling at 110°C for 16
hours. Present work demonstrates the applicability of nanoparticles in overcoming the limitations
imposed by the degradation of the mud constituents due to its exposure to high temperature
during drilling operation.
This chapter presents methodologies for preparing base mud, nanofluid by using
nanoparticles prepared. Subsequently the comparative study of the effect of nanoparticles on
drilling fluid rheology and filtration characteristics is investigated and reported in results and
discussion section.

5.2

Experimental

5.2.1 Designing of drilling fluid
5.2.1.1

Materials

Potassium chloride, potassium hydroxide, Xanthan Gum (XG), formaldehyde and octanol were
purchased from Merck. Bentonite used in drilling fluid formulations is montmorillonite
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purchased from SD Fine-Chem Ltd. Polyanionic cellulose (PAC) was obtained from oil
operation fields of Oil and Natural Gas Corporation (ONGC), India. Deionized water (DI-H2O)
has been used throughout the experiments.

5.2.1.2

Preparation of base mud

Bentonite was mixed with water using Hamilton beach mixer for 20 minutes to make 10% slurry
of bentonite in water. This slurry was kept for 24 hours to allow complete hydration of bentonite.
Base mud was prepared by using pre-hydrated bentonite (PHB) slurry after diluting it with water
to make 5.0 cP apparent viscosity. XG (0.25 w/v%), PAC (0.5 w/v%) and KCl (3.0 w/v%,) were
added into PHB slurry and mixed thoroughly using a single spindle Hamilton Beach Mixer to
make 500 mL of base mud. Here XG acts like a viscosifier, PAC as a fluid loss reducer, and KCl
as a clay stabilizer. Potassium hydroxide (KOH) was added to increase the pH of the mud to
around 9.5 and formaldehyde was added as a biocide to inhibit natural degradation of polymers
due to bacterial action. Some bubble development was noticed on addition of viscosifier which
was suppressed by addition of octanol-1 defoamer.

Figure 5.1 (a) Fann VG meter, (b) sonicator shows two step method for nanofluid preparation
and (c) API filter press.
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5.2.1.3

Preparation of nano-fluids and nano-enhanced water based mud

by using ZnTiO3 nanoaprticles
First of all, XG (0.25 w/v%) was mixed in deionized water using a magnetic stirrer at 600 rpm
for two hours. The nanoparticles were dispersed into this aqueous XG solution and mixed
vigorously with the help of magnetic stirrer at 800 rpm for uniform distribution of the particles,
resulting in the formation of nano-fluid. The nano-fluid was then agitated by sonication for 1.0
hour by using ultrasonicator (Figure 5.1 (b)). 10% v/v of this nano-fluid system with each ENP
and SNP ZnTiO3 were mixed with the base mud, separately, which we refer here as nanoenhanced water based drilling fluid (NWDF). Different NWDF were prepared by adding
nanofluid of varying concentration of each ENP and SNP ZnTiO3 nanoparticles in base mud as
shown in Table 5.1. For NWDF with zero concentration of NP, 10 % v/v solution of 0.25% w/v
xanthan gum was added into BM. The flow chart shown in Figure 5.2 depicts the whole process
of preparing various drilling-fluid formulations.

Figure 5.2 Flow chart for the formulation of nanoenhanced drilling fluid.
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Table 5.1: Composition of nanoenhanced water based drilling fluid.
Nanoparticle Concentration
in Nanofluid
S.N.

Formulation Code
SNP ZnTiO3 ENP ZnTiO3

Effective concentration
of NP in NWDF (%w/v)

(% w/v)

(% w/v)

1

0.0

0.0

BM

0

2

0.5

0.0

NBM-S1

0.05

3

1.0

0.0

NBM-S2

0.10

4

1.5

0.0

NBM-S3

0.15

5

2.0

0.0

NBM-S4

0.20

6

2.5

0.0

NBM-S5

0.25

7

3.0

0.0

NBM-S6

0.30

8

0.0

0.5

NBM-E1

0.05

9

0.0

1.0

NBM-E2

0.10

10

0.0

1.5

NBM-E3

0.15

11

0.0

2.0

NBM-E4

0.20

12

0.0

2.5

NBM-E5

0.25

13

0.0

3.0

NBM-E6

0.30

5.2.1.4

Preparation of nano-drilling fluid by using BiFeO3 nanoparticles

Prehydrated bentonite (PHB) slurry was prepared by dispersing 10 w/v% Bentonite in DI-H2O
and allowing overnight to hydrate completely. Then further water was added to dilute until
apparent viscosity of 5.0 cP is achieved. This amount to be approximately 220 mL water to be
mixed in 200 mL PHB slurry resulting in 420 mL bentonite slurry of 5.0 cP apparent viscosity.
Base mud was synthesized by using this 5.0 cP PHB slurry in which other additives were added
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by using Hamilton beach mixer. The concentration of the additives in synthesized base mud with
respective functionalities is shown in Table 5.2. For the preparation of nanofluid, 0.25 w/v% of
xanthan gum was dissolved in DI-H2O using a magnetic stirrer at 600 rpm for 2 h. Then BiFeO3
nanoparticles were dispersed into xanthan gum solution using an ultrasonicator for 1.0 h to
obtain uniform dispersion of nanoparticles, resulting in the formation of nanofluid. Different
nanofluids were prepared using different nanoparticle %(w/v) in aqueous xanthan gum solution
as shown in Table 5.3. Two type of mud systems were developed by using 10% and 20% (v/v)
nanofluid in base mud.
Table 5.2: The raw materials composition used for the formulation of the base mud.
Additive

Additive %(w/v)

Functions

in 5.0 cP PHB
slurry
Polyanionic

0.5

Fluid loss control and viscosifier

0.25

Viscosity and fluid-loss control in low solid

Cellulose
Xanthan Gum

mud
Potassium

0.02

To maintain alkalinity of water based mud

Potassium Chloride

3

Clay stabilizer

Biocide

0.05

To hinder natural decomposition of

Hydroxide

polymers due to bacteria
Octanol

0.01

Defoamer to prevent bubble formation
during mixing
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Table 5.3: Composition of drilling fluids.
Nanoenhanced
Water based
mud (NWBM)
system
NWBM-1

NWBM-2

5.2.1.5

Nanofluid
concentration
in base mud

Nanoparticles

Effective

Composition

Concentration

concentration of

of nanofluid

(w/v%) in

nanoparticles in

nanofluid

NWBM (w/v%)

10% by

Xanthan gum

0.05, 0.10, 0.15,

volume

(0.25 w/v%)

0.5, 1.0, 1.5,

0.20, 0.25, 0.30

20% by

+

2.0, 2.5 and 3.0

0.10, 0.20, 0.30,

volume

nanoparticle

0.40, 0.50, 0.60

Rheological and filtration testing of drilling fluid

The rheological properties of the NWDF were monitored at two temperatures (20°C and 70°C).
Fann V-G viscometer (Figure 5.1 (b)) with attached heating assembly was used to characterize
the rheological properties of drilling formulations. 350 mL of drilling fluid sample is placed in
testing cup and then dial readings are obtained at the different rpm values i.e. 600, 300, 200, 100,
6 and 3. The dial readings (ɸ) as shown by needle deflection at the top of VG viscometer, are
used to obtain rheological parameters as per API recommended standards:
Apparent Viscosity (AV) = Φ600/2
Plastic Viscosity (PV) = Φ600 - Φ300
Yield Point (YP) = Φ300 - PV
Where,
Φ600: Dial reading from a viscometer at 600 rpm
Φ300: Dial reading from a viscometer at 300 rpm
Gel strength, thixotropic property of drilling fluid, is typically reported as 10 second gel strength
and 10-minute gel strength which are the values of maximum dial reading at 3 rpm after the fluid
has been at rest for 10 s and 10 min respectively. Filtrate loss in 30 minutes is an important
characteristic which is analyzed with API filter press, Fann Instrument Company (Houston,
Texas). Filtration loss experiment is conducted at room temperature (~25°C) and 100 psi
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pressure, as per the API recommendation for this test. Therefore, this test was done at room
temperature only.
The rheological and filtration tests were conducted both before hot rolling (BHR) and
after hot rolling (AHR) process which was carried out in Hot Roller Oven using ageing cells at a
temperature of 110°C for 16 h. This process is also termed as ageing or hot roll ageing of mud.
Various properties like apparent viscosity, plastic viscosity, and yield point and gel strength are
calculated and plotted against NP concentration in the form of graphs.
In case of drilling fluid with BiFeO3 nanoparticles, rheological studies were performed at
six concentrations of the nanoparticle viz. 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 w/v% in a set of two
nanofluids concentration of 10 and 20 v/v% i.e. NWBM-1 and NWBM-2 respectively. The
effective concentration of nanoparticles in base drilling fluid is discussed in results section is
0.05-0.3 w/v% for NWBM-1 and 0.1-0.6 w/v% for NWBM-2. In the first set of experiments 10
v/v% nanofluid was used which increased to 20 v/v% in the next set of experiments. In current
study, ageing of the drilling fluids (also referred here as hot rolling) was done in a Hot Roller
Oven with ageing cells at 110°C for a duration of 16 h at normal pressure. All the experiments
were conducted at two different temperatures 20°C and 70°C. After hot rolling, mud is allowed
to cool into two steps. First, mud is cooled up to 70°C and then up to 20°C, and rheological
testing was repeated at both the temperatures to complete the heating cycle and its effect on
rheology of drilling fluid. A comparative study of the various rheological and filtration properties
was done for all the drilling fluid formulations.
All the measured properties were calculated and the relationship obtained were plotted in the
form of graph against the concentration of the nanoparticle in drilling fluid. This rheological
analysis was done by using Bingham Plastic model as is the case in oil fields, however, water
based drilling fluids can also be characterized by using Herschel-Bulkley model and
Vipulanandan model

45–47

. In this work the reported values are based on API recommended

Bingham Plastic model. These stress-shear rate data were also fitted with Hershel-Buckley
model [Figures AII-1 to A10 and Table AII-1 (a and b)] and Vipulanandan models, presented
in supporting document [Figures AII-11 to A20 and Table AII-2 (a and b)]. The equations for
all the three models i.e., Bingham-Plastic, Herschel-Bulkley and Vipulanandan models are as
follows:
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(i)

Bingham-Plastic model: shear stress (τ) = YP + PV*(shear rate)

(ii)

Hershel-Bulkley model: shear stress (τ) = τ˳1 + K*(shear rate)n ; (where, τ˳1 is the yield
stress, K the correction parameter, and n the flow behavior index.)

(iii)

Vipulanandan model: shear stress (τ) = τ˳2 +

; (where, τ˳2 represents yield

stress, and A and D are the model parameters which decide shear stress at infinite shear
rate, and how fast that shear stress is achieved.)
It is to be noted that, although our comparison of parameters is based on Bingham plastic
model (as this is a common practice in field), Vipulanandan model in most cases give better
fitting with less root mean square error (RMSE) and higher R2 values.
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5.3

Results & discussion

5.3.1 Effect of ZnTiO3 nanoparticles (SNP & ENP) on the rheological
properties of mud
The rheological properties of base bentonite mud needed adjustments and hence XG and
polyanionic cellulose were added. Rheological studies were carried out for different conditions
of temperatures (20°C and 70°C) before and after ageing. After ageing, once the mud has been
cooled to 70°C and 20°C, the tests were again repeated to establish the effect of entire heating
process on the rheology of drilling fluid. The rheological properties such as apparent viscosity,
plastic viscosity, yield point and gel strength of base mud before and after ageing has been
compared with the drilling fluid rheology with SNP and ENP nanoparticles in the following
sections. Shear stress–shear strain rate relationships are represented in Figure 5.3 and 5.4.

Figure 5.3 Shear stress–shear rate relationship for drilling mud with SNP (a and a') and ENP (b
and b') nanoparticles at 20°C before and after hot rolling, respectively.
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Figure 5.4 Shear stress–shear rate relationship for drilling mud with SNP (a and a') and ENP (b
and b') nanoparticles at 70°C before and after hot rolling, respectively.

5.3.1.1

Apparent viscosity

In evaluating drilling muds, it is common practice to report the effective viscosity at 600 rpm.
This quantity is known as apparent viscosity (AV) and it is an important parameter for hydraulic
calculations

48

. AV should be high to lift drill cuttings easily but it causes a decrease in rate of

penetration of drill bit into formation. In this paper, the obtained AV of drilling fluid
formulations at different concentration of nanoparticles in nanofluid (R1.2) before and after hot
rolling is shown in the Figure 5.5. It has been observed that the AV initially decreases with
increasing the concentration of nanoparticles with SNP as well as with ENP up to 2.0% NP in
nanofluid and then start increasing for much higher concentrations. ENP based formulations
(NBM-E1 to NBM-E6) showed slightly higher AV than SNP based formulations (NBM-S1 to
NBM-S6) for a corresponding NP concentrations (Figure 5.5 a & b). This may be due to the fact
that the size of the ENP is much smaller as compared to the size of SNP as the surface area of
ENP is almost 25 times higher than SNP (Chapter 4, Figure 4.4 (a & b)). In samples studied
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before hot rolling, the trend generally observed is that the addition of nanoparticles initially leads
to reduction in viscosity but at higher concentrations of nanoparticles, the viscosity starts to
increase. Moreover, the reduction in viscosity is less for smaller sized ENP particles as compared
to SNP particles. This can be attributed to the fact that at small concentrations, the dominant
effect of the nanoparticles is to disrupt the bridges of the clay-platelets, thereby reducing
viscosity by reducing the hydrodynamic interactions between the platelets. However, at higher
concentrations, the concentration effect dominates and the viscosity starts to increase. Less
reduction in viscosity in mud-systems with smaller sized ENP particles present at the same
concentration also supports this conjecture. Since the ENP particles have sizes nearly one order
of magnitude smaller than the SNP particles, their effectiveness in disrupting the clay network is
much less, and therefore offer less reduction in viscosity of the base mud. It is also to be noted
that at higher concentrations, the rise in apparent viscosity is higher in ENP mixtures as
compared to SNP mixtures. Similar trend is observed in dependency of the plastic viscosity also
as nanoparticle concentration is changed (presented in the subsequent section). We don’t have a
conclusive explanation to this but one possible reason could be the fact that growth of crystalline
oxide materials is known to result into asymmetric deviations from perfectly symmetric lattice
due to atomic size mismatch. Due to this effect, the hexagonal perovskite flakes of zinc titanate
may develop permanent charge (dipole moment) which can further enhance the interaction
between the clay platelets present in the base mud at higher concentration. This interaction will
be more pronounced if the size of the nanoparticles is small (as in ENP as compared to SNP)
which exposes larger surface area of the ZnTiO3 material for electrostatic interactions with clay
platelets. Thus at higher concentration, rise in viscosity will be more pronounced in mud samples
mixed with ENP as compared to SNP at the same particle concentration. AV for BM shows
about 27% decrease on heating up to 70°C. However, this decrease due to temperature rise is
recovered to a large extent by the addition of NP (only 6% for NBM-S6 and 10% for NBM-E6)
as can be seen in Figure 5.5 for all the cases. Further, it was found that ageing at 110°C of BM
caused ~17.3% reduction in AV at 20°C and ~31.5% reduction at 70°C. However, this decrease
in AV due to hot rolling ageing was reduced by addition of NP (~6% for NBM-S6 and ~12% for
NBM-E6). It can be said that ENP is more effective in enhancing the viscosity but SNP is better
in providing thermal stability to AV.
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Figure 5.5 Apparent viscosity of nanoenhanced drilling mud by using (a and a') SNP and (b and
b') ENP nanoparticles before and after hot rolling, respectively.

5.3.1.2

Plastic Viscosity

Plastic viscosity (PV) is the resistance to the flow of a fluid. It is caused by the mechanical
friction within the drilling mud due to interaction between solids, the liquids and the deformation
of liquid that is under shear stress. Plastic viscosity is the viscosity of a Bingham plastic beyond
the yield point and is used as a parameter to assess the efficacy of the drilling process resulting
from the ease of mud-flow exiting at the bit where the flow experiences very high shear rate.
Figure 5.6 (a and a') and (b and b') shows the plastic behavior of drilling fluid with SNP and
ENP ZnTiO3 before and after hot rolling, respectively. In case of the base mud, a considerable
decrease is observed in the magnitude of plastic viscosity after the hot rolling is performed as
indicated at 0% concentration of nanoparticles in the graphs (Figure 5.6). This behavior of the
plastic viscosity after hot rolling is the result of the degradation of the solid polymers and other
components of the mud sample. This result is consistent with that of a prior work49 where
authors performed similar experiments. Interestingly, SNP based drilling fluid with high
concentration of NP were showing no decrease in PV on heating to 70°C from 20°C whereas
ENP based drilling fluid on heating to 70°C showed reduction in PV (NBM-S5, NBM-S6, NBM111 | P a g e

E5 and NBM-E6). This effect can be attributed to the smaller size of ENP nanoparticle which
gets thermally excited on heating and loses the interaction with other additives present in mud
and hence PV reduces considerably at higher temperature (Figure 5.6 a & b). Thus size of the
nanoparticles can be an important parameter to influence and engineer the thermal response of
the mud. After hot rolling, it was found that the plastic viscosity of the nano-based formulations
remains in the range of 8–11 cP for SNP based formulations and slightly higher for ENP based
mud formulations.

Figure 5.6 Plastic viscosity of nanoenhanced drilling mud by using (a and a') SNP and (b and b')
ENP nanoparticles before and after hot rolling, respectively.

5.3.1.3

Yield point

Yield Point (YP), the initial resistance to flow caused by electrochemical forces between the
particles, is an important parameter in the Bingham plastic model, which depends on the surface
properties of the mud solids and the volume fraction of the solids. Yield Point is used to evaluate
the ability of a mud to lift cuttings out of the annulus at dynamic condition. Yield point (YP)
variation with NP concentration is plotted in Figure 5.7. Before hot rolling values are shown in
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Figure 5.7 (a and b) while after hot rolling results are represented in Figure 5.7 (a' and b'). YP
shows a decrease with concentration in low concentration range of both types of NPs, but
increases at higher concentrations, a trend similar to that followed by viscosity. YP of BM was
reduced by ~25% on heating to 70°C but this reduction was decreased when NP were added to
mud formulation (Figure 5.7). After hot rolling, ENP based formulations showed lesser
reduction in YP due to temperature rise than that shown by SNP based formulations (Figure 5.7
a' and b'). These results indicate that ENP based formulations offer better thermal resistance in
yield point variation, possibly due to the large number of particles for a given concentration.

Figure 5.7 Yield point of nanoenhanced drilling mud by using SNP (a and a') and ENP (b and b')
nanoparticles before and after hot rolling, respectively.

5.3.1.4

Gel strength

Gel Strength is an important mud property as it demonstrates the ability of the drilling fluid to
suspend drill cuttings and weighting materials when circulation is ceased. Figure 5.8 and 5.9
represent the variation of initial (10 second) and final (10 minute) gel strengths of SNP and ENP
based drilling fluids against the NP concentration respectively, at 20°C and 70°C before and after
hot rolling at 110°C. The magnitude of the gel strength increases with the increase in
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nanoparticle concentration representing that the suspension capacity of the mud is improved. A
comparison between the ENP and SNP ZnTiO3 shows that ENP based formulations showed
higher values of gel strength. This is attributed to the fact that the surface area and thus number
of NP per unit weight of ENP ZnTiO3 is larger than that of the SNP so the former shows
increased gel strength as compared to the latter (Figure 5.8 a & b and Figure 5.9 a & b). This
effect remains same even after hot rolling at 110°C (Figure 5.8 a' & b' and Figure 5.9 a' & b').
Increase in mud temperature from 20°C to 70°C causes a decrease in 10 s and 10 min gel
strength which is more pronounced in case of ENP possibly due to the smaller size of ENP
ZnTiO3. However, these NP are not increasing the gel strength dramatically to cause any serious
operational problem due to very high gel strength, they are acting more in a way to stabilize the
gel strength against heating and ageing at higher temperatures as indicated by results.

Figure 5.8 10-second gel strength (Gel-0) of nanoenhanced drilling mud by using (a and a') SNP
and (b and b') ENP nanoparticles before and after hot rolling, respectively.

114 | P a g e

Figure 5.9 10-minute gel strength (gel-10) of nanoenhanced drilling mud by using (a and a')
SNP and (b and b') ENP nanoparticles before and after hot rolling, respectively.

5.3.1.5

API Filtrate

API filtrate loss of water based drilling fluid should be as low as possible because it causes the
well instability problem in case of water sensitive formations such as shale. The fluid loss occurs
due to the differential pressure developed between the formation and the borehole. This
subsequently leads to the formation of the filter cake by the deposition of drilling fluid solids
when water infiltrates into the formation.
API fluid loss is quantified by collecting filtrate in 30 minutes the conditions of 100 psi
differential pressure and normal temperature as specified by API. This test is conducted to study
the static filtration characteristics of mud. The studies were carried out at 25°C temperature and
100 psi pressure in a standard API filter press and fluid loss across the API filter paper was
measured. The variation of API filtrate with nanoparticle concentration (SNP & ENP) before and
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after hot rolling is plotted in Figure 5.11 (a and b). After hot rolling API fluid loss was found to
be higher than that before hot rolling. It may be attributed to the thermal degradation of
biopolymers i.e. xanthan gum and PAC to some extent

12,50

. The results of the different samples

were compared as shown in the Figure 5.11. A considerable reduction in the fluid loss is
observed on increasing the concentration of the nanoparticle in the mud system with SNP and
ENP as compared to the base mud. API filtrate of base mud, after hot rolling, reduced by 33%
and 35.86% on using 3.0% (w/v) nanoparticle concentration of SNP and ENP, respectively.
Also, at the same concentration the fluid loss for ENP ZnTiO3 is less than that of SNP ZnTiO3.
This can again be attributed to the fact that ENP particles are smaller in size as evidenced by
FESEM images (Figure 5.10 (b)) and acts as a better plugging agent and therefore helps in
forming a thin impermeable filter cake which prevents further fluid loss.

Figure 5.10 (a) shows the morphology of calcined SNP-ZnTiO3 showing the hexagonal
stacking; (b) calcined ENP-ZnTiO3 which shows partly fibrous flake and spherical nanoparticles
with much smaller size.
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Figure 5.11 Variation of API filtrate with nanoparticle (SNP and ENP) concentration. (a) before
hot rolling, and (b) after hot rolling at 110°C for 16 h.

Figure 5.12 Schematic representation of the proposed arrangement of entities of various scales
and formation of pore plug bridges amongst bentonite mud, polymers and nanoparticles.
To form a thin filter cake, drilling fluid should contain particle slightly smaller than the
pore diameters which is believed to interact with clay particles resulting in formation of
impermeable thin film. Hence, with nanoparticles, it will be easier to bridge pore plugs to reduce
API filtrate. Excessive amount of fluid loss into water sensitive formation may cause swelling,
caving, stuck up, tight pulls etc. Nanoparticles are expected to fill in the gaps of drilling mud
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additives present in filter cake to cause a reduction in permeability (Figure 5.12). Presence of
ZnTiO3 in drilling formulation caused formation of less permeable and thinner (~1mm thickness)
mud cake. FESEM analysis of filter cake was carried out at 3.0 w/v% of ZnTiO3 nanoparticle
(Figure 5.13). A distinct difference in the morphology in the two cases is observed by SEM
imaging. Presence of ENP ZnTiO3 nanoparticle leads to formation of a less permeable surface
than that in case of SNP (Figure 5.13 (c and e)). The presence of ZnTiO3 is also confirmed by
EDS elemental mapping of selected area on filter mud cake (Figure 5.14) which indicate
elemental composition of targeted areas. A photograph of filter cakes with and without
nanoparticles is shown in Figure 5.15.

(a)
10 μm

(c)

(b)
2 μm
(d)

10 μm

2 μm

(e)

(f)

10 μm

2 μm

Figure 5.13 FESEM images of deposited filter cake: (a and b) showing the surface of mud cake
without nanoparticles, (c and d) the surface morphology of mud cake with SNP ZnTiO3
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nanoparticles and (e and f) showing micrographs of mud cake with ENP nanoparticles at
different scales.

Figure 5.14 Energy dispersive spectra of filtered mud cake by using SNP nanoparticles (a)
FESEM image of an area of interest (Scale bar = 5 μm) and (b) elemental mapping which
indicates the presence of Zinc (Zn) and Titanium (Ti) elements with other drilling mud
composition.

Figure 5.15 Filter cake obtained by API filtration test, (a) base mud and (b) mud with 0.20 w/v%
ENP nanoparticle.

5.3.1.6

Conclusion

Effects of incorporating ZnTiO3 nanoparticles prepared by two different synthetic routes
giving different sizes and distributions of nanoparticles, is studied by measuring changes in the
rheological properties, gel strength, and filtration loss of mud system incurred due to these
nanoparticles. The effect of ageing on these properties are also studied, both in presence and
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absence of nanoparticles at different concentrations. The nanoparticles are capable of assisting
the drilling fluid in enhancing its rheological properties, heat tolerance and filtration
characteristics. These nanoenhanced water based drilling fluids are able to reduce filtrate loss
even for the mud sample after hot rolling at 110°C. Combination of micron size bentonite solid,
nanoparticulate ZnTiO3, and hydrocolloid of organic polymer creates dense packing and reduces
filtration loss. Nanoparticles ENP synthesized via electrospinning technique are found to be
better used in rheology as well as reducing fluid loss. From the above study, it can be concluded
that ternary metal oxide (ZnTiO3) nanoparticles can be used in water based drilling fluid
rheology additive for heat tolerance and fluid loss reducer, and these nanoparticles offer a route
to engineer desired properties in a mud system by incorporating nanoparticles with varying size,
shape, and size distribution.
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5.3.2 Enhancing the properties of Water based Drilling Fluid using Bismuth
Ferrite Nanoparticles
5.3.2.1

Nanoparticle concentration effect on mud rheology

Rheological properties of drilling muds obtained by V-G viscometer are AV, PV, YP and gel
strengths. These properties are critical to efficient functioning of drilling process. AV, PV and
gel strength must be optimized in such a way that mud is able to suspend the cuttings and before
recycling of mud the cuttings are easily separated. YP must also be in range so that it helps in
cuttings removal but at the same time YP is not too high which may increase the pumping cost.
Two different temperatures, 20°C and 70°C were selected for rheological studies before and after
hot rolling of mud and while cooling, at 70°C and then at 20°C. The rheological properties of
base mud before and after hot rolling is shown in Table 5.4.
Table 5.4: Rheological studies of base drilling mud.

Parameter

Before hot rolling

After hot rolling

20°C

70°C

20°C

70°C

Φ600

48

38

31

26

Φ300

36

28

25

21

AV (cp)

24.0

19.0

15.5

13.0

PV (cp)

12.0

10.0

6.0

5.0

YP (lb/100ft2)

24.0

18.0

19.0

16.0

Gel 0 (lb/100ft2)

10

7

3

3

Gel 10 (lb/100ft2)

16

14

6

5

On addition of nanofluid these rheological properties were found to be improved than
those of base mud. However, the increase in temperature reduced these properties but the effect
was not pronounced enough to cause drastic change in mud rheology at higher temperatures.
Shear stress–shear rate plots are shown in Figure 5.16 and 5.17.
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Figure 5.16 Shear stress–shear rate plot for drilling fluids with NWBM-1 (a and c) and NWBM2 (b and d) nanoparticles at 20°C before and after ageing, respectively.

Figure 5.17 Shear stress–shear rate plot for drilling fluid with NWBM-1 (a and c) and NWBM-2
(b and d) nanoparticles at 70°C before and after ageing, respectively.
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5.3.2.2

Apparent Viscosity

Apparent viscosity is the ratio of shear stress to shear rate and it is very important for oil well
drilling. AV of the NWBM-1 and NWBM-2 were found to be increasing with increase in
nanoparticle concentration in nanofluid both before and after hot rolling as shown in Figure
5.18. It’s noted that NWBM-2 shows higher values of AV than NWBM-1 which is due to higher
dose of nanofluid in NWBM-2 (20 v/v%) in mud which is only 10 v/v% in case of NWBM-1.
This effect remains even after hot rolling of drilling formulations. On increasing the
concentration of the nanoparticle, the magnitude of AV increases from 24.0 without nanofluid to
30 cP at 0.3 w/v% for NWBM-1 and to 35 cP for NWBM-2 as referred in Figure 5.18 (a) and
(b) respectively. This occurs as the addition of the nanoparticles increases the interaction
between clay particles as well as between clay particles and polymeric additives present in mud
resulting in its increasing resistance to flow. After hot rolling of mud formulations for 16 h,
rheological properties are generally reduced

50

as is the case for base mud also (Table 3).

However, nanoparticles have provided thermal stability to the mud formulations due to which
only 6.6% decrease in AV is observed at 0.03 w/v% concentration of nanoparticle while without
nanofluid the decrease after hot rolling was ~35% (for base mud) at 20°C (Figure 5.18 (a) and
(c)). A comparison of Figures 5.18 (a & b) and (c & d) shows that nanoparticles help in
recovering the loss in viscosity caused by polymer degradation during hot rolling to a significant
extent. The ability of these nanoparticles to recover the viscosity is due to their ferroelectric
behaviour with high ferroelectric polarization and high Curie temperature.31,51 On increasing the
temperature from 20°C to 70°C before hot rolling AV is found to follow a decreasing trend for
both NWBM-1 and NWBM-2 formulations (Figure 5.18 (a) and (b)) and on decreasing the
temperature from 70°C to 20°C after hot rolling AV increased for all the formulations (Figure
5.18 (c) and (d)). It is worth noting that this decrement due to temperature is less in case of mud
with nanoparticles than that in mud without nanoparticles before hot rolling (Figure 5.18 (a) and
(b)).
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Figure 5.18 Effect of nanoparticle concentration, hot rolling and temperature on apparent
viscosity (AV).

5.3.2.3

Plastic Viscosity

The viscosity of mud when extrapolated at infinite shear rate is called plastic viscosity in
Bingham Plastic model. Since the shear rate at the rotating drill bit is very high, the value of PV
decides the ease with which the drill bit is rotated. High PV implies slow rate of penetration and
may arise from increased solid content in the mud and concentration of nanoparticles. As
illustrated in the graph there is no considerable change in the plastic viscosity. This can be due to
the fact that there is no substantial increase in the solid content with the addition of the
nanoparticles hence smaller increments are observed as shown in Figure 5.19. In case of
NWBM-1, PV is slightly lower than PV of NWBM-2 for corresponding concentrations of
nanoparticles simply due to higher amount of nanoparticles in NWBM-2 as shown in Figure
5.19 (a) and (b). However, after hot rolling PV is decreased significantly for base mud which is
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due to thermal degradation of biopolymers in base mud50 as shown in (Figure 5.19). For mud
formulations with nanofluid, the decrease in PV due to hot rolling is less than that in base mud
and it indicates that drilling fluid formulations are thermally more stable with BiFeO3
nanoparticles. At higher temperature PV is reduced in both cases before and after hot rolling for
each NWBM systems.

Figure 5.19 Effect of nanoparticle concentration, hot rolling and temperature on plastic viscosity
(PV).

5.3.2.4

Yield Point

Yield Point (YP) is the yield stress extrapolated to zero shear rate. In a Bingham plastic fluid, YP
is the zero-shear-rate intercept in the straight line plot of a shear stress against shear rate. YP
indicates the capability of a fluid to lift drill cuttings out of the wellbore and fluids with higher
YP lift better. YP can be lowered by using a deflocculant in a clay-based mud and increased by
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adding freshly dispersed clay or a flocculent, such as lime 48. In present study nanoparticles have
increased YP of mud significantly as shown in Figure 5.20. Before hot rolling, NWBM-1
formulations showed increasing trend which is more pronounced in case of NWBM-2 (Figure
5.20 (a) and (b)). It indicates that these nanoparticles are capable of enhancing the YP of muds
efficiently at higher concentration. Nanofluid based muds showed good thermal tolerance to
retain YP after hot rolling at 110°C for 16 h as indicated by only slight decrease in YP after
ageing Figure 5.20 (c) and (d)). As the case is with AV and PV, YP also reduced at 70°C
throughout the concentration variation for all cases. There was significant decrease in YP
(~15%) of mud with very high nanoparticle concentration (3w/v% for NWBM-2, Figure 5.20
(b)) on when temperature was increased to 70°C, probably because of increased Brownian
motion at elevated temperature resulting in agglomeration of nanoparticles to some extent.
However, YP remained higher enough to support cutting lifting by drilling mud. This effect is
also observed after hot rolling for NWBM-2 (Figure 5.20 (d)).

Figure 5.20 Effect of nanoparticle concentration, hot rolling and temperature on yield point
(YP).
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5.3.2.5

Gel strength

Gel strength of studied drilling formulations at different concentration of nanofluids by using
varying concentration of BiFeO3 nanoparticles has been measured before and after hot rolling as
shown in Figure 5.21 (a, b, c & d). Drilling mud gel strength is compared between three
variables namely concentration, temperature and after hot rolling. Gel strength indicates drilling
mud’s ability to lift cuttings if mud circulation is stopped for some time. If gel strength is tested
immediately after the circulation is stopped it is called initial gel strength and generally it is
measured after 10 sec of rest after shearing, therefore it is also termed as 10 second gel strength.
It can be clearly seen that with increase in concentration of the nano particle increases the
magnitude of gel strength both in case of NWBM-1 and NWB-2. This can be attributed to the
fact that the increase in nanoparticle enhances the interaction amongst clay platelets. However,
with the increase of temperature the 10 sec gel strength decreases. This trend is also followed
when a comparison is made between the system before and after hot rolling. 10-minute gel
strength is measured after the mud has been static for 10 minutes after shearing also termed as
final gel strength. During this period, clay platelets are rearranged in such an order that free
energy is minimized by satisfying electrostatic surface charges. It results in formation of a strong
gel structure thus higher values of gel strength are obtained after 10 minutes. Variation of gel
strength follow the same pattern as is the case for initial gel strength. Increasing the nanoparticle
concentration enhanced 10-minute gel strength thereby NWBM-2 showed higher values in
comparison to NWBM-1 (Figure 5.22 (a) and (b)). On increasing the temperature final gel
strength also reduces in both the cases before and after hot rolling. One of the reasons of
enhanced gel strength (and yield points) due to incorporation of bismuth ferrite (BiFeO3)
nanoparticles is that the single crystals of bismuth ferrites (BiFeO3) are ferroelectric materials
with high ferroelectric polarization 31,51. Due to high ferroelectricity, some of these nanoparticles
may remain permanently charged and thereby help in strengthening the network of clay platelets
via electrostatic interactions. The schematic representation of clay-BiFeO3 electrostatic
interaction is represented in Figure 5.23. As presented earlier, the relative change in PV with
concentration of nanoparticles is very small as compared to the AV values. This observation
supports the presented model of self-assembly in Figure 5.23. PV is the viscosity of mud at
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higher values of shear rates, and at high values of shear rates, the electrostatic interactions are
expected to be disrupted, thereby the change in PV will not be as high as that in AV.
It is found that increase in nanoparticle concentration generally increases viscosity. High
viscosity of the mud facilitates the lifting of the cuttings but too high viscosity will enhance the
pumping cost. Therefore, achieving a high viscosity can only be useful up to a threshold limit.
However, reduction in API filtrate loss should always be maximized without increasing the
filter-cake thickness. Although both rheological and filtration properties need to be improved the
recommended range of various rheological and filtration properties of water based drilling fluids
are as follows: Apparent Viscosity: 20-35 cP, Plastic viscosity: up to 25 cP, Gel strength: 20
lb/100 ft2, Filtration loss < 15 mL with thin impermeable filter cake. These parameters are
controlled as per the requirement of a particular drilling operation and need the adjustment
depending on a number of factors such as type of formation being drilled and rate of penetration
required among others. A comparison of the properties of the mud systems obtained by mixing
nanoparticles of different kinds by other researchers to those obtained with BFO in the present
work is presented in Table 6 It can be easily seen that a significant reduction in filtrate loss can
be achieved by adding very small amount of BFO nanoparticles without compromising the
rheological properties of the mud too much. For example, in Reference 26, 10 w% silica particles
effect a reduction of 58.3% whereas only 0.3% BFO in our work yields a reduction of 35% in the
API filtrate loss. Moreover, in Reference 26 the improvement in filtrate loss comes at the cost of
a significant increase in viscosity which may in turn severely impede the pumping. In other
works, listed in the Table 5.5, the rheological properties are increased on addition of
nanoparticles but filtrate loss also increases. Thus BFO nanoparticles discussed in the present
work offer an attractive alternative to effectively control the filtrate loss without significantly
increasing the mud viscosity and thereby the pumping cost.
The study of the mud behavior with temperature performed in the current work
underlines another important feature of the mud-systems studied, that is, the reduction in
rheological properties due to thermal degradation of polymers can be, to a large extent, recovered
by the added nanoparticles. Therefore, nanoparticles can be said to enhance the thermal stability
of the mud-systems.
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Table 5.5: Comparison with the studies on effects of other nanoparticles.

Change in rheological properties by using various nanoparticles in drilling fluid
Current

Properties
Nanopartic
les

Previous Works
Al2O3 25

CuO 25

Concentrat

0.01 to

0.01 to 0.5

ion change

0.5 w%

w%

Plastic

6 to 12.5

Viscosity

[+108.3%

(cP)

]

6.5 to 9
[+38.5%]
Nonmonotonic

TiO2 25

0.01 to
0.5
w%

Study

Nanosilic

MWCNT

Nanosilic

a 27

27

a 52

0.01 to

0 to 0.28

0 to 0.28

0 to 2.5

0.5 w%

w/v%

w/v%

w/w%

Silica 25

Iron
Silica 26

ZTO 29

BFO

0 to 2.5

0 to 10.0

0 to 0.3

0 to 0.3

w/w%

w%

w/v%

w/v%

Oxide
52

10 to 9
[-10%]
Nonmonoto

14 to 12
8 to 8

22 to 21

22 to 23

[0%]

[-4.5%]

[+4.5%]

33 to94

[-14.3%]

[+184.8

Non-

%]

monoton

nic

24.5

Yield Point

18 to 24.5

[-18.2%]

[0%]

(lb/100ft2)

[+36.1%]

Non-

Non-

monotonic

monoto

[+25%]

ic

24.5 to
22 to 18

12 to 15

24 to
24.5
[+2.1%]

24 to 26

3 to
13 to 12

13 to 14

3.5 to 1.9

14.3

7 to 35

[-7.7%]

[+7.7]

[-45.7%]

[+376.7

[+400%]

%]

[+8.3%]
Nonmonoton

24 to 30
[+25%]

ic

nic
23 to

Initial Gel

18.2 to

Strength

24.5

(lb/100ft2)

[+34.6%]

21 to 19
[-9.5%]
Nonmonotonic

24

11 to 14

[+4.4%

22 to

]

19.5

Non-

[-11.4%]

4.5 to 4.5

4.5 to 4.5

1 to 15

[0%]

[0%]

[1400%]

monoto

[+27.3%
] Nonmonoton

10 to 13
[+30%]

ic

nic
24 to
Final Gel

18.5 to

Strength

25.5

(lb/100ft2)

[+37.8%]

25
21 to 19

[+4.2%

[-9.52%]

] Nonmonoto

17 to 21
23.5 to
21.5 [8.5%]

5 to 5

5 to 5

[0%]

[0%]

2 to 31

[-47.1%]

[+1450

Non-

%]

monoton

loss (mL)

11.2 to
14.5
[+29.5%]

13 to 14.5
[+11.5%]
Nonmonotonic

12.5 to
11.5
[-8%]

[+25%]

ic

nic

API Fluid

16 to 20

11.9 to
14.2

6 to 5.8

6 to 5.6

[+19.3%

[-3.3%]

[-6.7%]

]

10.9 to
17.7 [+57.
8%]

510.9
to 8.8

12 to 5

12 to 9

12 to 7.8

[+19.3

[-58.3%]

[-25%]

[-35%]

%]
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Figure 5.21 Effect on initial gel strength with varying nanoparticle concentration, hot rolling and
temperature (10 sec gel strength).

Figure 5.22 Effect on initial gel strength with varying nanoparticle concentration, hot rolling and
temperature (10 min gel strength).
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Figure 5.23 Schematic representation of clay and BiFeO3 electrostatic interaction.

5.3.2.6

Effect of nanofluid concentration on filtrate loss of drilling mud

API filtrate loss is the volume of fluid received through a filter paper in 30 minutes under the
settings of normal temperature and 100 psi differential pressure as per the API specifications.
Therefore, API filtrate tests were conducted only at room temperature and not at 70°C. This
experiment provides the static filtration characteristics of fluid inside the wellbore. The change in
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API fluid loss with varying concentration of nanoparticle before and after hot rolling is presented
in Figure 5.24. API filtrate after hot rolling was higher as compared to that before hot rolling for
all the formulations. It happens due to the thermal degradation of polymeric additives such as
xanthan gum and PAC to some extent.50 Addition of nanofluid resulted in decreased fluid loss
which showed that nanoparticles support in formation of less permeable filter cake. On adding
0.3 w/v% nanofluid, filtrate loss was reduced by ~42% in case of NWBM-1 and by ~47% case of
NWBM-2 compared to base mud after hot rolling. Moreover, the thickness of filter cake was
found to be approx. 1 mm for all the formulations which is necessary to avoid the problems
associated with thick mud cake such as pipe sticking. Nanoparticles may be helping in bridging
the clay platelets and other solids present in mud to reduce the permeability of mud cake which
result in decrease in filtration through mud cake as shown in schematic diagram (Figure 5.25).

Figure 5.24 Effect of nanoparticle concentration and hot rolling on API fluid loss at 20°C
temperature before and after hot rolling.
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Figure 5.25 General schematic representation of filtration loss and mud cake formation (a)
without nanoparticles and (b) with nanoparticles.

Figure 5.26 Surface morphology of filter cake without nanoparticles (a and b) and with 0.3
w/v% BiFeO3 nanoparticles for NWBM-1 (c and d) at two different magnifications.
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To ascertain this phenomenon, FESEM characterization of filter cake was performed for
formulation having 0.3 w/v% nanoparticle in NWBM-1 (Figure 5.26). It was found that the
average nanoparticles size is in the range of 90-100 nm and these nanoparticles are mostly
encapsulated therefore not visible at the cake surface except a few. Presence of BiFeO 3
nanoparticle is also depicted by EDS spectra of two selected areas on filter cake (Figure 5.27)
which show the elemental composition of selected zones. Reduction in filtrate loss can be
attributed to the fact that dipolar nanoparticles facilitate the interactions between the clay
platelets and fill in the pores in this process, forming a stable self-assembled system leading to
reduced permeability to water infiltration. (See Figure 5.23).

Figure 5.27 Energy dispersive spectra (EDS) of drilling mud cake with 0.3 w/v% BiFeO3
nanoparticles for NWBM-1: (a) FE-SEM image (b) and (c) EDS spectra of selected areas.

5.3.2.7

Conclusion

The experimental results have shown the potential use of BiFeO3 in drilling mud. BiFeO3
nanoparticles improved rheological parameters such as AV, PV, YP and gel strength of water
based mud. This may be attributed to the fact that the bismuth ferrite (BiFeO3) nanoparticles are
highly ferroelectric and carry permanent polarization which may assist in associating with clay
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platelets thereby enhancing the force of attraction among clay particles resulting in improved
rheological properties such as AV and yield point. NWBM system are thermally more stable
than base mud as there was no drastic reduction in mud characteristics after hot rolling at 110°C.
Thus these nanoparticles also help in recovering the loss in properties such as viscosity, YP, and
gel strengths which may have incurred due to polymer degradation during hot rolling. This may
be due to the high Curie temperature of these ferroelectric crystals (825°C) and therefore retain
their polarizations at the processing temperatures of 110°C. The filtration loss, both before and
after hot rolling, was also reduced by the application of the nanoparticles under study. Interaction
between nanoparticles and clay particles plays an important role in improving mud rheology and
filtration properties. These nanoparticles are compatible with water based drilling fluid and
impart positive change in mud characteristics. Most importantly, they showed flocculating agent
characteristics to enhance YP and reduce the filter cake permeability which caused reduction in
API filtration loss. These mesoporous nanoparticles with high surface area, confirmed by BET
surface area analysis, were found to be a good candidate for water based drilling muds. BiFeO3
nanoparticles showed great promise by positively influencing the mud properties and this
nanoenhanced water based mud can be further explored for commercial applications.

5.3.3 Rheological effects of silane coated silica NP
5.3.3.1

Effect on viscosity by using silane coated SiO2 nanoparticles

Rheology control of drilling fluids is vital for drilling operation. Table 5.6 shows the variation of
rheological parameters for studied mud formulations. Silane coated silica NP imparted increase
in apparent viscosity (AV) of base mud when prepared i.e. before hot rolling. However, the
effect was reversed due to ageing at 110°C temperature and AV decreased with increase in NP
concentration and was minimum for highest concentration of 0.3% in mud formulation A3.
Similar effect of silane coated silica NP was found for plastic viscosity (PV) and yield point
(YP). Before hot rolling they increased with NP concentration and after hot rolling they decrease
with increase in NP amount.
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Table 5.6: Drilling fluid formulations.
NP concentration in

NP concentration in Mud

Drilling fluid

nanofluid (%w/v)

(%w/v)

code

1.

0

0

A0

2.

1

0.1

A1

3.

2

0.2

A2

4.

3

0.3

A3

S.N.

Table 5.7: Rheological properties of drilling fluid.
S.N.

Parameter

A0

A1

A2

A3

BHR* AHR** BHR

AHR

BHR

AHR

BHR

AHR

1

Φ600

48

30

53

26

56

18

58

16

2

Φ300

37

22

43

18

45

11

46

10

3

AV (cP)

24

15

26.5

13

28

9

29

8

4

PV (cP)

11

8

10

8

11

7

12

6

5

YP (lb/100ft2) 26

14

33

10

34

4

34

4

*Before hot rolling at 110°C, **After hot rolling at 110°C

5.3.3.2

API fluid loss

Drilling through formations which are water sensitive is a difficult segment of depth to be drilled
with water based mud due to the problem of water infiltration into the formation. This may cause
severe damage to the stability of wellbore therefore API filtrate for water based mud should be as
low as possible. In this work, synthesized material has been used with water based mud resulting
in reduction of the API fluid loss. Figure 5.28 shows the variation of API filtrate collected over
the test period of 30 minutes for all the mud formulations. As the concentration of silane coated
silica NP is increased, fluid loss (FL) reduced. For a concentration of 0.3 w/v% NP in drilling
fluid, FL decreased by 35.93%. This reduction is possibly due to the formation of a less
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permeable filter cake formed by silane coated silica NP. Filter cake is formed on filter paper used
in API filtration test due to the deposition of solids when water infiltrates through the paper.
Over the period of time, fluid keep on passing and further solid constituents of mud gets
deposited which results in increase of mud cake thickness. However, the structure formed by
solids in mud cake has some influence on fluid loss properties. If the permeability of mud cake is
low, fluid loss will be less which is desirable. After hot rolling, fluid loss results indicate that
silane coated nanoparticles caused a decrease in permeability of mud cake. Filter cake thickness
of all the formulations was nearly 1 mm measured by a standard 6” scale.

Figure 5.28 API fluid loss of various formulations after hot rolling at 110°C for 16 h.

5.3.3.3

Conclusion

The application of silane coated silica nanoparticles in drilling fluid for fluid loss reduction is
shown in this study. It is found that the silane coated nanoparticles increased rheological
parameters of drilling mud before hot rolling. Coated nanoparticles are imparting better fluid loss
characteristics possibly by reducing the permeability of mud filter cake. However, the
performance of silane coated nanoparticles may be improved so that it also imparts better
rheological characteristics along with reduction in API filtrate.
137 | P a g e

5.4
(1)

References
Al-Yasiri, M. S.; Al-Sallami, W. T. How the Drilling Fluids Can Be Made More Efficient
by Using Nanomaterials. Am. J. Nano Res. Appl. 2015, 3 (3), 41–45.

(2)

Abdo, J.; Haneef, M. D. Nano-Enhanced Drilling Fluids: Pioneering Approach to
Overcome Uncompromising Drilling Problems. J. Energy Resour. Technol. 2012, 134 (1),
014501.

(3)

Abdo, J.; Haneef, M. D. Clay Nanoparticles Modified Drilling Fluids for Drilling of Deep
Hydrocarbon Wells. Appl. Clay Sci. 2013, 86, 76–82.

(4)

Ponmani, S.; William, J. K. M.; Samuel, R.; Nagarajan, R.; Sangwai, J. S. Formation and
Characterization of Thermal and Electrical Properties of CuO and ZnO Nanofluids in
Xanthan Gum. Colloids Surfaces A Physicochem. Eng. Asp. 2014, 443, 97–43.

(5)

García-Ochoa, F.; Santos, V. E.; Casas, J. A.; Gómez, E. Xanthan Gum: Production,
Recovery, and Properties. Biotechnol. Adv. 2000, 18 (7), 549–579.

(6)

Sadeghalvaad, M.; Sabbaghi, S. The Effect of the TiO2/Polyacrylamide Nanocomposite
on Water-Based Drilling Fluid Properties. Powder Technol. 2015, 272, 113–119.

(7)

Amanullah, M.; Al-Arfaj, M. K.; Al-Abdullatif, Z. Preliminary Test Results of NanoBased Drilling Fluids for Oil and Gas Field Application. In SPE/IADC Drilling
Conference, Proceedings; Amsterdam, 2011.

(8)

Fakoya, M. F.; Shah, S. N.; Construction, W. Rheological Properties of Surfactant-Based
and Polymeric Nano-Fluids. In SPE/ICoTA Coiled Tubing & Well Intervention
Conference & Exhibition; The Woodlands, Texas, 2013; pp 1–17.

(9)

Riley, M.; Young, S.; Stamatakis, E.; Guo, Q.; Ji, L.; De Stefano, G.; Price, K.; Friedheim,
J. Wellbore Stability in Unconventional Shales - The Design of a Nano-Particle Fluid. In
SPE Oil and Gas India Conference and Exhibition; Mumbai, 2012.

(10)

Sharma, M. M.; Zhang, R.; Chenevert, M. E.; Ji, L.; Guo, Q.; Friedheim, J. A New Family
of Nanoparticle Based Drilling Fluids. In SPE Annual Technical Conference and
138 | P a g e

Exhibition; San Antonio, Texas, 2012; pp 1–13.
(11)

Barry, M. M.; Jung, Y.; Lee, J. K.; Phuoc, T. X.; Chyu, M. K. Fluid Filtration and
Rheological Properties of Nanoparticle Additive and Intercalated Clay Hybrid Bentonite
Drilling Fluids. J. Pet. Sci. Eng. 2015, 127, 338–346.

(12)

Jain, R.; Mahto, V.; Sharma, V. P. Evaluation of Polyacrylamide-Grafted-Polyethylene
Glycol/Silica Nanocomposite as Potential Additive in Water Based Drilling Mud for
Reactive Shale Formation. J. Nat. Gas Sci. Eng. 2015, 26, 526–537.

(13)

Mao, H.; Qiu, Z.; Shen, Z.; Huang, W. Hydrophobic Associated Polymer Based Silica
Nanoparticles Composite with Core-Shell Structure as a Filtrate Reducer for Drilling
Fluid at Utra-High Temperature. J. Pet. Sci. Eng. 2015, 129, 1–14.

(14)

Perez, R. M.; Siquier, S.; Ramirez, N.; Muller, A. J.; Saez, A. E. Non-Newtonian Annular
Vertical Flow of Sand Suspensions in Aqueous Solutions of Guar Gum. J. Pet. Sci. Eng.
2004, 44 (3–4), 317–331.

(15)

Chauhan, G.; Verma, A.; Hazarika, A.; Ojha, K. Rheological, Structural and
Morphological Studies of Gum Tragacanth and Its Inorganic SiO 2 Nanocomposite for
Fracturing Fluid Application. J. Taiwan Inst. Chem. Eng. 2017, 80 (September), 978–988.

(16)

William, J. K. M.; Ponmani, S.; Samuel, R.; Nagarajan, R.; Sangwai, J. S. Effect of CuO
and ZnO Nanofluids in Xanthan Gum on Thermal, Electrical and High Pressure Rheology
of Water-Based Drilling Fluids. J. Pet. Sci. Eng. 2014, 117 (May), 15–27.

(17)

William, J. K. M.; Ponmani, S.; Samuel, R.; Nagarajan, R.; Sangwai, J. S. Effect of CuO
and ZnO Nanofluids in Xanthan Gum on Thermal, Electrical and High Pressure Rheology
of Water-Based Drilling Fluids. J. Pet. Sci. Eng. 2014, 117, 15–27.

(18)

Ozdemir, S.; Bardakci, T. Hydrogen Sulfide Removal from Coal Gas by Zinc Titanate
Sorbent. Sep. Purif. Technol. 1999, 16 (3), 225–234.

(19)

Kim, Y. Low-Fired (Zn , Mg)TiO3 Microwave Dielectrics. J. Am. Ceram. Soc. 1999, 82
(12), 3476–3480.

(20)

Perween, S.; Ranjan, A. Improved Visible-Light Photocatalytic Activity in ZnTiO3
139 | P a g e

Nanopowder Prepared by Sol-Electrospinning. Sol. Energy Mater. Sol. Cells 2017, 163
(August 2016), 148–156.
(21)

Dulin, F. H.; Rase, D. E. Phase Equilibria in the System ZnO-TiO2. J. Am. Ceram. Soc.
1960, 43 (3), 125–131.

(22)

Chandler, C. D.; Roger, C.; Hampden-Smith, M. J. Chemical Aspects of Solution Routes
to Perovskite-Phase Mixed-Metal Oxides from Metal-Organic Precursors. Chem. Rev.
1993, 93 (3), 1205–1241.

(23)

Menzel, D.; Aime, M.; Gmbh, S. C. New Weighting Based Material on Synthetic for
Drilling Iron Oxide Fluids. Soc. Pet. Eng. AIME 1972.

(24)

Haaland, E.; Pettersen, G.; Tuntland, B. Testing of Iron Oxides as Weight Materials for
Drilling Muds. SPE J. 1976, No. 1, 1–15.

(25)

Bayat, A. E.; Jalalat Moghanloo, P.; Piroozian, A.; Rafati, R. Experimental Investigation
of Rheological and Filtration Properties of Water-Based Drilling Fluids in Presence of
Various Nanoparticles. Colloids Surfaces A Physicochem. Eng. Asp. 2018, 555, 256–263.

(26)

Kang, Y.; She, J.; Zhang, H.; You, L.; Song, M. Strengthening Shale Wellbore with Silica
Nanoparticles Drilling Fluid. Petroleum 2016, 2 (2), 189–195.

(27)

Aftab, A.; Ismail, A. R.; Ibupoto, Z. H. Enhancing the Rheological Properties and Shale
Inhibition Behavior of Water-Based Mud Using Nanosilica, Multi-Walled Carbon
Nanotube, and Graphene Nanoplatelet. Egypt. J. Pet. 2017, 26 (2), 291–299.

(28)

Vryzas, Z.; Mahmoud, O.; Nasr-El-Din, H. A.; Kelessidis, V. C. Development and Testing
of Novel Drilling Fluids Using Fe2O3 and SiO2 Nanoparticles for Enhanced Drilling
Operations. In International Petroleum Technology Conference; Doha, 2015.

(29)

Perween, S.; Beg, M.; Shankar, R.; Sharma, S.; Ranjan, A. Effect of Zinc Titanate
Nanoparticles on Rheological and Filtration Properties of Water Based Drilling Fluids. J.
Pet. Sci. Eng. 2018, 170 (April), 844–857.

(30)

Wang, J.; Neaton, J. B.; Zheng, H.; Nagarajan, V.; Ogale, S. B.; Liu, B.; Viehland, D.;
Vaithyanathan, V.; Schlom, D. G.; Waghmare, U. V; et al. Epitaxial BiFeO3 Multiferroic
140 | P a g e

Thin Film Heterostructures. Science (80-. ). 2003, 299 (5613), 1719–1722.
(31)

Catalan, G.; Scott, J. F. Physics and Applications of Bismuth Ferrite. Adv. Mater. 2009, 21
(24), 2463–2485.

(32)

Cazorla, C.; Diéguez, O.; Íñiguez, J. Multiple Structural Transitions Driven by SpinPhonon Couplings in a Perovskite Oxide. Sci. Adv. 2017, 3 (6), 1–7.

(33)

Jin, Y.; Lu, X.; Zhang, J.; Kan, Y.; Bo, H.; Huang, F.; Xu, T.; Du, Y.; Xiao, S.; Zhu, J.
Studying the Polarization Switching in Polycrystalline BiFeO3 Films by 2D
Piezoresponse Force Microscopy. Sci. Rep. 2015, 5 (1), 12237.

(34)

De Luca, G.; Strkalj, N.; Manz, S.; Bouillet, C.; Fiebig, M.; Trassin, M. Nanoscale Design
of Polarization in Ultrathin Ferroelectric Heterostructures. Nat. Commun. 2017, 8 (1), 1–7.

(35)

Saenrang, W.; Davidson, B. A.; Maccherozzi, F.; Podkaminer, J. P.; Irwin, J.; Johnson, R.
D.; Freeland, J. W.; Íñiguez, J.; Schad, J. L.; Reierson, K.; et al. Deterministic and Robust
Room-Temperature

Exchange

Coupling

in

Monodomain

Multiferroic

BiFeO3

Heterostructures. Nat. Commun. 2017, 8 (1), 1–8.
(36)

Cheong, S. W.; Mostovoy, M. Multiferroics: A Magnetic Twist for Ferroelectricity. Nat.
Mater. 2007, 6 (1), 13–20.

(37)

Wang, K. F.; Liu, J. M.; Ren, Z. F. Multiferroicity: The Coupling between Magnetic and
Polarization Orders. Adv. Phys. 2009, 58 (4), 321–448.

(38)

Bahoosh, S. G.; Wesselinowa, J. M. Origin of the Different Multiferroism in BiFeO3 and
GaFeO3. J. Appl. Phys. 2013, 113 (6).

(39)

Lopes, A. M. L.; Araújo, J. P.; Ferdov, S. Room Temperature Synthesis of Bi 25FeO39 and
Hydrothermal Kinetic Relations between Sillenite- and Distorted Perovskite-Type
Bismuth Ferrites. Dalt. Trans. 2014, 43 (48), 18010–18016.

(40)

Seshadri, R.; Hill, N. A. Visualizing the Role of Bi 6s “Lone Pairs” in the off-Center
Distortion in Ferromagnetic BiMnO3. Chem. Mater. 2001, 13 (9), 2892–2899.

(41)

Neaton, J. B.; Ederer, C.; Waghmare, U. V.; Spaldin, N. A.; Rabe, K. M. First-Principles
Study of Spontaneous Polarization in Multiferroic BiFeO3. Phys. Rev. B - Condens.
141 | P a g e

Matter Mater. Phys. 2005, 71 (1), 1–8.
(42)

Goffinet, M.; Hermet, P.; Bilc, D. I.; Ghosez, P. Hybrid Functional Study of Prototypical
Multiferroic Bismuth Ferrite. Phys. Rev. B - Condens. Matter Mater. Phys. 2009, 79 (1),
1–9.

(43)

You, L.; Zheng, F.; Fang, L.; Zhou, Y.; Tan, L. Z.; Zhang, Z.; Ma, G. Enhancing
Ferroelectric Photovoltaic Effect by Polar Order Engineering. 2018, 1–10.

(44)

Lu, J.; Qiao, L. J.; Fu, P. Z.; Wu, Y. C. Phase Equilibrium of Bi 2O3-Fe2O3 Pseudo-Binary
System and Growth of BiFeO3 Single Crystal. J. Cryst. Growth 2011, 318 (1), 936–941.

(45)

Rafati, R.; Smith, S. R.; Sharifi Haddad, A.; Novara, R.; Hamidi, H. Effect of
Nanoparticles on the Modifications of Drilling Fluids Properties: A Review of Recent
Advances. J. Pet. Sci. Eng. 2018, 161, 61–76.

(46)

Mohammed, A. S. Vipulanandan Model for the Rheological Properties with Ultimate
Shear Stress of Oil Well Cement Modified with Nanoclay. Egypt. J. Pet. 2018.

(47)

Afolabi, R. O.; Orodu, O. D.; Efeovbokhan, V. E.; Rotimi, O. J. Optimizing the
Rheological Properties of Silica Nano-Modified Bentonite Mud Using Overlaid Contour
Plot and Estimation of Maximum or Upper Shear Stress Limit. Cogent Eng. 2017, 4 (1),
1–18.

(48)

Caenn, R.; Darley, H. C. H.; Gray, G. R. Composition and Properties of Drilling and
Completion Fluids, 7th ed.; Elsevier, 2011.

(49)

Amani, M.; Retnanto, A.; Yrac, R.; Shehada, S.; Ghamary, M. H.; Khorasani, M. H. M.;
Ghazaleh, M. A. Effect of Salinity on the Viscosity of Water Based Drilling Fluids At
Elevated Pressures and Temperatures. 2015, 7 (04).

(50)

Beg, M.; Sharma, S.; Ojha, U. Effect of Cationic Copolyelectrolyte Additives on Drilling
Fluids for Shales. J. Pet. Sci. Eng. 2018, 161 (June 2017), 506–514.

(51)

Lebeugle, D.; Colson, D.; Forget, A.; Viret, M.; Bonville, P.; Marucco, J. F.; Fusil, S.
Room-Temperature Coexistence of Large Electric Polarization and Magnetic Order in
BiFeO3 Single Crystals D. 2007, 1–8.
142 | P a g e

(52)

Vryzas, Z.; Mahmoud, O.; Nasr-El-Din, H. A.; Kelessidis, V. C. Development and Testing
of Novel Drilling Fluids Using Fe₂O₃ and SiO₂ Nanoparticles for Enhanced Drilling
Operations. In International Petroleum Technology Conference; Doha, 2015.

143 | P a g e

Chapter 6

Single component fatty acids (stearic

acid) in nanofibrous PVA-PDMS mat

6.1

Introduction

Electrospinning is a simple yet versatile tool to produce ultrathin nanofibrous mats and enables
use of nanotechnology in various applications.1–5 A composite nanofibrous mat with desirable
properties can be fabricated by judiciously preparing the spinning solutions. However, some
highly desirable materials such as PDMS are extremely difficult to be electrospun.
Polydimethylsiloxane (PDMS) is a well reported elastomer with high transparency,
biocompatibility, chemical inertness, non-flammability, and non-toxicity. It has wide
applications in diverse areas including biology,6 microfluidics,7–11 energy-storage devices,12,13
and sensors.14–17 However, in most applications PDMS is used in the form of either a continuous
film or microfluidic channels. Very limited work has been reported on PDMS fibers due to the
difficulties in preparation of PDMS fibers using conventional fiber-making techniques.18–24
PDMS, due to having extremely low Tg (glass transition temperature) and short-length chains,
cannot be electrospun in neat form, and often requires to be composited with another component.
For example, Yang et al23 utilized mixture of PMMA with PDMS where PMMA aided the
electrospinning process. PVA is a semi-crystalline polymer easily soluble in water, and unlike
PDMS, is easily spinnable. But applications of PVA based nanofibrous mats are severely limited
due to their high solubility in aqueous media. A method able to successfully control and balance
the hydrophilicity and oleophilicity of the as-spun mats will be highly desirable for producing
selectively permeable membranes, and forms the first motivation behind this work. With this
target application in mind, we have used stearic acid to mix the PVA and PDMS which are
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respectively hydrophilic and oleophilic polymers, in various degrees, to prepare electrospinning
solutions and obtain their composite nanofibrous mats.
Stearic acid has been frequently used as a phase-change material (PCM) for thermal
energy storage applications as it has high melting enthalpy at relatively accessible
temperature.25–28 Stearic acid in a mixture of PVA and PDMS is not only expected to improve
the mixing and homogeneity of the spinning solution, and thereby the quality and mechanical
strength of the resulting mats, but can also impart multi-functionality to the produced composite
mats by acting as a component for thermal energy storage. In a prior work,29 fabrication of a
nanofibrous sheets using electrospinning technique incorporating mixtures of fatty acids (stearic
and lauric acids) and polyvinyl alcohol was reported. PVA acted as a guiding polymer for
electrospinning forming the fibrous matrix and fatty acid served as a phase change material. It
was demonstrated that these sheets can act like flexible thermoregulating enclosures. A
significant drop in eutectic temperature in the fatty acid binary mixtures was observed when
incorporated in PVA nanofibrous mats as compared to their bulk mixtures. However, the
nanofibrous sheets incorporating the eutectic composition showed poor mechanical strength and
severely limited applications of these mats in thermal energy storage applications. This forms
another motivation for the present work.
In our previous work,29 application of regular solution model to a mixture of lauric and
stearic acids inside PVA mats led us to hypothesize that the drop in eutectic temperature in the
fatty acids binary mixtures may be attributed to a constrained environment of hydrophilic nature
(due to PVA) which alters the molecular interactions between the two components. Incorporating
PDMS will also serve to test this conjecture as it will reduce (enhance) the hydrophilicity
(oleophilicity) in the nano-fibrous environment. A more detailed study to this end will be
presented in a separate work. In this work, we present the fabrication and characterization of
these composite nanofibrous mats, and demonstrate their potential application as a selective filter
to separate a water-in-oil emulsion. Electrospun nanofibrous films of PVA-PDMS with pure
stearic acid with varying compositions have been studied. We have varied only the PDMS
content in this work so as to increasingly impart oleophilicity to the membranes. In view of the
fact that electrospinning of the pure PDMS is difficult to achieve owing to its low Tg, increasing
the PDMS fraction also serves the purpose of fabricating electrospun mats rich in PDMS. PDMS
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imparts improved mechanical strength to these sheets and renders them hydrophilic/hydrophobic
to various degrees in a controllable manner. Thermal, mechanical, and morphological
characterizations of these composite nanofibrous sheets of stearic acid-PVA-PDMS have been
performed using DMA, tensile tests, differential scanning calorimetry, surface profilometry, and
SEM. It was observed that PDMS component improves mechanical strength but only when
incorporated up to an optimal concentration. The optimal sample showed excellent selective
permeability to oil as compared to water, owing to the chemical nature of PDMS and the nanofibrous morphology of the membrane mats. Incorporating PVA in the mats enables control over
the relative permeability of the membrane towards oil and water.

6.2

Experimental

6.2.1 Materials
Polyvinyl alcohol (PVA) of Mw ranging from 85000 to 1,24,000, used as the guiding polymer for
electrospinning, and stearic acid (SA) with 95% purity, were purchased from SDFCL SD Fine
Chem. Ltd. (Bombay, India) and were used without further purification. We have used Sylgard184 from Dow Corning, Midland, MI, USA as our working cross-linked polydimethylsiloxane
(PDMS) elastomeric material. Tetrahydrofuran (THF, 99.5%) was purchased from SD Fine
Chem. Ltd. and used as a solvent to swell the cross-linked PDMS without cross linkers. Absolute
methanol (99.0%) was purchased from SDFCL SD Fine Chem. Ltd. DI-Water was used to make
all PVA solutions and emulsions.

6.2.2 Preparation of spinning solutions
To ensure the fabrication of electrospun nano-fibrous composite mat by using electrospinning
technique, a solution must be homogenous, stable and have good spinnability. Here, aqueous
PVA was chosen as the guiding polymer solution because of its excellent electro-spinnability.
The use of water-soluble polymer avoids using toxic organic solvents and the fatty acid
constitutes a renewable, nontoxic component with high heat enthalpy

30

. THF was used as a

solvent to dissolve PDMS precursor without cross-linker. Three separate spinning solutions of
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PVA in DI-H2O, stearic acid (SA) in methanol and PDMS in THF were prepared. Firstly, 10%
PVA solution was prepared by mixing and stirring it in DI water for 3 h at 60°C and then left to
cool until the solution reached the room temperature (RT). Then the second solution of stearic
acid (SA) in methanol (4% by weight) was prepared at room temperature separately. The third
solution of PDMS without cross-linker was prepared in THF solvent with variable weight
percent (w%) of 10%, 15%, 20%, 30%, 40% and 50%) at RT. Thereafter, 10 mL SA solution
was added to the PVA solution stirring simultaneously for 2 h so as to obtain a homogenous
solution of PVA-SA. This was followed by addition of 10 mL PDMS solution over the next
couple of hours. PDMS solutions of variable % weight were added into the PVA-SA solution to
prepare six final spinning solutions with varying amount of PDMS. The resulting PVA-SAPDMS electrospun nanocomposite mats are referred in this paper in an abbreviated form as
ENCF. A sample nomenclature table with corresponding sample details is presented in Table
6.1.
Table 6.1: Sample nomenclature and their compositions.
Samples

ENCF-1

ENCF-1.5

ENCF-2

ENCF-3

ENCF-4

ENCF-5

PVA:SA:PDMS 1:0.4:1

1:0.4:1.5

1:0.4:2

1:0.4:3

1:0.4:4

1:0.4:5

%Weight

51.72

58.82

68.18

74.07

78.12

Weight

of 41.66

PDMS in the
as-spun mat

6.2.3 Preparation

of

water-in-oil

emulsion

for

membrane

filtration

application
We have prepared oil rich emulsion (water-in-oil) with oil-water ratio of 7:3 by adding 50 mg of
cetyltrymethyl ammonium bromide (CTAB) as a surfactant to 10 mL of the water-diesel oil
mixture and leaving the mixture under magnetic stirring for 2 h at room temperature. This
yielded a homogenous dispersion of emulsion.
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6.2.4 Characterizations
6.2.4.1

FE-SEM / EDS / X-ray Diffraction/ FTIR

The morphologies were imaged by using Field Emission Scanning Electron (FE-SEM)
Microscopy (Zeiss Supra 40). The chemical composition was verified by elemental analysis on a
Zeiss electron microscope (accelerating voltage ranged from 5 to 20 kV) equipped with an EDS
analyzer. To prevent samples charging, a thin gold coating was sputtered onto the samples prior
to the analysis. X-ray diffraction data were assessed by using a PANalytical X’pert Pro MPD
diffractometer with monochromatic Cu Kα radiation (λ = 1.54056 Å) to investigate the
crystallinity. The electrospun as deposited nano-fibrous composite mats were directly used to
analyze the sample. The Perkin Elmer Spectrum Two FT-IR spectrometer was used to record the
FT-IR spectra of the electrospun as deposited nanofibrous composite mats. All the samples were
recorded by using “attenuated total reflectance” (ATR) mode. The PIKE MIRacle single
reflection horizontal ATR accessory equipped with a ZnSe ATR crystal was used for recording
the FT-IR spectra.

6.2.4.2

Mechanical characterization

The tensile test studies were performed by using an H25KS UTM Tinius Olsen extensometer.
The tensile strengths of the rectangular (length: 23 mm, width: 6 mm, thickness: 0.04 mm to 0.08
mm) strip samples were recorded at room temperature using a 1000 N load cell and at a
crosshead speed of 1.0 mm/min so as to maintain the quasi-static loading conditions. This is
important for soft materials as high strain rates can cause viscoelastic effects.31 The samples are
gripped at both ends with "lath-like" clamp with one end fixed and the other end moving. The
Young’s moduli of the samples were determined from the linear region (Hookean slope) of the
stress versus strain plot and compared amongst all PDMS compositions. The ultimate tensile
strength (UTS) is taken at the highest point of the stress–strain curve. The strain at break is taken
as the percent elongation just before the fracture of the film. Toughness of the sheets which is a
measure of energy that the sheets can sustain prior to failure were determined by integrating the
stress-strain curves.
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6.2.4.3

Dynamic Mechanical Analysis

The dynamic mechanical analysis (DMA) was performed on a DMA Q-800 (Manufacturer: TA
Instruments) using the tension mode for the temperature sweep experiments. ASTM D4065-01
norm was followed to record the samples. The specimen samples of 5 mm width and 15 mm
length were used for this purpose. The storage (G′) and loss modulus (G″) data under variable
temperature from 25°C to 110°C with a heating rate of 3°C/min were recorded at constant
frequency (1 Hz).

6.2.4.4

Differential Scanning Calorimetry

The differential scanning calorimetry (DSC) data of the samples were recorded on a DSC Q200
from TA Instruments under N2 atmosphere (50 mL/min). Pre-weighed (~1.5 mg) as-deposited
electrospun fibrous samples were taken in a Tzero Aluminum pan for the measurement. The
samples were heated from 24 to 100°C, cooled to 24°C, and again heated to 100°C at a rate of
2°C/min. The data obtained from the first and the second heating traces of the samples are
reported in this article.

6.2.4.5

Contact angle measurements

The evaluation of the surface wettability of ENCF fibers towards water and silicone oil were
performed via static contact angle measurements using a Drop Shape Analyzer DSA100 Krüss
Advance. Three different samples were used for each condition and the mean value is reported
here. Deionized water and silicone oil (10 μL) were dropped on the PVA-PDMS-SA ENCF, and
the affinity of the drop for the surface towards both water and oil were measured using the circle
fitting method. All samples were maintained in a standard room environment (20°C and 30–35%
humidity).

6.2.4.6

Electrospinning (Emulsion Electrospinning Technique)

Nanofibers mats were fabricated by using the mixture solution of PVA, SA and PDMS with
variable PDMS by weight percent in electrospinning setup purchased from E-Spin Nanotech Pvt.
Ltd., India. The spinning solution was filled in a 10 mL plastic syringe having a stainless steel
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needle at the tip. During the electrospinning, a positive high voltage of 12 kV was applied to the
needle, and the fibers were collected on an aluminum foil wrapped around an electrically
grounded rotating collector drum as cathode. The needle-to-collector distance was kept in range
of 10-12 cm and the solution flow-rate was maintained by using a syringe pump. The
temperature and the relative humidity of the spinning chamber were respectively (26 ± 0.1)°C
and (40 ± 1)%.

6.3

Results and Discussion

6.3.1 Morphology
In this section we present the morphological variation in the nanofibrous mats as the fraction of
PDMS (without any cross-linker) is increased. Figure 6.1 represents the digital images of as
electrospun obtained nanocomposite fibrous mat. Figure 6.2 (a-f and g-l) is represented FESEM
images with the variation of PDMS fraction. As observed in the Figure 6.2 (a-f at lower
magnification; and g-l at higher magnification), ternary sol phase material got successfully
electrospun resulting in the formation of smooth and continuous nanocomposite nanofibrous
mats (Figure 6.1). However, beyond a PDMS weight fraction of 68% the quality of the mats
became poorer as the spinnabilty of the solution worsened and the process became partially
electrospraying and partially electrospinning. This resulted into mats with fibers immersed in a
PDMS rich matrix for higher PDMS fractions as evidenced by the SEM images presented in
Figure 6.2 (f and l). It is to be noted that in these mats the PDMS matrix was un-crosslinked that
led to decrease in mechanical strength in mats with higher PDMS content as discussed in a later
section. This result also supports the notion that the fatty acids compatibilize the PDMS and
PVA but only up to a limiting concentration of PDMS. With the amount of fatty acid fixed in all
these samples, beyond a threshold concentration of PDMS, the PDMS molecules are not blended
with the PVA, and consequently, are not electrospun. Elemental mapping using EDX presented
in Figure 6.3 also shows the PDMS phase separation as suggested by the silicon signal spatially
segregated from the carbon signal in mats with higher PDMS fraction (ENCF-5).
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For samples with PDMS content larger than 78.12% (ENCF-5) solution is still spinnable
but the obtained mats were stickier as compared to samples with lower PDMS fractions. The
fiber diameters lie in the range of 100-300 nm. Phase separation in spinning solution could be
avoided up to a PDMS concentration of 74% (ENCF-4) only beyond which the solution was not
stable at longer times (longer than that required for the electrospinning process) and spraying
also became effective. The fibers obtained for PDMS fractions less than around 78% (ENCF-5)
the mats were completely non-sticky, but samples resulting from spinning solutions with higher
PDMS fractions were sticky due to electrospraying leading to presence of a continuous PDMS
matrix with fibers immersed within. As argued later and confirmed by various data discussed in
this paper, this may be due to the fact the stearic acid molecules, which aid in blending of PVA
and PDMS, are in limited supply. As a result, excess PDMS is not incorporated in the fibers and
forms electrosprayed matrix in the mats responsible for adhesion exhibited by these mats.

Figure 6.1 Photographs of ENCF mat strips with variable composition of PDMS (top-view)
(a)ENCF-1 (b) ENCF-1.5 (c) ENCF-2 (d) ENCF-3 (e) ENCF-4 and (f) ENCF-5.
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Figure 6.2. FE-SEM images of ENCF mats (samples ENCF1, ENCF1.5, ENCF2, ENCF3,
ENCF4 and ENCF5, from left to right) with increasing concentration of PDMS (41-78%) at
lower magnification (a-f) and at higher magnification (g-l). Top panel images (a-f) have scale bar
= 50 microns and bottom panel images (g-l) have scale bar = 5 microns.

Figure 6.3. Elemental analysis and mapping of (a) ENCF-1 (b) ENCF-3 and (c) ENCF-5 mats
by EDX. Amongst all panels, left sided figure shows the FE-SEM image of the area of interest.
Other adjacent sub-panels show elemental maps of other concerned elements, where green dots
represent oxygen, cyan green dots represent Si, and red dots represent carbon.

6.3.2 X-ray diffraction
The X-Ray diffraction studies shed light on the changes occurring in the composite mats as the
PDMS concentration is increased (Figure 6.4). The XRD results help us to propose a model of
the molecular processes and arrangement thereof responsible for the observed data. Our FT-IR
results done on the as-spun samples confirm no formation of new covalent chemical bonds
(Figure 6.5). Therefore, the properties of the as spun mats are presumed to be governed by
physical interactions among the component molecules.
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Figure 6.4 X-ray diffraction patterns of ENCF mats with increasing concentration of PDMS.
The X-ray diffractograms of the mats are presented in the Figure 6.4 with increasing
concentration of PDMS. Mainly four kinds of peaks are identified which are used for further
analysis: (i) the sharp Bragg peaks at 2θ values less than 10o, (ii) a broad peak at around 16o, (iii)
a peak around 19o and (iv) a relatively sharp peak around 22o. Stearic acid is known to exist in
various polymorphs which are named as A, B, C, and E depending on the symmetry of their
crystalline arrangements.28,32–35 The sharp Bragg peaks at 2θ values less than 10o are attributed to
B and E forms of crystalline stearic acid polymorphs.32
The structure and the corresponding unit cell in crystalline PVA have long been
recognized.36–39 Crystalline PVA has pseudo-orthorhombic unit cell showing the most important
reflections at 2θ of 16o, 19.4o, 20o, and 22.7o with CuKα radiation, which respectively correspond
to (001), (101), (10 -1), and (200) planes. The cell parameters are a = 7.81 Å, b = 2.5 Å, c = 5.5
153 | P a g e

Å. The proposed crystalline structure consists of straight chain pairs of PVA molecules held
together by hydrogen bonding and forming a two-layer sheet. These hydrogens bonded two-layer
sheets are stacked in parallel and held in place by van-der-Waals attraction. The orientation of
the crystallographic axis a is along the direction of stacking of double layer sheets, b is parallel
to the PVA chain, and c is mutually orthogonal to other two directions and is parallel to the
double-layer sheet.
Our mats show all the major crystalline peaks of PVA, except that the (101) and (10 -1)
reflections near 20o are indistinguishable. This suggests an orthorhombic unit cell which has
been already reported in crystalline PVA37 and is argued to be more favorable in uniaxially
drawn PVA fibers. Moreover, the peak at 16o is rather broad and an amorphous hump is also
apparent overlapping with this peak. We believe that this broad hump overlapping with the PVA
(001) reflection corresponds to amorphous liquid like state of PDMS chains. In experimental and
simulation XRD studies on PDMS melt structures, a broad peak has been observed at q = 0.85 Å1

(where q = 4π sinθ/λ) which for CuKα radiation corresponds to 2θ ~ 12o. This peak has been

attributed to intermolecular correlations in liquid state PDMS chains in bulk,40,41 where chains
are relatively ordered in liquid state. In our case, a nano-scale confinement due to hydrophilic
PVA, the intermolecular distance could further be reduced and lead to a reflection at an increased
value of 2θ. Therefore, we assign a broad peak at around 16o to the combined effect of liquidlike ordering in the PDMS chains and the (001) reflection from PVA.
The following trend in the X-ray diffraction patterns are observed as the PDMS content is
increased in our mats: (i) The sharp Bragg peaks at 2θ less than 10o due to crystalline stearic acid
progressively decrease in strength. (ii) The crystalline peak of PVA at 22o becomes more
pronounced. (iii) The crystalline peak near 20o due to (101) reflection becomes less pronounced.
(iv) The broad peak at around 16o occurring due to overlap of (001) reflection from PVA and
amorphous nature of liquid like ordering in PDMS chains increases in strength. In a study
involving adhesion behavior of mixtures of stearic acid and PDMS,42 the authors found no “weak
boundary layer” formation due to surface segregation of stearic acid phase separation, and
PDMS is able to dissolve/interact and bind with the stearic acid molecules.43
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Figure 6.5 (a) FT-IR spectra of the as spun ENCF mats compared with cured bulk PDMS (b)
before and (c) after thermal cycling at 100℃.

Figure 6.6 A cartoon of the proposed molecular arrangement amongst the three components of
PVA, SA and PDMS molecules.
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Based on these observations and prior research findings cited above, we propose the
following model for the molecular processes, a cartoon of which is presented in Figure 6.6. At
smaller PDMS concentration, the mats consist of crystalline PVA with inclusions of crystalline
stearic acids. These inclusions lead to reduced mechanical strength, as confirmed by our data on
mechanical properties of these mats presented later. The PVA crystals are in the form of stacked
double layer sheets. As the PDMS content is increased, the PDMS dissolves stearic acid and
disturbs its crystallinity. The PDMS and stearic acid chains penetrate into the van-der-Waals
regions between the double layers of hydrogen bonded sheets of the crystalline PVA and also
disrupt the hydrogen bonding between the sheets. Since hydrogen bonding is along [101]
direction, the (101) reflections become weaker as more PDMS is incorporated in the mats. It can
also be argued that the presence of stearic-acid dissolved PDMS in the inter-sheet region reduces
the thermal fluctuations in the double layer sheets and thereby enhances the strength of (200)
reflection. This model is also in agreement with the studies on mechanical behaviour of the mats
presented later in the paper. It is to be emphasized here that this model is based on physical
considerations only and other tools such as meso-mechanics or molecular dynamic simulations
need to be performed to validate the model quantitatively.
These results are in agreement to our earlier proposed physical picture of the molecular
process where stearic acid present in crystalline form furnishes SA molecules that bind PDMS to
PVA chains via alcohol side groups of the PVA chains through hydrogen and van-der-Walls
bonding. As the PDMS fraction reaches a threshold such that all the SA molecules are utilized as
the binding links between PDMS and PVA, the crystalline Bragg peaks due to stearic acid
disappears. However, due to progressively increasing amount of PDMS experiencing nanoconfinement, the fraction of liquid-like ordering in PDMS increases resulting into higher
intensity of the broad peak at around 16o. In bulk this broad peak is observed at around 12o, but
in our mats, the angle may have increased due to nano-scale confinement leading to more closely
spaced chains of PDMS.

6.3.3 Differential Scanning Calorimetry (DSC)
DSC traces of the first and second heating scans of samples ENCF-1.5, ENCF-2, ENCF-3, and
ENCF-4 are presented in Figure 6.7. The following important observations are made in these
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DSC thermograms. (i) The first heating scan in each sample gives a wide peak (Figure 6.7 (a)).
(ii) The wide peak keeps becoming wider as PDMS fraction is increased up to the sample ENCF3 beyond which the width of the peak decreases (Figure 6.7 (b)). (iii) A peak at around 68℃ that
disappears in ENCF-3 and ENCF-4. (iv) A peak present around 53℃ which becomes
increasingly less pronounced as the PDMS fraction is increased.
The wide peaks observed in the first heating run suggest that the stearic acid crystallites
are present with a broad size distribution in the as-spun mats. Width of these peaks increases
with increasing PDMS content. The wide distribution could result due to following reason:
Larger incorporation of the SA is attained in the PDMS as PDMS fraction is increased. This can
cause formation of larger number of composite micro-droplets in the spinning solutions as
PDMS content is increased. These droplets would further subdivide under the action of high
electrostatic field and subsequently in the mats a larger variation in the micro-crystallites of SA
can appear.
The possible transitions in the materials are the melting of stearic acid, solid-solid
transformation in stearic acid, and glass transition in PVA. The peak close to 65°C is attributed
to melting of the stable form of the stearic acid. Moreno et al32 have performed a detailed study
of polymorphs and possible transitions in stearic acid and reported a solid-solid transition which
may occur around 55°C. In all the mats the second heating curve shows a peak at around 53°C.
Singleton et. al.,33 have observed solid-solid transition from B to C at 53°C. The formation of B
or C forms depended upon the choice of solvent (benzene or glacial acetic acid) and temperature
of crystallization. C form is stable at higher temperatures.28 Transition from A to C form at 54°C
and B to C at 46°C.28,34 Garti et al35 obtained B to C transition at 54°C. Thermodynamic
prediction is around 32°C.44 The observed difference in the transition temperature has been
attributed to a kinetic barrier for the transition to occur.45 We expect that upon first cooling the
stable phase B forms which upon heating transforms to first the C form which then converts to
liquid phase. This order of transition however is absent in mats with higher PDMS content
(ENCF-3 and ENCF-4). In the mats with lower PDMS content, the stearic acid is present in
excess and after some of it is utilized in compatibilizing the PDMS and PVA as discussed earlier
in the proposed model of molecular arrangement (Figure 6.6), and the rest of the stearic acid
may crystallize which can show these two transitions. In mats with higher PDMS fraction, only
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one peak ((having much smaller intensity) is observed. We do not have a satisfactory explanation
to this but we conjecture that this may correspond to small amount of left-over stearic acid in
metastable A form directly changing to liquid phase. The pathway that converts the metastable A
form to liquid and bypasses the formation of stable C form before forming liquid may be taken
possibly because of a comparatively lower activation barrier in this pathway. Lowering of the
activation barrier at an appropriate temperature in turn may arise due to presence of other
species. This conjecture also conforms to our suggested model since a clear solid-solid and solidliquid transitions are absent in the samples with higher PDMS content. Above the glass transition
temperature of PVA, the PVA chains are more mobile and the stearic acid micro-crystallites
have also melted. Therefore, the stearic acid is expected to distribute more uniformly after first
heating scan and result into less broadened peaks in the second heating scan as seen in our data
(Figure 6.7).
Figure 6.7 (e) presents the total enthalpy in the first heating given by the area under
power vs time curves. We note that the sample ENCF-3 shows highest enthalpy change during
the first heating. We argue that this may be possible because dispersion of stearic acid microcrystallites also functions as a binding agent between the PVA and PDMS molecules. This
increases their cohesion and thereby increases their enthalpies per unit mass. Broad DSC
thermograms shown by these mats suggests that they can be exploited for one-time thermally
triggered delivery of such molecules which can be encapsulated by stearic acid such as drugs
which are insoluble in water.46
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Figure 6.7 DSC thermograms from first and second heating for (a) ENCF-1.5, (b) ENCF-2, (c)
ENCF-3, (d) ENCF-4. (e) Shows the change in enthalpy over the entire curve during the first
heating by measuring the area under the power vs time curve.
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6.3.4 Mechanical properties
Mechanical characterizations of the mats have been performed by tensile testing experiments and
dynamical mechanical analysis. In the subsequent discussion we present results from both of
these separately.

6.3.5 Tensile Test
One of the motivations behind this work has been to improve the mechanical properties of PVA
films those incorporated fatty acid mixtures and exhibited thermoregulatory behavior owing to
the eutectic phase behavior exhibited by these mixtures. The electrospun mats of PVA
incorporating lauric and stearic acid mixtures in Reference [29] showed poor mechanical
strength, especially at the eutectic composition. In this work, PDMS has been incorporated in the
mats containing pure stearic acid to impart mechanical integrity to these mats and to control their
hydrophilicity for filtering applications. Performance of these mats in regards with membrane
filtering is discussed in the last section of filtration behavior. In this section we present results on
the mechanical characterization of these mats performed using tensile testing and dynamical
mechanical analysis (DMA). The stress-strain curves along with the trends in the values of
Young's modulus, ultimate tensile stress (UTS), and toughness with increasing PDMS fraction
are presented in Figure 6.8. A non-monotonic trend in the mechanical properties is evident.
Toughness and UTS peaks out in ENCF-3 as shown in Figure 6.8 (b). Young’s modulus is
highest in ENCF-3 (Figure 6.8 (c)). It is seen that the mechanical behavior typically improves up
to the sample ENCF-3 and then starts to deteriorate (Figure 6.8 (d)). The same trend is also
shown by the DMA data as discussed later. In addition, the value UTS obtained here for ENCF-3
mats is nearly twenty-six times larger than the typical values obtained by Gupta et al.29 The
observed trend in the mechanical behavior is consistent with the proposed picture of molecular
processes. The crystalline PVA in the fibers provide the most important contribution to the
mechanical integrity of the mats. The stearic acid mediated binding of PVA and PDMS keeps on
improving the mechanical strength. In low PDMS fraction mats, the stearic acid is present in
crystalline forms as suggested by the XRD and DSC data discussed above. These crystalline
domains form inclusions in the parent crystalline matrix of PVA. These inclusions give rise to
stress concentration and thereby poorer mechanical strength. As PDMS fraction is increased, the
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stearic acid is better dispersed and as a result the mechanical strength improves. At sufficiently
high PDMS fraction, the extra un-bound PDMS chains exist in liquid-like ordering which leads
to reduction in strength for PDMS fractions in samples ENCF-3 onwards. The data obtained for
various mechanical parameters using UTS is presented in Table 6.2. These data reconfirm the
observation that an optimum PDMS fraction is necessary to obtain mats with the best mechanical
property. Fabricating nanofibrous mats of PDMS has been particularly difficult owing to the very
low Tg and absence of entanglements in PDMS chains. In this regard, our method also offers a
route to fabricate PDMS rich nanofibrous mats with respectable mechanical strength.18,23,47

Figure 6.8 (a) Stress-Strain curves of different mats. Dependence of (b) toughness (c) Young's
moduli, and (d) ultimate tensile stress of composite mats on the composition of the PDMS
incorporated inside the polymeric mats. There are error bars displayed in Figures 6 (b), (c) and
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(d). However, Figure 6 (a) shows the curve from a representative run. The error bars in 6 (b), (c)
and (d) are obtained from multiple such runs.
Table 6.2: Ultimate Tensile Strength Data.
Sample

ENCF-1.5
ENCF-2
ENCF-3
ENCF-4
ENCF-5

Ultimate tensile strength

Young’s modulus

(MPa)

(MPa)

3.85 ± 0.08

159 ± 5.51

964.55 ± 158.76

4.07 ± 0.18

325 ± 5.33

579.81 ± 148.67

15 ± 0.64

1005 ± 19.30

7294.44 ± 186.98

8.18 ± 0.77

409 ± 12.68

2205.62 ± 208.49

5.8 ± 0.77

369 ± 18.59

621.33 ± 157.11

Toughness (KJ/m3)

6.3.6 Dynamical Mechanical Analysis (DMA)
Dynamical mechanical analysis is a frequently utilized tool in understanding and optimizing the
mechanical and thermal behavior of composites.48,49 The mechanical characterization by UTS is
supplemented here by the dynamic mechanical analysis (DMA) study. In our samples, DMA
moduli are nearly double than the Young’s moduli measured by the tensile test and presented in
the previous section. We attribute this difference to the fact that UTS measurements are
performed in open ambience whereas DMA experiments are performed in a closed chamber with
humidity control. Thus UTS measurements are expected to give smaller moduli because of
moisture uptake by the samples.
DMA measurements use low amplitude oscillations and reveals the viscoelastic nature of
the material. We have performed the DMA in stretch mode at 1 Hz with temperature sweep from
room temperature to 100°C. The variations in storage modulus, loss modulus, and the loss
tangent (tan δ) are presented in Figure 6.9. No perceptible change in mechanical behavior of the
as-spun mats is observed at the solid-solid transition temperature recorded in DSC measurements
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presented earlier. This also confirms that the broad DSC peak in each mat corresponds to
regrowth of stearic acid crystallites and a solid-solid transition. A sharp decrease in the values of
G' is observed at temperature near 65°C which we refer here as the ‘knee’ temperature (Tknee) as
shown in Figure 6.10 (b). Knee temperature is measured in each case by drawing the tangents to
the nearly horizontal low temperature segment and the dipping segment of the curves, and
finding out their intersection point.

Figure 6.9 Temperature sweep DMA results for various mats (a) storage modulus; G', (b) loss
modulus; G" and (c) damping factor; tan δ.
Figure 6.10 (a) presents the G', G" and tan δ at 30°C in various samples. We note that in
samples with PDMS fraction in excess of 59%, the loss modulus is higher than the storage
modulus. This happens because the excess PDMS chains remain in liquid state. A good measure
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of the tendency of viscous dissipation in a medium is tan δ, whose values at 30°C shown in
Figure 6.10 (a). A dramatic rise in the value of tan δ is observed in samples with PDMS content
above 68%. Higher lossiness at room temperature is attributed to those PDMS chains which are
not incorporated with the PVA chains due to short supply of SA. As a result, these ‘unutilized’
PDMS chains are present in liquid like state giving rise to higher damping in the medium. At low
PDMS fractions, viscous dissipation is less owing to less number of free PDMS chains and due
to SA mediated binding of the PDMS and PVA chains the mat is mostly solid-like.
Figure 6.10 (b) presents the dependence of knee temperature with the PDMS fraction
which is noted to be non-monotonic. In smaller PDMS fraction samples, the transition
temperature is 66°C which could be attributed to melting of inclusions of SA micro-crystallite
domains. However, beyond an optimal intermediate PDMS fraction of nearly 70%, the stearic
acid micro-crystallite domains tend to disappear due to increased participation of the SA
molecules in blending the PVA and PDMS chains by getting dissolved in the PDMS as discussed
earlier. In these samples the transition in the storage modulus is chiefly due to the glass transition
in PVA molecules at 80°C. At even higher PDMS fractions, the transition temperature is further
reduced because of the presence of excess PDMS which helps in bringing down the glass
transition temperature in the composite mats.
Behaviour of the temperature at which G" becomes maximum is plotted in Figure 6.10
(c) against the PDMS fraction in the concerned mat and the trend is same as that observed in the
knee temperature, Tknee. Variation in the temperature at which loss tangent becomes maximum is
shown in Figure 6.10 (c). This temperature belongs to a transition signaled by the increase in the
mobility of long chain polymers. In the present case it corresponds to glass transition in PVA
which has been reported to lie between 70-85°C.48,50,51 This temperature is around 20°C above
the transition temperature observed in the behaviour of the storage modulus (the kneetemperature). PVA chains become more glassier due to presence of SA and PDMS as suggested
by the initial rise in the glass transition temperature in Figure 6.10 (c) obtained from the peak
position of the loss tangent. Higher values of temperatures observed for the peak dampingfactors as compared to those calculated from transition in the storage modulus (the ‘knee’
temperature) can be explained by noting that storage modulus can be altered due to stearic acid
melting transition (near 60°C) but the glass transition is primarily influenced by the long chain
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polymer molecules. The effective glass transition eventually starts to decrease due to excess
PDMS which plasticizes the composite mat.

Figure 6.10 (a) Variation of storage and loss moduli, and damping factor at 30°C, with PDMS
fraction in the mats. (b) Variation of “knee-temperature”, with PDMS fraction in the mats. (c)
Dependence of temperatures at which G’’ and tan δ is maximum, with PDMS fraction in the
mats.

6.3.7 Surface properties and filtration behaviour
One of the targeted applications of the PDMS-PVA composite mats synthesized and
characterized in this work is filtration of water-in-oil emulsions. In selective membrane
applications the nanofibrous structure and the chemical nature of the fiber materials vis-à-vis
their oleophilicity and hydrophilicity, are two most important design parameters which can be
controlled to impart optimal permeability to these mats. Mechanical strength is another important
165 | P a g e

consideration in designing suitable membranes. In an earlier study, vinyl alcohol-ethylene
copolymers were considered where variation in the copolymer compositions (in terms of
hydrophilic and hydrophobic segments of vinyl alcohol and ethylene) afforded control over the
amphoteric nature of the material.52 In present work, a stearic acid mediated van-der-Waals
bonding between PVA and PDMS polymers is exploited to control the hydrophilicity and
hydrophobicity of the mats. Here we first show that oleophilicity/hydrophilicity of these mats is
monotonically dependent on PDMS fractions. Secondly, we demonstrate that these mats can act
as a selective membrane by becoming selectively permeable to oil when exposed to water-in-oil
emulsions.
The electrospun mats spun on aluminum foils have a very smooth back surface (the
surface adhered to aluminum foil) and a coarse front surface (the surface collecting the fiber
while electrospinning). In order to characterize the surface oleophilicity/hydrophilicity we have
considered the smooth back surface since the coarseness of the front surface is difficult to
control. The RMS heights of the back surface of all the mats were nearly uniform and close to
750 nm as measured by optical surface profilometry (Figure 6.11). The back surfaces of the
mats in contact with the aluminum foil on which the mats are collected, are chosen for
characterization of the wetting behaviour. Surface roughness can lead to droplets completely
wetting the surface or partially wetting it trapping vapour underneath them (Wenzel and Cassie
states) giving rise to hysteresis effects in contact angle measurement due to line pinning. 53–55
However, the predominance of hysteresis depends on the statistical nature of the roughness,
which can be characterized by the ratio of typical height variation and the associated horizontal
correlation length. An analysis of Atomic Force Microscopy (AFM) line scan of a representative
spot on the mat (Figures 6.12 and 6.13) shows that the ratio of the height variation of the depth
(perpendicular to the mat surface) to the in-plane correlation length is very small (on the order of
10-2). We have also found that this ratio has values lying in the same range over two widely
varying length scales (Figures 6.12 and 6.13). Therefore, in this work we assume that the effect
of the surface roughness on the contact angle can be ignored, and the measured contact angle
values arise from the thermodynamics of the wetting phenomena which are intrinsic to the
material with a minimal correction due to surface roughness.
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Figure 6.11 Optical surface profilometer image of ENCF mats with increasing PDMS
composition (%). Left side panel from top to bottom (a, c, e, g, i) shows 3-D and right side panel
(b, d, f, h, j) 2-D images.
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Figure 6.12 (a), (b) and (c) presents the AFM images with three different lines of scan. (d), (e)
and (f) represents the height variation along the corresponding scan-lines. The table lists the
values of height variation, the corresponding correlation length and their ratios in respective
columns. These values are obtained from visual inspection. The length of the line scan is 8.34
μm.
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Figure 6.13 (a), (b) and (c) presents the AFM images with three different lines of scan. (d), (e)
and (f) represents the height variation along the corresponding scan-lines. The table lists the
values of height variation, the corresponding correlation length and their ratios in respective
columns. These values are obtained from visual inspection. The length of the line scan is 25 μm.
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Figure 6.14 Top panel (a-e) (Water droplet-ENCF interface); Bottom Panel (e-j) (silicone-oil
droplet-ENCF interface) and (k) comparative data plots of surface wettability towards silicone
oil and water at various composition of PDMS.
The contact angles of silicone oil drop and water drops were measured on the back
surfaces and the results for different mats with varying PDMS fractions are presented in Figure
6.14. It is to be mentioned here that on oleophilic mats, the water droplets stayed for sufficiently
long times and allowed contact angle measurements in static conditions. On the other hand, the
oil droplets on the same mats disappeared quickly. However, during the fast disappearance, no
significant alteration in the contact angle was observed in the snapshots of the droplet. Hence the
contact angles reported here with oil droplets pertain to a given snapshot of the droplets while
they spread out. As is evident from the contact angle measurements, water-droplet contact angle
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gradually increases and silicone oil contact angle decreases, that is, the mats keep becoming less
hydrophilic and more oleophilic as PDMS content is increased. In addition, it is highly
permeable to oil droplets as compared to water droplets as concluded from oil droplets
disappearing much faster as opposed to long standing water droplets. This particular property of
the mats can be exploited for filtering the oil-water emulsions.56 We have prepared a water-in-oil
emulsion with oil being a majority phase (70%). Figure 6.15 (a) and (b) represents the filtration
set-up and the general depiction of water-in-oil phase emulsion stabilised by CTAB,
respectively. Before placing a drop of this emulsion, the microscopic image of these emulsions
appear as shown in the Figure 6.15 (d) wherein the droplets are the water phase and oil is the
continuous phase. The microscopic image of the permeate shown in the Figure 6.15 (e) clearly
establishes that these mats can successfully filter oil selectively from water-in-oil emulsions. We
do not have a conclusive model to explain the selective permeability observed in these
membranes as yet, but a qualitative explanation can be offered as follows. The mats are formed
of PDMS rich material with intermediate pore spaces. The water droplets present in the emulsion
are stabilized by the CTAB at the micellar interface and the micelles are dispersed in oil matrix
(Figure 6.15 (c)). The PDMS material is oleophilic and water-carrying micelles surrounded with
oil molecules is suspended in the inter-fiber pore spaces due to capillary action, and thereby
transmission of water across the membrane is blocked. The remaining oil molecules permeate
through the PDMS rich fiber material since latter is oleophilic in nature, and diffuse across the
membrane. Experimental studies to validate this proposed mechanism are under progress.
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Figure 6.15 (a) Schematic representation of emulsion filtration, (b) water-in-oil emulsion with
oil being a majority phase stabilized by the CTAB at the micellar interface, (c) filtration
mechanism based on experimental observation. Optical micrograph of water-in-oil emulsion (d)
before filtration and (e) after filtration by using ENCF-3 membrane.
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Figure 6.16 represents the digital image of (a) pure diesel oil (b) water-in-oil without CTAB and
(c) water-in-oil emulsion with CTAB surfactant, before filtration and (d) permeate (oil phase)
after filtration. (e) Diesel oil with Rh-B dye, (f) aqueous solution of Rh-B, dye loaded water-inoil emulsion (g) without CTAB and (h) with CTAB and (i) permeate (oil phase). (j) UV-visible
absorbance spectra of permeate from water-in-oil emulsion with and without Rh-B dye-labeled.
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The emulsions are water-in-oil because the mixture has water to oil ratio as 3:7 and hence
the continuous phase in the image of the unfiltered emulsion is oil and the suspended droplet
phase is water. To verify that water is a minority phase in the permeates and that the droplets are
water droplets in the microscopic images of the permeates (Figure 6.15 (d and e)), we
performed two sets of experiments. The first set relies on visual inspection, in which the apparent
colour of the permeate is close to the parent diesel oil used for preparing the emulsions. In the
second set of experiments, we prepared additional emulsion samples with water containing Rh-B
dye and obtain their permeates to compare with other samples. The UV-visible spectra of pure
diesel oil, aqueous solution of Rh-B, and the permeates are recorded and compared in the figure
below. Since Rh-B dissolves in water but not in the diesel oil, presence of Rh-B signal is a
marker of presence of water in the samples. As seen in the spectra below, the spectra of the
permeates are close to that of the pure diesel oil, and the Rh-B signal is strongly suppressed
therein. Hence permeates can be concluded to be rich in oil with minimal amount of water.
That the permeate is oil rich and droplets in Figure 6.15 (e) are those of water was
corroborated by two methods. In the first method, which is by visual inspection, the apparent
colour of the permeate is found close to that of the oil used originally to make parent emulsions
(Figure 6.16 (a-d)). In the second method, the aqueous solution of the Rhodamine B (Rh-B) (a
dye that easily dissolves in water but doesn’t dissolve in oil), is used to form the parent emulsion
with the diesel oil (Figure 6.16 (e-i)). UV-visible absorption spectra of the following samples
were recorded and mutually compared (Figure 6.16 (j)): (i) pure diesel oil, (ii) aqueous solution
of Rh-B, (iii) permeate from the emulsion prepared using aqueous solution of Rh-B, and (iv)
permeate from the emulsion prepared without using Rh-B. Since Rh-B associates with water and
not with oil, therefore it’s signal in the UV-Vis spectra is taken to imply the presence of water
molecules in the sample. As seen from the spectra (Figure 6.16 (j)), the strong absorbance of the
aqueous Rh-B solution in the visible range is not present either in the pure diesel oil or any of the
permeates. Similarity of the absorption spectra of the permeates with the pure oil and absence of
Rh-B signal in the permeates (even from those emulsions prepared using aqueous Rh-B
solutions) suggest minimal presence of water molecules in the permeates. Hence the permeates
are concluded to be rich in oil with water as the minority phase.
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6.4

Conclusion

In this work we have shown that stearic acid when mixed with PVA and PDMS, acts like a
binding agent between the two polymers and helps in successfully electrospinning a composite
nanofibrous mat rich in PDMS content. This simple method carries importance in view of the
fact that electrospinning of PDMS has proved extremely difficult due to its low Tg. The
properties of the mats are seen to vary non-monotonically with PDMS fraction: mats with an
optimal PDMS fraction range of around 60% shows the best mechanical properties desirable for
membrane applications. Based on the data from morphological, structural, thermal, and
mechanical characterizations we have outlined a model for the molecular processes which may
lead to the observed non-monotonic behavior of the mats. The hydrophilicity and oleophilicity of
these mats can be successfully controlled. The PDMS-PVA-SA composite mats show a
preferential permeability towards oil when exposed to an oil water emulsion, thus proving to be a
suitable candidate membrane material for demulsifying and filtering water-in-oil emulsions.
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Chapter 7

Binary mixture (lauric-stearic) of fatty

acids in PVA-PDMS nanofibrous mats

7.1

Introduction

In this work we study and report the phase behavior of the mixture of LA and SA inside the
PVA-PDMS mats. The obtained phase diagram shows that the eutectic temperature of the LASA mixture shifts from 30°C in pure PVA mats to 32°C when the mat incorporates PDMS
molecules. An increase in eutectic temperature can be attributed to an increased hydrophobicity
in the nano-confined medium formed by PVA-PDMS mixture as compared to pure PVA. Since
fatty acid molecules carry long hydrophobic tails, therefore due to increased hydrophobicity in
the surrounding medium, the compatibility between LA and SA in solid phase is enhanced which
leads to increase in eutectic temperature. This work suggests that we can engineer the phase
behavior of a mixture by altering the properties of nano-confinement. These conclusions are
based on the results from DSC, XRD, and FT-IR studies. From an application point of view,
PDMS-PVA mats incorporating lauric/stearic acid also exhibit good selective-filtering ability
and can be used to separate oil and water from emulsions.
In this work, the phase diagrams of binary mixtures of saturated fatty acids (lauric and
stearic acids; LASA) is studied in the constrained environment of electrospun polyvinyl alcoholpolydimethylsiloxane (PVA-PDMS) which is established by using DSC measurements
complemented by FT-IR spectroscopy, X-ray diffraction (XRD) studies. This is the third part of
a series work concerning the solid-liquid equilibrium and mechanical properties of the materials.
In a prior work,1 fabrication of a nanofibrous sheet using electrospinning technique incorporating
mixture of fatty acids (stearic and lauric acid) and polyvinyl alcohol was reported. It was
demonstrated that these sheets can act like flexible thermoregulating enclosures. A significant
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drop in eutectic temperature in the fatty acid binary mixtures was observed when in nanofibrous
mats as compared to their bulk mixtures. The PVA nanofibrous sheets incorporating the eutectic
composition also showed poor mechanical strength thereby limiting its use as a thermoregulating
enclosure. In this work, we incorporated PDMS as additional component in the spinning solution
which serves to impart improved mechanical strength to these sheets as well as alter the
hydrophilicity of the constrained environment and provides a route to test our conjecture. Both
pure stearic acid and mixtures of lauric and stearic acid in PVA-PDMS nanofibrous sheets have
been studied. Thermal, mechanical, morphological and structural characterizations of these
composite sheets have been performed using DMA, tensile tests, differential scanning
calorimetry, SEM and XRD. In mats incorporating fatty acid, it is observed that mechanical
strength improves by incorporating PDMS. We have constructed a phase diagram for lauric and
stearic acid mixtures in PVA-PDMS mats and compared it to the bulk phase diagram and the
phase diagram obtained in PVA mats.1 The obtained results show that the eutectic temperature
and corresponding mixture composition shifts towards higher temperature as compared to phase
diagram of LASA with electrospun PVA. This comparison will be used to interpret the altered
molecular interactions resulting from the change in the nature of the constraining environment.

7.2

Experimental

7.2.1 Materials
Polydimethylsiloxane (PDMS) is used from Sylgard-184 from Dow Corning, Midland, MI, USA
as working elastomeric material. Polyvinyl alcohol (PVA) of Mw ranging from 85,000 to
124,000 as the supporting polymer, and powders of lauric acid (LA), stearic acid (SA) as the
composite PCMs, were purchased from SD Fine Chem Ltd. (Bombay, India) and were used
without further purification. Tetrahydrofuran (THF, 99.5%) was purchased from SD Fine Chem.
Ltd. and used as a solvent to swell the cross-linked PDMS without cross linkers. Absolute
methanol (99.0 %) was purchased from SDFCL SD Fine Chem. Ltd. DI-Water was used to make
all PVA solutions and emulsions.
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7.2.2 Preparation of spinning mixtures solutions
The solution of binary mixture of lauric acid (LA) and stearic acid (SA) of 4% was prepared in
methanol with increasing weight % of LA in the mixture ranging from 0.1 to 0.9. 10% aqueous
polyvinyl alcohol (PVA) was used as a spinning aid. 40% polydimethylsiloxane (PDMS)
solution was prepared in tetrahydrofuran (THF). The mixture solution was prepared by using
aqueous PVA, LASA mixture solution followed by the addition of PDMS solution to get the
final spinning mixture solution. PVA and PDMS composition was kept constant while the binary
mixture composition has been altered from 0.1 to 0.9 molar ratio. Firstly, 10% PVA solution in
DI water was prepared by mixing and stirring it for 3 h at 60°C and then left it for cooling till
reached at room temperature (RT). Then the second mixture solution of stearic acid (SA) and
lauric acid (LA) solutions in methanol (4% by weight) was prepared at room temperature
separately. The third solution of PDMS (40% by weight) without cross-linker was prepared in
THF solvent at RT. The binary mixture solution of LASA with varying mole fraction was added
dropwise into the aqueous PVA followed by the addition of swelled PDMS. Therefore, the total
number of nine final mixtures were prepared to load for electrospinning as tabulated in Table
7.1. XLA is abbreviated as LASA-PVA-PDMS electrospun nanocomposites with varying mole
fraction of lauric and stearic acid.
Table 7.1 Nomenclature of samples and the mixture composition of LASA with PVA-PDMS.
Nomenclature of

Weight fraction of

Mole fraction of

Mole fraction of

LASA Composition

LA w. r. to SA

LA w. r. to SA

SA w. r. to LA

in PVA-PDMS

(WLA)

(XLA)

(XSA)

LASA-1

1

1

0

LASA-2

0.875

0.91

0.09

LASA-3

0.750

0.81

0.19

LASA-4

0.625

0.70

0.3

LASA-5

0.500

0.59

0.41

LASA-6

0.375

0.46

0.54

LASA-7

0.250

0.32

0.68

LASA-8

0.125

0.17

0.83
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LASA-9

7.3

0.00

0.00

1

Results & discussion

7.3.1 Morphology and elemental mapping
The figures represent the FE-SEM images for all the binary mixture composition from higher
mole fraction to lower of LA. The Figure 7.1 (a and j) represents the images at lower
magnification and Figure 7.1 (b-i) presents the images of electrospun mat with decreasing lauric
acid composition in mat at high magnification. Beading is observed in pure components.
Moreover, the EDS (Figure 7.2) in samples with pure LA gives a very small weight percent of
silicon in a spot chosen on the bead (1.12%), but gives relatively large weight percent of silicon
in an extended area (5.56%). This is not observed in SA richer samples. From the difference
between the measured weight percent of silicon in the bead and over the extended area in the
pure LA mats, we can conclude PDMS has been partitioned, and also that SA helps in dispersing
the PDMS molecules much better than LA. Difference in the weight percent values of silicon
over the extended area measured by the EDS and from the known composition of the mat can be
attributed to the fact that the electron beam is being screened by the beads and hence the
composition of silicon measured by the EDS may not be the true representation of the actual
value. These results suggest that the beading is attributed to fatty acid components. With pure
fatty acids, more beading is observed in LA than in SA. This can be attributed to the size (or
molecular weight) effect: The LA has 12 carbon atoms in its backbone whereas the SA has 18
carbon atoms. Therefore, for the same overall weight, the SA will lead to larger increase in
viscosity (due to larger molecular weight and also, possibly due to larger chain entanglements
caused by the SA molecules among the PVA chains) and thereby less bead formation. In the
fibres formed with LA-SA mixtures, beading drops significantly. This can be attributed to the
components showing eutectic phase diagram in bulk suggesting that in liquid phase the two
components are more compatible as compared to their pure forms. Therefore, in the spinning
solution, the mobile molecules of the LA and SA experience stronger interaction as compared to
their mutual interaction in the pure form. This causes the electrostatic stretching to become more
effective and may give rise to less beading in spinning solutions containing LA-SA mixtures.
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We aim to minimize the beading since they adversely affect the mechanical strength of the fiber.
However, beads incorporated on string fibers in the micron range have potential applications in
tissue engineering, drug delivery, as well as in air and water filters.2–8 It is also to be noted that in
the samples containing LA-SA mixtures with XLA = 0.81, no fibres are observed. This is
consistent with other characterization results which suggest that this composition is close to
eutectic composition. At this composition, the mixture melts easily and thereby, owing to its
fluidity, disrupts the fibre formation.
The fibrous morphology is mainly obtained because of PVA, since PVA has long enough
chain length which makes it excellent spinnable whereas PDMS and mixture fatty acids has short
chain lengths. And also, stearic acids has good adhesion property with PDMS molecules9 which
coexists with the fibrous domains which is evident as irregular shaped distribution throughout
electrospun mats in SEM images.

Figure 7.1 (b to i) FE-SEM images of electrospun binary mixture of LASA with PVA-PDMS
with decreasing composition of lauric acid images at higher magnification. Figures (a) and (j)
represent images of pure lauric acid and pure stearic acid in PVA-PDMS mat at lower
magnification.
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Figure 7.2 Energy dispersive spectra of electrospun mat (XLA = 1.00) showing the elemental
distribution.

7.3.2 Atomic force microscopy
The PVA-PDMS nanofibrous films formed after compositing with the fatty acids show excellent
selective permeability to oil as compared to water.10 However, surface permeation is dependent
on contact angle which in turn depends on surface roughness. Here we utilize AFM to
characterize the surface topography and roughness. We characterize the roughness by relating it
to the ratio of amplitude to the wavelength (in-plane correlation length) of any undulation. The
AFM line scans are visually inspected and mean values of this ratio for different samples are
estimated from the statistics of multiple data. The trend shows (Figure 7.3 and Figure 7.4) that
the incorporation of SA improves the roughness which can be attributed to higher bead-forming
tendency with lauric acid.
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Figure 7.3 AFM images of (a) XLA= 1.00, (b) XLA= 0.91, (c) XLA= 0.32 and (d) XLA= 0.00
presents surface topography with the length of line scans are 14.8 µm, 19.9 µm, 20.3 µm and
20.1 µm, respectively . The top right colour bar represents relative vertical profile. Figure (e), (f),
(g) and (h) represent the average height variation. The surface depth height: (a) 0 to 2.52 μm, (b)
0 to 2.28 μm and (c) 0 to 1.2 μm. The table lists the values of height variation, the corresponding
correlation length and their ratios in respective columns. These values are obtained from visual
inspection.

187 | P a g e

Figure 7.4 Average surface roughness of the mat as a function of mole fraction of lauric acid.

7.3.3 ATR-FTIR/Raman spectroscopy
In the present study, the representative FT-IR spectral vibrations obtained are mainly: (i) Si-O-Si
stretch vibration (1000-1100 cm-1) and Si-CH3 (1259 cm-1) due to PDMS,11–13 (ii) carboxylic
group, –C=O stretching vibrations in dimers (medium stretching at 1260 cm-1 and strong stretch
at 1650, 1700-1730 cm-1) presenting fatty acids, and (iii) polymeric O-H stretch (around 3300
cm-1) due to PVA14,15 present in nanocomposite electrospun mat (Figure 7.5).
The FTIR spectra of electrospun mat before and after heating at 60°C and 100°C and
further cooling is represented in Figure 7.6. To investigate the temperature effect on mat, FT-IR
spectra were recorded for all the compositions of electrospun mats after heating once at 60℃ and
further up to 100℃ and then after cooling it to room temperature. The main bands observed are
shown in the Figure 7.5 (a). The FTIR spectra recorded for various samples upon heat treatment
are presented in Figure 7.6. Among these bands, we observe and analyze systematic changes
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upon thermal treatment in the following bands: (i) the broad peak at around 1650 cm-1
disappears, (ii) the peak near 1700 cm-1 separates into two distinguishable peaks at 1714 cm-1
and 1734 cm-1, and (iii) the peak at around 3300 cm-1 is blue-shifted by 30 cm-1 upon heating
which is recovered upon cooling to room temperature The small blue-shifts at 1700 and 3300
cm-1 are observed when the sample heated at 100℃ which recovered the original vibration upon
cooling the sample. The peak ranging 1650-1725 cm-1 is assigned to the characteristic stretching
vibration of the acidic C=O groups dimers.16 More specifically, the broad band observed 3300
cm−1 is associated with the polymeric O-H stretch from the intermolecular hydrogen bonds.17–19
The IR band around 1700 cm-1 corresponds to C=O stretch of the carbonyl bond. In our mats,
this band shows two separated peaks. The one with higher energy corresponds to free carbonyl
bond, and the red-shifted peak may arise due to hydrogen bonding present in dimers. As seen in
the Figure 7.5 (b), for the maximum red-shift in the carbonyl band occurs for the samples with
composition XLA = 0.81. In addition the intensity of the band is also much higher compared to
that in the other samples. This strongly suggests that the hydrogen bonding is the strongest and
the dimer formation is highest in these samples. This further supports our conclusion that the
eutectic composition is close to XLA = 0.81. At eutectic composition the interaction between the
fatty acid molecules is the highest leading to maximum red-shift in the CO band, and due to
higher interaction, the number of dimer formation will also be highest which will cause the
absorption by the CO band in these samples. The FT-IR spectral peak due to carbonyl stretch is
blue-shifted by 16-45 cm-1 in case of annealed samples at 60°C and 100°C. And also, it is to be
noted that the splitting of the peaks at around 1700-1734 cm-1 is more favored in case of rich
mole fraction of LA. The C=O stretching frequency of a carboxylic group is an excellent
vibrational spectral marker for detecting the protonation state of this group.19,20 In this present
work, it is evident that the hydrogen bond is present in case of as spun mat where hydrogen bond
is vanished after heating the sample and its reappeared after cooling the sample which shows
reversible process of hydrogen bonding (Figure 7.6). Furthermore, it also validates the presence
of polymorphs21 present in the mat which is transformed into more stable form of polymorphs
after heat treatment, a result consistent with the XRD data (presented in the following section).
The following can be concluded based on the FT-IR spectra: (i) there is no any additional
formation of new covalent chemical bonds, (ii) the properties of the as spun mats are presumed
to be governed by physical interactions among the component molecules, (iii) hydrogen bonding
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has been vanished upon heating up to 100℃ and recovered up on cooling at RT, and (iv) the
depletion of peak at around 1700-1734 cm-1 is comparatively more favored in case of rich mole
fraction of lauric acid at XLA= 0.81, suggesting the eutectic composition and hence present in
liquid like structure which is consistent with FE-SEM, XRD and phase diagram studies of this
polymeric mats.

Figure 7.5 FT-IR spectra of as electrospun deposited mats: (a) spectral vibration with
corresponding peaks (pure LA/SA) and (b) –C=O stretch vibrations (for all LASA mixtures).

Figure 7.6 FT-IR spectra of electrospun mats before and after heating: (a, b, and c) shows the
frequency of an acidic group C=O and (d, e and f) shows the frequency of polymeric –OH group
as a function of temperature.
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Confocal Raman spectroscopy: Raman spectra and imaging of the electro-spun binary mixture
of LASA with PVA-PDMS has been recorded and represented in Figure 7.7. The Raman images
of the as spun samples are showing the distribution of the mixture composition over fibrous mat.
The Raman shifts at 490-640 cm-1 peaks assigned the asymmetric stretch due to pure PDMS
microstructures and bands at 1028-1070 cm-1 indicates the commixture of symmetric Si-O and
Si-C bond stretching.22 The spectrum of the as-spun fibrous mat at around 2912 cm-1 shows most
pronounced scattering which are assigned to the stretching vibrations of CH2 and CH, and other
peaks at 1440 cm-1 assigned to the stretching vibrations of CH and OH which implies the PVA
and fatty acids (LASA). The scattering bands at 1400 cm-1 and 2851-2912 cm-1 are the
characteristic peaks due to the CH2 bending and CH2 symmetric/asymmetric stretches of the
terminal chains of methyl groups of aliphatic molecules, which assigned the PVA and saturated
fatty acids, respectively.23,24 As SA component increases, Si-O stretch increases at around 490
cm-1 as shown in Figure 7.7 (b). The peak observed at 1400 cm-1 (Figure 7.7 (c)) is more
pronounced in case of eutectic composition (XLA = 0.81) which may be due to free and mobile
OH substituted CH-stretch. The characteristics Raman shift of carbonyl group of fatty acids is at
1750 cm-1. The Raman peak shows at 1725 cm-1 which is slightly red-shifted by 25 cm-1 which
represents the dimers of acidic groups due to LASA present in the polymeric mat. This
dimerization indicates the presence of different polymorphs which is attached with physical bond
(hydrogen bond) and this result is consistent with FT-IR & XRD data. The Raman shifts due to
the functional group present in the composite mat is tabulated in Table 7.2.
Table 7.2: Assignments of the major Raman scattered bands of LASA-PVA-PDMS electrospun
mat.
Region

Raman Shift (cm-1)

Bond

Group vibrations

A (Pure PDMS)

492, 625, 640

Si-O-Si

Asymmetric stretch

B (PDMS)

1028, 1070

Si-C, Si-O

Stretches

C (PVA)

1440

CH and OH

Stretches

D (Fatty acids)

1610-1740

-C=O

Conjugated stretching

E (Fatty acids

2851, 2890, 2912

CH and CH2

Asymmetrical and

and PVA)

symmetrical stretches
Other Raman spectral peaks
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Raman Shift

Molecule

Group vibrations

250-400

C-C

Stretches

910, 923

-C=O

Acid dimer (weak)

1080

C-O-H

bending

1072-1116

Alkyl C-C

Trans & gauche

(cm-1)

stretches
1260

=C-H

cis stretch

1125-1185

Si-O-C

Stretch

2900-2940

CH2

Stretch

3100-3650

OH

Stretch

Figure 7.7 Raman shifts for conjugated –C=O stretching.
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7.3.4 Phase studies by X-ray diffraction
The variation in the diffractograms pattern is observed by XRD results in the composite mats
with different binary mixture composition of LASA. The PXRD of the mats are presented in the
Figure 7.8 with decreasing mole fraction of LA from bottom to top direction. The main peaks
identified are: (i) sharp Bragg peaks at 2θ values of 6.7⁰, 8.3⁰, 9.9⁰, 16.4⁰, 21.8⁰, 24.2⁰ (present in
samples with pure LA), (ii) the sharp Bragg peaks at 6.3⁰, 22⁰, 23⁰, 24.3⁰ (present in samples
with pure SA) (iii) a relatively less sharp peak around 7⁰, 10.2⁰, 21.5⁰, and (iv) broad hump at
around 11-12⁰ and broad peak at 19.7⁰ (present in samples containing mixtures of LA and SA).
We next present the assignment of various peaks followed by their trends as the mixture
composition is varied. Based on their trends and other characterization results a physical picture
will be presented.
Lauric/stearic acids are known to exist in various polymorphs which are named as A, B, C,
and E depending on the symmetry of their crystalline arrangements. The phase, polymorphism,
crystallinity and diffraction pattern of LASA is studied based on the previous detailed studies for
the phase and polymorphism in fatty acids. The most important Braggs’ reflections studied at 2θ
values for LA25–27 are: 8.78°, 10.1°,19.6°,22.14°, 23.84°, 24.8° and for SA27–35: 6.6°, 11.1°,
21.6°,24.1°. The sharp Bragg peaks at 2θ values less than 10⁰ are accredited to Asuper, A2, B, C, E
forms and peaks at 20-24⁰ for Bm, Bo, Em, Eo forms of crystalline lauric/stearic acid
polymorphs.31 For LA rich composition, the presence of Asuper and metastable C polymorphs of
LA was observed which is well studied and reported by Lomer,25 Eric Von Sydow,26 Goto and
Asada,27 and Vand et al36 in 1950s. For SA rich composition, A, Bm, Bo, C, and Em, Eo
polymorphs were assigned. The different polymorphs of SA are obtained and matched with
earlier reported literature by Goto and Asada,34 Kaneka et al,37 Eric Von Sydow,30 Sala et al,28
Moreno et al.31 In experimental and simulation XRD studies on PDMS melt structures, a broad
peak has been observed at q = 0.85 Å-1 (where q = 4π sinθ/λ) which for CuKα radiation
corresponds to 2θ ~ 12⁰. The two diffraction halos, first and larger one located at around 12⁰ and
the second, smaller and broader at 20⁰, suggesting an amorphous microstructure of the PDMS are
obtained in all the mats.38–43
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The crystalline structure and the corresponding unit cell of PVA44–47 has been well studied
and the important diffractograms at 2θ value are: 16⁰, 19.4⁰, 20⁰, and 22.7⁰, which correspond to
(001), (101), (10 -1), and (200) planes, respectively. The cell parameters are a = 7.81 Å, b = 2.5
Å, c = 5.5 Å. In our previous study,10 the molecular arrangement amongst the molecules of
PVA, SA and PDMS has been proposed where the crystalline structure consists of straight chain
pairs of PVA molecules held together by hydrogen bonding and forming a two-layer sheet.
These hydrogens bonded two-layer sheets are stacked in parallel and held in place by van-derWaals attraction. The orientation of the crystallographic axis a is along the direction of stacking
of double layer sheets, b is parallel to the PVA chain, and c is mutually orthogonal to other two
directions and is parallel to the double-layer sheet. In the present work, the sharp Braggs
reflections of PVA observed at 16⁰ , ~22⁰ and broad peaks at around 19-22⁰ for XLA = 1.00
whereas the peaks at 16⁰ disappeared in case of XLA = 0.00 i.e. at pure SA component in the
polymeric mat.
The following trend in the X-ray diffraction patterns are observed as the mole fraction of LA
decreases and hence mole fraction of SA increases in the mats: (i) the sharp peak at around 16⁰
quickly disappears as stearic acid mole fraction increases. (ii) The main peaks of SA and LA
polymorphs at around 6⁰ and 8-9⁰ respectively appears at respective richer mole fraction of SA
and LA. (iii) The crystalline peak near 20⁰ due to (1 0 1) reflection of PVA is comparatively
more pronounced in LA and SA rich mole fraction as compared to the intermediate composition.
It was observed that the reflections become much wider, almost flat, and the sharp Bragg peaks
due to crystalline fatty acids disappear for the XLA = 0.81 composition which indicates that at
this composition the crystallinity of the fatty acid molecules has been destroyed. From this result
we conclude possible formation of eutectic mixture at a composition somewhere in between X LA
= 0.81 and XLA = 0.7. Because of eutectic mixture of LASA with low eutectic temperature
(around 30o C) the fatty acid molecules are mostly in fluidized form due to melting and hence do
not give rise to any crystalline peaks. This conclusion is also suggested by the SEM image
presented in Figure 3(d) that showed no fibers at XLA = 0.81. It can also be seen that the fatty
acid Bragg peaks are more distinct in pure LA samples than in pure SA samples. This is
consistent with the earlier conclusion that SA is a better compatibilizer of PVA and PDMS than
LA. Presence of LA promotes beading and the beads are richer in fatty acid crystalline phase. In
samples richer in SA, beading is suppressed and hence fatty acid molecules present in crystalline
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form are significantly less so that the XRD peaks do not appear in SA-rich samples as distinctly
as in LA-rich samples. The XRD trends observed in all the mat composition is tabulated in
Table 7.3.
Hence for the mats with LA-SA mixtures, our earlier proposed physical picture (previous
chapter) of the molecular process where fatty acids present in crystalline form furnishes fatty
acid molecules that bind PDMS to PVA chains via alcohol side groups of the PVA chains
through hydrogen and van-der-Walls bonding10, is still valid. However, in the present work, the
mats consist of crystalline PVA with inclusions of the polymorphs of crystalline lauric/stearic
acids in the richer mole fraction of LA and SA composition in form of beads. It was observed
that the PDMS microstructure disrupts the crystallinity more along the 10⁰ reflections whereas
the crystallinity is intact along (0 0 1) plane at 16⁰ in case of rich LA composition. As the mole
fraction of LA decreases the crystallinity of the PVA decreases, that further suggests that SA acts
as a better compatiblizer as compared to LA and penetrates into the van-der-Waals regions
between the double layers of hydrogen bonded sheets of the crystalline PVA [along (0 0 1) plane
at 16⁰ Braggs’ reflection]. The XRD patterns of the composite mats are used later to propose a
phase diagram (section 7.3.6).

195 | P a g e

Figure 7.8 X-ray diffraction patterns of electrospun mats with decreasing lauric acid mole
fraction with PVA-PDMS compositions.

Table 7.3: XRD diffractograms with corresponding planes of each molecules of PVA, LASA
and PDMS into electrospun mat
Phases present in

Bragg’s reflection

Corresponding

Trends with

the spun mats

angle (2θ Degree)

planes

decreasing mole
fraction of LA (XLA)

PVA

16°

(0 0 1)

This peak disappeared
in the intermediate
composition of LASA;
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Sharp crystalline peak
appearance only in
LA/SA richer mole
fraction
19.4°

(1 0 1)

PDMS mixes with
LASA and penetrate
along this plane, and
hence crystallinity of
PVA disrupts more in
the intermediate region
of XLA

20°

(1 0 -1)

This is the combined
effect of PVA and LA
where PDMS also
disrupts along this
plane, resulting peak
broadening.

22.7°

(2 0 0)

This peaks is
consistent throughout
the mole fraction, only
intermediate region
shows peak
broadening.

SA

E & A2

6.6°

--

Polymorphs

Sharpness of this peak
is progressively
increases on
decreasing XLA

Asuper

11.1°

(0 2 0)

&B

Gives combined peak
of PDMS and LA/SA

Em

21.6°

(1 1 8)

Combined effect;

Eo

24.1°

(2 0 0)

Sharp peaks in the rich
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LASA zone and
strength of the peak is
weak in the
intermediate zone.
LA

Asuper &

Polymorphs

C

8.78°

(0 2 0)

Sharpness of the peaks
reduced as XLA
decreases and
eventually disappeared
in the SA rich mole
fraction.

Asuper

10.1°

(0 1 -3)

Only appeared in the
LA and SA richer mole
fraction and
completely disappear
in eutectic composition
(XLA = 0.81 & 0.7)

Bo/Bm

19.6°

(1 1 5)

Gives combined peaks
with PVA along
(1 0 1) plane; more
pronounced in richer
LASA zone.

Eo &

22.14°

(2 0 0)

Bo

Intermixed and gives
combined peak; peak

Em

23.84°

(1 1 12)

broadening in

Eo &

24.8°

(2 0 0)

intermediate region

~12⁰

--

Mixed with LASA and

Bo
PDMS

give broad peak in this
region.
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7.3.5 Differential Scanning calorimetry
DSC traces of the first and second heating of all the composition of LASA mixtures with PVAPDMS are represented in Figure 7.9 and 7.10, respectively. The possible transitions in the
materials are the melting of lauric acid, stearic acid, multiple solid-solid transformation in lauric
and stearic acid, and glass transition in PVA. Moreno et al have performed a detailed study of
polymorphs and possible transitions in even saturated fatty acid and reported a solid-solid
transition.31 Lauric acid exists in A1, Asuper and C form whereas stearic acid known to exist in A,
B, C and E forms with Bo/m and Eo/m polytypes; ‘o’ and ‘m’ represents orthorhombic and
monoclinic

subshell,

respectively.25,27,28,31,34,36

Sato

and

Boistelle48

has

studied

the

thermodynamic stability of these polymorphs, where they reported that the B and C forms of SA
are stable below and above 32℃ respectively, while the A and E forms are considered as
metastable phases in the whole temperature region. And also, they reported that below the E-C
thermodynamic transition point, the E form is still a metastable polymorph in relation to the B,
which is claimed as the most stable polymorph at room temperature.48 The melting transitions of
electrospun mats with pure lauric acid composition is observed at around 32°C and in case of
pure stearic acid is at around 53°C and 64°C. Singleton et. al., have observed solid-solid
transition from B to C at 53°C. The formation of polymorphs depends upon the choice of solvent
(benzene or glacial acetic acid), influenced by the temperature and the rate of crystallization, and
the purity of acids itself which may be due to the presence of PVA and PDMS. C form is stable
at higher temperatures. Transition from A to C form at 54°C and B to C at 46°C. Garti et al29
obtained B to C transition at 54°C. Moreno et al28,31 and Sato et al48–50 point to the same
conclusion: B and C forms of stearic acids co-exist at 32°C. The observed difference in the
transition temperature has been attributed to a kinetic barrier for the transition to occur. Based on
these transitions obtained by DSC thermograms, an approximate phase diagram is constructed
and represented in next section.
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Figure 7.9 DSC 1st heating scan.
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Figure 7.10 DSC 2nd Heating scan.
Table 7.4: Melting peaks of LA-SA in PVA-PDMS mats from 2nd DSC heating scans.
Mole

Mass

Eutectic

Peritectic

Peritectic

Liquid-

Liquid-

Fraction

Fraction

Transitions

-1

-2

Solid

Solid

of LA

(LA)

Transition

Transition-

-1

2

(XLA)
1

1

--

--

--

40.6432

46.48485

0.9082

0.875

33.23825

--

--

35.69391

--

0.8098

0.75

32.67

--

--

37.98491

--
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0.7029

0.625

31.75

--

--

38.78309

--

0.5867

0.5

--

39.68712

44.18329

49.38468

--

0.46

0.375

32.22

44.45541

49.11414

54.88322

59.55281

0.3214

0.25

32.52

43.5572

--

49.85541

59.62295

0.16865

0.125

49.6889

60.26511

--

64.82774

67.94

0

0

49.15667

50.17645

51.48513

61.22036

66.85

Table 7.5: Solid-solid melting transitions and corresponding enthalpies.31
Solid-solid transitions to

Enthalpies for the polymorphic

Transition

stable C form

transitions (kJ/mol)

temperature (℃)

Asuper (LA)

--

34.85

B (LA)

--

9.95

A2 (SA)

2.8 ± 0.3

~58.45

A (SA)

--

53.94, 63.85

Em (SA)

4.3 ± 0.3

~54.25

E (SA)

--

32.85

Bm (SA)

5.4 ± 0.3

~51.25

Bo (SA)

5.7 ± 0.3

~52.75

B (SA)

5.1

50.95, 54.95, 45.95

Table 7.6: Solid-solid melting transitions (Em/Eo to C-form) and corresponding enthalpies.31

Solid-solid transitions
Pure Em to C
Eo and Em mixture into the
monoclinic C phase

Enthalpies for the polymorphic

Transition

transitions (kJ/mol)

temperature (℃)

3.2 ± 0.3

43.85

4.3 ± 0.3

53.85
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7.3.6 Phase behaviour of LASA in PVA-PDMA electrospun nanocomposite
mat
The solid-liquid phase diagram of binary mixture of even saturated fatty acids i.e., lauric acid
and stearic acid in presence of PVA-PDMS is constructed and represented in Figure 7.11. Our
previous study of phase diagram of the same binary mixture mixed and spun in presence of only
PVA is reported where the significant drop of eutectic point is found from 39.5°C to 30°C as
compared to the bulk and pure form of binary mixture of LASA.1 In the present study, the
eutectic point and composition are shifted from 30°C to 32°C and the mole fraction of lauric
acid, XLA= 0.6 to XLA= 0.8 with addition of PDMS components which is incorporated as a
mechanical integrity in the mat. From the first heating scan, as the lauric acid increases in the
binary mixture, several intermediate transition occurs due to solid-sloid transitions (dotted lines)
which is further diminished upon second heating which is confirmed by DSC. This is consistent
with the fact that at eutectic composition, the interaction between the fatty acid molecules is
highest.
An increase in eutectic temperature can be attributed to an increased hydrophobicity in the nanoconfined medium formed by PVA-PDMS mixture as compared to pure PVA. Since fatty acid
molecules carry long hydrophobic tails, therefore due to increased hydrophobicity in the
surrounding medium, the compatibility between LA and SA in solid phase is enhanced which
leads to increase in eutectic temperature.
From the second heating curve obtained by DSC peak area, the amount of heat
absorbed/released at the eutectic temperature and the total heat released above and below the
eutectic temperature (Heat enthalpy change), were obtained and are plotted against the sample
composition in Figure 7.12. Highest heat of fusion is obtained in case of eutectic composition at
mole fraction of lauric acid XLA = 0.80 and eutectic temperature, Te is at 32°C.
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Figure 7.11 Phase diagram of electrospun mat from 2nd DSC thermal transitions. Dotted lines
represents soli-solid melting transition.

Figure 7.12 Heat enthalpy from 2nd DSC heating scan of the electrospun mat with respect to
energy per unit fatty acids (LA/SA) mass present in the mat.
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7.3.7 Mechanical analysis
7.3.7.1

Dynamic mechanical analysis

Mechanical integrity and the strength of the material is an important consideration in any
possible applications. Mechanical strength of the mats is improved by the addition of PDMS into
the mat as compared to those prepared using pure PVA.1,10 The mechanical behavior of the mats
are studied using dynamical mechanical analyzer (DMA) and universal testing machine (UTM)
under tensile loading. The results are presented in the subsequent sections.
The behavior of viscoelastic materials like polymer depends on the frequency and
temperature. We have performed the DMA in stretch mode with temperature sweep, at different
values of frequency 1 Hz and 10 Hz, from 25oC to 160°C. Samples were also studied under
frequency sweep from 1-60 Hz at constant temperature, 25°C. The variations in storage modulus,
loss modulus, and the loss tangent (tan δ) for both temperature and frequency sweep are
presented in Figures 7.13 and 7.14 respectively. The temperature sweep data at 1 and 10 Hz
constant frequency and the results are plotted in Figure 7.13 (a, b & c) and (d, e, & f),
respectively.
Storage and loss moduli at 1 Hz: The first important observation (Figures 7.13 (a) and (b)) is
that the storage moduli for all the mats are larger than the loss moduli, thereby suggesting the
solid like nature of the sheets. Second important observation is that replacing LA with SA
improves the storage modulus. This can be attributed to less beading and better fibre formation
with SA as argued earlier. The storage modulus of samples with pure LA shows monotonic
decrease of two orders of magnitude over a temperature variation of 100oC starting from room
temperature, at 1 Hz oscillation frequency. This can be attributed to the presence of low melting
LA component present in bead form. As stearic acid replaces the lauric acid component, small
shoulder starts to develop after about 80oC. This can be attributed to the fact that unlike LA, SA
molecules are present more in the role of a PVA-PDMS compatibilizer which form fibers and
less in the form of beads. In all cases (Figure 7.13 (a)), the initial decrease in the storage moduli
with temperature in the range of 30-40oC can be attributed to eutectic melting. Following this the
melting of pure pro-eutectic pure component leads to further decrease in the storage moduli. This
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is the reason why a sharp change in slopes of the storage moduli beyond 70oC is observed in
samples richer in SA but not in those richer in LA. Another transition that causes reduction in
storage moduli after around 70-80oC is the glass transition of PVA polymers.
Storage and loss moduli at 10 Hz: As is evident from Figures 7.13 (d) and (e), the initial (near
room temperature) sharp decrease in storage moduli with temperature remains present in samples
with mixture compositions XLA > 0.7 but is nearly absent and appears more like a plateau in
samples with mixture compositions XLA < 0.7. Thus eutectic melting is less effective in reducing
the modulus at 10 Hz loading in stearic acid richer samples. We conjecture that this may be due
to the fact that, since in SA rich samples the SA is utilized more predominantly in mediating
physical bonding between PVA and PDMS molecules thereby rendering the polymer chains
much bulkier, the composite polymer chains become stiffer at higher frequency. The increase in
stiffness of the chains at higher frequency compensates for any degradation in the modulus due
to eutectic melting. However, pure component melting (at ~40oC in LA rich samples and at
~65oC in SA rich samples) results into decrease in storage moduli in all samples.
Damping factor (tan δ): As seen in Figures 7.13 (c) and (f), the damping is maximum at around
80oC in all samples. Therefore the increased mobility of PVA beyond its glass transition
dominates the damping of mechanical energy in these mats. However, another important
observation to be made concerns the values of tan δ and its variation with temperature. The
variation (swing between the highest and smallest values) in damping factor is found to be small
in samples with mixture compositions XLA > 0.7. Damping at smaller temperature is smaller in
samples richer in SA. This is also consistent with the finding that eutectic composition is richer
in LA fraction. Therefore in samples richer in LA, eutectic melting leads to higher damping at
smaller temperatures.
Frequency sweep analysis: The frequency sweeps for different samples recorded at room
temperature are presented in Figure 7.14. The storage and loss moduli become constant at higher
frequencies with loss moduli much smaller than the storage modulus. This confirms the crosslinked networked structure in all the mats. The tan δ dependence on frequency shows a small
increment at 20 Hz for LA rich samples, with the increment being most prominent in the
composition closest to the eutectic composition (XLA = 0.81). This could be due to some
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molecular rearrangement with commensurate time scale taking place which is as yet not
understood by us.

Figure 7.13 Temperature sweep DMA results for various mats at constant frequency 1 Hz a, b &
c) and at 10 Hz frequency (d, e & f); (a & d) storage modulus; G', (b & e) loss modulus; G" and
(c & f) damping factor; tan δ.

Figure 7.14 Frequency sweep DMA results for various mats at isothermal condition, 25ºC; (a)
storage modulus; G', (b) loss modulus; G" and (c) damping factor; tan δ.

7.3.7.2

Universal tensile stress

UTM Results: Figure 7.15 shows results from tensile tests. Toughness is calculated by
computing the area under the stress-strain curves. It can be seen that upon small addition of SA
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significantly improves the toughness as compared to those with pure LA. However, a sudden
drop in toughness is observed upon further addition of SA, which can be attributed to the
proximity of the composition to the eutectic composition. Toughness is found generally higher in
SA rich samples. The Young’s modulus and the ultimate tensile stress also show non-monotonic
behavior with their values generally better in mixtures as compared to those mats with pure fatty
acid components. The DMA measurements give more rigorous and precise characterizations
presented in the next section.

Figure 7.15 (a) Stress-Strain curves of different mats. Dependence of (b) toughness, (c) ultimate
tensile stress, and (d) Young's moduli of the composite mats with variation of mole fraction of
LASA incorporated inside the PVA-PDMS polymeric mats.
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7.4

Conclusion

In mats incorporating PVA-PDMS-fatty acid, it is observed that mechanical strength improves
by incorporating PDMS where PVA acts as guiding polymer for fibrous structure and fatty acids
as a compatibilizer between PVA and PDMS. And also, it is observed that SA molecules are
present more in the role of a PVA-PDMS compatibilizer as compared to LA. We have
constructed a phase diagram for lauric and stearic acid mixtures in PVA-PDMS mats and
compared it to the bulk phase diagram and the phase diagram obtained in PVA mats. The
obtained results show that the eutectic temperature and corresponding mixture composition shifts
towards higher temperature as compared to phase diagram of LASA with electrospun PVA. An
increase in eutectic temperature can be attributed to an increased hydrophobicity in the nano-confined
medium formed by PVA-PDMS mixture as compared to pure PVA. Since fatty acid molecules carry long
hydrophobic tails, therefore due to increased hydrophobicity in the surrounding medium, the
compatibility between LA and SA in solid phase is enhanced which leads to increase in eutectic
temperature. This comparison will be used to interpret the altered molecular interactions resulting

from the change in the nature of the constraining environment.
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Chapter 8
hydrostatic

Embedded macroporous elastomers by
fracturing

for

flexible

strain-sensor

applications

8.1

Introduction

Fracture and crack propagation in “hard” inorganic materials such as metals and ceramics have
been widely studied.1–5 However, fracture in soft and viscoelastic polymeric materials is
relatively less understood.6–8 Most of the studies have focused on adhesive fracturing9–12 and
some on cohesive fracturing.13,14 However the cohesive fractures studied in terms of crazing and
failure in glassy polymers15–22 and network-gels and elastomers,13,23,24 both theoretically and
experimentally, are concerned with failure of the material under opening mode (tearing) also
known as mode I loading geometry. In this article, we examine fractures generated by
hydrostatic pressure caused by localized point loading. Fracture behaviour is very sensitive to
structural disorder and the mechanical properties of the matrix. It is particularly challenging to
understand fractures in viscoelastic polymeric materials owing to the presence of long chain
molecules which impart a significant entropic contribution to the equilibrium thermodynamic
properties of the material. Furthermore, because of the complex interactions present between the
long chain-like molecules, their deformation and flow properties also assume complexity. On
application of stress, the failure generated crack in an otherwise homogeneous polymer-based
viscoelastic material can result either from bond-breakage or from complete separation of two
entangled chain molecules. The former has a solid-like character leading to irreversible
generation of damage, whereas the latter has liquid-like nature, which can disappear with time
due to polymer relaxation under flow. Relative importance of these two effects plays the
governing role in determining the size and morphology of the fracture-generated surfaces in
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viscoelastic materials. In an earlier study, similar aspects were investigated25 in surfaces
generated by tearing or enforcing cohesive failure in viscoelastic elastomers. In Ref. 25, we
studied cohesive failure under plane stress conditions generated by distributed extensional
loading. In this article, we adopt a complementary approach and study fractures in soft
viscoelastic elastomers formed under point loading that generates three-dimensional hydrostatic
pressure. The process is somewhat similar to that of hydraulic fracturing, a frequently practiced
technique in oil and gas industry. In hydraulic fracturing, a recently developed process for
extraction of shale gas from the rock pores, a fluid is injected at a pressure larger or
commensurate with the compression modulus of the formation through the drill hole which leads
to fracturing of the rocks and thereby releasing the trapped gases. Here we use similar technique
of inducing fractures in soft viscoelastic materials. In a related study, Das and Ghatak26
investigated the stick–slip behavior in force–displacement curve while gels are ruptured by the
point-loading due to the tip of a moving needle. However, the fracture in their case was
generated by shear and not by hydrostatic pressure. Our current work has both fundamental and
practical aspects to it. Correlation of the size of the fracture with the stiffness of the medium and
injection pressure is established based on the basic polymer physics ideas. Practical applicability
of our method which we demonstrate in this paper lies in utilizing these fractures to fabricate
flexible macroporous material which can find potential use in strain sensing and gas sensing. For
example, in this article we have realized an embedded polyaniline porous domain showing
Ohmic behaviour and exhibiting change in resistance with an applied mechanical compression in
the parent matrix. Organization of this paper is as follows: In the Section “Experimental”, we
present the methodology of generating the fracture and dependence of the fracture size on the
material properties and load. In Section “Results and Discussion” we present the result of
localized swelling used for shrinking the size of the fracture. This is followed by fabrication of
macroporous domains comprising of overlapping fractures in Section “Results and Discussion.”
Here we also discuss an application of these macroporous domains by synthesizing
nanostructured polyaniline embedded in the polydimethylsiloxane (PDMS) demonstrating the
possibility of fabrication of such embedded macroporous nanostructures via this method. We
conclude in Section “Conclusions” with a discussion on scope and future work.
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8.2

Experimental

We have used Sylgard-184 from Dow Corning, Midland, MI, USA as our working elastomeric
material. This contains both the pre-polymer and the crosslinker. The network of PDMS formed
of Sylgard-184 is studied at different degrees of crosslinking. The PDMS was thoroughly mixed
with the crosslinker, degassed to remove trapped air bubbles, and cured. THF was used as a
solvent to swell the crosslinked PDMS. Optical microscopy was performed using Leica
microscope. Aniline (99% purity) and potassium dichromate (99.5% purity) from Qualigens,
Mumbai, India were used. Sulfuric acid (98% purity) from Merck, Mumbai, India was used. The
chemicals were used as received without any further purification. A home-made setup
schematically shown in Figure 8.1 (a) was utilized for generating embedded fractures.
Synthesis of conducting polymer polyaniline into the fracture has been completed in
following manner. The three stock solutions were prepared in order to achieve resultant
polyaniline (PANI) structures. First, a solution (S1) 0.3 M aniline monomer in DI water (Milli-Q
18 M X cm) was prepared by mixing rigorously for few minutes to make a homogenous solution.
The second solution (S2) of 3 M H2SO4 in DI water was also prepared and then the third
solution (S3) was prepared by mixing 0.294 g of K2Cr2O7 in 10 mL of DI water in the presence
of two-three drops of S2. About 5 mL of S1 was then mixed with 0.5 mL of S2 in order to make
a fourth solution (S4) of 1<pH<2 and this solution was taken in a syringe. Similarly, 0.5 mL of
S3 was taken into another syringe. The needles from these two syringes were placed oppositely
so as to inject these chemical in the fracture. After injecting the two solutions, the PANI
structures were synthesized immediately after injecting the solutions within the closed
confinement of the fracture. The colour of the deposited structure was algae-green.
Optical images were acquired using Leica optical microscope (model DM750P). Scanning
electron microscopy (SEM) images were acquired using Zeiss machine (model Supra-40VP). For
measuring the IV characteristic, Aplab regulated DC power supply (model LQ6324) was used to
generate constant current and the Aplab VC97 multimeter was used for voltage measurements.
Controlled compression was achieved by using compression grip in a Tinius Olsen Universal
Testing Machine (model H25KS).
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The Perkin Elmer Spectrum Two FTIR spectrometer was used to record the FTIR spectra of
the samples as either solid or thin film. All the samples were recorded using “attenuated total
reflectance” (ATR) mode. The PIKE MIRacle single reflection horizontal ATR accessory
equipped with a ZnSe ATR crystal was used for recording the FTIR spectra. The polymer
samples of the small molecules were pressed against the ATR crystal to record the spectra. The
spectra were collected at 4 cm-1 spectral resolution utilizing a 1 min data collection time.
The needle attached to the air-blow gun was injected inside the polymer samples and
nitrogen was discharged at a fixed applied pressure. The formation of the fracture was almost
immediate. The trigger time was manually controlled and kept same for all the samples.

Figure 8.1 (a) Schematic diagram of the set up used for creating fractures (not drawn to scale).
(b) An optical micrograph image of a 3-D fracture created in a sample block of elastomer with
2.2 weight percent cross-linker sample.
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8.3

Results and Discussion

8.3.1 Two-Dimensional and Three-Dimensional Fractures
We have been able to generate 3D as well as 2D fractures in PDMS samples. In a material with
uniform cross-linker concentration (ranging from 2 to 4%) ensured by thorough mixing and
degassing, our procedure yields 3D fractures. However, in sample blocks having a sandwich
structure wherein the region with low-cross-linker density lies between those with high crosslinker density (10%) resulting into a soft region surrounded between two stiff boundaries, the
same procedure yields planar fractures with planes oriented parallel to the stiff boundaries. Also,
the size of these planar fractures measured in terms of their planar spans is very large as
compared to the 3D fractures generated under same conditions. Here, we first study the overall
size of a 3D fracture which shows a non-monotonic dependence on the crosslinker concentration
(and hence the stiffness of the sample), and then present the surface morphology of the planar
(2D) fractures showing a monotonic trend in their feature length with the crosslinker
concentration. Figure 8.1 (b) shows a typical 3D fracture generated. We emphasize here that this
article will examine only the overall size of 3D fractures, whereas for the 2D fractures, we will
also look at the surface morphology in detail using optical and electron microscopy as the latter
is used in the fabrication of sensor elements.
We studied the size of the 3D fractures as functions of the applied pressure and crosslinker
density. The crosslinker density was varied from 2.2 to 3%. This particular range was chosen as
this variation in crosslinker density concentration leads to significant change in the elastic
modulus of the crosslinked PDMS. In samples with crosslinker densities exceeding 3%, the
fractures did not form at all. Figure 8.2 shows that the dependence of the mean size of the
fracture with crosslinking at different pressures is non-monotonic. Interestingly a non-monotonic
trend is observed: The mean size increased at low crosslinking and decreased at high
crosslinking. We considered the crosslinking of up to 2.7% because at higher crosslinking the
material becomes too stiff to be fractured and the air-leakage is unavoidable causing a large
noise in the data. The counterintuitive dependence of the fracture size on crosslinking can be
explained by employing the idea of strain-rate dependent surface tension arising in viscoelastic
materials as proposed by Persson and Brener.27 Persson and Brener suggested that when a crack
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propagates in a viscoelastic material, an effective surface tension is to be considered to account
for the energetics which originates from the dissipative losses occurring in the regions lying
nearby the deforming surfaces. They derived an expression for the effective surface tension g
and is found to vary with vc, the crack propagation speed, as following:

In our problem νc can be identified as the temporal rate of change of the size of the fracture.
An estimate of the size of the fracture can be made by considering the energetics of the process.
If the size of a fracture changes from r to r + dr then an additional surface energy of ϒΔA =
8πϒrdr is spent at the cost of the elastic energy G'dV = 4G'πr2dr released by the volume. Here G'
is the storage modulus of the PDMS network material. The fracture size is obtained by equating
the surface and bulk energy which yields:

Figure 8.2 Dependence of 3-dimensional fracture size on weight percent of cross-linking agent.
As the degree of crosslinking is increased, the storage modulus G' increases and vc at a given
discharge pressure decreases (because of increased stiffness), which explains the reduction in
size of the fracture with degree of crosslinking at higher crosslinking percentage. However, at
low crosslinking, the PDMS network is an imperfect network possessing a significant fraction of
dangling chain ends. For such imperfect networks, G' is known to depend on the characteristic
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frequency ω as G' ~ ω1/2.28 This dependence arises due to Rouse-like dynamics of the relaxing
strands in the network. It is to be noted that this dependence is more effective at low crosslinking
since G' tends to become constant with frequency at high crosslinking density. The deformation
frequency can be approximated by ω ~ vc/r, which gives G' ~ (vc/r)1/2 for Rouse-like relaxation
dynamics for the imperfect network. Substituting this for G' in eq. (2), we get r ~ (vc)-1/3. Since vc
decreases with crosslinking (as material becomes stiffer), based on our foregoing considerations,
we conclude that the size of the fracture will increase at low crosslinking density. Thus the nonmonotonicity in the fracture size dependence on crosslinking can be explained by utilizing
Persson’s theory of effective surface tension. A physical picture may be presented as follows: At
low crosslinking, the material is less stiff allowing faster deformation. But for faster deformation,
viscous dissipation due to the relaxing strands of polymers is high and therefore energy
expenditure is larger for the same volume change. This results into smaller size at low
crosslinking. The viscous losses also govern sensitivity of the fracture size to applied pressure
which can be seen to decrease at higher crosslinking. We next present our results on 2D fractures
generated in sandwiched structures. The sandwiched structures were amenable to generation of
2D fractures up to a larger concentration of the cross-linker (4%) unlike the 3D structures which
failed to form beyond a crosslinking density of 2.6%. We have examined the surface morphology
of the 2D fractures at two different length scales by imaging these surfaces using optical
microscopy as well as SEM. On both scales, the features show ridges whose spacing decreases
with the crosslinking concentration. Figure 8.3 shows the optical micrograph of the surface
morphology of the 2D surfaces generated due to fractures in samples with increasing
crosslinking concentration with a fixed pressure. It is evident that higher crosslinked material
presents a more ridged surface whereas at lower crosslinking the surface becomes smoother. This
result suggests that crosslinking can be used as a means to control the exposed surface area
which is important if we aim to functionalize these surfaces. It is also an important parameter
governing the porosity and permeability of the macroporous region formed when multiple
fractures overlap. Figure 8.4 shows the SEM images of the 2D fractured surfaces at various
crosslinking concentrations. A similar trend as observed in optical micrographs, that is, the
spacing between ridges becoming smaller with increase in stiffness, is observed in these images
also. Thus, in addition, it can also be observed that the ridges run more or less parallel without
any interconnections in low crosslinked systems, whereas at higher crosslinking, the
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interconnecting features become more frequent. This effect can be attributed to the fact that at
low cross-linking the fluid-like deformation is dominant which imparts directionality to these
features. At larger crosslinker density, solid-like bond breakage leads to wrinkling features in a
direction perpendicular to the parallel ridges.

Figure 8.3 The optical micrographs of the planar fractures created in samples with cross-linker
weight percents of (a) 2.2, (b) 2.6, (c) 3.2, and (d) 3.6.

8.3.2 Shrinkage of 2-Dimensional Fractures by Localized Swelling
Swelling, patterning, and subsequent de-swelling has been employed for miniaturization of
feature size in elastomers.29 This technique relies on inducing global swelling in the material by
immersing the network material in the solvent. Since the entire material swells in size, any
feature generated in the swollen material will be shrunk after the material loses solvent on deswelling. This method was used to miniaturize the surface features on an elastomeric material.
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Here, we adopt a somewhat complementary approach of localized swelling which leads to
reduction in fracture size. The step involves injecting the solvent (THF) in the elastomer (PDMS)
inside the fracture. This single post-generation processing step leads to shrinkage of the fractures
as explained in Figure 8.5 (a,b). Due to localized swelling the inner surface of the fracture
swells inward as the region far away from the fracture cannot experience any expansion due to
swelling. A fracture undergoing size reduction on localized swelling is shown in Figure 8.5
(c,d). This method offers a simple route to size reduction of the fracture.

Figure 8.4 SEM images of the planar fractures created in samples with cross-linker weight
percents of (a) 2.2, (b) 2.6, (c) 3.2, and (d) 3.6.
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Figure 8.5 (a) and (b) show the schematic of the how localized swelling leads to contraction of
an embedded crack. The shaded portions in (a) and (b) represent the solvent fluid which swells
the medium. The elliptical dark line represents the inner boundary of the crack that contracts
after swelling. (c) and (d) show the optical micrographs of a crack respectively before and after
injecting THF solvent which swells PDMS.

Figure 8.6 Optical micrograph of multiple overlapping planar fractures. Scale bar is 1 mm
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Figure 8.7 FT IR spectra of cured PDMS, polyaniline synthesized outside the fractures, and
polyaniline synthesized inside the fractures. The presence of a band around 1500 cm-1 confirms
presence of polyaniline inside the fractured region.
Furthermore, we believe that this technique can be fruitfully used to line the fracture surfaces
with nanoparticles (and thereby functionalize them) by injecting the cavity with a suitable
nanoparticle suspension.31,32 Under the effect of osmotic forces, the solvent will carry the
nanoparticles to the subsurface region. Embedded Macroporous Domains via Multiple
Overlapping Fractures as a Compression Sensor Element Next we turn our attention to (i)
formation of macroporous domains generated by introducing multiple overlapping fractures, and
(ii) generation of polyaniline nanostructures in these macroporous domains. Macroporous
materials may find use in various applications such as membranes, micro-reactors, microfluidics,
and gas storage to name a few. Our method of introducing fractures of controlled size and
surface morphology enables us to fabricate embedded macroporous domains in elastomeric
225 | P a g e

materials by introducing fractures which overlap in its spatial extent. Figure 8.6 shows an optical
micrograph of several fractures overlapping in their spatial extent. Overlap of the fractures
establishes connectivity between different portions of the elastomer through a macroporous
domain. The surface area of the macroporous domain is dependent on the load and degree of
crosslinking as discussed earlier. Porosity and permeability of these macroporous regions
generated under different conditions will be analyzed in detail elsewhere along with the analysis
of the morphology of the fracture generated surfaces. We next synthesize polyaniline
nanoparticles inside these microporous domains. Polyaniline nanostructures are promising
materials in sensors, chemical catalysis, reactive membranes, and optoelectronics applications.30
However, these polymers lack mechanical integrity. If nanostructured polyaniline can be used in
conjunction with a non-reactive, mechanically robust, and transparent material such as
crosslinked PDMS, versatile technological components can be designed. To this end, we
fabricate embedded nanostructured polyaniline domains inside a PDMS solid using our method.
We were able to successfully fabricate a macroporous region in PDMS filled with nanostructured
polyaniline by introducing the reactants through two opposite ends of a macroporous domain.
Following standard protocol for synthesizing polyaniline using solution method,31 aniline
solution in sulfuric acid and the potassium dichromate solution were injected inside the
macroporous domain from two widely separated ends using a syringe. The liquid phase reactants
quickly spread over the macroporous volume and reacted to yield the product. The macroporous
region turns algae-green in color after some time once the reaction is over, suggesting formation
of polyaniline.
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Figure 8.8 (a) and (b) show the top and side views of a microporous polyaniline domain
embedded in PDMS. (c) SEM image of the embedded microporous domain of polyaniline. (d)
SEM image of polyaniline synthesized by the same method but on a glass slide. The scale bars in
(c) and (d) are 1 μm each.
Figure 8.7 shows the FTIR spectra of the cured PDMS, polyaniline synthesized outside,
and polyaniline synthesized inside the fractures. As seen from these spectra, a band around 1500
cm-1, which is present in samples of polyaniline synthesized outside the fractures as well as those
synthesized inside the fractures, is found absent in pure and cured PDMS samples. This confirms
the presence of polyaniline in the fractured regions. Figure 8.8 shows the resulting polyaniline
domain embedded inside the PDMS.
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Figure 8.9 Current voltage characteristics of the polyaniline embedded in PDMS 2-D fractures at
different compressions. Inset shows the dependence of resistance with the compression. The
solid lines in the main figure are linear fits and in the inset, a guide to the eye.

Figure 8.10 The fitting of the resistance-compression data to Equation (1) predicted from the
proposed model. The points represent the experimental data, and the solid line represents the
fitted curve according to Equation 3.
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The polyaniline was also synthesized by the same method on a glass slide for comparison.
The SEM images of the microporous polyaniline domains and those on the glass slide are
presented for comparison in Figure 8.8 (c,d). Difference in morphology in the two cases is
evident. This may be attributed to the growth of polyaniline in a constrained geometry. The
effect of chemical nature of the substrate can be ruled out because of the inertness of the PDMS.
These results suggest that our method can be used to prepare a medium where the influence of
confinement on a chemical reaction can be studied in detail. The porous embedded domains
formed in 2D fractures were tested for their electrical conductivity. The blocks were compressed
to different extents and the current voltage characteristic was measured at various values of
compressions. The polyaniline domains showed ohmic behavior, with the resistance (measured
by the slope of the best linear fit of the current vs. voltage data) a function of compression. The
data is presented in the Figure 8.9 showing a gradual decrease in resistance with increasing
compression. The resistance sensitivity is on the order of 5 k-Ω/μ of compression. This result
suggests that we can design these macroporous polyaniline embedded PDMS blocks as flexible
compression sensing elements. The detection limit in this work is around 80 microns, the
smallest compression for which resistance change was measured. Next, we propose a simple
model and obtain an equation between resistance and compression that fits the data satisfactorily.
In our model, we assume that the fractured surfaces consist of long protrusions of cylindrical
geometry with constant crosssectional area, coated with polyaniline nanostructures. Length of
the protrusions (x) is assumed to follow an exponential distribution with probability density
given by g(x) = (B/N)exp(-xB/N), where N is the total number of the cylindrical protrusions, and
B is a normalization constant with a dimension of inverse of length. As the block is compressed,
the polyaniline nano-particulate matter adhered to the polymeric cylindrical protrusions
extending from either of the fractured surfaces get in contact. More and more cylindrical
protrusions of increasingly smaller sizes come into contact that results into increase in the
contact area with compression and a corresponding decrease in resistance. The increase in
contact area, A, with compression, y, depends on the number distribution of the polymeric
protrusions. Using the formula of resistance R = ρl/A, where ρ is the resistivity of polyaniline
material, l is the distance between two fractured planar surfaces and is given by l = h-y, where h
is the initial separation, we get the following expression for dependence of R on y:
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A plot of resistance vs. compression is presented in Figure 8.10. The solid line is a plot of
the function with the following values of the fitting parameters: M = 0.746, h = 4.277, and B/N =
43.78. As evident from the plot, the experimental data satisfactorily fit the model proposed.

8.4

Conclusion

In summary, we have presented a study on generation of fracture in soft elastomers due to
hydrostatic pressure applied locally. Two different geometries were realized to generate 3D and
2D fractures. The size of the 3D fracture depends on the degree of crosslinking, exhibiting an
optimum crosslinking at a given pressure at which the size is maximum. The sensitivity to
pressure is increasingly small as cross-linker density is increased. The feature size in 2D
fractures generated in sandwiched geometry decreased with increasing crosslinking density. A
flexible material with embedded macroporous region was fabricated by allowing spatial overlaps
of these fractures. By incorporating conducting polyaniline in these embedded domains, an
arrangement suitable for compression sensing applications was realized.
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Chapter 9

Work in progress and future scope

In continuation with this thesis work, the following next sets of work is still under progress and
yet to be submitted very soon.
9.1 Nitrogen doped ZnTiO3 by sol-electrospinning for energy application.
9.2 Rheological behaviour of bentonite free drilling nanofluid by using electrospun ZnTiO 3
nanoparticles.
A brief write-up with results are presented for the extended work in the following sections:

9.1

Nitrogen doped ZnTiO3 by sol-electrospinning for visible light

photocatalysis
9.1.1 Motivation
Recently, developing a viable photocatalyst that can use visible light efficiently has become the
mainstay of materials researchers worldwide.1–3 For this purpose, many methodologies have
been used to extend the photocatalytic activity of wide band gap metal oxides towards longer
wavelengths (visible light), such as sensitization with organic dyes, where the dye acts as a
photosensitizer and favors the injection of electrons into the conduction band (CB) of metal
oxides, leading to better light absorption properties.3–5 Thus the aim of the present work is to
develop a strategy to prepare nitrogen-doped Zinc Titanate (N-ZnTiO3) for strongly enhanced
photocatalytic degradation of the phenol under visible light. The nitrogen doping is quite
encouraging because of its comparable atomic size, small ionization energy and stability. 6 In
addition, nitrogen doping only not modifies the crystal structure of oxides materials, but also
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suppresses the recombination rate of photogenerated electrons and holes, which leads to
enhanced photocatalytic activity compared to bare ZnTiO3.

9.1.2 Summary
In the current work, to examine the effect of nitrogen doping on the photocatalytic activity of the
ZnTiO3 were synthesized and evaluated the degradation kinetics of Phenol under visible light.
The typical synthesis of nitrogen-doped ZnTiO3 (N-ZnTiO3) is identical to previous solelectrospinning method. The only variation is the addition of Urea as a source of nitrogen atom
where four different nitrogen (N) to titanium (Ti) ratios were taken (N:Ti = 0.25, 0.50, 0.75, 1).
The obtained products were calcined and characterized by P-XRD, FESEM, FT-IR/Raman/UVVis DRS/Photoluminescence-spectroscopy which evident the nitrogen doping wth ZnTiO3. The
study of stoichiometry and position of nitrogen atom with crystalline ZnTiO3 is still under
progress. A comparative visible light photocatalytic study results into significant increase in
degradation rate as compared to bare electrospun ZnTiO3 and monotonically increases as N:Ti
ratio increases up to 1:0.

9.1.3 Results & discussion
The nitrogen was successfully incorporated into ZnTiO3 lattice confirmed various technique
FESEM, P-XRD, Raman and DRS spectroscopy which is shown in the figures below (Figures
9.1-9.5). The insertion of the nitrogen induced strain which was confirmed by XRD. The strain
calculation was done by Williamson Hall method and compared with strain calculated from
XRD pattern. The bandgap of the ZnTiO3 was gradually decreased with the increase in the doped
nitrogen content.
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Figure 9.1 FE-SEM of N-doped electrospun calcined ZnTiO3 at different Ti:N ratios: (a) 0.25,
(b) 0.50, (c) 0.75 and (d) 1.
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Figure 9.2 XRD patterns of doped and undoped calcined ZnTiO3 via different route of synthesis.
(BZT = bulk ZnTiO3, EZT = electrospun ZnTiO3, ENZT = electrospun N-ZnTiO3 for N:Ti ratio
0.25 and 1, respectively)

Figure 9.3 Raman spectral band at 565 cm-1 obtained in case of ENZT-1.
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Figure 9.4 Band gap energy of N-ZnTiO3 (a) N:Ti 0.25 and (b) N:Ti 1.00.

Figure 9.5 Comparison of photocatalytic activity of N-ZnTiO3 with bare electrospun ZnTiO3
evaluated at λmax = 210 nm of Phenol absorption.

9.1.4 Conclusion
The visible light photocatalytic activity of N-ZnTiO3 is enhanced upon nitrogen doping as
compared to bare electrospun ZnTiO3. The enhanced photocatalytic activity of N-ZnTiO3 could
be assigned to the insertion of new mid-gap energy states, increase optical absorption, ease to
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separation and migration of the charge carries, decrease recombination rate of the electrons and
holes pairs.

9.2

Rheological behaviour of bentonite free drilling nanofluid by

using electrospun ZnTiO3 nanoparticles.
9.2.1 Motivation
This work is motivated by the prior findings of the rheological behavior of drilling fluid with
ZnTiO3 nanoparticles which shows non-monotonic trend of viscosity with respect to
nanoparticles mass by volume ratio.7 In this work, the bentonite free nanofluid has been prepared
to study the impact of ZnTiO3 nanoparticles on rheological behavior of nanofluid and to
investigate this non-monotonic trend of viscosity.

9.2.2 Summary
For the preparation of nanofluid, 0.6 w/v% of XG was dissolved in DI-H2O using a magnetic
stirrer at 600 rpm for 2 h at 50℃. Different nanofluids were prepared by using different
nanoparticle concentration i.e., 0.25, 0.50, 0.75 and 1.00 %w/v in aqueous xanthan gum solution.
ZnTiO3 nanoparticles were dispersed into xanthan gum solution under magnetic stirring at RT
for 2 h to obtain uniform dispersion of nanoparticles, resulting in the formation of nanofluid. The
characterization results of nanofluid such as morphological, functional and rheological properties
is represented in Figures 9.6-9.8.
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Figure 9.6 SEM (a) 0.25% (b) 0.50% (c) 0.75% and (d) 1.00% of ENP (electrospun ZnTiO3)
with 0.6% XG.

Figure 9.7 FTIR of XG+ZnTiO3 and calcined ZnTiO3.
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Figure 9.8 Rheological variation of nanofluid as a function of nanopartciles volume fraction at
different temperature (a) 10℃, (b) 25℃, (c) 50℃ and (d) 100℃.

9.2.3 Future work
There are several lines of research arising from this work which should be pursued as well as
identifying future topics to expand and further develop the reported research.
 Firstly, the work on the optical and electronic properties of nitrogen doped and bare ZnTiO3
where our intention to investigate the position of energy states created due to nitrogen doping
in ZnTiO3. And also, the stoichiometry of N-ZnTiO3 is altered which is confirmed by P-XRD
data showing a small shift of 1⁰ 2θ value toward higher Bragg’s reflection. This result is
suggesting that the strain created inside the ZnTiO3 crystal. Local electronic structure
analysis of N-doped ZnTiO3 by X-ray absorption fine structure spectroscopy. The life time of
the photogenerated excitons of all types of doped and bare ZnTiO3 prepared by different
routes during photocatalysis need to explore quantitatively. It needs EPR studies to know the
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unpaired electrons, holes and free radicals generated upon photoexcitation. The pathways of
Phenol degradation upon photolysis needs to be explored.
 A second line of research is to investigate the size distribution of ZnTiO3 nanoparticles with
biopolymer which suggest the non-monotonous rheological behaviour of nanofluid.
 Third part of our research work in continuation of nanocomposite polymer fibers by
electrospinning method needs to optimize the physical and chemical parameters of mixing of
different polymers with different physical parameters which should be electrospun yielded
smooth nanocomposite fibrous mats with improved mechanical strength.
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Thesis summary

The thesis concludes in these chapters with an informative summary of all the data presented.
This thesis work is summarized as below:
(i) Successfully, we synthesized, fabricated nanostructured metal oxides as well as nanofibrous
composite polymers sheets by using sol-electrospinning technique and characterized the
physical and chemical properties.
(ii) First set of application we have examined the photocatalytic degradation reaction of phenol
in the presence of solely visible light from an incandescent light bulb by the obtained ZnTiO3
nanopowders via different route of synthesis. A comparison of the photocatalytic activity of
our material with that of the powders prepared by other standard routes such as the bulk solgel method and the sol-gel method in presence of surfactant (CTAB) shows that the
nanopowders obtained by calcining the electrospun-sols afford a much better photocatalytic
activity in presence of the visible light. Surface area analysis of these nanopowders suggest
an enhanced surface area per unit volume and that the nanoparticles are nanoporous. The
enhanced visible-light photocatalytic activity is believed to be originating chiefly from the
enhanced surface area as confirmed by the BET analysis, and larger carrier lifetimes as
confirmed by the photoluminescence spectra. The reaction kinetics studied by monitoring the
UV–Visible absorption spectra of phenol shows a first order decay kinetics in each case with
the powder samples of calcined electrospun-sols giving the highest rate constant.
(iii) Secondly the application of nanomaterials (ZnTiO3, BiFeO3 and SiO2) synthesized is
evaluated the effect on rheological and filtration properties of drilling fluid by performing a
comparative study on drilling fluid properties by incorporating the nanoparticles from 0.05 to
0.30 w/v% in mud formulations. The experimental work has been carried out to investigate
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the influence of concentration of nanoparticles on fluid rheology at 20°C and 70°C and API
filtrate at normal temperature and 100 psi pressure according to American Petroleum Institute
(API) methodology. The mud samples are subjected to ageing process in hot rolling oven at
110°C for 16 h to study thermal stability and the effect of ageing on rheological and filtration
properties. The experimental results show that the nanoparticles significantly affect to the
drilling fluid properties and considerably decrease the filtrate loss and improve thermal
stability and rheological properties.
(iv) In the next part of thesis work, represented the fabrication and study of the behavior of
nanofibrous composite mats by using different polymers such as PDMS, SA, LA and PVA.
The stearic acid when mixed with PVA and PDMS, acts like a binding agent between the two
polymers and helps in successfully electrospinning a composite nanofibrous mat rich in
PDMS content.

This simple method carries importance in view of the fact that

electrospinning of PDMS has proved extremely difficult due to its low Tg. The properties of
the mats are seen to vary non-monotonically with PDMS fraction: mats with an optimal
PDMS fraction range of around 60% shows the best mechanical properties desirable for
membrane applications. Based on the data from morphological, structural, thermal, and
mechanical characterizations we have outlined a model for the molecular processes which
may lead to the observed non-monotonic behavior of the mats. The hydrophilicity and
oleophilicity of these mats can be successfully controlled. The PDMS-PVA-SA composite
mats show a preferential permeability towards oil when exposed to an oil water emulsion,
thus proving to be a suitable candidate membrane material for demulsifying and filtering
water-in-oil emulsions.
(v) In mats incorporating fatty acid (LASA), it is observed that mechanical strength improves by
incorporating PDMS. We have constructed a phase diagram for lauric and stearic acid
mixtures in PVA-PDMS mats and compared it to the bulk phase diagram and the phase
diagram obtained in PVA mats. The obtained results show that the eutectic temperature and
corresponding mixture composition shifts towards higher temperature as compared to phase
diagram of LASA with electrospun PVA. This comparison will be used to interpret the
altered molecular interactions resulting from the change in the nature of the constraining
environment.
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(vi) Finally, we have presented a study on generation of fracture in soft elastomers due to
hydrostatic pressure applied locally. Two different geometries were realized to generate 3D
and 2D fractures. The size of the 3D fracture depends on the degree of crosslinking,
exhibiting an optimum crosslinking at a given pressure at which the size is maximum. The
sensitivity to pressure is increasingly small as cross-linker density is increased. The feature
size in 2D fractures generated in sandwiched geometry decreased with increasing
crosslinking density. A flexible material with embedded macroporous region was fabricated
by allowing spatial overlaps of these fractures. By incorporating conducting polyaniline in
these embedded domains, an arrangement suitable for compression sensing applications was
realized.
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Appendix-I

“Supporting Information” for
Effect of Zinc Titanate Nanoparticles on Rheological and Filtration Properties
of Water Based Drilling Fluids

Figure AI-1 Yield stress (τ0) variation with nanoparticle concentration before hot rolling and
after hot rolling. (a and a') for SNP nanoparticles and (b and b') for ENP nanoparticles.
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(a)

(b)

(c)

(d)

Figure AI-2 (a, b and c) Herschel-Bulkley model fitting for base mud and (d) power law model
fitting for base mud after hot rolling at 70°C.
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Figure AI-3 Herschel-Bulkley model fitting for ENP drilling formulation at 20°C before hot
rolling.

248 | P a g e

(a)

(b)

(c)

(d)

(e)

(f)

Figure AI-4 Herschel-Bulkley model fitting for ENP drilling formulation at 70°C before hot
rolling.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure AI-5 Herschel-Bulkley model fitting for ENP drilling formulation at 20°C after hot
rolling
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(a)

(b)

(c)

(d)

(e)

(f)

Figure AI-6 Herschel-Bulkley model fitting for ENP drilling formulation at 70°C after hot
rolling
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(a)

(b)

(c)

(d)

(e)

(f)

Figure AI-7 Herschel-Bulkley model fitting for SNP drilling formulation at 20°C before hot
rolling.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure AI-8 Herschel-Bulkley model fitting for SNP drilling formulation at 70°C before hot
rolling.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure AI-9 Herschel-Bulkley model fitting for SNP drilling formulation at 20°C after hot
rolling.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure AI-10 Herschel-Bulkley model fitting for SNP drilling formulation at 70°C after hot
rolling.
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Figure AI-11 Apparent viscosity variation with shear rate of drilling mud with SNP and ENP
before and after hot rolling at 20°C.
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Figure AI-12 Apparent viscosity variation with shear rate of drilling mud with SNP and ENP
before and after hot rolling at 70°C.
Table AI-1 (a): Hurschel-Bulkley fitting parameters for all the mud system with ENP and SNP
at 20°C and 70°C before hot rolling.
Hurschel-Bulkley Model: f(x) = τ0 + k*x^n
τ0

k

n

20°C

10.4938

0.66292

0.608909

70°C

5.76584

0.703467

0.563659

Composition
BM
Before

0.05

10.1329

0.833692

0.569874

Hot

0.10

9.1081

0.842421

0.553559

20°C 0.15

10.3836

0.533403

0.610941

0.20

11.3467

0.36536

0.652419

0.25

11.6322

0.689604

0.572419

Rolling

SNP
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0.30

12.4132

0.767162

0.574527

0.05

8.89837

0.472604

0.625786

0.10

8.98016

0.451939

0.61845

0.15

10.2187

0.428736

0.61433

0.20

9.56028

0.502669

0.589861

0.25

11.2115

0.448442

0.622674

0.30

12.4132

0.767162

0.574527

τ0

k

n

0.05

10.828

0.77892

0.584147

0.10

11.4246

0.765671

0.577309

20°C 0.15

10.2686

0.826035

0.562458

0.20

12.2855

0.686869

0.592205

0.25

15.3056

0.344199

0.69644

0.30

17.9716

0.177377

0.797685

0.05

7.12952

0.517966

0.635069

0.10

8.98016

0.451939

0.61845

0.15

9.28074

0.622314

0.582368

0.20

10.5152

0.567512

0.603084

0.25

10.8858

0.580003

0.614825

0.30

11.875

0.599003

0.621293

70°C

Composition

ENP

70°C

Table AI-1 (b): Hurschel-Bulkley fitting parameters for all the mud system with ENP and SNP
at 20°C and 70°C after hot rolling.
Hurschel-Bulkley Model: f(x) = τ0 + k*x^n
Composition
BM
After Hot

20°C

k

n

7.84182

1.24209

0.494182

7.84378

0.220443

70°C

Rolling
SNP

τ0

20°C

0.05

4.76851

1.98758

0.444

0.10

2.96622

2.41963

0.414858
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0.15

3.34599

1.97194

0.435346

0.20

3.13069

2.79417

0.38187

0.25

4.66487

2.06637

0.435439

0.30

6.13161

1.79094

0.46205

0.05

5.53261

0.57876

0.59256

0.10

5.60096

0.565362

0.581814

0.15

5.47542

0.910868

0.508492

0.20

6.0189

0.882964

0.519503

0.25

6.28906

0.702237

0.565872

0.30

7.50474

0.590718

0.603453

τ0

k

n

0.05

8.418

0.932265

0.541525

0.10

7.66308

1.02134

0.523527

20°C 0.15

8.98756

0.92092

0.536613

0.20

9.82591

0.777283

0.57003

0.25

9.78662

0.98977

0.542985

0.30

10.6927

1.06284

0.53983

0.05

5.69338

1.52276

0.464957

0.10

4.86794

1.38735

0.473547

0.15

6.43955

1.12478

0.505626

0.20

8.04203

0.843067

0.553427

0.25

9.20238

0.778206

0.569032

0.30

9.0598

0.84394

0.564847

70°C

Composition

ENP

70°C
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Appendix-II

“Supporting Information” for
Enhancing the properties of Water based Drilling Fluid using Bismuth Ferrite
Nanoparticles

Figure AII-1 Yield stress ‘τ0’ (Pa) variation obtained by Herschel-Bulkley model with
nanoparticle concentration before hot rolling and after hot rolling. (a and c) for NWBM-1 and (b
and d) for NWBM-2 formulations.
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Table AII-1 (a): Herschel-Bulkley fitting parameters for all the mud system NWBM-1 and
NWBM-2 at 20°C and 70°C before hot rolling.
Herschel-Bulkley Model: f(x) = τ0 + k*xn
Composition τ0 (Pa)

BM

k (Pa.sn)

n

R2

20°C

9.65562 1.07479

0.527411 0.999488346

70°C

6.44086 0.624557 0.577936 0.998231314

NWBM-1

0.5

11.5945 0.607884 0.612015 0.996561259

(10%)

1

11.6436 0.543153 0.639193 0.995029802

1.5

11.5348 0.5939

2

12.6239 0.566565 0.643178 0.995555774

2.5

12.4197 0.619362 0.634403 0.994463154

20°C 3

Before Hot
Rolling

0.632864 0.996878814

12.3093 0.670923 0.628827 0.996310754

0.5

6.12807 1.17865

1

7.68619 0.917641 0.555196 0.996391389

1.5

8.84053 0.846123 0.573745 0.996141771

2

9.97424 0.795117 0.586295 0.994840314

2.5

11.301

70°C 3

0.513354 0.996551728

0.686253 0.609744 0.995961704

10.9058 0.857626 0.581904 0.996733596

NWBM-2

Composition τ0 (Pa)

k (Pa.sn)

(20%)

0.5

11.301

0.686257 0.609743 0.995961704

1

12.4196 0.619375 0.6344

1.5

11.9355 0.752739 0.620248 0.991084986

2

12.8238 0.776974 0.622235 0.98801089

2.5

12.5044 0.887046 0.611659 0.989430521

20°C 3

n

R2

0.994463154

13.7144 0.772602 0.634391 0.985087186

0.5

8.23812 1.16027

1

9.53706 0.992005 0.558902 0.995737451

1.5

10.015

70°C 2

0.526454 0.997142073

1.00057

0.565841 0.996184168

10.3192 1.06719

0.561909 0.995108336
261 | P a g e

2.5

11.2085 0.891204 0.591524 0.994755145

3

11.5248 0.95167

0.587075 0.993678709

Table AII-1 (b): Herschel-Bulkley fitting parameters for all the mud system NWBM-1 and
NWBM-2 at 20°C and 70°C after hot rolling. (*Follows Power Law Model)
Herschel-Bulkley Model: f(x) = τ0 + k*xn
Composition τ0 (Pa)

BM*

k (Pa.sn) n

R2

20°C

0

2.51279

0.376298 0.992688302

70°C

0

2.32734

0.362425 0.989437573

NWBM-1

0.5

1.80127

2.96382

0.398951 0.994985959

(10%)

1

1.02028

3.3281

0.394748 0.992703421

1.5

3.49587

2.43612

0.43892

2

4.61116

2.32646

0.452132 0.988402983

2.5

6.13403

1.80524

0.48727

6.67386

1.77367

0.493643 0.991978991

0.5

3.29105

1.20516

0.508049 0.982234926

1

3.80602

1.18951

0.519336 0.983168528

After Hot

1.5

4.43917

1.09211

0.539811 0.985233186

Rolling

2

5.28337

1.16446

0.535002 0.982937743

2.5

6.06896

1.03295

0.559543 0.983894068

3.57561

1.66062

0.500514 0.985466489

20°C 3

70°C 3

0.991853059

0.989707084

NWBM-2

Composition τ0 (Pa)

k (Pa.sn) n

(20%)

0.5

2.27394

2.92401

0.410025 0.992026973

1

2.98098

2.68466

0.432516 0.991236528

1.5

5.183

2.28953

0.459036 0.9871384

2

5.49784

2.33076

0.463766 0.988167168

2.5

5.82402

2.46445

0.457646 0.988562562

20°C 3

5.89152

2.645

0.45725

70°C 0.5

0.425579 3.24007

R2

0.990402772

0.377014 0.99404954
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1

1.9745

2.57142

0.415778 0.994483603

1.5

2.32901

2.5803

0.423883 0.994973671

2

3.27816

2.34788

0.440712 0.996485365

2.5

4.62893

2.15339

0.455816 0.995224615

3

5.18803

2.10451

0.463046 0.996728743

Figure AII-2 Herschel-Bulkley model fitting for base mud before (a and b) and Power law
model fitting for base mud after hot rolling (c and d) at 20°C and 70°C.
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Figure AII-3 Herschel-Bulkley model fitting for NWBM-1 drilling formulation at 20°C before
hot rolling.
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Figure AII-4 Herschel-Bulkley model fitting for NWBM-1 drilling formulation at 70°C before
hot rolling.
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Figure AII-5 Herschel-Bulkley model fitting for NWBM-1 drilling formulation at 20°C after hot
rolling.
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Figure AII-6 Herschel-Bulkley model fitting for NWBM-1 drilling formulation at 70°C after hot
rolling.
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Figure AII-7 Herschel-Bulkley model fitting for NWBM-2 drilling formulation at 20°C before
hot rolling.
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Figure AII-8 Herschel-Bulkley model fitting for NWBM-2 drilling formulation at 70°C before
hot rolling.
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Figure AII-9 Herschel-Bulkley model fitting for NWBM-2 drilling formulation at 20°C after hot
rolling.
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Figure AII-10 Herschel-Bulkley model fitting for NWBM-2 drilling formulation at 70°C after
hot rolling.
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Figure AII-11 Yield stress ‘τ0’ (Pa) obtained by using Vipualanadan Model variation with
nanoparticle concentration before hot rolling and after hot rolling. (a and c) for NWBM-1 and (b
and d) for NWBM-2.
Table AII-2 (a): Vipulanandan Rheological model fitting parameters for all the mud system
NWBM-1 and NWBM-2 at 20°C and 70°C before hot rolling.
Vipulanadan Model: f(x) = τ0 + x/(A+x*D)
Composition τ0 (Pa)

BM

A (Pa.s)-1 D (Pa)-1

R2

20°C

12.3007 11.2523

0.0149409

0.9969653

70°C

8.08645 14.8831

0.0163454

0.9976209

Before Hot NWBM-1

0.5

13.1983 12.637

0.0124653

0.9984622

Rolling

1

13.0752 12.1992

0.01093

0.9979775

1.5

13.1325 11.6081

0.0105278

0.9987602

14.1407 11.4953

0.010059

0.9980578

(10%)

20°C 2
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2.5

14.0284 10.9337

0.0100526

3

14.0848 10.4541

0.00971119 0.9987214

0.5

8.8551

0.015626

0.9986647

1

9.94055 11.206

0.0138272

0.9984912

1.5

10.9508 11.007

0.0127342

0.9986936

2

11.9693 10.9493

0.0121252

0.9980844

2.5

13.0844 11.28

0.0113172

0.9984806

13.084

0.0116406

0.9987873

70°C 3

Composition τ0 (Pa)

NWBM-2
(20%)

10.8068

10.4466

A (Pa.s)-1 D (Pa)-1

0.9978684

R2

0.5

13.0844 11.28

0.0113172

0.9984806

1

14.0284 10.9337

0.0100525

0.9978684

1.5

13.8161 9.6044

0.00949235 0.9960169

2

14.7169 9.14472

0.00908932 0.9941596

2.5

14.6634 8.46917

0.00875918 0.9953843

15.5452 8.56653

0.00824146 0.9923122

0.5

10.9905 10.2956

0.0141076

0.9986758

1

11.9645 10.1325

0.0124075

0.9985039

1.5

12.4473 9.62637

0.011628

0.9995238

2

12.9212 9.24599

0.0112525

0.9984146

2.5

13.4057 9.42759

0.0103981

0.9988988

13.8792 9.06339

0.0101034

0.9978019

20°C 3

70°C 3

Table AII-2 (b): Vipulanandan Rheological model fitting parameters for all the mud system
NWBM-1 and NWBM-2 at 20°C and 70°C after hot rolling.
Vipulanadan Model: f(x) = τ0 + x/(A+x*D)
Composition τ0 (Pa)
After
Rolling

Hot
BM

A (Pa.s)-1 D (Pa)-1

R2

20°C

3.32078 7.45601

0.026902

0.9964935

70°C

2.85948 7.9485

0.0333638 0.9965484
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NWBM-1

0.5

7.52122 7.76314

0.0169543 0.9982103

(10%)

1

7.37013 7.04165

0.0156779 0.9975706

1.5

8.44958 7.59751

0.0145822 0.9975418

2

9.39634 7.38916

0.0136313 0.9958344

2.5

10.0047 7.89306

0.0129812 0.9969805

10.5656 7.84281

0.0124361 0.9975312

0.5

5.89835 10.5438

0.0162647 0.992043

1

6.37955 10.005

0.0150079 0.9932613

1.5

6.89425 9.8927

0.0135819 0.9937266

2

7.86018 9.46634

0.013326

2.5

8.39354 9.38085

0.0121289 0.9930073

7.27333 8.1313

0.0124451 0.9917713

20°C 3

70°C 3
NWBM-2
(20%)

Composition τ0 (Pa)

A (Pa.s)-1 D (Pa)-1

0.9925258

R2

0.5

7.94321 7.32909

0.0156728 0.9980035

1

8.39058 7.13351

0.0139858 0.9969999

1.5

9.90048 7.19869

0.0130852 0.9954326

2

10.3609 6.93185

0.0123055 0.9957375

2.5

10.8943 6.73427

0.0123102 0.9965154

11.3953 6.34335

0.0114602 0.9967227

0.5

6.44808 7.96594

0.0188081 0.9982115

1

7.02847 8.11351

0.016937

1.5

7.49561 7.79948

0.0156755 0.9986695

2

8.08592 7.81119

0.0149236 0.999729

2.5

9.13384 7.87325

0.0142554 0.9991065

9.69814 7.83792

0.0136245 0.9988117

20°C 3

70°C 3

0.9988938
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Figure AII-12 Vipulanadan model fitting for base mud drilling formulation before and after hot
rolling at 20°C and 70°C.
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Figure AII-13 Vipulanadan model fitting for NWBM-1 drilling formulation at 20°C before hot
rolling.
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Figure AII-14 Vipulanadan model fitting for NWBM-1 drilling formulation at 70°C before hot
rolling.
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Figure AII-15 Vipulanadan model fitting for NWBM-1 drilling formulation at 20°C after hot
rolling.
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Figure AII-16 Vipulanadan model fitting for NWBM-1 drilling formulation at 70°C after hot
rolling.
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Figure AII-17 Vipulanadan model fitting for NWBM-2 drilling formulation at 20°C before hot
rolling.
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Figure AII-18 Vipulanadan model fitting for NWBM-2 drilling formulation at 70°C before hot
rolling.
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Figure AII-19 Vipulanadan model fitting for NWBM-2 drilling formulation at 20°C after hot
rolling.
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Figure AII-20 Vipulanadan model fitting for NWBM-2 drilling formulation at 70°C after hot
rolling.
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