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SYNOPSIS

Emulsions are a class of metastable colloidal dispersion of two immiscible liquids, where a
surface active species is used to make them kinetically stable. Magnetic nanoemulsions are
dispersions of ferrofluid oil in water, stabilized by a suitable surfactant, comes under the
category of oil-in water emulsion. Magnetic nanoemulsions form different structures under
the influence of an applied magnetic field due to the dipolar interactions within the particles.
When the dipolar interactions are sufficiently strong, the colloidal droplets can undergo a
phase transition from a liquid to a columnar chain like structures. The phase behavior of
magnetic fluids is of considerable research interest from fundamental understanding and
application point of view. Besides, magnetic colloidal dispersions are wonderful model
systems to probe fundamental issues in condensed matter physics.

Understanding of forces between emulsion droplets is essential, in industrial process,
materials engineering and biology, to extend the shelf life of formulations. Among various
available direct force measurement tools, magnetic chaining technique (MCT) is a unique in-
situ force measurement approach that allows measurement of force between magnetic
colloidal particles in liquids. The important feature of the MCT is that, it can measure very
weak forces as a function of distance with a force resolution of 10> N. This technique has
been successfully used to study the intermolecular interactions such as, electrostatic, steric,
electro-steric, depletion, irreversible polymer bridging, and bio-molecule growth kinetics.
The prime objective of this thesis is to get better insights into the effect of cations of various
valencies, biomolecules and alcohol molecules on electrostatic and steric forces and the
stability of emulsions, such an understanding can aid in the development of ionic and

molecular recognition sensors for practical applications. Another objective of this work was



to probe the competitive displacement adsorption of protein at emulsion stabilized with di-
block copolymer by using equilibrium force-distance measurements, light scattering and zeta
potential measurements. Final goal is to explore the sensing abilities of magnetic
nanoemulsion for cations, organic molecules and magnetic flux leakage (defects).

Thesis contains eight chapters, which are organized as follows: Chapter 1 gives a brief
introduction on soft materials and magnetic colloidal dispersions. Chapter 2 describes the
materials preparation and the working principles of different characterization techniques
used. Chapter 3 concerns the study of the interaction of cations with anionic surfactant and
di-block copolymer stabilized emulsions. Chapter 4 deals with interaction of alcohols with
anionic surfactant stabilized emulsion. Chapter 5 concerns the interaction of glucose at
surfactant stabilized emulsion interface. An interesting application of magnetic nanoemulsion
for magnetic flux leakage (MFL) detection is also discussed. Chapter 6 describes the
competitive adsorption and replacement of polymer by casein. Chapter 7 concerns the role of
cation hydration on colloidal forces. Chapter 8 presents the conclusion and future
perspective. The key findings of this thesis are: cation interactions on O/W emulsions lead to
a large blue shift in the diffracted wavelength, due to changes in the interdroplet spacing and
the electrical double layer around them. The order of increasing of Bragg peak shift for
different cations followed a sequence Pb*" < Ni*' < K < Cu*" < Mn*" < Na' < Cd*" < Ca*" <
Ag’. In the presence of interfering cations, excellent selectivity is observed for Ag” due to
strong interaction of hydrated Ag™ with surfactant/polymer, which offers a possibility of
selective detection of Ag™ using magnetic nanoemulsions. It is observed that a very small
concentration of alcohol in nanoemulsion alters the inter-droplet spacing of droplet

significantly. The measurement of intermolecular forces in the presence of alcohol molecules



shows that the diffusion of organic molecules into the electric double layer reduces the
dielectric constant, resulting in an extended electric double layer and a red shift in the
diffracted Bragg peak. The Bragg reflected light intensity from the emulsions shows that the
equilibrium interdroplet distance between the emulsion droplets is increased by several
nanometers in the presence of glucose because of the intermolecular hydrogen bonding of
glucose molecules with SDS molecules, giving rise to a stretched lamellae like structure that
increases the onset of repulsion and the decay length. The large red shift in the diffracted
Bragg peak for glucose concentration range of 0-30 mM and the fast response of
nanoemulsions offer possibilities of detection of glucose by looking at the color change in the
emulsion. Using the interesting response stimulus properties of nanoemulsion, a new
methodology to detect MFL signals to image morphologies of defects buried inside
ferromagnetic components is developed. Studies on forces between polymer covered
emulsion in the presence of casein shows that extended polymer coils are replaced by smaller
size casein molecules. The hydrodynamic size and zeta potential results corroborate the
casein mediated polymer displacement and adsorption of casein at oil-water interface. It
appears that the greater adsorption energy of protein molecules than the PV A-Vac adsorption
energy favors the competitive displacement adsorption of casein. On increasing cation
concentrations, the adsorbed polymer chains undergo a collapsed conformation. The order of
collapse of polymers follows as Fe’* > Ca*" > Na" for both EPVA40 and EPV155 emulsions.
The results suggest that the hydrated cations and their interaction with polymer can greatly

alter the polymer conformation at oil-water interfaces.
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layer around the nanodrops is shown by the blue circle. The
addition of alcohol leads to changes in the double layer
conformation and this is shown in a red shade, resulting in an

increase in inter-droplet spacing or red shift

Figure 5.1

The Bragg peaks at different D-glucose concentrations in £SD0.8
emulsion (a) at an applied magnetic field strength of 81 G and (b)
117 G. Arrow indicates increasing concentration of D-glucose
form 243 uM — 25 mM. The inset of Fig. 5.1(a) shows molecular

structure of D-glucose.
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Figure 5.2

The shift in the diffraction peak wavelength with increasing D-
glucose concentration at different magnetic field strengths for

ESDO0.8 and ESDO0.08 emulsions.

105

Figure 5.3

Force-distance profiles measured at different D-glucose
concentrations for £SD(.8 emulsion. Solid lines correspond to the

best fit using Eqn. 1.30.
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Figure 5.4

Force-distance profiles measured at different D-glucose
concentrations for ESD(.08 emulsion. Solid lines correspond to

the best fit using Eqn. 1.29.
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Figure 5.5

Schematic representation of droplet without (left) and with D-
glucose bound on droplet via SDS and water molecules (right)
along with the Bragg peaks and the enlarged view of glucose —

water-SDS complex at interface (bottom).
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Figure 5.6

Schematic representation of adjacent cylindrical slots (defects).
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Figure 5.7

Calculated normal component of leakage field profile (a)

rectangular slot and (b) for two adjacent cylindrical slots.
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Figure 5.8

Schematic representation of typical experimental setup used for

magnetic leakage field measurement and defect imaging with
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nanoemulsion.

Figure 5.9

Schematics of the specimens S1-S3a—d (a, ¢ and e) and the
corresponding photographic images of nanofluid sensor (b, d and
f-i), respectively. (f-i) are S3a, S3b, S3c, S3d, respectively. The
defective regions of each sample are encircled in the photographic

images.
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Figure 6.1

The distribution of (a) hydrodynamic diameter and (b) zeta
potential values of 0.42 wt% casein. The average values of
hydrodynamic diameter and the zeta potential values are found to
be ~120 nm and -40 mV, respectively at pH 6.69. The schematic

representation of casein micelle is shown in the inset of Fig. 6.1a.
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Figure 6.2

Force distance profiles at different casein concentrations for
ESDO0.8 emulsion. The solid lines correspond to fit on the
experimental data using electrical double layer repulsion equation

(Eqn. 1.30).
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Figure 6.3

(a) Autocorrelation function of scattered light (inset shows an
enlarged view at shorter time interval) for ESD(.8 emulsion at
different casein concentrations (pH6.24). (b) Hydrodynamic
diameter (open symbols) and zeta potential (solid symbols) for

ESDO.8 emulsion at different casein concentrations.

128

Figure 6.4

Force distance profiles at different casein concentrations for (a)
EPVA40 and (b) EPVAII5 emulsion. The arrow indicates the
increase in casein concentrations. Solid lines correspond to the

theoretical fit to the Eqn. 1.37.
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Figure 6.5

(a) First interaction length (2Ly), (b) decay length (A4,) and (c)
force magnitude (K) for EPVA40 (square) and EPVAII5SK

(sphere) as a function of casein concentration.

132

Figure 6.6

(a) Auto correlation function as a function of time at different
casein concentrations (b) hydrodynamic diameter (open symbols)

and zeta potential (solid symbols) for EPVA40 emulsion (pH 6.53)
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as a function of casein concentration. The arrow (in Fig. 6.6a)

indicates the increase in casein concentrations.

Figure 6.7

Hydrodynamic diameter distribution of casein, ESD0.8 emulsion
without and with 0.004 wt% casein, EPVA40 emulsion without
and with 0.21 wt% casein.
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Figure 6.8

Bragg peak at different casein concentrations at a fixed magnetic
field of 126 Gauss and the schematic representation of B-casein
and og casein conformation at the oil-water interface. (a-c)
diffraction peak at 0, 0.00091 and 0.0033 wt% casein (d-f) and the
corresponding schematics representation of the interdroplet
spacing. (g-1) & (j-1) shows diffraction peaks and at 0, 0.054, 0.14
wt% casein and the schematic representation of  casein

conformation at PVA-vac interface.
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Figure 7.1

Measured force distance profiles for EPVA4(0 emulsion at different
cation concentrations of Na“, Ca®" and Fe’". The best fit of Eqn.
1.37 shown by the solid line. The Bragg peak positions at the
lowest field value (90 Gauss) for the lowest and highest ion

concentration is also shown in (d).
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Figure 7.2

Variation of (a) decay length (b) onset of repulsion and (c) force
magnitude or preexponential factor for EPVA40 as a function of

cation concentration of all three cation valency.
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Figure 7.3

Measured force distance profile for EPVAI55 emulsion at
different concentrations of Na', Ca*" and Fe’". The best fit is
shown by the solid line. The Bragg peak positions at the lowest
field value (90 Gauss) for the lowest and highest ion

concentration is also shown in (d).
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Figure 7.4

Variation of (a) decay length (b) onset of repulsion and (c) force
magnitude or preexponential factor for EPVAI55 as a function of

cation concentration of all three cation valency.
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Figure 7.5

Change in onset of repulsion measured at 0.24,1, 2 and SmM

cation concentrations as a function of different hydration
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parameters for EPVA40 ( solid line corresponds to linear fit to the
data points) .(a) Change in 2L as a function of hydration entropy
(scattered points) the slope values are -0.053,-0.0462, -0.0433 and
-0.048 (b) Change in 2L, as a function of hydration enthalpy
(scattered points) the slope values are-0.0058,-0.0052, -0.00482
and -0.0044(c) Change in 2L, as a function of hydration free
energy (scattered points) the slope values are -0.006,-0.0052,-
0.005 and  -0.00459 (d) Change in 2L, as a function of ionic
radius (scattered points) the slope values are -0.456,-0.409, -0.37
and -0.375.

Figure 7.6

Change in onset of repulsion measured at 0.24,1, 2 and 5mM
cation concentrations as function of different hydration parameters
for EPVAIS55 ( solid line corresponds to linear fit to the data
points) .(a) Change in 2L, as a function of hydration entropy
(scattered points) the slope values are -0.045,-0.0418, -0.038 and -
0.032 (b) Change in 2L, as a function of hydration enthalpy
(scattered points) the slope values are -0.005,-0.0048, -0.0042 and
-0.0035 (c) Change in 2L, as a function of hydration free energy
(scattered points) the slope values are -0.0052,- 0.00499, -0.0043
and -0.0036 (d) Change in 2L, as a function of ionic radius
(scattered points) the slope values are -0.328.-.316, -0.28, -0.292
and- 0.1773.
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Figure 7.7

(a) Schematic representation of polymer conformation with
interaction of cations. (b) Enlarged view of cation — PVA
interaction, cations bind with seven OH group from two polymer
chains. Emulsion stabilized with PVA (blue)-Vac (pink), where
hydrophobic Vac adsorb at the oil water interface and hydrophilic
PVA chain extended into the water. (c-¢) Three possible
interaction of cation and the oxygen form PVA chain. Via direct
binding to the oxygen at the PVA backbone, binding via single

H,O and binding via two H,O molecules.
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1 Introduction

1.1 Soft Condensed Matter

Soft matter has very rich and complicated morphology, and its components can be arranged
in complex ways involving features at length scales intermediate between the atomic and the
macroscopic. Soft matter lacks long range three dimensional ordering but, possesses local
ordering due to intermolecular forces. The molecular kinetic energy of soft matter is close to
kyT , whereas it is much less than k,T for hard materials. Therefore soft materials such as
colloids, surfactants, liquid crystals, certain biomaterials and polymer in melt or in the
solution can flow under certain conditions.

Colloidal Dispersions

In a normal solution, solute is dispersed uniformly in solvent as the solute and solvent
molecule sizes are akin. Colloidal dispersion is a class of soft matter, in which kinetic units
are distributed uniformly in another medium, the former is called as the dispersed phase and
the latter is called dispersion medium.' Both these phases can be solid or liquid or gas. Table
1.1 lists the different classes of colloidal dispersions with examples. The dispersed phase
size ranges from 1 nm to several microns. Colloidal dispersions could be classified into two

categories called lyophilic or solvent loving and lyophobic or solvent hating.

Dispersed phase Dispersion medium Terminology Examples

Gas Liquid Foam Fire-Extinguisher Foam
Liquid Liquid Emulsion Milk, Butter

Solid Liquid Sol, Suspension Paint, Blood, Syrup
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Gas Solid Rigid Foams Insulating Foam
Liquid Solid Solid Emulsion Ice Cream

Solid Solid Rigid Sols Doped Crystals
Liquid Gas Aerosols Hairspray, Mist, Fog
Solid Gas Aerosols Smoke

Table 1.1 Classifications of colloidal dispersions and their examples.'

1.2 Emulsions

Emulsions are metastable colloids” of liquid- liquid dispersion of two immiscible liquids. In
general, emulsions are metastable and they require specific entities at the interface to remain
stable. Emulsions are formed by shearing of two immiscible liquids, one dispersed phase and
the other the dispersion phase or continuous phase. Surface active species such as surfactants,
polymers, nanoparticles etc., are used to stabilize freshly formed fragments as they provide
sufficient colloidal repulsive force between fragments.

Emulsion exhibits colloidal behaviors such as, Brownian motion, reversible and irreversible
phase transitions and behaves as a viscous Newtonian fluid at low concentrations.
Concentrated emulsion dynamics is restricted and it behaves like a viscoelastic fluid. Direct
emulsions are those composed of oil droplets dispersed in water and the inverse emulsions
are composed of water droplets dispersed in oil. Emulsion may also contain smaller droplets
of the continuous phase within each dispersed phase and is called double emulsion or
multiple emulsion. Irrespective of the classification by the dispersion or dispersive phase,
each of the aforementioned emulsions is classified further based on their droplet size as

macro emulsion, where the droplet size is > 400 nm, miniemulsion or nanoemulsion whose
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size ranges from 100-400 nm and microemulsion whose size is less than 100 nm. Emulsions
are used in wide range of applications such as, paint, paper coating, road surfacing,
lubrication, food, cosmetics and pesticide products etc., owing to its ability to transport or
solubilize hydrophobic substances in a continuous phase.

1.2.1 Emulsion Preparation

Emulsification process involves dispersing one fluid into another immiscible fluid. High
pressure homogenization, membrane, microchannel, spontaneous emulsification and
application of controlled shear are some of the emulsion preparation techniques.” Several
parameters such as temperature, composition, droplet size distribution etc., affects the final
properties of emulsion.

High Pressure Homogenization: High pressure homogenization or microfluidization is a
two step technique widely used for producing dairy and food emulsions® where the first step
involves preparation of coarse premix of two fluids and the second step involves forcing it to
a flow through an inlet valve and a mixing chamber under very high pressure. The fluids
undergoing a combination of elongation and shear flows, produces cavitations.® This
technique is quite reproducible and ideal to produce droplet size ranging from 50 nm to 5 pm.
The concentration of stabilizing agents, applied pressure and number of cycles determine the
final emulsion size and stability.”® In high-pressure homogenization, with the surfactant
concentration < CMC/10 (critical micellar concentration), the average droplet size is weakly
dependent on the applied pressure.” In the surfactant concentration range > 10 CMC, the
average droplet size ranges from 50-350 nm and is almost independent of surfactant
concentration.® The size of the emulsion droplets (d) scales with the applied pressures P} as,

do P * (1.1)
3
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where the power « typically varies from 0.6 to 0.9.°"°

The dispersed phase volume fraction
and number of passes are the two other parameters that determine the droplet size
distribution.

Membrane Emulsification : In membrane emulsification process, the dispersed phase is
forced to permeate into continuous phase through a membrane with a uniform pore size
distribution."" The dispersed phase is pressed perpendicular to the membrane while the
continuous phase flows tangentially. Monodisperse emulsion can be produced by using a
membrane with a narrow pore size distribution.'

Microchannel Emulsification: Microchannel emulsification can produce monodisperse
emulsions with an average droplet diameter ranging from 10 t0100 pum." The principle is
similar to membrane emulsification, where the dispersed phase is forced into the continuous
phase through microchannels.'* The phase to be dispersed is pushed through a hole in the
center of a plate in such a way that it passes through the microchannels and inflates on the
terrace in a disk like shape. When it reaches the end of the terrace, the drop detaches. The
spontaneous detachment and relaxation into a spherical drop are driven by interfacial tension.
This emulsification process is more suitable for polymeric microsphere synthesis,
microencapsulation, sol-gel chemistry and electro-optical materials."” Direct, inverse and
multiple emulsions can be prepared by this method.

Spontaneous Emulsification: Spontaneous emulsification is a process that occurs without
external energy supply when two immiscible fluids with very low interfacial tension are
brought in contact.'® Different mechanisms proposed for such spontaneous emulsifications

are interfacial turbulence,'” negative interfacial tension and diffusion stranding.'®
g g
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Phase Inversion: Emulsification through phase inversion requires low energy input and
hence called spontaneous emulsification process. Its advantage resides in the possibility of
producing concentrated emulsions and is widely used in cosmetics industry. Phase inversion
occur when the structure of the emulsion inverts (when the continuous phase becomes the
dispersed phase and vice versa). The variables such as temperature, pressure, salinity, co-
surfactant content or the proportion of oil and water affects phase inversion. Due to the low
energy input requirement, the emulsion obtained is usually fine and monodisperse. The

mechanism behind this interesting phenomenon is still not understood.

Emulsification by Application of Controlled Shear: In this process, emulsions are obtained
by exerting crude stirring by a combination of extensional and shearing flows in a mixture of
two immiscible liquids in the presence of surfactants. Shearing leads to elongation and
rupturing of the liquid droplets into smaller ones. The controlled high shear applied to crude
polydisperse emulsions can lead to monodisperse systems.'” The initial crude viscoelastic
emulsion is subjected to a controlled transverse shear over a thin gap of height around 200
um. To prepare an emulsion, the layering of the two liquid phases should be minimized by
applying external energy to the system. The mechanical device which is used to break the
layers into droplets by applying constant shear is called as homogenizer. Two steps are
involved in the homogenization process. In the first step, oil and water are converted to a
coarse emulsion of larger size droplets and in the second step, the coarse emulsion droplet
size is reduced by further shearing. The emulsifiers reduce the interfacial tension by
adsorbing at the interface and form a protective layer at the interface to prevent aggregation

of droplets. The schematic of various emulsion preparation techniques are shown in Fig. 1.1.
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Figure 1.1 Schematic of various emulsion preparation techniques (a) membrane
emulsification (b) emulsification by constant applied shear and (c¢) microchannel

emulsification (top view and enlarged side view).”

1.3 Emulsion Stability

Stability is one of the key parameters important for practical applications. The change in the
emulsion properties affects its stability. Therefore it is important to understand the causes of
instabilities in the emulsions in order to prepare stable emulsions.

1.3.1 Factors Affecting Emulsion Stability

Emulsions are thermodynamically unstable but can be made kinetically stable by using
suitable surfactants. During the emulsification, if the overall free energy is positive, then the

emulsion formation is thermodynamically unfavorable. In general, the thermodynamic
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instability takes over only after a long period of time. Fig. 1.2 schematically shows different

factors affecting stability of emulsions.

Coalescence

\

Figure 1.2 Schematic representation of various mechanisms affecting the stability of
emulsion.”

Phase Separation: The density mismatch between dispersed phase and the dispersion phase
results in an upward or downward movement of droplets in a dispersion. The formation of
dispersed phase at the top is called as creaming and, the formation of dispersed phase layer at
the bottom is called sedimentation. In general, oil in water emulsions tend to cream and water
in oil emulsions tend to sediment, owing to the higher density of water than that of oil.
Sedimentation can be overcome by minimizing the density gradient or by reducing the

droplet size or by increasing the viscosity of the dispersion phase.
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Droplet Aggregation: Droplets under random Brownian motion due to thermal agitation or
by mechanical agitation can collide with each other and stick together to form aggregates.
Aggregation of droplets while keeping their physical properties intact is called as
flocculation. If the droplets aggregate or fuse together to form bigger droplets, then it is
called as coalescence. Coalescence is an irreversible phenomenon while flocculation can
either be reversible or irreversible.

Ostwald Ripening: Ostwald ripening is another instability that results from the finite
solubility of the liquid phases. The gradual growth of the larger droplets at the expense of
smaller droplets due to transport of soluble dispersed phase through the continuous phase is
called as Ostwald ripening. After the formation of emulsion drops, the smaller droplets will
have a greater solubility when compared to larger droplets due to curvature effects. With
time, the smaller droplets disappear and their molecules diffuse into the bulk and deposit on
the larger droplets.

1.4 Magnetic Nanoemulsion

Magnetic nanoemulsions are dispersions of ferrofluid oil in water, stabilized by suitable

surfactants.? 2

Ferrofluid oil contains ferrimagnetic nanoparticles (Fe;O4 or y-Fe,Os) of
typical size ~10 nm coated with a layer of surfactant. A concentrated magnetic nanoemulsion
is produced by vigorously mixing ferrofluid oil and water in the presence of surfactant. At
this stage the emulsion is highly polydisperse with droplet size ranging from 0.01 to a few

um. Highly monodisperse emulsions with narrow size distribution can be obtained from the

concentrated coarse emulsion by fractionation crystallization technique.23
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One of the reasons for the tremendous interest on emulsions is because of its wide range of

industrial applications in food, cosmetics, pharmaceutical and paint products. Table 1.2 gives

some applications of emulsions in different fields.

Field

Applications

Environment and meteorology

Foods

Geology, agriculture and soil science

Manufacturing and materials science

Biology and medicine

Petroleum production and mineral processing

Home and personal care products

Water/sewage treatment emulsions, oil
spill mousse emulsions

Milk, butter, creams, mayonnaise, cheese,
sauce, cream liqueurs

Insecticides and herbicides, sulfidic melt in
magma

Polishes, asphalt(paving) emulsion, latex
paint

Soluble vitamin and hormone products,
biological cells, blood, vesicles

Emulsion drilling and stimulation fluids, in
situ reservoir emulsions, transportation
emulsions

Hair and skin creams and lotions, Dry
cleaning formulations.

Table 1.2 Applications of emulsions in different fields.”*

Magnetic Nanoemulsion

In the absence of an external magnetic field, the magnetic nanoemulsion behaves as a

nonmagnetic colloid, where droplets are in Brownian motion. Magnetic nanoemulsion forms

different structures under the influence of an applied magnetic field. When an external

9
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magnetic field is applied to an emulsion comprised of particles with permeability different
from that of the dispersion medium, dipolar interactions are induced within the particles.
When the dipolar interactions are sufficiently strong, the colloidal particles can undergo a
phase transition from liquid to solid by forming columnar structures.” The nature of this
phase transition is of considerable research interest from fundamental and applications point
of view. This field induced self assembly of nanoemulsions dramatically modify their

physical properties leading to many applications such as, developing tunable photonic

27-28

structures, optical limiters, optical filter,” artificial swimmers,” colloidal gels31,

34-35 36-38

. . . 32-33 . ..
biomolecular recognization probe, defect sensor, cation sensors etc. In addition,

they have also been used as model systems to study the microstructural transition,””™!

43-44 45-46

polymer bridging,” adhesion between surfaces, gelation kinetics, growth kinetics of

48-49

biomolecules,”” probing the intermolecular interaction, rupturing of droplets under

50-51
etc.

external fields
1.6 Colloidal Interactions

1.6.1 Van der Waals Forces

The simplest force operating at very short distances between colloids and microbodies is the
Van der Waals attraction, which can be described by two ways: (i) microscopic and (ii)
macroscopic approach. The former >2 is based on the assumption that interactions between a
pair of molecules can be added together to obtain the total interaction, i.e., the interaction
between a molecule in one colloidal particle and a molecule in another particle is unaffected
by the presence of all the other molecules.' Dispersion or London-Van der Waals forces act

between all atoms and molecules and the intermolecular attractive forces arise from

cooperative oscillations of electron clouds when molecules are at the close range. When the

10
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colloidal particles in a background medium are in close proximity, the interaction between all
atoms contribute to an effective colloidal attraction, which is sum of all atomic Van der
Waals interactions, where the dielectric property of background medium determines the

strength of interactions. For two spheres with radius R, the Van der Waals attraction is given

by,53

Wy () = —%f[ﬁj , (12)

where,

2 2 2
h 2R 2R h* +4Rh j (1.3)

f[Ej T WP +4RK " h> +4Rh+R® " h{hz +4Rh+R’®
Here ‘4’ is the Hamaker constant and ‘h’ is the closest distance between the surfaces of two
spheres.

The Hamaker constant for the interaction between two colloidal particles without the
intervening medium is given by,

A=Cr*n® (1.4)

where, ‘C’ is the coefficient of dispersion interaction between the atoms of the colloidal

particles, n is the number density of atoms which scales asn z/3 , where o is the
o

a

diameter of the charged spherical cloud surrounding a point nucleus. According to London
theory,”* for the dispersion interaction, the coefficient ‘C’ can, to a good degree of

approximation, be written as,

2
c=2g % (1.5)
4 \4re,

11
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Here, E is the average electronic excitation energy, « , is the static polarizability, and &, is

P

the vacuum permittivity. In the presence of external electric field the nucleus will be shifted
while the electron cloud (-e charge with diameter o, ) moves in the opposite direction.™ By
assuming that the electron cloud retains its spherical shape, this leads to a dipole moment

3
H=ed =”80%Ee , where ‘d,’ is the displacement of the nucleus from the center of negative

n

charge and it is determined by the balance forces acting on the nucleus due to the external
field ‘E.” and the internal field ‘E;” caused by displacement of the nucleus.

The static polarizability,

3
o

a, =4rg, 8“ , (1.6)

By incorporating Eqn. 1.5 and 1.6, in Eqn. 1.4 we get,

_3712—

A=
256

(1.7)

The typical value of Hamaker constant at room temperature is of the order of 102° J. Van der

Waals attraction is very strong at short interparticle separations, where, W, ,, =~ ~ 4R h due
to the 1/h dependence. In order to stabilize a colloidal dispersion against Van der Waals
attractions, a significant repulsion is needed to prevent the particles from getting too close
and flocculating irreversibly.

1.6.2 Double Layer Interaction

Double layer forces can be described by the Poisson-Boltzmann (PB) theory, or by its

linearized version, the Debye-Huckel (DH) theory.” A charged colloid is surrounded by the

solution having an inhomogeneous distribution of ions, where the co-ions with the same

12
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charge as the colloidal particles are depleted from the surface while counter ions with
opposite charge adsorb at the surface. Far from the colloidal surface, the concentrations of
the co- and counter ions attain a constant averaged value, and this inhomogeneous layer is
termed as a double layer and its spatial extension depends on the ion concentration in the
bulk solution. When two double layers of charged colloids overlap, a repulsive pair potential
develops which leads to a repulsive pressure due to screened —coulomb or double layer
repulsion.

Charge Regulations or Charging Mechanisms

The charging of the surface of particles or a liquid interface can be done by the ionization or
dissociation of surface groups. For e. g., the dissociation of Na" from SDS, which leaves
behind (RSO, ) a negatively charged surface, or by the adsorption or binding of ions from
solution onto a previously uncharged surface. For e.g., the adsorption of OH ~ groups to the
water-air or water-hydrocarbon interfaces that charge them negatively, or by the adsorption
of ions from solution onto oppositely charged surface sites and such surfaces are called as ion
exchangeable surfaces.

Charge exchange occurs between two dissimilar surfaces which are very close together
because protons or electrons hop across from one dissimilar surface to the other, which gives
rise to an electrostatic attraction between the oppositely charged surfaces (acid-base type
interaction).

Whatever be the charging mechanism, the final surface charge of co-ions is balanced by
counterions. Some of the counter ions are bound transiently to the surface and the layer thus

formed is called the Stern layer or Helmholtz layer. Other counter ions form an atmosphere

13
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of ions, which are in rapid thermal motion, close to the surface, known as diffuse electric
double layer.
Taking into account the counterion distribution and the force between two similarly charged
planar surfaces in pure water (without added electrolytes), the Poisson- Boltzmann theory
gives the chemical potential of any ion as,

u=zey + kT logp, (1.8)
where, i is the electrostatic potential and p is the number density of ions of valency z at any

point x between the two surfaces and is given by the Nernst equation,®

p= poeﬂ% (1.9)

The net excess charge density at ‘x’ is given by the Poisson equation,
d’y
Zep:—EOE(WJ (110)

By incorporating Eqn. 1.9 into Eqn. 1.10, we get,

2 ze
(‘2 y;Jz—(zepO/gog)e_ Vir (1.11)
X

This equation is known as Poisson-Boltzmann (PB) equation. By solving PB equation, the
surface potential, i/, electric field, E = —a%x and the counterion density, p at any point x

in the gap between the two surfaces can be obtained. These quantities are often called as
contact values. Since PB equation is a nonlinear second-order differential equation, to solve
for  two boundary conditions are needed. The first one is that the field at the midplane
must be zero, i.e., Ey=0 and the second condition is that the total charge of the counter ion in

the gap must be equal (and opposite) to the charges on the surface to meet electroneutrality
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condition. If ¢ is the surface charge density on each surface and D is the distance between the

surfaces then,

D/2 D/2

2 2
oc=- Izepdx:eeo I {d %z}dx:—&eo[d l//dxzj =—¢ggyEg (1.12)
0 0

D/2

The general relationship between the concentration of counterions at the surface and at the

midplane is obtained by differentiating Eqn. 1.9,

d_p:_Z€p0 ezey//kT(dl//j: 880 i(dWJZ (113)
dx kT dx ) 2kT dx\ dx

h e, d (dy ’ ey d (dy ’
—p,=|dp="—"2—| |, p.=p, +—2—| 1.14
Pz~ Po !p 2dex(dxl P =Po 2dex(dxjx (1.19)

d 2
This gives p at any point X in terms of p at the midplane and [d—l//j at x. At the surface

X

x=D/2, the contact value of p is, p, =p, + O'% . Therefore, the concentration of
s eg kT

counterions at the surface depends only on the surface charge density, o and the counter ion

concentration at the midplane, p,.

The repulsive pressure ‘P’ of the counterions at any position x from the center is given by,
(OP/0x"), = p(Oplox"), ; (1.15)

The change in the pressure at x on bringing two plates together from infinity to a finite

separation at a constant temperature is,
x'=00

P (D)~P () =P (D)=~ [[zep(dy /dx') dx' +kTdp,]

x'=D

1 (dyY 1 (dyY
=|-— — +kT, - —= — + kT,
l: 26‘6‘0( dx jxw) px(D)j| l: 26‘6‘0( I jx(oc) Pr(eo)
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The first term is always negative and the force is attractive except at the midplane, x=0,
where it is zero and it is of electrostatic origin. The second term is positive and hence
repulsive and has an entropic (osmotic) origin.

The interaction between two solid surfaces immersed in an aqueous electrolyte solution can
also be explained by PB equations. The non linear PB equation for the electrostatic potential

at a distance ‘x’ between two infinite plates is,

2
ggoi—‘/jz—ezzini,w GXp(—Z“Be‘//)a (117)
X i

where, Z; is the valency of the i” electrolyte, n, ,is the bulk concentration of the i"

electrolyte and S = (k,T)"'. For 1:1 electrolytes PB equation assumes,

d’y :K—zsinh(ﬂey/) (1.18)
Pe

and for 2:1 electrolytes PB equation is given by

dzl// B K2 ~ ~
"3 exp(Bey) — exp(-2fev)] (1.19)

where, « is the inverse Debye length, which denotes the spatial extension of electric double

layer and is defined as,

K2 = (2NA13621)

o (1.20)

: o . 1 <
here, ‘N4’ is the Avogadro number and the ionic strength, ‘I’ is given by 7 = 5 Zi A

=1 i

The magnitude of Debye length solely depends on the properties of the solution and not on

any property of the surface such as surface charge or surface potential. For monovalent (1:1)

electrolytes at 298 K, the Debye length of aqueous solution is,** *°
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., 0.304x107°
K =——

m, (1.21)
M
For 2:1 and 1:2 electrolytes **
-9
K= 0.178x10" m (1.22)
NM
For 2:2, 3:1 and 1:3 electrolytes™
-9
ot = 9 152x107 (1.23)
VM
For 2:3 and 3:2 electrolytes®
-9
= m m (1.24)

NI

where, ‘M’ is the electrolyte concentration in the bulk solution (in mole). PB equations are
solved as a function of ‘x’ for different distances ‘D’ between the surfaces either by using

constant potential (CP) or a constant charge (CC) at the two surfaces as a boundary
condition. In CP the surface potential is kept constant, i.e., w(0) =y (D) =y, and in the case
of CC the surface charge density is fixed, i.e., 0(0)=0o(D)=0,. The relationship between

the surface potential and the surface charge for large distances can be calculated by the

Grahame equations as follows.”’

4 +
For 1:1 electrolytes, o, = &;Onm [cosh(fey,)—1] (1.25)
, 2&g,n,
For 2:1 electrolytes, o, = T[exp(—2ﬂe v,)+2exp(fey,)—3] (1.26)

Here the number concentration 7, corresponds to the bulk concentration of positively

charged ions. The pressure between the gap is calculated as shown below,”’
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2n ’
For 1:1 electrolytes, P(D) = Z}‘” [cosh(fey,) —1] —%[i—ij (1.27)
For 2:1 electrolytes,
2n; e, (dy ?
P(D) = 5 [exp(=2fey ) + 2exp(fey ) — 3] " (1.28)

The interaction force between two spherical particles of radius ‘a’ separated by a distance ‘7’

with small charge densities (extended electric double layer, xu < 5) is given by,
2 ol k1
F (r)=4rsy,a [— + —2} exp[— K(r— 2a)] (1.29)
ror

For a spherical particle with high charge density (a thin electric double layer, xu >5) the

alternative Derjaguin approximation® provides the appropriate interaction force with the
assumption that the surface potential (y,) remains constant and independent of r-2a. It is

represented by,

exp[— K(r— 2a)]

1+exp[— K(r—2a)] (1.30)

F (r)=2rneyax

1.6.3 DLVO Interactions

Derjaguin, Landau, Verwey and Overbeek (DLVO)***° pointed out that in a dispersion of
charged colloids in an electrolyte solution, the Van der Waals attraction between two
colloidal particles is opposed by the repulsive force originating from the electrical double
layers. This concept is used to explain stability of colloids and is known as DLVO theory. By
assuming additivity of the interactions, the total DLV O potential is given by,

Whorvo= Wvaw + Wpr, which is schematically shown in Fig. 1.3.

Polymers either adsorbed or anchored to the colloidal surface or depleted from surface or

polymer — charged surfactant complex (electrosteric) can also strongly influence colloidal
18
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interactions and these are known as non-DLVO interactions.> Colloidal stability is governed
by the balance of various interactions such as Van der Waals attraction, double layer

repulsion, steric and depletion forces.®’

\

\
T ‘\ Electrostatic
\ repulsion
DLVO \

W(h)

/ Van der Waals
/ attraction

Figure 1.3 Schematic plot of typical double layer repulsion between charged colloidal
spheres (top dotted line), the Van der Waals attraction (bottom dotted line) and the net
DLVO interaction potential (solid line).”* Charged colloidal spheres with counter and co-ions
are also shown in the figure.

1.6.4 Non-DLVO Interactions in Colloidal Systems

When two surfaces or particles approach closer than few nanometers, continuum theories of
both Van der Waals and double layer forces fail to describe the interactions. Additional non-
DLVO interaction mechanisms that are responsible for colloidal forces are ion-ion

55, 62

correlation forces, specific interactions induced by polymers® and polyelectrolytes.*”!

The special interactions of water at the surface or interface contribute to the intermolecular

forces in the form of hydrophilic and the hydrophobic interactions.*>®°
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Polymeric or Steric Stabilization

The spatial extensions of polymer molecules of even modest molecular weights are usually
comparable to or greater than the range of London attraction between the colloidal particles.
When long chain molecules such as polymers are attached to a surface at some point, they
protrude into the solution where they are thermally mobile. When two such surfaces
approach each other, there is a reduction in the entropy which results in a repulsive entropic

force called steric repulsion. Schematic plot of interaction potential between two colloidal

spheres covered with polymer in a good solvent with Van der Waals attraction is shown in

3

Fig. 1.4.

Figure 1.4 Schematic plot of interaction potential between two colloidal spheres covered

with polymer in a good solvent with Van der Waals attraction.™
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A polymer in good solvent condition that is not perturbed by any segment-segment
interactions undergoes random coil conformations and the typical length scale of the coil
radius is given by the radius of gyration R,. In contrast, in a poor solvent or bad solvent the
polymer segments attract each other and the coil shrinks due to intra ionic, Van der Waal,
hydrophobic or hydrogen bond interactions and collapse into a compact structure.”*

The interactions between colloidal particles can be strongly modified by addition of linear
polymers to the solution. The polymer mediated interaction between colloidal particles
strongly depends on the solvent quality for the polymer, the reversibility of adsorption and
the amount adsorbed on colloidal particles. When the polymer is adsorbing from a good
solvent onto colloidal particles, the force between the particles is repulsive if the particles are
saturated with polymer due to the excluded volume interaction between adsorbed layers. If
surface is not saturated, the bridging of the polymer chains between different particles results
in an attractive force.

A colloidal suspension may be stabilized by the adsorption of polymer molecules onto the
particles in the suspensions. When two such particles approach each other, the reduction in
the number of available configurations of the polymer chains gives rise to ‘entropic’
repulsive force.”’” The polymer molecules may be adsorbed at many points along the chain or
adsorption may be selective. For example, the molecules may be adsorbed by one or both
ends solely due to the presence of a different functional group. Hence steric stabilization of
colloidal particles is brought about by macromolecules that are attached by grafting or by
physical adsorption onto the surface of particles.

From the theoretical point of view, the interaction between colloidal particles mediated by a

polymer solution results from a balance between osmotic pressure, excluded volume fraction
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and the entropy of the chain conformations. Meanfield theory with ground state dominance
approximation accounts for the interaction between two polymers on adsorbed surfaces.®®”°
According to the general rules of statistical physics, the force (F;) between the polymer
adsorbed plates is obtained by taking the derivative of the thermodynamic potential (€2) with

respect to the distance between the plates,

‘ ch

(1.31)

The equilibrium value of the grand canonical potential Q=Q (o, h) results from the
minimization of the functional Q [y, n] for a given distance ‘h’. If there is a slight increase
in the distance from h to h + 6h, a convenient way to change the order parameter is to keep

these functions identical in the region 0 <z <h and to define them as constant in the region h

< z < h + 6h. Then the force related to the monomer concentration, ¢and the end-

concentration, p, at the midplane between the plates’ is,

F =200 -+ p, () - 5,8(0 - N (h)—% (132)

This force also includes the osmotic pressure acting on the plates from the bulk solution. The
term — Ny (h) is not important in the regime of strong adsorption (&, N))1).

Interaction between two Plates in Equilibrium with a Bulk Solution Containing
Polymers

The adsorption of polymer chains at an interface and the determination of the concentration
profiles over the whole range of bulk concentration were studied using two order parameter
mean-field theories.”' In addition to the extrapolation length, ‘b’ which measures the strength

of the adsorption, two more characteristic length scales of the bulk solution such as, the
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Gaussian coil size R = N'"? and bulk correlation length &=1/(2v,)"* were included in the

calculations. The other two length scales which were found to play an important role are the
crossover length Z* between the inner region, where the concentration is dominated by
monomers belonging to loops, and the outer region, where the concentration is dominated by

monomers belonging to tails,”!

N 1/3 1
[Nblnb—2:| , 0<¢0 <¢1 :W
, 1
Z = NbV¢0, 0<¢0 <¢2 :W (133)
R, b > ¢,

where, vis the monomer excluded volume, Nis the number of monomers, ¢, is bulk
solution polymer concentration, and the size of the adsorbed layer or cut-off length, A=1/ep"*
where the effective binding energy per monomer is, &, =¢,v-E, and it is determined by
total absorbance,

r=¢,K e™" (1.34)

where, E| is the eigen value of the partition function for a single polymer chain.

For ¢, > ¢, , the cut off length has only formal meaning and for the other cases,

R
1/2 ° O< ¢0 < ¢1
oL

[ ¢0Vb2J

R

A==, 0<¢, <, (1.35)

(4ln¢2j

9
Vb N /4, b <<
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The force as a function of the distance between the adsorbing surfaces at different ‘h’ is

given by,
—%, h<<b
2vbh
—5;2, b<<h<<z
f= 4;;‘ (1.36)
—, z <<h<< A
vh
LnStLﬁe‘ZW b ) A<<h<<R
v A*A N’

If the distance between the two surfaces is smaller than A, then the polymer mediated
interaction decays as a power law of h™. The sign of the force depends on the reversibility of
adsorption and the force is repulsive at short distances only if the adsorption is irreversible.
At distances larger than A, the interaction is dominated by the tails and the force is always
repulsive and decays exponentially with distance. Matching this exponential decay to the
power law decay at smaller distances and using Derjaguin approximation, the force between
the spherical droplets of radius a, is obtained from the scaling theory, which is more

appropriate to describe polymers in good solvents, ™

F(h) = [k B;wjexp(—h//i) (1.37)

where, k ,is the Boltzmann constant and ‘7" is the temperature. This expression is valid for a
polymer adsorbed in amounts close to the saturation value. For smaller adsorbed amounts,
the force may become attractive even in the case of irreversible adsorption.

1.6.5 Other Special Interactions
It is possible to have combinations of electrostatic and steric stabilization which has been

termed electrosteric stabilization. The electrostatic component may originate from a net
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charge on the particles surface and charges associated with polymers attached to the surface,
e.g., attached polyelectrolyte. Electrosteric stabilization is common in biological systems.>
The overlap interaction between two polyelectrolyte layers is repulsive due to both steric and
double-layer repulsions between the loops and tails.

Two types of special interactions particularly relevant to the interactions of water are the
hydrogen bond and the hydrophobic effect.”® Hydrogen bonds can occur intermolecularly as
well as intramolecularly and can exist in a nonpolar environment, and play a key role in
macromolecular and biological assemblies. The immiscibility of inert substances and the
entropic nature of this incompatibility are known as the hydrophobic effect and such
substances are known as hydrophobic substances. The interaction between a hydrocarbon
molecule and water is attractive due to the dispersion force.

For small or multivalent ions in highly polar solvents like water, the strong orientation
dependence of their ion-dipole interaction will tend to orient the solvent molecules around
them.’® These bound water molecules are not completely immobilized and they do move and
exchange with bulk water, albeit more slowly. The first shell of water molecules around a
strongly solvated ion is called as the primary hydration shell, where the water molecules are
structured most but the effect propagates beyond the first hydration shell, but much weakly.
The water molecules in the first hydration shell interacts directly with the charged ion, while
the second hydration shell and the subsequent shells interact with other water molecules and
the ion indirectly.

1.7 Direct Measurements of Interaction Forces

There are many techniques for measuring the interaction forces. Among them, the most

widely used techniques (Fig. 1.5) are Surface force apparatus (SFA), Atomic force
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microscopy (AFM), total internal reflection microscopy (TIRM), optical tweezers, and
Magnetic chaining technique (MCT). SFA measures the force between two atomically
smoothed mica surfaces, which is well known for its distance resolution which is ~ 0.1nm.
However, the mica surfaces limit its broad applicability.” AFM measures the force between
the sharp tip and the surface. Colloidal force probe technique replaces the sharp cantilever tip
with the so called colloidal-probe which consists of um sized colloidal particle that attach to
a tipless AFM cantilever.”* TIRM is an alternative technique for force measurements
between the particle and planar substrates.”” Optical tweezers measure the forces between
pairs of micron sized particles in aqueous solutions.”® MCT is used to measure interparticle
forces in magnetic colloids.*”® It allows the measurement of very small interaction energies
per unit area and interparticle forces as small as 10™° N. Moreover, in contrast with other
force measurement techniques, the forces measured by MCT are based on averaging over an
extremely large number of particles.”’ A schematic of various force measurement techniques

are shown in Fig. 1.5.
Magnetic Chaining Technique (MCT)

MCT, developed in 1994, is used to probe short range interactions such as screened

63, 72, 78-79

electrostatic in‘[erac‘[ions,48 steric forces, electrosteric force under polymer surfactant

49, 80-82 4

interactions and polyelectrolyte interaction.*® It has also been applied for the

#7-86 and to probe elastic

characterization of small biomolecules such as DNA*% 8383 proteins,
parameters such as, magnetoelastic number of flexible magnetic filaments, swing speed of

. . . 87 .
micro swimmers and persistence length of DNA.*" ** ¥ MCT can also measure attractive

forces such as depletion forces® or the spring constant extended of DNA.*
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Figure 1.5 Schematic representations of different force measurement techniques. (a) Surface

force apparatus (b) AFM (c) Optical tweezers (d) Total internal reflection microscopy and (e)

Magnetic chaining technique.

1.8 Motivations

Interaction of natural or synthetic polymers and surfactants in aqueous solutions are intensely

studied because of their widespread applications and also for understanding their complex

interactions. Although the behavior of ionic surfactants and polymers at emulsion interfaces
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and their role on stability of emulsions are well studied and extensive literature is available
on the subject, the effects of interaction of cations, alcohols, glucose and casein on the

86, 89
d.”™

intermolecular forces between the emulsion droplets are not attempte The interactions

between protein covered colloids are of particular importance as they are employed as

90-92 . .
In casein based food and cosmetic

emulsifiers in nutrition and cosmetic products.
products, surfactants are often added to attain better performance and stability.”’ The
interactions between proteins and surfactants have attracted much interest because of their
widespread applications and their relatively complex behaviors. The modification in the
physico-chemical properties of proteins upon the addition of surfactant often enhances the
overall capabilities and applications. It is therefore important to understand the interaction

1.” However, the interaction between

between proteins and surfactants at the molecular leve
protein and surfactant are different in bulk and at interfaces.” The interfacial properties of
such mixed layers strongly influence the formation and stabilization of respective foams and
emulsions. The properties of water-air or oil-water interface also strongly influence the
adsorption behavior of protein molecules due to their different degrees of polarity and
hydrophobicity. Therefore, studies concerning protein adsorption at the oil-water interface in

the presence of surface active molecules, that are able to modify its interfacial structure, are

very important.”*

1.9 Objectives

> To study the effect of cation on 1D droplet spacing and the intermolecular forces
between electrostatically and sterically stabilized emulsions.

> To study the effect of alcohol on the interaction forces between the electrostatically

stabilized emulsions.
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> Probe the role of glucose molecules on 1D droplet array spacing and the electrostatic
interaction between anionic surfactant stabilized emulsions.

> To probe the competitive displacement adsorption of casein at diblock copolymer
stabilized emulsion interface by intermolecular force measurements.

> Probing the role of cations on the polymer conformation by intermolecular force
measurements.

> To explore novel optical sensing methods for analytes detection using magnetic
nanoemulsions.

1.10  Thesis Overview

Thesis consists of eight chapters. Chapter 1 is an introduction to soft matter and the different
interactions involved. Chapter 2 describes the preparation of materials and the working
principles of different characterization techniques used. Preparation of ferrofluid and
ferrofluid emulsion and its characterization are discussed. Details of the intermolecular force-
distance and diffraction peak measurement techniques are also discussed. Chapter 3
concemns the study of the interaction of cations with anionic surfactant and di-block
copolymer stabilized emulsions. The effect of interaction of cations on 1D droplet array
spacing and the repulsive forces between stimuli-responsive nanoemulsion droplets are
discussed. The force-distance results are compared with the predictions of electrical double-
layer and repulsive steric forces. The dramatic decrease in the 1D array spacing in the
presence of cations is employed for cation detection with ultrahigh sensitivity. Chapter 4
deals with interaction of alcohols with anionic surfactant stabilized emulsions. The effect of
interaction of alcohol on 1D droplet array spacing and the repulsive forces between

nanoemulsion droplets, stabilized with an anionic surfactant (sodium dodecyl sulphate), is
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studied. The shift in the Bragg peak wavelength in the presence of methanol is employed for
the sensitive detection of methanol in aqueous solution. Chapter 5 concems the interaction
of glucose at surfactant stabilized emulsion interface. The optical properties and
intermolecular interactions in nanoemulsions in the presence of D-glucose are studied. The
equilibrium interdroplet distance between the emulsion droplets in a 1-dimensional array is
increased by several nanometers in the presence of glucose because of intermolecular
hydrogen bonding of glucose with sodium dodecyl sulphate molecules at the oil-water
interface which gives rise to a stretched lamellae-like structure. The observed large red shift
in the diffracted Bragg peak and the linear response in the glucose concentration range of
0.25-25 mM offer a simple, fast and cost effective non-enzymatic approach for glucose
detection. An interesting application of magnetic nanoemulsion for magnetic flux leakage
(MFL) detection is also discussed. Here, the response of the nanoemulsions to the leaked
magnetic flux from the defective region is exploited to locate the defect region. Chapter 6
describes the competitive adsorption and replacement of polymer by casein. The nature of
forces involved in the surfactant-casein and polymer-casein interactions is probed by
equilibrium force distance measurement, dynamic light scattering and zeta potential
measurements. The competitive displacement adsorption of casein at oil-water (O/W)
emulsion interface that was initially adsorbed with either di-block polymers of different
molecular weight or an anionic surfactant are also probed. A significant change in the force
distance profiles was observed under the competitive displacement adsorption of casein,
which is further confirmed from the hydrodynamic size and zeta potential measurements.
Chapter 7 concemns the role of cation hydration on colloidal forces. Forces between neutral

diblock copolymer stabilized magnetic nanoemulsion in aqueous solution at varying
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concentration of monovalent, divalent and trivalent cations are studied by equilibrium force
measurements. The change in the onset repulsion is in good agreement with the hydration
parameters. The possible mechanisms of interaction of cations with polymer at the emulsion
interface are also discussed. Chapter 8 presents the conclusions and recommendations for

future work.
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! Materials and Experimental Techniques

2.1 Materials

Salts

Ferric chloride (FeCl;.6H,0), ferrous sulphate (FeSO4.7H,0), potassium chloride (KCI),
sodium chloride (NaCl), cadmium chloride (CdCl,), nickel chloride (NiCl,), manganese
chloride (MnCl,), lead nitrate (Pb(NOs),), silver nitrate (AgNO;) and copper sulphate
(CuSO,). All the salts used in our experiments were GR grade with 99 % purity and were
used without any further purification.

Surfactants

Oleic Acid, 30 % NH4OH used in our experiments were GR grade with 99 % purity and were
used without any further purification. The anionic surfactant used in our experiments is
sodium dodecyl sulphate (C;2H25-SO4 Na), hereafter referred as SDS. The purity of SDS was
99.9 % and was obtained from Sigma.

Polymers

The polymer used in the experiments was statistical copolymer of vinyl alcohol-vinyl acetate
(CH,CHOH [88 %] - CH,CH (OCOCH;) [12 %]), with an average molecular weight of
40000,115000 and 155000 (referred as PVA-Vac 40K, PVA-Vac 115K and PVA-Vac 155K,
respectively) purchased from Aldrich, USA and used as received. PVA-Vac is a water
soluble polymer at room temperature and its theta temperature in water is around 97 °C.
Alcohol

Methanol G.R grade with 99.9 % purity was purchased from E-Merck and used as received.
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Glucose

D-Glucose anhydrous, G.R. grade with 99.9 % purity was purchased from E-Merck and used
as received. Ultrapure MilliQ water with a resistivity value of 18 MQ cm was used in the
preparation of emulsions and polymeric solutions.

2.2 Ferrofluid Preparation

Ferrimagnetic Fe;O4 nanoparticles were synthesized by co-precipitation method.”™® The
synthesis of magnetite nanoparticles is carried out by precipitating iron salts in alkaline
medium. The iron salts used were freshly prepared 0.2 M FeSO4.7H,O and 0.4 M
FeCl;.6H,0. The salt solutions are prepared in acidic medium in order to avoid formation of
iron hydroxides before initiation of the reaction. The above solutions with 1:1 ratio are
mixed with constant stirring. This mixture is heated in a water bath until the required
temperature of 60 ‘C is reached. On vigorous stirring, the above solution pH is increased
rapidly to ~ 10 by adding 25 % aqueous ammonia. The solution turned to black at this stage
indicating the formation of Fe;O4 nanoparticles. The rapid addition of ammonia allows the
formation of excess number of nuclei and vigorous stirring prevents the coagulation of

particles.

The precipitated particles are left for finite digestion time until the nucleated particles attain a
thermodynamic equilibrium state. The overall chemical reaction can be written as,

2Fe + Fe™ +80H ™ — Fe,0, +4H,0 (2.1)
After the preparation of magnetite nanoparticles, the solution is digested for 30 minutes and
20 ml of oleic acid is added to the dispersion. Then, the dispersion pH is adjusted to 9.5 with

dilute hydrochloric acid and the temperature is increased to 70 °C. At the same pH,
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temperature and stirring speed, the solution is kept for 30 minutes to finish the coating
process. An alkaline medium and higher temperature favor the oleic acid adsorption on
magnetite. In the presence of ammonia, oleic acid forms water soluble ammonium oleate salt.

The higher temperature helps to increase the solubility and decreases the viscosity of the

surfactant. In alkaline medium, the surface of nanoparticles will have surface bound OH "~
ions and hence they are charge stabilized. At this stage, ionized ammonium oleate surfactant

forms ammonium cation and oleate anion. The oleate anions replace the magnetite surface

bound OH~ ions by ion-exchange adsorption phenomena. After ammonium oleate
adsorption, particles become hydrophilic in nature and cannot be dispersed in non-polar
solvents. The neutralization of dispersion has been achieved by eliminating excess ammonia
by heating. After this step, the temperature is increased to 80 ‘C in order to eliminate the
excess ammonia and the protonation of adsorbed and un-adsorbed ammonium oleate. After
ammonia is excluded, particles are separated from the dispersion. The top water layer with
excess salts was discarded. The surfactant coated particles have been washed with water at
60 °C, until the pH became 7 to remove the ionic impurities trapped or adhered to the
coagulum. Later, the water washed particles are dispersed in hexane. The hexane dispersion
is treated with acetone to induce aggregation of particles. The aggregated particles are then
separated from dispersion by centrifugation at 2500 rpm for 30 minutes. The hexane-acetone
mixture washing procedure was repeated to remove excess surfactant in the dispersion.
Schematic representation of oleic acid coated Fe;O4 nanoparticles is shown in Fig. 2.1. The
surfactant coated magnetite nanoparticles were dried at room temperature in an inert
atmosphere. The prepared nanoparticles were characterized by X-ray diffraction (XRD),

Vibrating sample magnetometer (VSM), Thermo gravimetric analysis (TGA) and Fourier
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transformed infrared spectroscopy (FTIR) for crystal structures, magnetic properties,
magnetic phase stability and coating thickness, nature of oleic acid binding to the

nanoparticle surface respectively.

Figure 2.1 Schematic representation of oleic acid coated Fe3O4 nanoparticles in octane.
2.3 Ferrofluid Emulsion Preparation

The ferrofluid nanoemulsion was prepared by shearing ferrofluid oil, water and surfactant in
the ratio of 5 : 10 : 5, respectively using a homogenizer (IKA werke, T25 Germany).**
Monodispersed emulsion from coarse emulsion with wider size distribution is achieved by
fractionation technique,” where excess surfactant solution is added into the continuous
medium to induce an attractive interaction between droplets and to phase separate between a
dilute phase with smaller droplets and a dense phase with larger droplet size. The dilute
phase is removed and the dense phase is diluted with surfactant solution further. By repeating
this process, a highly monodisperse ferrofluid emulsion was obtained. The interaction
generated by the excess surfactant leads to depletion of micelles from the interdroplet

spacing when the distances between the droplets is less than the surfactant micelle diameter.
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The depleted micelles exert a non-compensated osmotic pressure on the droplets which

results in the attraction as shown in the Fig. 2.2.

Water

Surfactant micelles

Surfactant

Figure 2.2 Schematic of two emulsion droplets in the presence of surfactant micelles as
depletants. The surfactant micelles impose an unbalanced pressure ‘P’ between the emulsion

droplets resulting in an attractive force between them.

The contact potential between droplets is well described by,

3 2a
U, =—kTp — 2.2
d 2 ¢m 2(1 ( )

m

where, ¢, is the micelle volume fraction,2a,2a,, is the diameter of the emulsion droplet and

micelle, respectively, and k,7is the thermal energy. The prepared emulsions were

characterized with, dynamic light scattering, electrophoretic mobility measurements and

phase contrast optical microscopy. A schematic of ferrofluid emulsion is shown in Fig. 2.3.
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Water

Oleic acid coated
Fe;O04 nanoparticle

Surfactant stabilized
Emulsion droplet

Surfactant

Figure 2.3 Schematic representation of surfactant stabilized emulsion droplets containing

ferrimagnetic Fe;O4 nanoparticles.

2.3.1 Emulsion Stabilization with Surfactant and Polymers

To provide electrostatic stabilization, an anionic surfactant - sodium dodecyl sulphate (SDS)

is used. The molecular structure of SDS is shown in Fig. 2.4a. In aqueous solutions, SDS

Na' dissociates and form counter ion cloud around the negatively charged DS~ head group

which is hydrophilic in nature. At the emulsion interface, the hydrophobic alkyl chain

adsorbs on to the interface in a disordered state and partially in contact with water, and the

DS~ is exposed to water. The dissociated Na” and DS~ at the interface forms an electrical

double layer and provides electrostatic stabilization.
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Figure 2.4 Molecular structure of (a) sodium dodecyl sulphate (SDS) and (b) PVA-Vac.

The molecular structure of diblock copolymer PVA-Vac is shown in Fig. 2.4b. PVA-Vac is
an amphiphilic polymer with a hydrophilic poly vinyl alcohol group (88 %) and the
hydrophobic vinyl acetate group (12 %). These polymers are water soluble at room
temperature and the theta temperature of PVA—Vac in water is around 97 'C.*' At the
emulsion interface, hydrophobic Vac part adsorb into the oil phase and hydrophilic PVA
protrudes into water. The configurational entropy of the adsorbed polymer results in the
repulsion between adjacent polymer chains that mediate a steric repulsion.

Preparation of SDS Stabilized Emulsions

Ferrofluid emulsion with desired surfactant stabilization is achieved by incubation followed

by a washing procedure.80 The initial emulsion is diluted with desired concentration of SDS
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solutions and then the emulsion droplets are separated by applying a magnetic field gradient.
The same procedure was repeated at least three times to remove excess surfactant present at
the interface. Finally, the emulsion is diluted with SDS of desired concentration and used in
experiments. Emulsions stabilized with 0.8 and 0.08 mM SDS are labeled as ESD0.8 and
ESDO0.08, respectively.

Preparation of PVA-Vac Stabilized Emulsions

Initial emulsion is washed with 0.08 mM SDS to remove excess surfactant present. Then the
emulsion is washed three times with polymer solutions of desired concentration and
incubated for 72 hrs for uniform polymer adsorption. In all the experiments polymer
concentration is well below the critical aggregation concentration (¢') of PVA. The ¢ values
for 40K and 155K are 3.1 and 1.1 wt%, respectively.”® ** Here after emulsion stabilized with
PVA-Vac 40K, PVA-Vac 115K and PVA-Vac 155K are labeled as EPVA40, EPVAILS5 and
EPVAISS, respectively. The R, of 40K, 115K and 155K polymers obtained from
viscomettry are found to be 8, 12 and 16 nm, respectively.

2.4 Experimental Techniques
2.4.1 Magnetic Chaining Technique based Force Measurement

MCT was introduced in 1994 and was adapted for the measurement of interparticle forces of

23, 32, 42, 47-49, 64, 78 - -
The technique is based on the

magnetic colloids under various conditions.
diffraction of light by magnetic colloidal particle chains formed under the influence of an

external magnetic field. It allows measuring the interparticle force as small as 10™° N and the

force measurement is based on averaging over a large number particles.
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Experimental Setup

Lightsource
| | CCD <
A/D Detector Spectrograph
Computer l%
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attenuator
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. Focusing optics
Electromagnet .. BS y
Optical fiber

Figure 2.5 Schematic representation of the force measurement set up. Electromagnet is
powered by a programmable DC power supply.

The in-house developed experimental setup is schematically represented in Fig. 2.5.% It
consist of a white light source (AvaLight-HAL Tungsten Halogen light source, Avantes,
Netherlands), a custom made solenoid type electromagnet, a programmable DC power
supply (Agilent technologies, USA) and a fiber optic spectrometer with CCD linear array
with 2048 pixels (AvaSpec 2048-USB2, Avantes, Netherlands). The light is guided through
the bundle of optical fibers (200 um diameter, numerical aperture of 0.22) to illuminate the
sample. The diffracted light is collected into a read optical fiber which guides the diffracted
light to a spectrometer. A DC power supply powers the solenoid type electromagnet where
the applied current is varied to change the magnetic field.

As the droplets are superparamagnetic in nature, without external field, they have no
permanent magnetic moments because of the random orientation of the magnetic grains

within the droplets due to thermal motion. When an external magnetic field is applied,
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ferrimagnetic particles in the droplets are magnetized and interact with neighboring droplets.
When the repulsion between the droplets is equal to the attractive force, they form one
dimensional chain like structures. The attractive force includes induced magnetic dipolar
forces (Fcnain) and the short range Van der Waals forces (Fvaw). The repulsive force (Frep) can
be electrostatic or steric or electro-steric depending upon the nature of stabilization. At
equilibrium,

F;ep (d) = F;hain (d7Bapplied) + FVdW (d) (2'3)

As the magnetic field increases, the sample color shows a blue shift, which can be well
explained by Bragg’s condition for white light,

Nﬂ’ eak
P - (2.4)
n(l+cos@)

where, 7 is the distance between the droplets in a chain,n is the refractive index of carrier

medium and 4, is the wavelength of diffracted light.

For 180° scattering geometry,

NA
. ‘peak (25)
2n

Because of the larger droplet size, the lattice of droplets diffracts light in the visible region.

(3

The distance between droplets ‘r’decreases with increasing magnetic field and hence the
light is blue shifted. Fig. 2.6 (a-c) shows the schematic representation of emulsion droplets
without and with two different applied magnetic fields along with phase contrast microscopic
images under similar conditions on the right (d-f). The interdroplet distance r is directly

deduced from the measurement of A, by using a spectrometer. By varying the magnetic

peak

field strength, the distance between the colloidal particles is controlled. Because the droplets
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are monodisperse and negligibly deformable owing to their large capillary pressure, the
corresponding droplet separation is 2 = r - 2a. The sensitivity in the distance measurement is

0.1 nm. The range of force that can be probed using this technique is a 10™" to 10" N.

Figure 2.6 Schematic representations of ferrofluid emulsion droplets (a) without and (b & c)
with magnetic field B, < B, (d-f) Phase contrast optical microscopic images of emulsions at
B=0, B, and B, respectively.

Magnetic Dipolar Attractive Force-Theory

To form a stable chain of droplets, the repulsive force between the droplets must exactly
balance the attractive force between the dipoles induced by the applied magnetic field. The
dominant force in a field induced droplet chain is the dipole-dipole attraction. For two

dipoles m, = m, = m, at separation r, their attractive force is,
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6m,m 6m?
F,, ———ur. __om (2.6)
r r

In calculating the induced dipole moment of each droplet, the dipole fields from other
droplets in addition to the applied field is also included. For a weak field, magnetization

M depends on the external field H,, and the shape dependent magnetic susceptibility, 7. »

4
M=y, H H,., 2.7
Z‘xhapc T 1+47TZVZ t ( )

where, N is the shape dependent demagnetization factor (for sphere N :%) and yis the

magnetic field independent susceptibility. For an emulsion droplet of radius «, the dipole
moment is given by,

m = MV = 4Tﬂ.a3//{xpherecht (2'8)

The mutual induction between the adjacent droplets under applied magnetic field generates
an induced field. When two dipole moments align with separation rin the field direction,

each droplet generates a field at the centre of each other as,
H, =— (2.9)

The external field acting on each droplet is the sum of applied field and field induced dipole

field. Therefore
H,=H,+H, (2.10)

and the attractive dipole force within an infinitely long chain is,

2 6m? 6m?* 1.202 3m?*
Fwm==D n =-{(3 - (2.11)
chain nZ:; (}'Z}")4 é/( ) }"4 27[/10 }"4
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where, m is the induced magnetic moment of each drop, which can be determined self
consistently from the intrinsic susceptibility of the ferrofluid and spherical shape of the

droplet.”

Van der Waals Attractive Force
The other contribution to the attractive interactions between the droplets is the Van der Waals

force. The integrated Van der Waals force between two spheres of radius ‘a’ separated at a

distance ‘r’ is obtained by assuming Derjaguin approximation — << 1:°°
a

Aa

Fd)=———— 2.12

VdW( ) 12(7"—20)2 ( )
_ 2 2 22

and A:ik,,TL‘gP ‘QWJ NELLANC ”W)3 2.13)
4 Ep— & 16\/5 (1’1}27 +ni)é

where, ‘A’ is Hamaker constant, ¢ , & are real part of the dielectric constant of particle and

p’
water, respectively, n,,n are refractive indices of particle and water, respectively.
h and v, are the Planck’s constant and the plasma frequency of electron gas, respectively.

Van der Waals force is short range, and become negligible for h >15 nm. Since the magnetic
chaining technique is able to measure ‘h’ as small as few nm, the Van der Waals force is

taken into account at h > 15 nm. For example, for a droplet of 200 nm size, with
A=0.7x10""J at h < 15 nm, F,, (d)contributes to ~ 10 % of total force. The absolute

. . . 77
error on ‘d’ measurement is about 1 nm and the force resolution is ~ 0.2 pN.
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2.4.2 Light Scattering Measurements

Hydrodynamic Size Measurements

Dynamic light scattering, also known as photon correlation spectroscopy (PCS), is widely
used for measuring hydrodynamic size in the sub-micron range in dilute solution. This
technique measures the time-dependent fluctuations in the intensity of scattered light that
occurs because of the Brownian motion of particles. Analysis of this intensity fluctuation
allows the determination of the translational diffusion coefficient of particles. The intensities
are measured at a short time intervals & (micro to milliseconds) for long periods of time ‘t’
(milliseconds to seconds).”® The intensity normalized time correlation function is given by,

1(O)I(t + )

o (2.14)

g? )=

where, /() is the scattered intensity at time ¢ and /(¢ + of) is the scattered intensity recorded
after a small time interval & . This function has a value of 2 at small & and a value of zero at

large ot . The measured time-auto-correlation function (TCF) is related to the normalized

correlation function of the scattered electric field, g(l)(t) by the Siegert’s relation,

g® () =1+pg"®| (2.15)

where, [ is (a constant) characteristic of the instrument and is approximately close to one.

For monodisperse particles, g(l)(t)is a single exponential function given by,

g (1) = exp(-T'7) = exp(-D,q’7) (2.16)
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where, 'I"' is the relaxation rate, 'q ' is the wave vector of the laser light and 'D,' is the
q g ‘

translational diffusion coefficient. The relaxation time 7 at which g (¢) decays to 1/eof its
initial amplitude, is related to the translational diffusion coefficient (D,) of the solute
particles as,

=Dgq’ (2.17)
For small, non-interacting, dilute spheres the Stokes—Einstein relationship can be used to

calculate the hydrodynamic diameter of the sample,

— kB T
3znD,

2.18)

d

where, k,the Boltzmann constant, ‘n’ is the solvent viscosity and H, is the hydrodynamic

diameter of the particle.

A typical DLS system (Fig. 2.7) comprises of five major components. A laser, attenuator,
detector, auto correlator and computer interface. A monochromatic, polarized and continuous
laser is used to illuminate the sample. Most of the laser beam passes straight through the
sample, but some are scattered by the particles in the sample. Sample is usually taken in a
square cuvette or in folded capillary cell. A detector is used to measure the intensity of the
scattered light. As particles scatter light in all directions, it is possible to place the detector in
any position and it will still detect the scattering. The intensity of the scattered light must be
within a specific range for the detector to measure successfully. If too much light is detected,
the detector will become saturated. To overcome this, an attenuator is used to reduce the
intensity of the laser and hence the intensity of scattering. For samples that do not scatter

much light, such as very small particles or samples of low concentration, the amount of

46



Chapter 11

scattered light must be increased. In this situation, the attenuator will allow more light to pass
through the sample. For samples that scatter more light, such as large particles or sample of
higher concentration, the amount of scattered light must be decreased. The scattering light
signal from the detector is then passed to a digital signal processing board called correlator.
The correlator collects and integrates the scattering intensity at different time intervals to
derive the rate at which the intensity is varying. This correlator information is then passed to

a computer, where algorithms are used to extract the decay rates for a number of size classes.

mEEn T
\ i
il

o = Sample

Computer
( Auto correlator ) Detector
LASER Attenuator >
BS

Figure 2.7 Block diagram of dynamic light scattering set up.

The size distribution of nanoemulsion is determined by using Zetasizer-Nano (Malvern
Instrument, UK) at 25 °C. It uses a 4 mW He—Ne laser operating at a wavelength of 633
nm, avalanche photodiode detector and incorporates non-invasive back scatter (NIBS) optics.

The scattered light is detected at an angle of 173 * and this optics arrangement maximizes the
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detection of scattered light while maintaining signal quality as shown in Fig. 2.7. The major
advantages of this technique are as follows: (i) As the backscatter is being measured, the
incident beam does not have to travel through the entire sample. As light passes through a
shorter path length of the sample, concentrated sample can be measured; (ii) It reduces
multiple scattering, where the scattered light from one particle is itself scattered by other
particles. (iii) Contaminants such as dust particles within the dispersant are typically large
compared to the sample size and mainly scatter light in the forward direction. By measuring
the backscatter, the effect of dust and other foreign materials can be greatly reduced.
Electrophoretic Mobility Measurement

When a charged particle is introduced into a polar medium, the depletion of co-ions (ions
with same charge as the particle surface) from the surface and adsorption of counter ions
(ions with opposite charge as the particle surface) occurs. The development of a net charge at
the particle surface through ionization or by dissociation of surface groups affects the
distribution of ions in the surrounding interfacial region, resulting in an increased
concentration of counter ions (ions of opposite charge to that of the particle) close to the
surface. Whatever be the charging mechanism, the final surface charges of co-ions is
balanced by an equal but oppositely charged region of counterions. Some of the counterions
are bound, usually transiently to the surface within the so called Stern layer or Helmholtz
layer, while other ions form an atmosphere of ions in rapid thermal motion close to the
surface, known as the diffuse electrical double layer (Fig. 2.8a). The difference between the
bound and free ions in the diffuse layer is analogous to the difference between a water
molecule in a sea and in the atmosphere.”® Within the diffuse layer there is a notional

boundary inside which the ions and particles form a stable entity. When a particle moves
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(e.g. due to gravity), ions within the boundary move with it, but any ions beyond the
boundary do not travel with the particle. This boundary is called the surface of hydrodynamic
shear or slipping plane. The potential that exists at this boundary is known as zeta potential

as shown in Fig. 2.8b.
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Figure 2.8 Schematic representation of (a) charged particle with electric double layer , (b)
distance from the particle surface and the corresponding potentials (c) Typical plot of zeta
potential versus pH showing the position of the isoelectric point and the pH values where the

dispersion is stable and unstable, (d) electrophoretic mobility in a folded capillary cell.

The magnitude of the zeta potential gives an indication of the potential stability of the
colloidal system. If all the particles in a suspension have a large negative or positive zeta
potential then they will tend to repel each other and there will be no tendency to flocculate.

However, if the particles have low zeta potential values then there is no force to prevent the
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particles coming together and flocculating. The general dividing line between stable and
unstable suspensions is +30 mV or -30 mV. Particles with zeta potentials above £30 mV are
normally considered stable (Fig. 2.8c). However, if the particles have a large density
different from the dispersant, they will eventually sediment. The important factors affecting
the zeta potential are pH, conductivity and concentration of formulations.

In our present study, zeta potential measurement is done based electrophoresis approach.
When an electric field is applied across an electrolyte, charged particles suspended in the
electrolyte are attracted towards the electrode of opposite charge as shown in Fig. 2.8d,
where the viscous forces acting on the particles tend to oppose this movement. When
equilibrium is reached between these two opposing forces, the particles move with a constant
velocity. The velocity of the particle is dependent on the strength of electric field or voltage
gradient, the dielectric constant of the medium, the viscosity of the medium and the zeta
potential. The velocity of a particle in an electric field is referred to as its electrophoretic

mobility, which is related to the Zeta potential by the Henry equation,

_ 2&¢f (ka) (2.19)
3n '

Ug
where, U, is the electrophoretic mobility, ¢ is the zeta potential, ¢ is the dielectric
constant, 7 is the viscosity and f(ka)is the Henry’s function (=1.5 by Smoluchowski
approximation for the particle larger than 0.2 um dispersed in electrolyte containing more

than 10~ molar salt). For small particles in low dielectric constant media f(ka) becomes 1 by

. . .. 1.
Huckel approximation for non-aqueous measurements. k is inverse Debye length, and k" is

often taken as a measure of the “thickness” of the electrical double layer.

50



Chapter 11

The instrument used in the present study (Malvern’s Zetasizer-Nano) uses a combination of
laser Doppler velocimetry and phase analysis light scattering (PALS) to measure particle
electrophoretic mobility. Implementation of PALS enables even samples of very low
mobility to be analyzed and their mobility distributions calculated. This allows the
measurement of high conductivity samples, plus the ability to accurately measure samples
that have low particle mobilities, such as samples dispersed in non-aqueous solvents. Further,

the low applied voltages can be used to avoid Joule heating.
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Figure 2.9 Schematic representation of the experimental setup for electrophoretic mobility

measurements.

For zeta potential measurement, the laser light source is split to provide an incident and
reference beam as shown in Fig. 2.9. The incident laser beam passes through the centre of the
sample cell, and the scattered light is detected at an angle of 17 *. When an electric field is
applied to the cell, any particles moving through the measurement volume will cause the

intensity of light detected to fluctuate with a frequency proportional to the particle speed and
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this information is passed to a digital signal processor and then to a computer. The Zetasizer-
Nano software produces a frequency spectrum from which the electrophoretic mobility and
hence zeta potential is calculated. The intensity of the detected scattered light must be within
a specific range for the detector to successfully measure it, which is achieved by using an
attenuator. To correct for any differences in the cell wall thickness and dispersant refraction,
compensation optics are installed to maintain optimum alignment.”

2.4.3 Phase Contrast Optical Microscopy

Phase contrast microscope is widely used for examining unstained phase objects and is,

developed in 1930s by Frits Zernike.'**'"

Phase contrast optical microscopy enhances
contrast of transparent and colorless objects by influencing the optical path. When light
passes through an object that is more optically dense than its environment, the wave fronts
are retarded with respect to the unaffected, bypassing background light. The idea behind
visualization of phase shift in the object is to change the phase of the background light in
such a manner that background and object light weaken or even cancel each other out when
interfering in the primary image plane. In phase contrast microcopy phase shifts of the light
that are evoked by specimen passage are converted into amplitude shift. This results in highly
improved contrast. Fig. 2.10 shows schematic representation of a phase contrast microscope.
Major components necessary for phase contrast are the condenser with annular ring and the
objective with phase plate and the specimen. The light from a white light source passes
through the condenser with an annular ring. After passing through the annular ring, the
hollow cone of light is focused onto the specimen by the condenser. When light passes

through an object that is more optically dense than its environment or background, a portion

of light usually experience phase changes (yellow parts of the beams path) and is deflected to
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the inside and outside of the hollow cone of the light. Phase changes and deflection are

induced by the specimen density components. The typical phase shift induced by specimen
(90 °) is negative and about %™ of the wavelength of the light —(%j However some

portions of light are not affected by specimen, which remain in their original phase and they
are not deflected. Inside the objective, phase changed and deflected light is still spatially
separated from the light unaffected by the specimen. Now the light encounters the phase

plate which is aligned with the annular ring in the condenser in terms of size and position.

Condenser Objective piffracted light

Apertures
1

~

~
~
Ss

CollectorLens | i ' Source light

Condensei‘ Annulus | Phase Plate  (Yellow) i

i ! Image

S i n .

Figure 2.10 Schematic representation of phase contrast optical microscope.

The phase plate is a semi-opaque coating on one of the lenses within the objective. Due to its
optical properties and alignment with the annular ring, light that was not deflected while

passing through the specimen hits the phase plate and the phase of the light is positively
: A e R o : A
shifted by + 7 (red highlighted wave in Fig. 2.11a) resulting in a phase difference of B

(180 °) between light that was phase-shifted by the specimen (highlighted yellow wave in
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Fig. 2.11¢) and light that was phase shifted by the phase plate. After passing through the
objective, the total phase shift between the affected (yellow) and unaffected (red) light is half
the wavelength. These two lights combine in the intermediate image plane and this leads to
interference, which visualizes the phase shifts as brightness difference or contrast. This

makes transparent objects shine out in contrast to its surroundings.

(b)

(a

Phasé Plate

Specimen

Figure 2.11 Phase contrast due to specimen and the phase plate. (a) Incident wave (b)

Specimen induces a phase shift of —% are shown as highlighted yellow wave. (c)The phase

plate increases the phase of un-deflected light from specimen by + % .

In the present study, the microstructure of the emulsion droplets is studied using a Leica
inverted phase contrast optical microscope equipped with a digital camera (JVC) and a frame
grabber card. The obtained images are processed using Leica Win software.

2.4.4 Viscometry
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Viscometry is used to measure radius of gyration (R,) of polymer solutions.” Ostwald
viscometer is used to measure the viscosity. Exactly 20 ml (or the volume marked on the
viscometer) of water at 25 °C was introduced into the bulb ‘A’ (Fig. 2.12) with a syringe or
pipette and left for 5 min to equilibrate. Then either apply positive pressure to the wide limb
(D) or gentle suction to the other limb (II) until the meniscus rises above the upper graduation
mark ‘B’ (Fig. 2.12). Once the pressure is released, the time taken for the liquid to flow

between the two graduation marks ‘B’ and ‘C’ is measured precisely.

— —)

Figure 2.12 Schematic of an Ostwald viscometer, A, B are the lower and upper graduation

marks, respectively.

The average flow time of water (tp) and the polymer solution (t;) is related to the relative

viscosity by,

no_hLp (2.20)
My Py

where, ‘py’ and ‘p;’ are density of water and polymer solution, respectively. In dilute

concentrations (po~ p1), viscosity follows Einstein’s law,
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nin,=1+2.5¢ (2.21)

where, 7 is polymer solution viscosity , 77, is pure solvent viscosity and ¢is the coil volume

fraction which is a function of hydrodynamic radius.”

2.5 Nanomaterials Characterization Techniques

2.5.1 Thermo Gravimetric Analysis (TGA)

In thermogravimetric analysis the mass of a sample is measured as a function of temperature
whilst the sample is subjected to a controlled linear temperature program. This measurement
evaluates the thermal decomposition kinetics of materials such as, sintering, decomposition,
oxidation or reduction. The typical sample masses are 5-25 mg and the mass change upon
heating is detected within 0.1-10 pg resolution. TGA is performed in a controlled atmosphere
such as oxygen, nitrogen, helium or argon with controlled flow rates. TGA of prepared oleic
acid stabilized Fe;O4 nanoparticles were characterized using Mettler Toledo Large furnace
which has temperature range of 30-1200 °C. From the weight loss curve, the amount of oleic
acid attached to the Fe;O4 nanoparticles is derived quantitatively.

2.5.2 Vibrating Sample Magnetometer (VSM)

The working principle of VSM is Faraday’s law of induction; an electromotive force is
induced in a conductor by a time dependent magnetic flux. In a typical VSM experiment,
sample is magnetized in a homogenous magnetic field and the sample is vibrated sinusoidally
at constant amplitude with respect to stationary pickup coils. The sample is magnetized by
the homogeneous magnetic field and the resultant field change B (t) at a point ‘p’ inside the
coils induces voltage, V (t)

V()= I%M

Acm‘l

(2.22)

coil
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where, ‘A’ is the area of the single tum of the coil and B(t) is given by dipolar
approximation, assuming small dimensions of the magnetized sample in comparison to its

distance from the detection coils,

B(p) :i‘—;{%—“z—f”} and (2.23)
OB _ 0B (1) (2.24)
ot oz(t) ot '

V (t) is measured through a high resolution lock-in amplifier and associated electronics. For
stationary pickup-coils in a static magnetic field, the e.m.f induced in the coils is solely due
to the vibration of sample. The measured voltage is then converted into magnetic moment of
the sample by the voltage-moment calibration material.

Cryo-free mini VSM (Cryogenic, UK) is used for the magnetization measurements. The
magnetization measurement is carried out at room temperature in the applied field range of -
2.5to + 2.5 Tesla.

2.5.3 Fourier Transformed Infrared (FTIR) Spectroscopy

Infrared region span the wavelength spectrum from ~750 nm to 300 um, or~ 12800 to 10 cm’
! wave numbers. Radiation is absorbed in this spectral region when its frequency matches a
vibrational mode of the sample. Quantum mechanical selection rules dictate that only those
modes of the molecule that undergo a change in dipole moment will absorb infrared

1% Molecules with heteroatomic substituent or having nonsymmetrical vibrational

radiation.
modes are IR active due to net charge density change upon molecular vibrations. In IR

spectroscopy, the sample to be measured is illuminated with a broad band IR source. The

resulting IR spectrum is measured with an IR Fourier transform spectrometer. Fourier
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transform spectrometry has advantage in terms of fast scanning process and dispersive
absorption wave numbers. A typical FT-IR spectrometer uses a glowing black-body as IR
source. IR beams pass through the aperture and is fed to interferometer resulting in an
interferogram which is then transmitted through or reflected from the sample. Among the
band of vibration frequencies, specific frequencies are absorbed by the sample. The signal
from the sample is measured by detectors and fed to a computer, where the data is Fourier
transformed. To normalize the absorption/ transmission intensity, background spectrum is
recorded without the sample. ABB BOMEM MB 3000 FTIR spectrometer is used in the
wave number range of 4000-400 cm™. The pellets were made by embedding Fe;O4
nanoparticles with the KBr powders (in 1:3 ratios).

2.5.4 X- Ray Diffraction (XRD)

X-ray diffraction technique reveals the structure of the crystal. It is also used for chemical
analysis, stress measurements, to study the phase equlibira, crystal orientation and particle

size.'"™ The basic principle is Bragg’s law of diffraction, 2d,, sin 6 = ni where, 6 is the

X-ray
Bragg angle, d,, is the spacing between the crystal planes and 4, is the wavelength.

Since the wavelength of X-rays is in the order of crystal lattice spacing, diffraction of X-rays
is observed when it interacts with crystals. Depending upon the phase of the diffracted X-
rays, they interfere constructively in specific directions. During the diffraction
measurements, X-ray source, sample and the detector lie on the circumference of a circle
which is known as focusing circle. X-ray diffractometer Ultima IV from Rigaku Corporation
was used for the study. X-ray source uses Copper target operating at 40 kV and 30 mA
conditions and the detector is a scintillation detector. The X-ray source and sample are fixed

and the detector moves through a range of angles from 20 ° to 80 ° in the step of 0.02 °, this
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geometry is called as 8 —-26 geometry. The Cu k, X-ray is obtained by filtering out the

other wavelengths using a monochromator. The monochromatic X-rays are collimated by
solar slits and falls on the sample. X-rays scattered from the sample passes through anti-
scatter slit to reduce the background radiation in order to improve the peak to background
ratio. Then the beam converges on the passing slit and reaches the detector. The intensity of
the diffracted beam at each angle is detected and forms the diffraction pattern. Data provided
by the joint committee on powder diffraction standards (JCPDS) are compared with

diffraction data for the phase identification. From the peak broadening, the average crystallite

s1ze (D, ) €an be calculated by using the Debye —Scherer equation,
094, ..,
=T 2.25
crystallite ﬁ cos 0 ( )

where, fis full width at the half maximum of the maximum intensity peak measured in

radians and 1, is wavelength of X-ray used. The peak position and full width at half

maximum are determined by fitting the maximum intensity peak with a Voigt function.
2.5.5 Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) is one of the advanced techniques for the direct

measurement of particle size distribution and morphology.105

The working principle of TEM
is same as that of optical microscopy, but in contrast to light source, a focused electron beam
is used. Since resolution of a microscope depends on the wavelength of light used, shorter
wavelength of electron enables a better resolution (~1000 times of optical microscope) than
the optical microscope. When the highly focused electron beams interact with thin sample

surface, some electrons may be scattered elastically or inelastically and the incident electron

may also cause ejection of secondary electrons or X-rays by the sample. Different detectors
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are used to detect these interactions and each of them gives unique information about the
sample. The elastic scattering involves no energy loss and gives rise to diffraction patterns.
Inelastic scattering between electrons with grain boundaries, dislocations, defects, density
variation and so on causes a complex absorption and scattering effects, which results in
spatial variation in the intensity of the transmitted electrons. Electromagnetic lenses are used
to focus the electron beams, which forms a diffraction pattern in the back focal plane and a
magnified image of the diffraction pattern is obtained. The magnification of the TEM is due
to the ratio of the distances between the specimen and the objective lens' image plane. The
magnification in the electron microscope can be varied from hundred to several thousand
times. JEOL TEM 2011 at an operating voltage of 200 KeV was used for obtaining the
particle size distribution and morphology. As TEM needs sample in thin film form to
visualize smaller particles and larger aggregates, a drop of nanoparticle dispersed in acetone
is placed over a carbon grid and dried at room temperature overnight under a lamp to have a
thin film of sample.

2.6 Characterization of Oleic Acid Functionalized Fe;O4 Nanoparticles

Fig. 2.13a shows the features of the XRD pattern of prepared nanoparticles, which shows
diffraction peaks of (220), (311), (400), (422), (511), and (440) that are indexed to a cubic
spinel structure of Fe;O4. The inverse spinel structure consists of oxide ions in the cubic
close-packed arrangement in which 1/3 of tetrahedral interstices and 2/3 of octahedral

interstices coordinate with oxygen. The average crystallite size obtained was ~10 nm.
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Figure 2.13 (a-d) XRD, VSM, FTIR and TGA results of the Fe;O4 nanoparticles prepared by

chemical co-precipitation. (e) The hydrodynamic size distribution of the Fe;O4 nanoparticles

in octane and (f) TEM of the iron oxide nanoparticles.
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The room temperature magnetization curve for the iron oxide nanoparticles (Fig. 2.13b)
shows superparamagnetic nature with zero remanence and coercivity. The saturation
magnetization was found to be 59 emu/g. The parallel alignment of Fe** and Fe’" ions spin in
the adjacent octahedral sites leads to a net magnetization and thus a ferri-magnetic behavior.
The capping of oleic acid on nanoparticles was confirmed from Fourier transform Infrared
spectroscopy. Fig. 2.13¢ shows characteristic peaks at 2921, 2858, 2358, 1728, 1458, 1375,
1274, 632 and 570 cm™. The peaks at 2921 and 2858 cm™ are due to the asymmetric and
symmetric stretching, respectively of the methylene group of the oleic acid. The peak at 1458
cm™ corresponds to the asymmetric stretching of the carboxylate (COO") group. The peak at
570 cm™ is attributed to the stretching of bonds between octahedral and tetrahedral metal
ions to oxide ions while the one at 1728 cm™ is due to the presence of free oleic acid
molecules. The rest of the peaks are attributed to vibrations in kerosene.”””® The
thermogravimetric curve for the magnetite nanoparticles (Fig. 2.13d) shows a two-step
weight loss at = 199 and = 320 °C. The first step should be due to the removal of loosely
bound or free surfactant and the second step should be due to the removal of strongly bound
surfactant molecules. The carboxylic acid group of oleic acid binds to the magnetite while
the aliphatic chain extends out into the non-polar solvent thus providing steric hindrance
between the particles. The charges at the carboxylate ion of oleic acid, de-localizes in
between two oxygen atoms because of resonance effect. The surfactant coating thus prevents
the agglomeration of particles against Van der Waals and magnetic attractive interactions and
passivates the nanocrystals from oxidation. The average size of the nanoparticles obtained
from dynamic light scattering measurements (Fig. 2.13e) was ~12.5 nm. The larger size

obtained from DLS, compared to the XRD, is due to the fact that the former gives the
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hydrodynamic diameter that includes the dead surface layer and solvent molecules where as

the latter gives the crystallite size. The TEM image of the sample is shown in Fig. 2.13f.

2.7 Characterization of Ferrofluid Emulsion by DLS and Zeta Potential Measurements
The hydrodynamic size and zeta potential of emulsions were measured using Zetasizer nano
ZS (Malvern, UK). The measured hydrodynamic size and zeta potential values for magnetic

nanoemulsion stabilized with SDS and PVA-Vac are listed in Table 2.1.

Sample Details Hygl;;edz/r?;r)nlc Size polydispersity Zeta Potential
Code Lo, index (PdI) (mV)
ESDO0.8 Emulsion + 0.8 200 0.017 -49
mM SDS
ESDO0.08 Emulsion + 0.08 200 0.019 -30
mM SDS
EPVA40 Emulsion + 0.6 220 0.012 -12
wt% of PVA-
Vac 40K
EPVA115  Emulsion + 0.6 255 0.009 -2
wt% of PVA-
Vac 115K
EPVA155  Emulsion + 0.6 550 0.01 -1
wt% of PVA-
Vac 155K

Table 2.1 Hydrodynamic size and zeta potential values for magnetic nanoemulsion stabilized

with SDS and PVA-Vac.
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The polydispersity index is used to describe the width of the particle size distribution, which

is related to the standard deviation (o, ) and Z- average (Z,) which is the intensity weighted

. . 06
mean hydrodynamic size as,’

2
o

Pdl =252 (2.26)

D

Owing to its amphiphilic nature, non-polar alkyl chains of SDS molecules protrude into the
oil phase and the polar DS  extent into the water. In polymer stabilized emulsions,
hydrophobic Vac part of the polymer prefers to remain inside the oil droplet, while the
hydrophilic PVA part protrudes into the solvent to form a diffuse polymer layer. The
negative zeta potential value indicates the presence of negatively charged head groups (SOx)
at the oil-water interface, in the case of SDS stabilized emulsion. For PVA-Vac stabilized
system, the very small value of zeta potential indicates the presence of slight residual surface

charges on the droplets, irrespective of repeated washing.
2.8 Conclusions

The preparation of magnetic nanoparticles and its characterization by X-ray diffraction,
Vibrating sample magnetometer, Fourier transform infrared spectroscopy, Thermo
gravimetric analysis, Dynamic light scattering and Transmission electron microscopy are
discussed. The working principle of DLS, zeta potential, phase contrast optical microscopy
and other analytical techniques used for the nanoparticles characterization are also briefly

discussed. The preparation of ferrofluid oil, ferrofluid emulsion and its characterization using
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dynamic light scattering and zeta potential measurements and the details of the

intermolecular force-distance and diffraction peak measurement techniques are presented.
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3 Interaction of mono, di and tri valent Cations with Surfactant and Polymer

Stabilized Emulsions and its Influence on the Interaction Forces

3.1 Introduction

The strength and range of colloidal interaction can be varied by controlling charge and size
of colloids. For instance, screening of charged colloids by counterions is central to the
colloidal stability. Understanding coalescence and kinetic stability in emulsion systems are
important for plethora of engineering applications.'”” Tunable interactions by different
stimuli make colloids a wonderful model system to study the intermolecular interactions.'*®
Interaction forces involving macromolecules, nanoparticles, surface active agent are strongly
modified by ions, and such effects are essential in condensation of nucleic acids, cement
hardening, water treatment.'” Surface forces are essential in industrial processes, material
engineering and biology. In industrial process, such as papermaking or food processing, the
interaction forces control the stability and their rheology.” Surface forces are equally
important in the context of new materials especially in self-assembly or surface pattering. In
biological systems, such forces are further responsible for interactions involving proteins,
nucleic acid or membranes.

Magnetically tunable property of emulsion is employed to study intermolecular interactions

0 78

.11 ) . 64 . 88 - .
such as, electrostatic,'' steric,”* electro-steric,”” depletion,” irreversible polymer

32,47, 83-85

bridging,'"" bio-molecule growth kinetics. Interaction of surfactants and polymers at

an interface is well studied in the literature. Three different scenarios can exist at the

49, 80-82

interface depending upon the nature of surfactant, polymer and interface. Forces

107

between a pair of charged colloids,'® surfactant free emulsions droplets,'”’” two dissimilar
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surfaces™ in aqueous salt solutions were studied in the past. However the effect of interfering
cation on the interaction forces between electrostatically and sterically stabilized emulsions
are not attempted. The purpose of this study is to understand the effect of interfering cations
on the intermolecular forces between anionic surfactant/di-block copolymer stabilized
emulsion droplets and their role on the stability of the emulsion using magnetic chaining
technique.

Cations plays major role in controlling the physiological activities such as maintaining levels
of body fluids, control heart beat, transmission of nerve impulses and specific metal ions are

"2 The deficiency of Fe’* can lead to

crucial for the structure of cell membranes and DNA.
permanent loss of motor skills and its excess can lead to diseases, such as Parkinson and
Alzheimer diseases.'”> Essential cations in excess are lethal to all cells. In general, heavy
metal ions are major source of pollutants in water bodies. Heavy metal ions such as sliver
(Ag), mercury (Hg), tellurium (Te) and cadmium (Cd) are extremely hazardous to most
bacteria and yeast at even exceptionally low concentrations.''* Heavy metal ions are more
specific to sulfhydryl groups that are found in proteins. Certain metal ions such as Cu®", Fe*"
increase intracellular reactive oxygen species (ROS) that catalyze the production of
superoxide and this leads to DNA damage and inhibition of particular enzyme activities that
are vital for cell growth.'"> So understanding the ion interaction with changed and neutral
interfaces in aqueous solution is key to understanding colloidal stability, water quality and
disease diagnosis.

Towards these objectives, MCT is used to probe the interaction of various biologically

. . + + + + + . . 2+
important cations such as Na', K, Ca*", Cu*", Fe'" and also toxic heavy metal ions Ni*,

Co*", Cd*", Pb*" and Ag" at the electrostatically and sterically stabilized interfaces. Further, a
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simple approach suitable for recognition of large number of metal ions with ultra high
sensitivity (ppb level) and selectivity using response-stimuli magnetic nanoemulsion is also
explored.

3.2 Experimental Methods

3.2.1 Materials

Magnetic nanoemulsions, ESD(.8 and EPVAI15 are used in this study. Material preparation

and experimental setup are detailed in Chapter II.
= FSDO0.8

25
' —— EPVA115

20}

10° 10° 10*
Size (nm)

Figure 3.1 Hydrodynamic size distribution of magnetic nanoemulsions ESD0.8 and
EPVAILIS. Inset of the figures shows the schematic of a droplet with adsorbed surfactant
molecules and diblock co-polymers. The average hydrodynamic diameter of ESDS0.8 and
EPVAII5 nanoemulsions are ~164 and ~255 nm, respectively. The corresponding zeta

potential values are -41 and -1.8 mV, respectively.
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Fig. 3.1 shows the hydrodynamic size distribution of the magnetic nanoemulsions EDS0.8
and EPVAII5. The inset of the Fig. 3.1 shows the schematic of the droplet with adsorbed
surfactant and diblock co-polymer. The hydrophobic (vac) part of the polymer prefers to
remain inside the oil droplet, while the hydrophilic PVA part protrudes into the solvent to
form a diffuse polymer layer. The average hydrodynamic sizes of EDS0.8 and EPVAIIS
emulsions are found to be 190 and 255 nm, respectively and the corresponding zeta potential
values are -41 and -2 mV, respectively. The negative zeta potential value in the case of
ESDO0.8 emulsion indicates the presence of negatively charged head groups (SOy) at the oil-
water interface. For EPVAI15 emulsion, the very small value of zeta potential (-1.8 mV)
indicates the presence of slight residual surface charges on the droplets, irrespective of

repeated washing.

ﬁ

Figure 3.2 (a &b) Optical phase contrast microscopic images of emulsions without and with
an applied magnetic field, respectively. The arrow indicates the applied magnetic field

direction.
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Fig. 3.2 (a & b) shows the microscopic images of emulsions without and with an applied
magnetic field, respectively.
3.3 Results and Discussion
3.3.1 Effect of Cations on 1D Droplet Array Spacing
Electrostatically Stabilized Emulsions
To study the effect of interfering cations on the diffraction peak, 200 pl of the emulsion is
taken in a cuvette or a cylindrical vial (1ml capacity) and is placed inside a small solenoid
coil which is powered by a programmable direct current power supply. At a fixed magnetic
field strength of ~90 Gauss, the sample is illuminated with a fiber optic based light source
and the color of the sample is recorded at different concentrations of ions at the same
magnetic field strength. For quantitative measurement, the reflected Bragg peak from the
sample at 180 ° is measured using a fiber based reflection probe. At this external field,
magnetic dipole moments are induced in the oil droplets due to the alignment of the
nanoparticles inside the droplet. The strength of the dipolar interaction is given by the
coupling constant,

A=nua’y*H? [6k,T 3.1

2

where, ‘a’ is the droplet radius, ¥’ is the magnetic susceptibility, ‘H,” is the external

magnetic field and ‘ k7 is the thermal energy. When the repulsive forces (electrostatic +
steric) balance the field induced dipolar attraction, the droplets form one dimensionally
ordered structure along the field direction. As the particle size is of the order of the
wavelength of visible light, each chain forms a lattice that diffracts light in the visible range

and the scattered light from each particle in the chain thus interferes constructively. The
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interdroplet separation ‘7’ for perfectly aligned droplets is related to the first order Bragg
condition (for 180° diffraction geometry) is given by Eqn. 2.5.

For metal ions of different concentrations, the corresponding diffraction peak is recorded
using a fiber optic spectrometer. The Bragg peak without metal ions is taken as the reference
peak. The shift in the peak wavelength with respect to the reference peak is called Bragg
peak shift (AA,.). For qualitative measurements, in all the cases magnetic field is kept
constant at 90 gauss and the diffraction peak is measured at 180° diffraction geometry.
Under application of static magnetic field, cations of different concentrations were added,
which results in the diffraction peak shift towards lower wavelength. The change in the
diffraction peak wavelengths with different metal cations of K', Co*", Mn*", Cu*", Ni*',
Pb*", Cd*", Ag" are recorded and the shift in the peak wavelength is calculated in each case
is shown in Table 3.1.

Fig. 3.3a shows the Bragg reflection spectra of an ESD(.8 nanoemulsion at various Ag"
concentrations ranging from 0 to 525 ppb. In the absence of added cations, the diffraction
peak occurs at 705 nm. The arrow indicates the direction of increasing concentration of Ag".
It is observed that the Bragg reflection peak (A,..r) monotonically blue shifts with increasing
Ag’ ion concentration and the diffraction peaks are symmetric and narrow, inferring that
the 1-D ordering is stable. Fig. 3.3b shows the A}, as a function of Ag" concentration for
ESDO0.8 nanoemulsion. In the concentration range of 26- 195 ppb, the observed linear slope
value is 0.19 and above 195 ppb, the slope is 0.065. The higher slope indicates a better
sensitivity and the slope change at the higher concentrations indicates the change in the

sensitivity.
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Figure 3.3 (a) Reflection Bragg spectra of ESD(.8 emulsion at different Ag" concentrations.

The arrow indicates the direction of increasing Ag™ concentration. (b) Bragg reflection peak

wavelength shift (AL,.,) as a function of Ag" concentration for ESD0.8 emulsion.
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Cations Linear concentration Dynamic Wavelength shift(nm)
range concentration range

Na" 0-35 ppm 0-400 ppm 147
K" 0-40 ppm 0-448 ppm 146
NH," 0-520 ppm 0-1500 ppm 100
Ag’ 26-195 ppb 0-525 ppb 73
Ca”" 5-35 ppm 0-38 ppm 85
Mn®" 5-30 ppm 0-54 ppm 101
Cu*’ 1-14 ppm 0-57 ppm 83
Ni** 2-16 ppm 0-58 ppm 98.6
Pb*" 8-49 ppm 0-103 ppm 97
Ccd* 0-1.6 ppm 0-11 ppm 31
Fe’* 4-14 ppm 0-14 ppm 54

Table 3.1 Linear, dynamic concentration ranges and maximum shift in peak wavelength for

different cations with ESD0.8 emulsion.

Table 3.1 presents the linear response range, where the peak shift changes linearly with
cation concentration, and dynamic concentration (corresponds to the concentration range at
which diffraction peak changes) for different cations along with the maximum peak shift

measured.
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Figure 3.4 (a) The Bragg reflection spectra of EPVAII5 emulsion at different Ag"
concentrations. The arrow indicates the direction of increasing Ag+ concentration. (b) AApea
as a function of Ag".
Fig. 3.4a shows the reflected Bragg peak observed for EPVAI15 emulsion at different Ag"
concentrations. The arrow indicates the direction of increasing concentration of Ag’. As

observed in the case of SDS stabilized emulsion, the reflected Bragg peak monotonically
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blue shifts on increasing Ag" ion concentration. Fig. 3.4b shows the A)pe.x as a function of
Ag'. The inset shows the concentration range (20 - 124 ppb) where Ayeu is linear. The slope
of the linear fit and R? values are 0.32 and 0.97, respectively. Above 124 ppb, two different
slopes are observed, one in the concentration range of 140 - 280 ppb, the second one for 300

- 490 ppb and the corresponding slopes are 0.123 and 0.031, respectively.

E ESDO.8
| 22 EPVA115

0 100 200 300 400 500 600
Ag’” (ppb)

Figure 3.5 Shift in diffraction peak (A),.) at different concentrations of Ag' for ESD0.8 and
EPVAII5 emulsions.

Fig. 3.5 shows the Al at different concentrations of Ag" for ESD(0.8 and EPVAIIS5
nanoemulsions. The average A\,c.c value of EPVAII5 emulsion was ~ 12 nm greater than

that of ESD(.8. This indicates that EPVAII5emulsion has a higher sensitivity to Ag” as
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compared to ESDO0.8. The possible reasons for the observed higher AA,.. in EPVAILS
emulsion are discussed in intermolecular force measurement section.
3.3.2 Effect of Cations on the Interaction Forces

Interaction of Ag” with Electrostatically Stabilized Emulsions

-10
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Figure 3.6 Force—distance profiles at different Ag" concentrations for £SD0.8 emulsion
(scattered points). Solid lines correspond to fit using electrostatic double layer repulsion
equation. For comparison, force distance profile measured at 444 and 543 ppm Na' also

shown.

Fig. 3.6 shows the force distance profile for SDS stabilized nanoemulsion at different Ag"

concentrations. The contribution of Van der Waals attraction is also taken into consideration

116

while calculating the net force between droplets. > The ESD(0.8 emulsions, without and with
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different Ag" concentrations show exponentially decaying repulsive force profiles. The decay
length without Ag™ ion was 7.6 nm. Owing to the amphiphilic nature, the SDS molecules
adsorb at the droplet surface with the negatively charged head group exposed to water,
thereby making the droplets negatively charged.

The co-ions with negative charge and the counter ions with positive charge form an electric

99

double layer.” The chemical potential of counter ions in the solution is given by,

u=zey+kTlogp where, ‘y ’ is the electrostatic potential, ‘e’ is the electron charge, ‘z’ is

the valency of ions and © p ’ is the number density of ions at any point in the double layer. At

® j.e., cations diffuse into a

lower surface charge densities the counter ion start to diffuse,’
weak double layer which affect the strength of repulsion and the interdroplet spacing.
According to electrical double layer theory, the repulsive force profile for ka < 5 is given by
Eqn. 1.29, and for thin electrical double layers with xa > 5, the force profile is obtained via
Derjaguin approximation where y remains constant and independent of 4 =r—2a, and is
represented by Eqn. 1.30.** The best fit of the experimental data points using Eqn. 1.30 is
shown by the solid line in Fig. 3.6. From the force-distance profiles, we obtain three
parameters: the first interaction length (2L) that corresponds to the interdroplet spacing at a

force magnitude of 2.8 x 10™"° N, the decay length (k') from the slope and the magnitude of

force (K), which is dictated by the surface potential or the adsorbed polymer layer thickness.

1

The variation of K,x~ and 2L, as a function cation concentrations are shown in Table 3.2.

For Ag’, the variation of ', K and 2L, as a function of Ag" concentration are shown in Fig.

3.9.
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Cations Concentration (ppm) | K (nN) k! (nm) 2L (nm)
Na" 11 12.6 6.49 67
23 26.4 5.52 61
46 37.1 4.95 54
115 4.2 4.66 47
230 0.195 5.37 43
K" 20 16.3 6.55 72
39 224 5.9 67
78 14.4 4.59 58
195 1.07 5.14 51
391 0.334 5.60 45
Ca™ 2 1.54 4.97 45
3 2.62 4.59 41
4 1.35 4.40 36
Mn** 3 3.29 7.05 66
6 4.56 6.2 60
14 0.9119 6.25 50.5
28 0.2869 6.49 45
N 1 4.60 6.99 70.5
7 2.13 6.37 55
17 1.83 5.73 48
29 0.0811 7.27 44
59 0.0252 5.90 37
Cu”’ 3 7.63 7.20 73.5
6 4.20 7.12 68.8
16 3.8 6.63 62
32 0.7533 6.65 55
63 0.440 6.42 51
Fe'r 0.412 5.95 8.40 83.6
0.82 7.43 7.95 80.8
2 6.14 7.96 79.5
4 7.73 7.66 78
8 8.33 7.42 75.88

Table 3.2 Debye lengths, force magnitude and onset repulsion for different cations measured

as a function of cation concentration for £SD0.8 emulsion.

The force-distance results suggest that the Ag' ions, even at very low concentration, screen

the charges at the emulsion surface, probably through the formation of both Stern and diffuse

electric double layers. The theoretical Debye length (Eqn. 1.21) for £SD0.8 emulsion is 10
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nm, which is in reasonable agreement with the value obtained from the best fit (~ 7.6 nm).
The Debye length almost remains the same (~7.1 nm) for all the curves, irrespective of the
concentration of Ag’.

This is quite expected because the concentration of SDS was much higher compared to that
of Ag" and hence the effective decay length is dictated by SDS ions. Calculation shows that
the number of SDS and Ag” are 4.8 x 10 and 3.0 x 10" for 0.8 mM SDS, 539 ppb Ag",
respectively. As the decay length remains almost constant, the bound stern layer contribution

seems to play a prominent role in the charge screening process and hence the blue shift. The
strong interaction between Ag' (a soft Lewis acid) and RSO, group of the surfactant is

expected to cause abrupt changes in the magnitude of force. Such a strong association
between soft acid and soft base is predicted by the Pearson’s acid base theory.''” The surface
potential (calculated from the preexponential factor of the force distance profile) with
different Ag" concentrations is varies from 14.11 to 4.9 mV. However, these values are much
lower than the actual zeta potential measured. The reason for this discrepancy is yet to be
understood. For comparison of decay length variation, the force profiles with 444 and 543
ppm of Na" ions are also included in Fig. 3.6. It can be seen that the force profiles show a
hard sphere profile at high concentrations of Na because of screening of surface potential.
The three possible modes of interaction of SDS with Ag" ions are the direct binding of Ag" to
SDS, hydrated Ag" sharing one water molecule with the SDS or Ag" interacting with the

SDS via two water molecules (Fig. 3.7a&b).
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Figure 3.7 (a) Three possible modes of interaction of Ag" and SDS: direct binding, binding
through sharing of one water molecule and binding via sharing two water molecules (b)

Schematic representation of SDS covered interface with Ag” and H,O.

Interaction of Ag” with Sterically Stabilized Emulsions

The force distance profiles (Fig. 3.8) of EPVAII5 nanoemulsion with different Ag"
concentrations also show exponentially decaying nature. The zeta potential of EPVAIIS
emulsion (-1.8 mV), indicates that, though not significant there are some residual charges at
the oil interface even after the washing process. However, the observed decay length of 9.2
nm (comparable to the R, of polymer) clearly indicates that the droplet interface is covered
by polymer where steric force is significant. Otherwise, the decay length would have been
much higher. Without and with different Ag" concentrations, the repulsive force profiles are

exponentially decaying. Here, the observed force profile arises from the repulsive osmotic
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force due to the unfavorable entropy associated with the compression of chains between the

droplet surfaces.”® '"®
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Figure 3.8 Force — distance profiles at different Ag" concentrations for EPVA115 emulsion.

Solid lines correspond to the fit to the Eqn. 1.37.

According to Alexander-de Gennes equation''”"?° for polymeric brush bearing surfaces, the
osmotic repulsion between the coils favors their expansion that can lead to an increase in 2L
and the elastic stretch energy of the chains can favor a contraction or a decrease in 2Ly. The
steric forces are complex and depend on the surface coverage, nature of binding
(physiadsorption or grafting with functional moieties) and the quality of solvent. In the
present case, the physisorbed PVA coils bind reversibly at a number of points on the droplet
interface where the adsorbed layers are highly dynamic and hence the measured forces can

be time-dependent and history-dependent, approach or separation rate-dependent or
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hysteretic.”® However, our studies shows that incubation over a period of more than 48 hrs is
sufficient to achieve an equilibrium binding of the polymers where the force profiles are
found to be time independent and non- hysteretic. Studies reveal various interesting scenario

121122 The variations of 2L,

when polymer or surfactant or both interact with an interface.
characteristic decay length (‘A,") and K as a function Ag" concentrations for EPVAI15 (open

symbols) are shown in Fig. 3.9a-c.
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Figure 3.9 (a) First interaction length (2Lo) (b) decay length (Lg) or Debye length (k') and

(c) magnitude of force (K) for ESD0.8 and EPVAII5 emulsions as a function of Ag’

concentration.
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With the addition of 539 ppb of Ag", the 2L, decreases from 72 to 52 nm and the magnitude
of force falls by an order of magnitude from 5.9 to 0.59 nN. For polymer covered emulsion
droplets, the force profiles are repulsive in nature and follow a simple exponential function as
given by Eqn. 1.37. Without added cations, the observed ‘A;’ value is comparable to the
radius of gyration of a free polymer (~ 12 nm). At a distance larger than ‘A;’, the
concentration is dominated by the tails where the force is repulsive and decays exponentially
with the distance. The increased osmotic pressure between the surfaces due to the overlap of
adsorbed polymers leads to a repulsive interaction. It is known that the magnitude and range
of steric forces can be many times of R, ( >10R, in aqueous solutions) due to high polymer
surface coverage, higher Flory radius due to segment-segment repulsion (in good solvents),
hydration layers or additional repulsive electrostatic interactions between charged
segments.123
With increasing Ag” concentration, the decay length decreases marginally from 9.1 to 6.8 nm
but the 2L, decreases drastically from 74.8 to 50 nm. This shows a dramatic conformational
change in the adsorbed polymer layer at the droplet interface. The decrease in the first
interaction length indicates a collapse of stretched tail regions. Such a collapse is observed
with the addition of salt in polyelectrolytes and under poor solvent conditions.'** Further, the
magnitude of the repulsive force decreases from 1.06 to 0.34 nN, as the concentration of Ag"
is increased from 0 to 539 ppb. The mean field approach* distinguishes loops and tail
sections in the adsorbed chains and involves the adsorbed layer thickness A and the
adsorption length z* that separates the regions. The monomer concentration is dominated by

loops, tails and a microscopic length ‘b’ inversely proportional to the adsorption strength.
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According to the mean field approach, in the strong adsorption limit (A/b>>1), the adsorbed
layer thickness is proportional to R, and weakly dependent on the adsorption strength and
polymer concentration. At a distance larger than A, the concentration is dominated by tails,

and the force is expected to be repulsive and exponentially decaying.
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Figure 3.10 (a) The possible interaction of OH of PVA and Ag' molecules and (b) Schematic

of the conformation of PVA-Ag" at the droplet interface.

The interaction of cations with PVA-Vac can lead to three possible modes of interactions: the
direct binding of cations to the oxygen in the PVA-Vac chains, hydrated cations sharing one
water molecule with the polymer and cations interacting with the polymer via two water
molecules.'® The strongly hydrated Ag”™ is expected to bind with the hydrophilic part of
PVA-Vac by changing the entropy of hydration of water around the polymer using one of the
mechanisms discussed above. Three possible interactions of OH of PVA with Ag" are shown
in Fig. 3.10a. Fig. 3.10 b shows the schematic of the conformation of PVA-Ag" at the

droplet interface.
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The variation of 2L, in presence of Ag’ in ESD0.8 and EPVAIIS5 emulsion droplets are
shown schematically in Fig. 3.11a and b, respectively. Molecular dynamics simulation study
shows that the hydrated cations can be wrapped by seven oxygen atoms from three PVA-Vac
chains due to the strong Coulombic attraction between cations and oxygen which tends to
entangle or bridge segments of the chains together.'**'?” The observed dramatic reduction in
the 2L, value with increasing Ag" concentration is in line with the simulation predictions.
The interaction of Ag" with the polymer by two water molecules in their first hydration shell,
when compared to interaction via a single water molecule or direct interaction by Ag’, is
expected to cause maximum conformational changes in the adsorbed tail regions of the PVA,

as shown schematically in Fig. 3.11.

Cation conc

Figure 3.11 Schematic representation of the interdroplet spacing variation in presence of Ag"
(green spheres) for (a) ESDO.8 (electric double layer is shown as shadow) and (b) EPVAIIS
emulsion droplets and their conformations.

3.3.3 Potential Applications

The linear shift in the diffraction peak position measured at static magnetic field, with

increasing concentration, in a certain concentration range which offers possibilities of
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magnetic nanoemulsion based cation detection in aqueous solutions. To check the sensitivity
of the emulsion to other cations, A, measurements are carried out for ESD0.8 emulsion
with different cations. The AL, variation is linear within certain concentration range for
different cations. The linear AA,.. concentration ranges for K, Cu*" , Ni* , Pb2+, Cd*" and
Ag’, are tabulated in Table 3.1. Fig. 3.12a shows the A\, at 119.8 ppb of Ag" and 1ppm of
other cations for SDS stabilized nanoemulsion. The larger Al,. for Ag" shows that the
nanoemulsion has a better selectivity to Ag” when compared to other cations used. To further
evaluate the effect of interfering cations on detectability of Ag’, we have carried out
experiments with a mixture containing Ag" and other cations (X) of higher concentrations.
Fig. 3.12 b shows the Al for different Ag”™: X ratio of 539 ppb: 1 ppm. Without other
interfering cations, for 539 ppb of Ag’, the Ak, Was ~ 70 nm. In the mixture with 1 ppm of
Pb*", Ni*", K, Cu®’, Mn*", Na*, Cd*" and Ca®’, the AX o is 1.5, 1.6, 5.7, 7, 10, 12, 13 and
24 nm, respectively. Even with 1 ppm of the interfering cations, the AA,... remains nearly the
same (~ 70 nm). This clearly demonstrates the ultrahigh sensitivity and selectivity of this
approach for Ag" detection. Among various cations, the maximum sensitivity (Bragg peak
shift) is observed for Ag™ ions. All these cations come under the soft acid group, which are
acceptor atoms with a low positive charge and large size with several easily excitable outer
electrons. According to hard soft acid and base (HSAB) principle,'* soft acids prefer to
coordinate with soft bases because electrons can be transferred readily either in one or both
directions to form a covalent bond. The increasing A\ .. with the cations, followed the
sequence Pb*" < Ni*" < K" < Cu*" < Mn®" < Na" < Cd*" < Ca®" < Ag". This trend can be

partially understood on the basis of specific ion effects and the hydration of ions at
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? Ag' is the softest acid among the studied cations and the next softer cation is

interfaces.'
Cd*". Therefore, the observed order is in accordance with HSAB theory.

The situation becomes more complex as the specific ion effects on physicochemical
properties of aqueous processes follow an empirical trend."® Further, the extend of
interaction in Hofmeister cations not only depend on their hydration ability but also on the
difference in size, polarizability and effect on water structure. To the best of our knowledge,
the range for Ag” in Hofimeister series is not reported in the literature. Hofimeister sequence
for (as salting-out agents in colloidal suspensions) anions and cations follows SO,* > CI >
NO;s and Na"> K"> Ca® > Ni*" > Co*", respectively."”! However, the above cation sequence
is not exactly followed in our case, probably because of the associated anions. Earlier
molecular dynamics simulation and X-ray absorption spectroscopic studies reveal that the

126 Further, it has also been shown that

hydrated Ca®" cations can coordinate to oxygen atoms.
the solvated Ca*" ion can wrap several oxygen atoms from the adsorbing species due the
strong Coulombic attraction between Ca>" ion and oxygen. Ag’ being the softest acid, on the
basis of this finding, a stronger interaction between the ions and oxygen from the PVA is
anticipated, which would have resulted in a larger Bragg shift. Among the studied cations,

Ag" and Cd*" are soft acids and Pb*", Cu*’, Ni*" lies in the borderline and K*, Na™ are

classified as hard acids. Therefore, the observed order is in accordance with HSAB theory.
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Figure 3.12 (a) Alyq for ESD0.8 emulsion at 119 ppb Ag" and for other cations at 1ppm.
Inset shows photograph of the emulsion without (left) and with 119 ppb of Ag™ (right). (b)
Ahpeac for ESDO.8 emulsion containing 539 ppb Ag™ mixed with 1 ppm of different cations

where X= Ca*", Cd*", Na", Mn**, Cu**, K', Ni*", Pb*".
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Response Time

The emulsion exhibits another interesting property of time independent response, which is
evident from the response at different time interval at an applied field strength of 90 G (Fig.
3.13). The black line shows the response without magnetic field. It is observed that the
response time is ~ a second. The reduction in the intensity of the Bragg peak with time is
probably due to increase in temperature of the sample, due to the heat generated by the
solenoid on prolonged application of field, which enhances the Brownian motion of the

droplets. The Bragg peak wavelength shift over the observation time is within 1 nm.
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Figure 3.13 Bragg peak at different time for £SD0.8 at applied field strength of 90 G.
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3.4 Conclusions

The effect of cation interaction on 1-Dimensional interdroplet array spacing and the
electrostatic and steric forces between stimuli-responsive nanoemulsions are studied. A large
blue shift in the diffracted light because of the reduction in the interdroplet spacing in the
presence of interacting Ag' is observed. The order of increase in the Bragg peak shift for
different cations followed a sequence Pb*" < Ni*" < K < Cu*" < Mn*" < Na" < Cd*" < Ca*" <
Ag’. The in-situ equilibrium force-distance measurement results suggest that the Ag" ions
screen the charges at emulsion surface through the formation of both Stern and diffuse
electric double layer, and produce a dramatic blue shift. In the presence of interfering cations,
emulsion shows excellent selectivity for Ag" due to strong interaction of hydrated Ag” with
surfactant/polymer, which offers the possibility of selective detection of Ag’. With ESD0.8
and EPVAI115 emulsions, the linear dynamic detection ranges for Ag" detection are 50 -175
ppb and 24-124 ppb, respectively. The possible mechanisms of interaction of Ag™ with

surfactant and polymer are discussed.
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Interaction of Alcohol with Surfactant Stabilized Emulsion and its

4 Consequence on Interaction Forces

4.1 Introduction

Colloidal interactions are strongly influenced by the addition of alcohols. Ion-solvent
complex interactions between the ions with increasing alcohol concentration can amplify the
ion-specific effects.'>* Electrostatic interaction in the charged colloidal system determines the
life time of the dispersion. The electrostatic interaction can be tuned by either addition of salt
or the addition of organic solvents to the aqueous solutions. For instance, by the addition of
ions extended double layer decreases because of the electrostatic screening effects of the
added ions.”” When organic solvents are added to aqueous solutions, the dielectric constant
of solvent is reduced and therefore the extend of counterion condensation increases upon the

133

addition of organic solvents to aqueous solutions. " It has been reported that the cation

specific conformational behavior of polyelectrolyte brushes, specific ions effects or

132135 Most of the studies were on the

Hofmeister effects etc. can be amplified by alcohols.
effect of methanol on the polymer or polyelectrolyte conformations and the counterion

condensation, and the specific ion effects in the bulk solution."** **'*” The role of methanol

on the electrostatic interactions between surfactant stabilized emulsions is not attempted.

Here, a systematic study has been carried out on the interaction of methanol with anionic
surfactant stabilized emulsion by magnetic chaining technique. Upon changing the alcohol
molecular concentrations, visually perceptible color changes in the emulsions occurs due to

red-shift of the diffraction peak wavelength in the presence of a static magnetic field. New
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insights into the mechanism of red shift from the measurement of intermolecular forces in

presence of methanol molecules are obtained.

4. 2 Experimental Methods

Magnetic nanoemulsion, £SD(.8 is used in this study. The average hydrodynamic diameter
and the corresponding zeta potential values of SDS stabilized emulsions are 200 nm and -41
mV, respectively. The intermolecular interactions for different methanol concentrations were
measured by magnetic chaining technique. Material preparation, experimental setup for force

measurements are detailed in Chapter I1.

4.3. Results and Discussion

4.3.1 Effect of Methanol on 1D Droplet Array Spacing

To study the effect of methanol on 1-D array spacing, diffraction peaks are measured as
discussed in 3.3.1. The Bragg peaks measured for £SD(.8 emulsion at different methanol
concentrations starting from 0 to 5000 ppm is shown in Fig. 4.1. The Bragg peak
monotonically red shifts with increasing concentrations of methanol, as shown by the arrow.
The diffraction peaks are fairly symmetric and narrow in all the cases, which indicate a stable
1-D ordering of the droplets in the presence of methanol molecules.’® ** As discussed in

3.3.1, the origin of diffraction peak can be explained by Bragg’s law.
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Figure 4.1 Effect of methanol on the Bragg peak. The arrow indicates the increase in

methanol concentration.

Figure 4.2 Phase contrast optical microscopic images of droplets (a) without magnetic field
show Brownian droplets and (b) with magnetic field show aligned droplets in 1-D
respectively. (Inset) The photographs of emulsion under identical conditions show different

colors in the emulsions.
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In the presence of magnetic field, a 1-D droplet array forms along the field direction as
shown in the Fig. 4.2. Fig. 4.2 (a & b) shows the phase contrast optical microscopic images
of the droplets without and with magnetic field respectively. The former shows Brownian

droplets, while the latter shows aligned droplet array in 1-Dimension.
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Figure 4.3 Bragg peak wavelength shift as a function of methanol concentrations. Linear
response concentration range (0-2250 ppm) is shown as scattered points and the solid line
shows the linear fit with R? value of 0.99447. The inset shows the full concentration range.
The quality (R?) of the linear fit is found to be 0.99447.

Fig. 4.3 shows the Bragg peak shift as a function of methanol concentrations. The Bragg
peak shift was monotonic and linear in the concentration range of 0-2250 ppm, above which
a slight change in the slope is observed. The Bragg peak shift for the entire concentrations

range is shown in the inset of Fig.4.3. The shift in the diffraction peak was 3.5 nm as the
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concentration is increased from 0 to 125 ppm. The corresponding increase in the interdroplet

spacing was 1.5 (£ 0.2) nm. For 5000 ppm, the peak wavelength shift was 105 (£ 0.2) nm.

4.3.2 Effect of Methanol on the Interaction Forces

To obtain insight into the observed red-shift, interdroplet force measurements are carried out
in the presence of methanol of different concentrations. Fig. 4.4 shows the inter-droplet
force-distance profiles in the presence of methanol of 0, 125, 500, 2500 and 5000 ppm. The

experimental data are fitted with Eqn.1.30, and 2L, k™' and K values are extracted.

L —=—Oppm
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={0— 500ppm

==4=--2500ppm

- -[d- - 5000ppm
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Interdroplet Spacing (nm)

Figure 4.4 Force-distance profiles in the presence of methanol of four different
concentrations, 0, 125, 500, 2500 and 5000 ppm. The arrow indicates increase in methanol

concentration.
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In all the four concentrations, the force profiles were exponentially decaying with the inter-
droplet spacing. The 2L for the concentrations 0, 125, 500, 2500 and 5000 ppm are 81, 83,
85, 94 and 98.7 nm, respectively. The decay length increases from 7.9 to 12.3 nm as the
concentration of methanol increases and the force magnitude decreases by an order from 8.5
to 0.9 nN.

The exponential scaling obtained on the experimental force profiles reaffirm that the forces
between the emulsion droplets is electrostatic in nature. The observed profile mimic the
hydrophobic forces measured between two macroscopic curved mica surfaces in water
using surface force microscope where the force profile was found to be exponentially
decaying with distance in the range of 4-10 nm with a decay length about 1 nm."** The
magnitude of the hydrophobic force needed to separate the two molecules (of diameter 0.57
nm) from contact is found to be ~15 pN. Of course, in our case, the magnitude was 3-4
orders high, owing to the larger size droplets. The short range repulsions between the
surfaces in water can also occur due to alteration of its properties such as diffusivity and

dielectric constant near the interface.'>’

The variations in the diffusivity and dielectric
constant in the presence of alcohol molecules might have caused the changes in the onset of
repulsion. Such short range interactions leads to interesting phase behavior in dispersions.'*
For two approaching particles, the force profiles are indeed affected by the dynamics of
association process between the counterions and the interacting species. Besides the
structuring of water at a hydrophobic surface in the presence of alcohol molecules,
directional binding of molecules could also affect the onset of repulsion.'*' A recent sum

frequency study on oil-in-water emulsions, stabilized with sodium dodecyl sulfate, show that

the oil molecules predominantly oriented parallel with respect to the plane of the interface
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and the SDS alkyl tail forms a disordered state partially in contact with water.'** Systematic
computer simulation studies may shed more light into this aspect. Table 4.1 summarizes the
force measurement results. The concentrations of methanol, K, 2L,, Debye length, Bragg

peak wavelength and inter droplet spacing are tabulated.

Concentration K (N) 2Ly (nm) (1) K'(mm) Apax(mm) h (nm) (1)
(ppm)
0 8.5532 x 10” 81 7.89 730 84.4
125 1.0121x 10® 83.4 7.92 736 86.7
500 7.2566 x 107 85 8.4 746 90.45
2500 3.3992 x 107 94 10.1 786 105.5
5000 9.1949 x 10™"° 98.7 12.3 823 119.4

Table 4.1 Effect of methanol on interdroplet interactions. Concentration of methanol,
magnitude of repulsive force, the first interaction length (2L,), Debye length, Bragg peak

wavelength and inter droplet spacing.

Our results show that an increase in the concentration of methanol molecules increases the
2L, values by several nanometers, which results in a red shift of the Bragg peak. Though
large change in the double layer is evident from the 2L, the change in the decay length was
not significant in the concentration range studied. Probably this is due to the failure of
Poisson-Boltzmann theory at a small inter-particle spacing due to ion-correlation effects,
finite ion size effect, image forces, discreteness of surface charges and solvation forces.' 1%

The Poisson-Boltzmann (PB) method becomes asymptotically exact in the limit of weak

surface charges, low counter-ion valency and high temperature. However, the PB approach
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fails for multi-valent ions and for highly charged surfaces due to correlated ion-density
fluctuations and the additional non-electrostatic interactions between ions and the surfaces.
Therefore, the force between charged surfaces in electrolyte solutions is highly ion specific.
The liquid molecular structure and hydration effects can also play an important role in the

. 145
effective forces.

The interaction of the hydroxyl group of alcohol molecules with the
amphiphilic DS (-) ions of sodium dodecyl sulfate (SDS) at the droplet interface induce
changes in the intermolecular forces. Here, the electrostatic interaction remains dominant at
the larger interdroplet spacing compared to the forces due to hydrogen bonding, dipolar, and
dispersion forces between molecules.'*! ¢

4.3.3 Proposed Interaction Mechanism

Fig. 4.5 shows the schematic representation of the emulsion droplets with increasing
concentrations of alcohol. The drops containing aligned nanograins of iron oxide
nanoparticle are shown in the core. The droplets are adsorbed with a monolayer of surfactant
where the polar head groups reside at the interface while the hydrophobic alkyl chains reside
inside the oil droplets. The diffused double layer around the nanodrops is shown by the blue
circle. The addition of alcohol leads to changes in the double layer conformation, resulting in
an increase in inter-droplet spacing or red shift. The change in the double layer with different
alcohol concentration is shown in a red shade. The arrow indicates the increasing methanol

concentration. The diffraction peaks measured at respective conditions are shown along with

the schematic representation of each condition.
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Figure 4.5 schematic representation of emulsion droplets with increasing concentrations of

700 800 900

alcohol. The arrow indicates increasing concentration of alcohols. The drops containing
aligned nanograins of iron oxide nanoparticle are shown in the core. These droplets are
stabilized with a monolayer of surfactant, where the polar head groups reside at the interface
while the hydrophobic alkyl chains reside inside the oil droplets. The diffused double layer
around the nanodrops is shown by the blue circle. The addition of alcohol leading to changes
in the double layer conformation and this is shown in a red shade, resulting in an increase in
inter-droplet spacing or red shift.

The large red shift in the diffraction peak wavelength with increasing methanol
concentrations offers an optical sensing methodology for methanol detection in aqueous
solutions. The typical time scale®™ for the typical Brownian and Neel relaxation times for

200 nm size droplets in water are ~ 3 ms and 1 ns respectively. Therefore, nano-emulsion
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based optical sensor offers rapid response compared to other sensors. The variation in the
Bragg peak intensity as a function of time for the sensor with methanol at 90 G shows the
peak formation within 1 second. The peak position remains stable for a long time (more
thanl hr), which indicate the stability of the sensor. A small reduction in the Bragg peak
intensity with time is observed, which is due to the increase in the sample temperature on
prolonged application of field that enhances the Brownian motion of the droplets and their

colliding frequency.

4.4. Conclusions

The effect of methanol on the 1-D droplet array spacing in a static applied magnetic field and
the role of methanol on the electrostatic interactions are studied by magnetic chaining
technique for the first time. Upon increasing methanol concentrations, the inter-droplet
spacing of the 1-D droplet array produces a red shift in Bragg peak. The measurement of
intermolecular forces in the presence of methanol molecules shows that the diffusion of
organic molecules into the electric double layer and reduction of the net dielectric constant of
water results in extended electrical double layers and a large red shift in the diffracted Bragg
peak. Our results suggest that this approach is useful for measuring methanol concentration
in aqueous solution in a dynamic range of 0- 2250 ppm within 1 second. Force measurement
results show that the nature of interaction of the alcohol molecules with the hydrophobic
interfaces in presence of charged surface active species has important implications in the self

assembly of soft systems.
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5 Interaction of Glucose with Electrostatically Stabilized Magnetic

Nanoemulsions and a Novel Application of Magnetic Nanoemulsions

5.1 Introduction

There has been an increasing demand for the selective and sensitive detection
methodologies for monitoring glucose levels in body fluids, food products and
biochemistry."” The normal glucose level in human body is 4.2-6.4 mM and for diabetes
mellitus it is above 7.0 mM. An elevated urine glucose concentration indicates a familial

renal hyperglycemia'*®

or diabetes mellitus. Over the years, several methodologies have
been developed for glucose detection, of which most of them are based on glucose oxidase
coupled to electrochemical system where the response depends on enzyme activity or glucose
mass transport.'**'*” Some of the recent techniques are based on 3D Graphene-cobalt oxide
electrodes,'™ platinum-cobalt (PtCo) bimetallic alloy nanoparticles decorated graphene,151
dielectric properties of polymers,'>? surface plasmon resonance,”” zinc oxide (ZnO)
nanowires modified with gold (Au) nanoparticles,”™* three-dimensional porous sensing
platform using nickel foam'®, copper sulphate (CuS) nanotubes'' and opal closest-packing

135 Most of the reported sensors are enzyme labeled.'” " Two other

photonic crystals.
issues with existing approaches that limit their practical applications are long response time
and instrumentation. The notable optical sensing approaches are based on optical
diffraction.'*”> 11! Some of the drawbacks of optical methodologies are non-glucose
specificity, long response time and pH dependence.'*’ Towards exploring the use of

nanoemulsion for glucose detection, the interactions of nanoemulsion with glucose of

different concentrations are studied here.
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Glucose is used in many food and pharmaceutical industries. The concentration of glucose in

162

aqueous solutions largely influences the quality and shelf-life of final products. ™ Sugar

163-164

plays important role in stabilization of biological structures and functions. Some living

organisms are able to survive in hostile environments such as extreme cold or drought

13 Also, glucose is shown to be a promising

conditions due to the secretion of carbohydrates.
candidate for structural modification of free-standing surfactant films owing to its capability

to form hydrogen bonds.'® There are also reports on the role of glucose in enhancing the
stability of aqueous silica gels against dehydration.'® Therefore, the interactions of glucose
with colloidal dispersions are of fundamental interest too.

The present work is aimed to investigate the possible interaction of D-glucose with surfactant
stabilized emulsions by equilibrium force measurements for better understanding the role of
carbohydrates in colloidal stability. The influence of glucose on the electrostatic interactions as
a function of glucose concentration is probed by force measurements. The effect of glucose on
the 1D droplet array spacing is also studied at different D-glucose concentrations. Towards
development of some practical applications, effort is also made to develop a label free (without
boronic acid derivative and enzyme) glucose detection approach and a non-destructive optical
sensor for detecting buried defects in ferromagnetic structures using magnetic nanoemulsions.
5.2. Materials and Methods

D-Glucose anhydrous with 99.9 % purity was purchased from E-Merck and used without
further purification. The magnetically polarizable nanoemulsion used in the present study is

ESDO0.8 and ESDO0.08. Magnetic nanoemulsion preparation methods are discussed in Chapter I1.

5.3 Results and Discussion
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5.3.1 Effect of Glucose on 1D Droplet Array Spacing
To study the effect of glucose on the 1D array spacing, diffraction peaks are measured with

different glucose concentrations by the same experimental procedure followed in 3.3.1.
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Figure 5.1 The Bragg peaks at different D-glucose concentrations in (a) £SD0.8 emulsion at
an applied magnetic field strength of 81 G and (b) ESD0.08 emulsion at 117 G. Arrow
indicates increasing concentration of D-glucose form 243 uM — 25 mM. The inset of Fig.

5.1(a) shows molecular structure of D-glucose.
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Fig. 5.1a shows Bragg peaks measured for different D-glucose concentrations starting from 1.2
to 30 mM at an applied magnetic field of 81 G for ESD0.8 emulsion. The molecular structure of
D-Glucose is shown in the insert of Fig. 5.1a. Without D-glucose, nanoemulsion shows a fairly
symmetric diffraction peak (Apeak), Which shifts towards higher wavelength with increasing
concentration of D-glucose. Fig. 5.1b shows spectral response of magnetic nanoemulsion
stabilized with SDS at a lower concentration of 0.08 mM (ESD0.08) where the diffraction peaks
are recorded at an applied magnetic field of 117 G (Fig. 5.1b). Without D-glucose, the
diffraction peak appears at ~ 840 nm and it shifted towards higher wavelength with increasing
D-glucose concentration.

Fig. 5.2 shows the Ak, for ESDO.8 stabilized nanoemulsion at applied magnetic field
strengths of 81, 108 and for ESDS0.08 at 117 G applied magnetic field as a function of different
D-glucose concentrations. In the concentration range of 0.243 to 1 mM, Al was not
significant but above 1 mM, Al,ek changes linearly. The Ay value at 30 mM D-glucose
concentration was 69 nm. At higher applied magnetic field strengths, the diffraction peak
appears at a lower wavelength of 640 nm (compared to 685 nm for 81 G) due to stronger dipolar
coupling. Again, the diffraction peak position moves towards higher wavelengths with
increasing D-glucose concentrations. At lower concentrations, up to 4.5 mM, A was almost
the same for both applied magnetic field strengths of 81 and 108 G, but above 4.5 mM, the
Alpeak Was higher at 81 G. The maximum Al observed at 30 mM (at 108G) D-glucose was
54 nm.

The ESDO0.08 emulsion showed a better linearity in the concentration range 0.24 — 25 mM at an
applied field of 117 G. As the maximum Al is ~100 nm, even naked eye D-glucose

visualization of color change in the emulsion is possible. The colors seen in the emulsion
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without (left) and with 25 mM D-glucose (right) at a magnetic field strength of 117 G are
shown in the inset of Fig. 5.2. A, changes linearly with D-glucose concentrations at applied
magnetic field strengths of 81, 108 and 117 G. Solid lines in Fig. 5.2 correspond to the linear
fits, y=2148.6x-3.8, R’=0.968; y=1703.2x-16, R’=0.974; y=3696x+3; R*=0.996. Though the
emulsion showed a linear response in the concentration range of 0-30 mM, at all three magnetic

field strengths, the best linearity is observed for applied field of 117 G.

100 @ 81 G

AA (M)

0.00 0.01 0.02 0.03
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Figure 5.2 The shift in the diffraction peak wavelength with increasing D-glucose concentration
at different magnetic field strengths for £SD0.8 and ESD0.08 emulsions. Photographic image of
cell containing emulsion without (left) and with 25 mM D-glucose (right) at a magnetic field

strength of 117 G are shown in the inset.
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5.3.2 Effect of Glucose on Interaction Forces
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Figure 5.3 Force-distance profiles measured at different D-glucose concentrations for
ESDO0.8 emulsion. Solid lines correspond to fit using Eqn. 1.30.

To decipher the observed red shift in the Bragg peak upon D-glucose addition, the interdroplet
force profiles were measured. Fig. 5.3 shows the force-distance profiles measured at different
concentrations of D-glucose in ESDO.8 emulsion. Here, the force-distance profiles were
exponentially decaying with the inter-droplet spacing. The force-distance profiles are fitted
(solid lines) with the overlapping diffuse electric double layers force profile (Eqn. 1.30).* From

the force distance profile we have extracted the 2L, k' and K. Before the addition of D-

glucose, the force profile decays with a ™' of 6.2 nm and a 2Ly of 55.6 nm. The k' values

extracted for D-glucose concentrations of 2.38, 5.5, 16.7, 25 and 30 mM were 64, 6.8, 7.8,
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9.3 and 10 nm, respectively and the corresponding 2L values were 58.7, 58.6, 64, 68.7 and 70
nm, respectively. In the D-glucose concentration range of 0-30 mM, the force magnitude

decreases from 2.1X10” to 4.5%107°N.
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Figure 5.4 Force-distance profiles measured at different D-glucose concentrations for

ESDO.08 emulsion. Solid lines correspond to the best fit using Eqn. 1.29.

Fig. 5.4 shows exponentially decaying force-distance profiles for ESDO0.08 emulsion
measured at different D-glucose concentrations. The interaction force between two spherical
particles with small charge densities (extended electric double layer, xa < 5) is represented
by Eqn. 1.29 (solid lines in Fig. 5.4).°® From the best fit using Eqn. 1.29, the ™' values were

18.4, 18.7, 21.6 and 24.4 nm for D-glucose concentrations of 0, 2.3, 16.6 and 25 mM,
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respectively. The corresponding 2L values were 102.6, 106, 110.5 and 116 nm, respectively.

These results show that the force-distance profiles are dictated by the electrical double layer

forces due to the adsorbed SDS molecules at the oil-water interface and the D-glucose

molecules do not affect the decay length significantly. Surprisingly, in the presence of D-

glucose, the onset of interaction (2L) increases significantly when the D-glucose molecules

are introduced. Therefore, the interdroplet spacing is increased significantly upon the

addition of D-glucose.

5.3.3 Proposed Interaction Mechanism

Glucose is known to form hydrogen-bonding with an organic functional group, a property that
has been successfully exploited for the synthesis of mesoporous silica materials with D-
glucose as a nonsurfactant pore-forming agent in the sol gel reactions,'®’ to produce self-

68

assembled polymer nanotubes in water,'®® self-assembled chiral organogels from achiral

169
1

hydrogen bonded hydrazide foldamers by induction of chiral > produce self-assembled free-

standing air-water interfacial ZrO, films.'®

The preparation of superior quality
inorganic/organic nanostructures using surfactant-templated self assembly became popular
since the emergence of nanotechnology. The crystalline metallic oxide/surfactant hybrid films
prepared by surfactant-templated self assembly exhibit periodic nanostructures with different
curvatures.'® Earlier studies revealed that the glucose molecules are associated with SDS
through hydrogen-bonding interactions.'® Depending on the ratio of glucose to SDS, different
architectural packings are possible. The X-ray diffraction and high resolution transmission

electron microscopy studies showed that Glucose-SDS template can form lamellae

structures.'®® The recent simulation and vibrational sum frequency studies show that at the
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oil/water interface, SDS head group is surrounded by water molecules while the hydrophobic
tail part is in a disordered state and partially in contact with water, 142

Before the introduction of glucose, the SDS molecules adsorb at the droplet surface with the
negatively charged head group exposed to water. The co-ions with negative charge and the
counter ions with positive charge form an electric double layer.” For ESD0.8 with 1.3mM (30
mM) of glucose, the numbers of SDS and D-glucose molecules are 4.818 x 10* and 7.34 x 10%°
(1.8 x 1022), respectively. This means that even at the lowest D-glucose concentration, more
than one SDS molecules/glucose is present in the system. At 5 mM D-glucose, the ratio of D-
glucose to SDS molecule is 7, which increases to 37 at 30 mM. The force-distance curves show
that the k™' increases from 6 to ~10 nm as the concentration of D-glucose is increased from 1 to
30 mM, where the magnitude of force decreases from 2 x 10° to 4.5 x 10"°N. This means that
the association of SDS with D-glucose gives rise to a more diffused overlapping double layer
(i.e. less screening effect). As the minimum interdroplet spacing is much larger, the short-range

forces such as Van der Waals forces and structuring forces do not have any dominant

contributions to the force profiles.

Based on the observed Bragg peak shift, force-distance profile data, and the HRTEM/XRD
studies on glucose-SDS complexes, the possible architecture of glucose-water-SDS at the
emulsion interface is schematically shown in Fig. 5.5. The glucose molecules interact with
SDS via hydrogen-bonding and the association of glucose-water- SDS leads to a stretched

lamellae like structure,'®

that eventually increases the inter-droplet spacing leading to a red-
shift in the Bragg peak. Of course, more systematic simulation and experimental studies are

necessary to fully unravel the exact architecture of the self assembled structures. As emulsion
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shows a linear change in the peak wavelength in the concentration range of 0.243 to 25 mM, it
offers an ideal condition for diabetic glucose detection. Owing to the smaller droplet size, the
typical response time of the emulsion is ~1.5 sec, which is quite rapid compared to many solid

state sensors which is another advantage of the present approach.

12

-
o
T

700
Wavelength (nm)

Figure 5.5 Schematic representation of droplet without (left) and with D-glucose bound on
droplet via SDS and water molecules (right) along with the Bragg peaks and the enlarged view

of glucose —water-SDS complex at interface (bottom).
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5.4 Application of Magnetic Nanoemulsions in Defect Detection

Inspired from the magnetic field tunable diffraction of visible wavelengths by magnetic
nanoemulsion, a novel naked eye magnetic field sensor for visualizing buried defects of
different morphologies and dimensions in ferromagnetic structures is developed. Detection of
defects in materials or components in a non-destructive manner is popularly known as
Nondestructive testing (NDT). It is very important for many industries in ensuring safety of
machines and components, productivity and unexpected shutdowns. Several traditional NDT
techniques have been established, yet new ones that are user friendly, rapid, compact, non-
contact, highly sensitive and cost effective are being developed. Among magnetic testing of
components, magnetic flux leakage (MFL) has been one of the popular techniques for defect

detection in ferromagnetic materials, due to their simplicity and ease in usage.'”*""*

The presence of a defect or crack or inclusion causes a sudden local change in the magnetic
permeability that results in a flux leakage around the defective region. To detect such defects
and to quantify their features such as morphology, dimension and location within the
material, the leakage field near the defect is detected by a magnetic field sensor such as Hall

probe, flux gate sensor, magneto-diode, search coil, magnetic particle, Forester micro

175-178 179

probe. Recently, new magnetic sensors such as SQUID, Giant magneto resistance
(GMR),"**1¥! giant magneto impedance (GMID)'®*'® and anisotropic magneto resistance
(AMR)'™ have been used to detect the defects with high sensitivity. Magneto optic (MO)
sensors which work on the Faraday’s rotation change with the MFL also appear as attentive

and sensitive for visualization of defects.'®'* In MFL techniques, the raw data needs to be

processed along with computationally intensive numerical modeling to obtain accurate
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information on the defect shapes, dimension and the location within the test components.
Analytical models are fast and simple but less accurate because of many approximations used
in the calculations. Whereas numerical models are accurate but they are computationally
expensive.'” These problems associated with conventional MFL techniques warrant the need
for more reliable, simple, cost effective and sensitive techniques for detection of leakage of
magnetic flux in ferromagnetic components and structures. Towards realizing this goal, here
a new methodology to detect defects of different morphologies to quantify the defect shape,
location and dimensions is developed. The new approach is tested and validated in specimens

with artificial defects of different geometries.
5.4.1 Theoretical Background

Prior knowledge about the MFL profile of a defective region is useful for interpreting the

| 171, 174, 188-196 187, 197-206

defect features. There are several analytica and numerical models to
predict the magnetic flux leakage from a defective region. Although Zatsepin and
Shcherbinin  model, **” based on magnetic line and surface dipoles, yields reasonably
good results with respect to experiments, it cannot be readily adapted for overlapping defects
and defects of different morphologies. In such cases, finite element approaches are ideal

for the analysis of defects of different morphologies.'”™ ***

We use the simple analytical
approach of Uetake-Saito'” to obtain the MFL profiles for testing our experimental results.
The magnetic flux leakage originates from magnetic reluctance of the defective region
where the magnetic permeability is much lower than that of the sound region. According to a

simple dipole model, normal components of the leakage flux from rectangular defect with

depth Y, and width / is given by, 209
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H 2 2 _ 2, 2
p =g G2 e V) Y (2 4y 5.1)
2\ (=120 +(y+Y,)* \(x+1/2)* +y
where, ‘H,’ is the field inside the defect for an applied field “ 4, and is given by,
2Y,/1+1 (52)

SRUPP AT
Here, the tangential and normal components of the leakage fluxes are calculated with an
assumption that the surface charge density on the faces of the defect is a constant. The origin
of the x-y coordinate axes is at the center of the top surface of the defect. It should be noted
that the tangential component of leakage flux peaks at the center of the crack and falls to zero
at the defect edges. Zhang et al.,"”' has developed analytical expressions for magnetic
leakage field of two types of internal defects by taking into consideration the magnetic
image effects from the spatial boundary and the defect boundary using the modified
dipole model and image theory. We use the modified dipole model for adjacent parallel
surface slots to obtain the leakage field profile. The schematic representation of the two
adjacent defects geometry is shown in Fig. 5.6. The depths and widths of slotl, slot2 and the
separation between the two adjacent slots are y;, y», I;, [, and 2/, respectively. According to
the modified dipole model, the normal component of the two leakage fields from two

parallel surface slots are given by,

1n(x+lg)2+(y+y1)2 1n(x+ll+lg)2+(y+yl)2

H x+l)y 4y x+L+1) +y°
g (x+1,) +y (x+h+1,) +y 5.3)

Do Lol )’ () ()

(x_ZIZ_lg)2+y2 (x_lg)2+y2
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Figure 5.6. Schematic representation of adjacent cylindrical slots (defects).
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Figure 5.7 Calculated normal component of leakage field profile (a) rectangular slot and (b)

for two adjacent cylindrical slots.

The normal component of leakage field profile for a rectangular slot defect and two adjacent

cylindrical slots, calculated using Eqn. 5.1 and Eqn. 5.3 respectively, is shown in Fig. 5.7.
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5.4.2 Experimetal Setup
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Figure 5.8 Schematic representation of typical experimental setup used for magnetic leakage

field measurement and defect imaging with nanoemulsion.

Figure 5.8 shows schematic representation of a typical experimental setup for leakage field
measurement and defect imaging. The specimens were magnetized using a DC magnetic
yoke. The normal component of leakage flux around the defect were measured at a constant
lift-off distance of 1 mm, using a hall probe. The specimen was first magnetized with an
electromagnetic yoke and then the thin film sensor head was placed on the rear surface, at a
constant lift of distance of Imm. The color pattern on the sensor was recorded using a digital
camera or observed with the naked eye. The color patterns in the sensor were analyzed more

carefully to assess the severity of the defects. The sensor is scanned across the specimen
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surface to map the MFL profile across the entire specimen. To understand the correlation
between the colour pattern and the leakage field from different specimens, the MFL values

are measured with a Hall probe.

5.4.3 Sensor Head Fabrication and Specimen Details

Nanoemulsion is sandwiched between two optically transparent (microscopic) glass slides. A
spacer of 300 um thickness is used to achieve desired uniform gap. The sides of the cells are
sealed to avoid seepages, moisture trapping and contamination of emulsion with foreign

particles from outside.

Gap between

Specimen Width/Diameter (mm) Depth (mm) slots 21, (mm)
Slotl Slot2 Slot1 Slot2

S1(two cylindrical) 5 10.5 8 7.5 5
S2(rectgngular, 3 65 4 2 2
cylindrical)

S3a (rectangular) 0.5 - 2 - -
S3b (rectangular) 0.5 - 3 - -
S3c (rectangular) 0.5 - 4 - -
S3d (rectangular) 0.5 - 5 - -
S4(rectangular) 3 - 4 - -
S5 (cylindrical) 10.5 - 5 - -

Table 5.1 Details of the specimens used in the studies. The specimen dimension in all cases

(LxBxT) are21 x4.5 % 1 (cm).
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Mild steel plates 50 mm length, 25 mm width and thickness of 10 mm with several well
defined defect dimensions and shapes were fabricated for the test. The different defect
geometries used for the study and their dimensions are listed in Table 5.1.

5.4.4 Nanoemulsion Sensor Response
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Figure 5.9 Schematics of the specimens S1-S3a-d (a, ¢ and e) and the corresponding
photographic images of nanofluid sensor (b, d and f-i), respectively. (f-1) are S3a, S3b, S3c,
S3d, respectively. The defective regions of each sample are encircled in the photographic

images.

Fig. 5.9 a-i show the schematics of the specimen S1, S2, S3 (a-d) and the corresponding
photographic images of the nanofluid sensor response. The sensor exhibits a natural color of
brown (without MFL) due to the presence of iron oxide nanoparticles in the oil droplets. The
defective region of each sample is encircled for clarity. On both sides of the defect, a color
spectrum is observed due to the leakage of the magnetic flux around the defects. The centre

line on the colour pattern was straight for the rectangular slot and semicircular pattern for the
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cylindrical slot. Fig. 5.9e shows the photograph of the specimen S3 (a-d) and the
corresponding sensor images are shown in Fig. 5.9f-i. The defects are clearly discernible
from the images, though color contrasts were not very clear. This is mainly due to the lower
leakage flux, owing to the smaller defects present and the larger remnant thickness of the

specimens. However, the defect centre was very clearly discernible from the image.

In brief, a new approach to image and visualize defects buried inside ferromagnetic components
is established. Colour pattern from MFL induced self-assembly of nanoemulsion is unique for
different defect morphology which enables a user friendly and a naked eye defect detection
approach. As the color pattern in the sensor is totally reversible, the sensor is reusable. This new
approach will have potential applications in simultaneous inspection of large area ferromagnetic

components and structures.

5.5 Conclusions

The optical properties and intermolecular interactions in magnetically responsive oil-in water
nanoemulsions in the presence of an anionic surfactant and D-glucose is studied. The Bragg
reflected light intensity from the emulsions at a fixed magnetic field strength shows that the
equilibrium interdroplet distance between the emulsion droplets in the 1D array is increased
by several nanometers in the presence of glucose because of intermolecular hydrogen
bonding of glucose with sodium dodecyl sulphate molecules at oil-water interface. The
intermolecular hydrogen bonding of glucose with sodium dodecyl sulphate molecules at oil-
water interface gives rise to stretched lamellae like structures that un-screen the overlapping
double layer, thereby increasing the onset of repulsion and the decay length significantly.

The observed large red shift in the diffracted Bragg peak (~80 and100 nm) and the linear
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response in the glucose concentration range of 0.25-25 mM offer a simple, fast and cost

effective non-enzymatic approach for glucose detection.

A new approach to image and visualize defects buried inside ferromagnetic components by
using magnetically polarizable nanoemulsion has been demonstrated. Leakage magnetic flux
induced self-assembly of nanoemulsion, causes visible colour patterns in the sample. Defect
dimensions can be quantitatively extracted from the RGB profile analysis. The extracted
defect widths are in good agreement with the magnetic flux leakage measurement. As the
color pattern in the sensor is reversible, the sensor is reusable and allows inspection of large

area specimens.
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Chapter VI

; Probing of Competitive Displacement Adsorption of Casein at Oil-in-

Water Interface using Equilibrium Force Distance Measurements

6.1 Introduction

Understanding the nature and reversibility of competitive displacement adsorption of
smaller molecules at interfaces covered with macromolecules is important from practical
applications point of view.”'® Such competitive displacement adsorption provides a unique

2 As the competitive interactions between different

possibility to reuse adsorbents.
adsorbing species determine the stability and product life time, several studies have been
carried out on the interaction of protein-with other molecules at air-water and oil-water
interface.”> 2% The recent neutron reflectivity studies show that a synergistic interaction
between certain nonionic surfactants and proteins can lead to spontaneous self-assembly at

222

the air—water interface to form layered surface structures.”” Such protein-anionic surfactant

interactions can also effectively be used to tune electrostatic interactions.”>

The protein adsorption at oil/water interface is important in manufacturing industries such as,
pharmaceutical, food emulsions.®® #* 2627 Milk proteins are used as a stabilizer in food
hydrocolloids because of their exceptional amphiphilic nature and stabilizing properties.”*
228229 1n bovine milk, casein consists of four major proteins, o -casein, op-casein, B-casein
and k-casein, which are known to adsorb rapidly at the oil-water interface and provides

228, 230-231

stability via  electro-steric stabilization. ag-casein and B-casein are the major

content (~75 %) of milk casein.”® The average molecular weight of B casein is ~ 24 kDa
g g

232

with a net charge of -15e at neutral pH.”~ B-Casein is an unstructured protein and has no

internal covalent crosslinks and has 209 amino acid residues and the non-uniform distribution
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of hydrophobic and hydrophilic residues gives rise to a distinctly amphiphilic molecular

#2233 B.Casein possess a strong negative charge with four of the five

structure.
phosphate groups being located at the N terminal end between amino acid residues 13
and 21.7* The average molecular weight of oy is ~23.5 kDa with a net charge of -22e at
neutral pH.?* »* g casein is also amphiphilic with non-uniform and more randomly
distributed 199 hydrophobic and hydrophilic residues than that of p-casein.”” B-casein is
more hydrophobic and surface active than oy casein.’ The casein resembles a block
copolymer with alternating charge and hydrophobicity i.e., a charged phosphopeptide loop
and a hydrophobic train.”> g -casein has N-terminal hydrophobic train, followed by a
charged loop and a final C-terminal hydrophobic train.**® The k-casein micelle diameter is ~

23 nm and consists of approximately 30 monomers and the CMC value varies from 0.02-

0.05 wt% .27

The stability aspects of protein stabilized emulsions, under various conditions like
‘[empera.ture,238 pH,233 cations® and biochemical environment,*'® ?*?*° have been studied in
food hydrocolloids. In general, the polymer adsorption at solid interfaces is strongly

influenced by solution properties such as pH and ionic strength.**!

The experiments suggest
that the ionizable character of silica plays a key role in the adsorption of neutral polymer
chains.** Though nonionic polymer adsorption (e.g., poly (ethylene oxide) and poly (N

vinylpyrollidone)) onto charged solid surfaces in water have been widely studied,

measurements at oil-water interface are limited.>**2%

An understanding of competitive displacement adsorption is important for extending the

shelf life and reuse of many products such as pharmaceutical formulations, drug delivery
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globules, cosmetics, paints, detergents and pesticides. Despite intense research on protein
adsorption behavior at interfaces, the understanding is still vague because of the complex
interaction between the protein molecules and surfaces through Van der Waals, electrostatic,
hydrophobic, and hydrogen bonding interactions. Measurement of interaction forces in
presence of adsorbing species at a solid interface is carried out using atomic force
microscopy”" and surface force apparatus.”* Here an attempt is made to obtain better insight
into these complex interactions between proteins and oil-water (O/W) interface in presence
of diblock polymer mediation using in situ colloidal force measurements. Towards this goal,
the competitive displacement adsorption efficiency of casein at an oil-water interface
stabilized with either negatively charged surfactant or neutral polymer is probed by
employing intermolecular force, zeta and hydrodynamic diameter measurements. The
questions tackled from this study are the following. (a) Can casein proteins be effective in
displacing adsorbed diblock copolymers from O/W interface? (b) How casein-diblock
polymer interaction affects the force parameters and stability of O/W emulsions? (c) What is
the effect of polymeric size on nature of forces during and after competitive displacement

adsorption?
6.2 Materials and Methods

To study the effect of surface charge and casein interaction, ESD(.8 emulsion is used. To
study the effect of adsorbed polymer and casein interaction, EPVA40 and EPVAIILS
emulsions are used. The sample preparation and material details are provided in Chapter II.
ESDO0.8, EPVA40 and EPVAI15 emulsions were characterized for the hydrodynamic size and

zeta potential using dynamic light scattering and electrophoretic mobility measurements,
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respectively. The average hydrodynamic sizes of ESD0.8, EPVA40 and EPVAI15 emulsions
are found to be 190, 293, 500 nm, respectively and the corresponding zeta potential values
were -46, -14 and -2 mV, respectively. The force profiles measurements were done at 25 °C.
6.2.1 Casein Preparation

Pasteurized cow milk (fat ~4.5 g/100 g, protein ~2.9 g/100 g, carbohydrate ~4.9 g/100 g and
calcium ~114 mg/100 g) is used to prepare casein. In cow milk, casein comprised of 80 % of
the total protein and the remaining protein components are o-Lactalbumin, B-lactolobulin,
serum albumin, immunoglobulin and other proteins. Casein is extracted from skimmed
milk.** Whole milk is centrifuged at 6000 rpm for 20 minutes to remove fat (due to its
lower density it forms a cream layer). Then the pH of the skimmed milk was brought down to
pH 4.6, the isoelectric point of casein where the casein starts precipitating and the filtrate (a-
lactalbumin and B-lactoglobulin, Bovine serum albumin) is called as whey protein. Casein
was separated from whey proteins by filter paper. The other possible residuals a-lactalbumin
and B-lactoglobulin do have tendency to adsorb at the interface, however B-casein o, have
more preferential adsorption than other proteins.”>**' The concentration of the isolated
casein as obtained by thermo gravimetric analysis is 4.2 wt%. From the concentrated casein,
the desired wt% is prepared by diluting it in milliQ water. The isolated casein is
characterized by hydrodynamic diameter and electrophoretic mobility measurements.

6.2.2 Force Distance Measurements

Typical experimental setup and working principle of magnetic chaining technique used for
probing the intermolecular interactions between the magnetic emulsions at nano scales in the

presence of casein is discussed in detail in Chapter I1.

6.3 Results and Discussion
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6.3.1 SDS Stabilized Emulsion-Casein Interactions
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Figure 6.1 The distribution of (a) hydrodynamic diameter and (b) zeta potential values of
0.42 wt% casein. The average values of hydrodynamic diameter and the zeta potential
values are found to be ~120 nm and -40 mV, respectively at pH 6.69. The schematic

representation of casein micelle is shown in the inset of Fig. 6.1a.

Fig. 6.1 shows the hydrodynamic diameter and zeta potential of pure casein. The average
hydrodynamic diameter and the zeta potential values are found to be ~120 nm and -40 mV

at a pH value of 6.69, respectively, which is in agreement with the reported values.**’

To study the casein interaction at a negatively charged interface, the initial emulsion is
washed and stabilized with 0.8 mM of SDS (ESD0.8). Because of the adsorbed DS’ head
group at the oil-water interface, droplet surface is negatively charged and this was evident
from the negative zeta potential (-35 mV) observed in ESD0.8 emulsions. The molecular
dynamic simulation and sum frequency studies shows that SDS head group is fully

surrounded by water molecules and the SDS alkyl tail is in contact with oil, where at least
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two chain defects are needed to bend the alkyl tail towards the surface.'** Fig. 6.2 shows the
force distance profile ESD0.8 emulsion at different casein concentrations ranging from 0 to
0.0033 wt%. The reported value of casein CMC is 0.05 mg/mL. The force profile at zero
casein concentration decays exponentially with the interdroplet distance, where the decay
length is found to be 8 nm, which is comparable to the theoretical Debye length (~10 nm) for
0.08 mM SDS. With increase in casein concentrations, the force profiles are akin to that of
the one stabilized with SDS but with slightly different slopes, onset of interaction and
magnitude of force. From the best fit obtained from the electrostatic repulsion equation Eqn.
1.30 (solid lines in Fig. 6.2), we extracted three parameters: magnitude of force decay or the
pre-exponential factor (K) dictated by the surface potential, Debye length (x') from the
slope of the curve and the first interaction length or onset repulsion (2L,), corresponding to
the distance at which magnitude of force is 2x10"°N. The x'decreases from 8 to 7 nm as
the casein concentration is increased from 0 to 0.0033 wt% and the 2Ly is found to decrease
from 67 to 57 nm in the above concentration range. For all the casein concentrations, the
force profiles are repulsive in nature and decay exponentially with interdroplet distance.
Without casein, the observed decay length of 8 nm was close to the theoretical decay length
value for SDS (0.8 mM). The radius of gyration R,, of B-casein micelles is about 12 nm.>’
As the concentration of casein used here is much lower than the CMC value of casein, free
micelles are not present in the emulsion. The decay length comparable to the decay length at
0.8 mM SDS shows that the O/W interface is still intact with SDS molecules. However, from
the force measurement data, we cannot completely rule out the possibility of the absence of

some casein molecules at O/W interface.
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Figure 6.2 Force distance profiles at different casein concentrations for £SD(.8 emulsion.
The solid lines correspond to fit on the experimental data using electrical double layer

repulsion equation (Eqn. 1.30).

The amphiphilic behavior with high proportion of non-polar and polar residues of casein

20 Recent Monte Carlo simulation

seems to enable them to adsorb at the oil-water interface.
study show that the unstructured P-casein adsorb on to both positively and negatively
charged surfaces through several interactions such as direct electrostatic, hydrophobic
interactions, structural rearrangement and charge regulation due to proton uptake and

252

release.” With increasing casein concentration up to 0.0023 wt%, the droplet starts

interacting at shorter interdroplet spacing than the SDS stabilized interfaces.
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For a thin electrical double layer, ka > 5, (for 0.8 mM SDS, xa = 9.34), the electrostatic

repulsion as a function of distance is given by Eqn. 1.30.%

By increasing casein
concentration from 0 to 0.0033 wt%, the range of repulsion is found to be decreasing while
the magnitude of force decreases slightly from 1.15 to 0.95 nN. The observed repulsive
nature with increasing casein concentration indicates that some casein molecules may form a
patchy coverage at the interface and increases the surface charge of oil-water interface
through hydrophobic interactions as reported by Evers et al.,.”* Similar force profile was
observed with increasing SDS concentration, where the added SDS monomers co-adsorbs at
the interface and screen the surface charges, resulting in a reduction in the onset of

repulsion.® With increasing casein concentration beyond 0.0023 wt%, the force-distance

profiles did not show much change.

The measured autocorrelation function, hydrodynamic diameter and zeta potential for
ESDO0.8 emulsion (pH 6.24) at different casein concentrations are shown in Fig. 6.3. The
hydrodynamic diameter of emulsion droplets varies slightly from 190 to 192 nm as the casein
concentration is increased from 0 to 0.005 wt%. However, a drastic reduction in the zeta
potential from -45 to -30 mV is observed when 0.005 wt% of casein is incorporated in the
emulsion. Here, the variation in the zeta potential and hydrodynamic diameter of the mixed

dispersion roughly follow the superposition of size/zeta distribution.
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Figure 6.3 (a) Autocorrelation function of scattered light (inset shows an enlarged view at

shorter time interval) for ESD0.8 emulsion at different casein concentrations (pH6.24). (b)

Hydrodynamic diameter (open symbols) and zeta potential (solid symbols) for ESDO0.8

emulsion at different casein concentrations.
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6.3.2 PVA-Vac Stabilized Emulsions—Casein Interactions

To study the effect of casein adsorption on the intermolecular forces between the polymer
stabilized droplets, the emulsion is stabilized with 0.6 wt% of PVA-vac of two different
molecular weights. The hydrophobic Vac goes into the oil phase and the hydrophilic PVA
extends into water. Due to finite size of confined segments (excluded volume effect) and
hydration layers, the steric force magnitude and range can be much greater than 10R,, in
aqueous solutions.” Fig. 6.4a shows the force distance profile for EPVA40 stabilized
emulsion at different casein concentrations. At all the studied casein concentrations, force
profiles decay exponentially with interdroplet distance. The force profile without added
casein is taken as a reference curve, which decays exponentially. It has been shown that the
force profile between polymer covered particles is repulsive and can be represented by Eqn.
1.37.7% From the best fit to the equation, we have extracted three parameters, decay length
(A,) from the slope and the 2L, or the first interaction length and magnitude of force (K)
which is dictated by the adsorbed polymer layer. Without casein, the characteristic decay

length A,= 7.5 nm, which was close to the unperturbed R, value of free polymer, was
measured using viscometry (~ 8 nm). With the addition of 0.004 wt% of casein, the A4,
decreases from 7.5 to 7 nm. The A, values were 6, 5 and 4.5 nm for 0.016, 0.054 and 0.14

wt% casein, respectively. Interestingly the 2L, decreases drastically from 77.5 (~10 R,) to 57
nm (~7 R,) when 0.14 wt% casein was present in the emulsion, where the force magnitude

also increases from 10 to 30 nN with casein.
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Figure 6.4 Force distance profiles at different casein concentrations for (a) EPVA40 and (b)
EPVAII5 emulsions. The arrow indicates the increase in casein concentration. Solid lines

correspond to the theoretical fit to the Eqn. 1.37.
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Fig. 6.4b shows the force distance profile measured at varying casein concentration for
EPVAIl5 nanoemulsion. The force distance curves were exponentially decaying with
interdroplet distance, though slight deviations are observed at higher casein concentrations.

Without casein, 4, = 10.5 nm, which is close to the unperturbed Rg value of PVA-Vac 115K

and this was measured from viscometry (~12 nm). The decay lengths were 9.8, 7.4, 6.7, 6
and 4.5 nm for 0.004, 0.008, 0.016, 0.029, 0.096 and 0.14 wt% of casein, respectively. In
this concentration range, the onset repulsion decreases from 88 (~7.3 Ry) to 48 nm (~4 R,),

where as the magnitude of force increases from 1 to 19 nN.

Figure 6.5 shows the change in 2Ly, 4, and K as a function of casein concentration. Both
EPVA40 and EPVAII5 emulsion A, and 2L, values decrease with casein whereas an

increase in the force magnitude is observed. The significant diminution in the 4, and 2L,

value suggests that the adsorbed polymer is replaced by casein through competitive
interaction. If the polymer remains at the interface along with the casein molecules, the decay
length would not have reduced to 4.5 nm. The increase in force magnitude with casein
concentration suggests that the casein volume fraction at the droplet interface also increases.
As expected, such adsorption of casein molecules at an interface leads to an electrostatic
repulsive force due to the negative charges of a5 and B casein ( -22 e and -15 e,
respec‘[ively).254 To understand the competitive displacement adsorption phenomena, we
have carried out zeta potential measurements in EPVA40 emulsion at different casein

concentration.
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Figure 6.5 (a) First interaction length (2L), (b) decay length (A1,) and (c) force magnitude

(K) for EPVA40 (square) and EPVAI15K (sphere) as a function of casein concentration.

Fig. 6.6 shows the autocorrelation function, hydrodynamic diameter and zeta potential for
different casein concentration for EPVA4( emulsion. All the measurements were carried out
at 25 °C and the result plotted is the average of 45 measurements. The average hydrodynamic
diameter of the emulsion droplets with 0, 0.01, 0.02, 0.04, 0.07, 0.14 and 0.21 wt% casein are

295, 284,280,270, 264, 244 and 189 nm, respectively.
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Figure 6.6 (a) Auto correlation function as a function of time at different casein

concentrations (b) hydrodynamic diameter (open symbols) and zeta potential (solid symbols)

for EPVA40 emulsion (pH 6.53) as a function of casein concentration. The arrow (in Fig.

6.6a) indicates the increase in casein concentrations.
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Up to 0.04 wt% of casein, the hydrodynamic diameter distribution was narrow and
monomodal but on further increase in casein concentration, the distribution became broad
(100-300 nm), though the peak remains monomodal. The significant reduction in the
hydrodynamic diameter (~ 120 nm less) with 0.21 wt% of casein, unambiguously confirms
the competitive adsorption of casein by displacing the adsorbed polymer molecules at the oil-
water interface. Obviously, such displacement of adsorbed polymers should lead to a
reduction in the 2L, values due to absence of extended polymer trains, loops and tails from
the O/W interface, which is in excellent agreement with our results. To confirm this further,
we have carried out the zeta potential measurements with different casein concentration and
the results are shown in the Fig. 6.6b. Though the oil-in-water emulsion droplets are washed
and incubated with polymers, some residual negative charges are present at interfaces due to
the usage of anionic surfactant during the emulsification process, which gives rise to the
observed negative zeta potential value of ~ -15 mV (pH 6.53). When casein concentration is
increased to 0.01 wt%, the zeta potential value increases to - 26 mV and remains constant
thereafter. Among the four major protein components og;-casein, ag -casein, k-casein and -
casein, o041 — casein and - casein are the main individual components coexisting at oil-water
interfaces.” Our results are in good agreement with the earlier findings that both o-

. . . . . 214,235
casein and [ -casein molecules can absorb strongly and coexist at oil-water interfaces.” ™

Therefore, the adsorption of casein molecules at the O/W interface by replacing the pre-
adsorbed PVA-vac molecules is evident from the increase in the zeta potential and the
decrease in hydrodynamic diameter with increasing concentrations of casein. From earlier
studies, it was concluded that the adsorbed B -casein has an extended long tail in aqueous

medium, whereas the og-casein forms a short loop at the interface and the interaction
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between P -casein adsorbed interfaces is strongly repulsive at all ionic strengths due to

230, 255-256 o .
’ The net repulsive interaction

contributions from steric and electrostatic forces.
observed in the present study shows that the B -casein adsorbed at the oil water interface

contributes to the repulsion, as the interaction between og-casein covered interfaces is

attractive.

Fig. 6.7 shows the hydrodynamic diameters of pure casein, ESD0.8 without and with casein,
EPVA40 emulsion without and with 0.21 wt% casein. The average hydrodynamic diameter of
pure casein, £SD0.8 and EPVA40 emulsion are 115, 190 and 294 nm, respectively. On
addition of 0.21 wt% casein, the average hydrodynamic diameter of EPVA4(0 emulsion is
reduced and the distribution becomes broader. Here, the average diameter was 190 nm, with
a distribution ranging from 100 to 300 nm. No change in the hydrodynamic diameter is
observed on adsorption of casein at ESD(.8 emulsion. The larger hydrodynamic diameter
distribution for EPVA40 with casein shows the conformational changes of adsorbed PVA-
vac, which originally forms a loop-train-tail conformation where the vac part of the
polymer chains remain inside the oil core and the PVA segments form a thick adsorbed
layer and extend into the solution as loops and tails. Here, some loosely bound polymers
may bind to other free polymer coils through casein linkers. The observed variation in the
hydrodynamic diameters with different additives and adsorbing moieties can also be

explained in terms of the mixing of two different sizes.
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Figure 6.7 Hydrodynamic diameter distribution of casein, ESD0.§ emulsion without and

with 0.004 wt% casein, EPVA40 emulsion without and with 0.21 wt% casein.

Why do the low molecular weight casein molecules displace the pre-adsorbed PVA-vac and
adsorb at the oil-water interface? It is known that the competitive displacement adsorption at
an interface pre-adsorbed with polymer chains can be initiated by smaller or chemically
different displacer molecules where the conformation and the nature of interactions between
surfaces and polymer chains, surfaces and solvents, and solvents and polymer chains
are the important parameters influencing such competitive displacement adsorption.”’

Casein has a disordered structure, which resembles a random coil polymer.**
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Cohen Stuart et al.*®® showed that the complete displacement of adsorbed polymer by the
displacer molecule is favorable, if the desorption energy of the displacer molecule is greater
than or equal to the adsorption energy of the polymer segment, which was derived from the

critical displacer concentration, ¢, , at which the polymer surface excess just vanishes.

According to theory, the displacer adsorption energy is given by, ***>*

Zspd = ]‘n¢cr+Zm - /Ilzpd - (1 _¢Ll")(1 - /Il )AZ @ (61)

where, A, represents the fraction of contacts thata lattice site makes with sites in one

do

of the adjoining layers and Ay“ is the combined solvency parameter defined as,

do

Ay =" =" =x") (6.2)
The superscripts of the y -parameters ‘po’, ‘pd’ and ‘do’ correspond to the contact free
energies between polymer and solvent, polymer and displacer, and displacer and
solvent, respectively. The adsorption of flexible polymers at interfaces is governed by the
free energy of mixing of polymer and solvent, represented by Flory-Huggins parameter,

and the free energy associated with the formation of polymer-surface contacts and the

concomitant breaking of solvent-surface contacts.

The hydrodynamic diameter and zeta potential data suggest that a very low concentration of
casein (0.01 - 0.2 wt%) is sufficient for the complete displacement of adsorbed polymers (~
0.6 wt%) from the O/W interface. The force measurement, hydrodynamic diameter and zeta
results suggest that casein form a patchy coverage on SDS covered O/W interface whereas

they vividly adsorb at O/W by displacing the larger PV A-vac polymer molecules.
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6.3.3 Proposed Interaction Mechanism
Based on our results, the conformation of polymer, surfactant and casein at O/W interface
along with the experimentally obtained Bragg peak positions at various concentrations of

casein are schematically represented in Fig. 6.8.
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Figure 6.8 Bragg peak at different casein concentrations at a fixed magnetic field of 126
gauss and the schematic representation of B-casein and o4 casein conformation at the oil-
water interface. (a-c) Diffraction peak at 0, 0.00091 and 0.0033 wt% casein (d-f) and the
corresponding schematic representation of the interdroplet spacing. (g-i) & (j-1) shows
diffraction peaks at 0, 0.054, 0.14 wt% casein and the schematic representation of casein

conformation at PV A-vac interface.
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Fig. 6.8 a-c show the diffraction peak without and with different casein concentrations in
SDS stabilized emulsion and (d-f) shows the corresponding changes in the interdroplet
spacing. With increasing concentrations of casein in the dispersion, casein molecules form a
patchy coverage at O/W interface due to the hydrophobic interactions.”” Fig. 6.8 (g-i) show
the diffraction peak without and with different casein concentrations in PVA-vac stabilized
emulsion and (j-I) shows the corresponding changes in the interdroplet spacing. With
increasing concentrations of casein in the dispersion, casein displaces PVA-vac and adsorb
at the O/W interface. Our equilibrium force, hydrodynamic diameter and zeta potential
results suggest that casein molecules are excellent displacers for replacement of adsorbed

macromolecules at O/W interface.
6.4 Conclusions

The competitive displacement adsorption of casein at polymer stabilized O/W emulsion
droplet interface has been studied using in situ equilibrium intermolecular force
measurements. A significant change in the force distance profiles under competitive
displacement adsorption of casein at an O/W interface is observed. With addition of casein in
PV A-vac diblock polymer stabilized emulsion, the onset repulsion decreases from 88 to 48
nm whereas the force decay length (~10.5 nm) is reduced to 4.5 nm upon the addition of
casein, which provides unambiguous evidence for the replacement of extended polymer coils
by smaller sized casein molecules. The hydrodynamic diameter and zeta potential results,
corroborate the observed casein mediated polymer displacement and adsorption of casein at
O/W interface. In the case of anionic surfactant covered interfaces, a feeble change in the

onset of repulsion and force profiles are observed, which suggest that some casein molecules
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coexist with the surfactant covered O/W interface. Our results suggest that the casein
molecules are effective displacers for replacement of adsorbed macromolecules from
emulsion interface, which may find several important practical applications for reuse of

formulations.
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7 Role of Ionic Structure on the Adsorbed Macromolecular Conformation at

Oil-Water Interface

7.1 Introduction

Adsorption and conformation of polymers at different interfaces in the presence of ions that
are common in natural environments are very important from practical application point of
view (e.g. colloidal assembly, protein folding, enzyme activity, bacterial growth and
transport across membranes, etc.) and have been an area of intense research both
experimentally and theoretically over the last four decades.?'” 2**2 The tremendous interest
in such studies stems from the biological implications of specific ion effect in living systems,
which is abundant with macromolecular assemblies containing amphiphilic molecules and
water.”2% The specific ion effects and hydrophobic effects greatly influence the membrane
formation, interfacial contact thickness, and stability of structures.’%® Also, hydrated
highly charged metal ions play critical roles in mineral formation and extraction, biochemical
reactions and in the transport of toxic materials.”® The understanding of specific ion effects
is still elusive because of complicated solvation structure near interfaces.”® The recent
advances in high-resolution atomic force microscopy with atomic level precision made it
possible to directly visualize the adsorption of various ions to solid surfaces in contact with

270
aqueous electrolytes.

The indirect techniques such as attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy and vibrational sum frequency spectroscopy
(VSES) have been extensively used to study the association between different molecules,

and the chloride salts of different valencies in bulk solution.”*® In addition, X-ray

photoelectron spectroscopy,”’’ second harmonic (SH) generation,”® resonant SH reflection’”?
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. 264, 273
and sum frequency generation™

measurements have been used to probe the interfacial
structures in the presence of various ions. Recently, the effect of anions on the phase
behaviors of a triblock copolymer was investigated with an automated melting point
system.274

As polymers along with other additives (e.g., surfactant, nanoparticles and cations of
different valencies) are used as stabilizers and rheological modifiers of industrial
formulations (e.g., food, pharmaceuticals, personal care products, cosmetics ), it is important
to understand the intermolecular and surface forces between interfaces, adsorbing polymers,
solvent molecules and other additives. Irrespective of intense research efforts, the
experimental data on macromolecular conformational changes at interfaces in the presence of
specific ions is limited mainly because of the lack of experimental tools and the very
complex intermolecular and surface forces between macromolecule covered interfaces.””
The phase behavior and the stability of colloidal dispersions are strongly influenced by
adsorbing moieties such as cations, anions and neutral materials.'” 7 Measurement of
interaction forces such Van der Waals, electrostatic, steric, hydrophobic, and hydrogen
bonding provide better insight into the complex interaction between various components in
aqueous dispersions. Although the effect of surfactant and free polymers on inter surface
forces between polymer adsorbed droplets are studied,”” **** the effect of cation valency on
forces between polymer covered O/W interfaces is not studied.

Here we report the effect of cation valency on the intermolecular force between neutral
polymer stabilized emulsion droplets using magnetic chaining technique. The questions we
try to address from this study are the following: (1) How do cations in solutions interact with

adsorbed polymers at an O/W interface? (2) Can cation interaction lead to desorption of
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adsorbed polymers from the interface? (3) How the polymer conformation at O/W an
interface is altered by cations? (4) What is the effect of cation valencies on such interaction
forces and the stability of emulsions? As hydration of ions is crucial in colloidal
forrnulations,276 lubrica‘[ions,277 protein folding,260 adhesion and growth of bio-ﬁlms,278 phase
transition in polymer solutions'” and biological activities,””” this study provides better

insight into the role of hydrated ions on interaction forces and the stability of emulsions.
7.2 Materials and Methods

EPVA40 and EPVA155 emulsions are used in this study. The experiments were carried out
by varying the Na", Ca®", Ni*", Mn”*" and Fe*" concentrations from 0 to 5 mM. Emulsion
preparations, materials description and MCT apparatus and the working principle and

schematic experimental setup of MCT are described in Chapter I1.
7.3 Results and Discussion

7.3.1 Effect of Cations on Interaction Forces

EPVA40- Cation Interaction

The measured force-distance profiles with Na“, Ca*" and Fe’" at different concentrations for
EPVA40 emulsion is shown in Fig. 7.1(a-c). At all concentrations, the force profile decays
exponentially with interdroplet spacing and the onset of repulsion shifts to a shorter distance
with increasing cation concentration. When two polymer covered surfaces approach each
other, they experience a force when the inter-surface separation is below the radius of
gyration of the adsorbed polymer (R,). This interaction usually leads to a repulsive osmotic

force due to the unfavorable entropy of adsorbed polymers.
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Figure 7.1 Measured force distance profiles for EPVA40 emulsion at different cation
concentrations of (a) Na* (b) Ca’" and (c) Fe’". The best fit of Eqn. 1.37 is shown by the

solid lines (d) The Bragg peak at 90 gauss for the lowest and the highest ion concentration.

Below the overlapping concentration, each polymer chain interacts with the opposite surface
independent of the other chain. Over the distance regime of h = 8 R, to 2 R, the repulsive
force is roughly exponential.”” The force profile for sterically stabilized system can be

represented by Eqn. 1.37.

For sterically stabilized systems, the mean field and scaling approach distinguishes the loops

and tail sections of the adsorbed chains that involves three length scales, namely the adsorbed
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layer thickness ‘A’, adsorption length z* that separates the regions where the monomer
concentration is dominated by loops and by tails and a microscopic length ‘b’ that is
inversely proportional to the adsorption s‘trength,70 proportional to R, and weakly dependent
on the adsorption strength and the polymer concentration. At distances larger than ‘A’, the
concentration is dominated by the tails and the force is always repulsive and exponentially
decaying with distance. The di-block copolymers are often found to have mushroom or brush
conformations, as one of the blocks binds to the interface and the other protrudes into the
water to form a diffuse polymer layer.*” The range of steric effects is many times of Rg, due
to finite size of confined segments (excluded volume effect) and from hydration layers. Such

steric forces having a range greater than 10 R, in aqueous solutions was reported.”!

With increasing cation concentration and valency, the interdroplet distance decreases
significantly. The experimental data points are fitted with Eqn. 1.37 (solid line in Fig. 7.1)

and from the best fit, 2L,, A, from the slope and force magnitude K values are extracted. To

show the dramatic change in the onset of repulsion upon addition of 2.5 mM Fe®", the Bragg

peak at 90 gauss is shown in Fig.7.1 d. The variation of4,, 2L, and the K for EPVA40

emulsions as function of Na’, Ca’" and Fe’" concentration is shown in Fig. 7.1. Without
added cation, the characteristic decay length is ~ 8.5 nm, which is very close to the R, (8nm)
value of the free polymer. At 5 mM concentration of Na™ and Ca’", the decay length values
are 8.5 to 7.5 nm, respectively. With the addition of 0.12 mM Fe®", we observed a drastic
decrease in the decay length from 8.2 to 6 nm, which is further reduced to 5 nm at 5 mM

Fe*" (Fig. 7.2a). Though the A4 shows less variation with cation concentrations, the 2Ly is
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highly sensitive to the cation concentration and valency. Without cations, the 2L, is ~80 nm,

which is = 10 R, and it is in excellent agreement with the SFA measurements.”*
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Figure 7.2 Variation of (a) decay length (b) onset of repulsion and (c) force magnitude for

EPVA40 as function of Na*, Ca’" and Fe*" concentration.

In good solvent conditions, the onset repulsion is observed at 10-15 R, for polymer bearing
mica surfaces.” For grafted polymers at high surface coverage, where one end is attached to
the surface and the other end extends into the medium, the equilibrium surface interaction
remains monotonically repulsive at all surface coverage.® The measured 2L, and force
magnitudes at different cation concentrations for all the three ions are shown in Fig. 7.2(b-c).

At a low concentration of 0.24 mM Na', the onset repulsion decreases from 83 to 76.6 nm
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and this is further reduced to 65 nm as the concentration is increased to 5 mM. For Ca2+, the
2L values are 70.6, 67, 65.7, 65.4, 65.7, 60.9 and 62 nm for 0, 0.24, 0.476, 1.1, 2, 3.3, 4.2
and 5 mM, respectively. For 0.14 mM Fe’”, the onset repulsion decreases from 80 to 58 nm
and this is further reduced by another 4 nm as the concentration is increased to 0.24 mM. The
2L value was 51 nm at 1 mM Fe’", which remains unchanged up to 5 mM. The force

magnitude increases slightly with increasing cation concentration and cation valency.
EPVAI155- Cation Interactions

The measured force distance profiles for EPVAI55 emulsion at different concentrations of
Na®, Ca*" and Fe’" is shown in Fig. 7.3 (a-c). The force profiles decay exponentially with
interdroplet distance similar to the EPVA4(0 emulsion.

Without cations, the 4, value obtained from the best fit is 14.5 nm which is close to Ry (16
nm) value of the free polymer (PVA155K). At 5 mM Na' concentration, the A, value is
reduced to 12.5 nm. As observed in the case of EPVA40, the presence of Na™ showed a less
influence on R, compared to Ca’" and Fe’". For Ca™", A, changes from 14 to 9.8 nm at 5
mM. At 0.24 mM Fe', the measured A, value is 11.5 nm, which is reduced to 8.5 nm at 4.7

mM and beyond which no significant change is observed. The A, values corresponding to

0.24, 0476, 1.1, 2, 3.3, 42 and 5 mM Fe’" are 11, 8.5, 8.5, 8.6, 8.5, 8.8 and 8.7 nm,
respectively. The dramatic change in 2L is evident from the large shift in the Bragg peak
after the addition of 5 mM Fe’* (Fig. 7.3d). The observed trend in the onset repulsion is

similar to that of EPVA40 and the effect was stronger for cation with higher valency.
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Figure 7.3 Measured force distance profile for EPVAI55 emulsion at different

concentrations of (a) Na" (b) Ca’" and (c) Fe*". The best fits are shown by the solid lines. (d)

The Bragg peak positions at a field value 90 Gauss for the lowest and highest ion

concentration.

Fig. 7.4(a-c) shows the variation of decay length, first interaction length and force

magnitude, respectively for EPVA155 as a function of different cation concentrations. In the

absence of cations, the 2Ly value was 75.5 nm (= 6Ry). With 5 mM Na" and Ca®", it

decreases to 77.4 nm (5.5 Ry) and 65 nm (4.6 Ry), respectively. The decrease in 2Ly with F e’

concentration was much steeper compared to Na" and Ca**. For 0.24 mM Fe®" concentration,
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the 2L, is reduced to 66 nm (4.7 R,), which became 61 nm (4 R,) at 5 mM. The force
magnitude change was also akin to that of EPVA40. The change in the force parameters
follow the order Fe*" > Ca®" > Na" for both EPVA40 and EPVAI155. The force measurements
are also carried out with Mn”" and Ni*" where a similar variation in the force parameters with

cation valency is observed.
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Figure 7.4 Variation of (a) decay length (4,) (b) onset of repulsion (2L¢) and (c) force

magnitude (K) for EPVA155 as a function of different cation concentrations.
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The interaction of ions with water molecules affects the equilibrium properties of solutions
and kinetic properties like viscosity, electrical conductivity, diffusion, etc. The hydration
process involves the binding of a certain number of water molecules of the solution
(hydration numbers) and the translational motion of the water molecules close to the ions
and the exchange of water molecules in close proximity of the ions and the associated

3 The hydration enthalpy (AHpyar) of an ion (i.e. the enthalpy

change in activation energy.
change which accompanies the dissolution of one mole of the ideal gaseous ion in an infinite
volume of water at a temperature and a pressure of 298 °K and 1 atm, respectively) depend
on the polarizing power of the ion. But the polarizing power of a cation does not depend on
its charge and crystal radius alone.”® The thermodynamic hydration parameters used to
describe the properties of ions are enthalpy (AHpy) and Gibbs free energy (AGhydr).283 It

also involves heat capacity at constant pressure, entropy and volume (aq, ion). Empirical

equations for hydration energies are given by Born equations ,**

2
z

N ez’ 1 .
AG,, =— ;r [1 _Zj =—677.808 — kJ mole™ (7.1)
2_2 2
AS,, = N2 olne ) _ 394217 jK'mole’ (7.2)
281, \ 0T ), Vion

where, ‘z’ is charge of the ion, ‘7, ’ is the radius of the central ion plus the diameter of the

won

water molecule, ‘¢’ is the dielectric constant of water, * N, is the Avogadro number. One of

the empirical equations for hydration enthalpy of M“* ion is given by,

o 930(z—0.2)°

_ kJ mole” 73
M (2 OE (7-3)
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Both AGpya and AHyyg  are inversely proportional to ionic radius. > >*

In the present study, we have used chloride salts in water environment to probe the effect of
cations valency on inter colloidal interactions. It is known that the CI” binds to the oil-water
interface and increase the interfacial tension.”’* Cations interact with polymers in three
different ways: direct binding of cations to the oxygen in the polymer chain, cation sharing
one water molecule with the polymer in their first hydration shell and cation interacting with
the polymer via two water molecules in the first hydration shell.'” ** The hydration of
cations and anions are different because of different orientations of the water
molecules in their first hydration shells. During hydration, water molecules turn their
oxygen atoms, with one of the two lone pairs of electrons. The water molecules and cations
act as donors and acceptors, respectively and coordinate bonds of transition metal cations
dictate the geometry of the first hydration shell. The hydration of large ions is different from
mono atomic ones due to hydrophobic hydration. Beyond the hydration layer, the ion

interacts electrostatically with the water.

Table 7.1 presents ionic radii, hydration number and other thermodynamic parameters for
different ions under study. The hydration number and the ionic radius follow the order Fe’" >

Ni** > Mn”" > Ca®" > Na". Hydration number gives the information about the number of

283

water molecules in the vicinity of the ion.”” For small or multivalent ions in highly polar

solvents such as water, the strong orientational dependence of their ion-dipole interaction

leads to the orientation of solvent molecules around them.

Table 7.1 Different thermodynamic properties of hydration, hydration number and ionic

radius values of different cations used in the present study.**®
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Ionic Properties Na® Ca™ Mn™" Ni** Fe’"
Ionic radius (pm) 102 100 83 69 65
ASpya:(JK 'mol™) -111 252 292 351 -557
AHpya(kJ mol™) -416 -1602 -1874 2119 -4462
AGhya(kJ mol™) -375 -1515 -1770 -1992 -4271
Hydration number 3.5 7.2 8.7 10.4 16.6
Water structure (AGug) -0.03 0.34 0.57 09 0.65

Thus, cations will have a number of water molecules orientationally bound to the hydrated
cations and the number of water molecules bound is known as hydration number. Smaller
ions are more hydrated due to their more intense electric field.” Since cations are strongly
hydrated than the anions of the same valency, the residence time of water molecules in the
primary hydration shells is typically ~ 10° s, while divalent cations are more strongly
solvated than monovalent cations and has a life time of ~ 107 s; for trivalent it is in seconds
or hours. In such cases the binding is so strong that ion-water complex is actually formed in
stoichiometry. Water molecules in the first hydration shell interact directly with the charged
ion (a solute solvent interaction), while secondary hydration shell interacts only with water
molecules (solvent-solvent interaction) and only indirectly with the ion.”® Among the mono,
di and tri valent cations, Na" is weakly hydrated and has 3.5 water molecules to interact with
polymer and probably this is the reason for the little influence of Na" on polymer collapse

than other cations. Divalent cations and cations with high charge density have a tendency to
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125, 284

bind electrostatically with polymer. The binding of divalent cations with polymer can

create a local bridging between polymer chains, due to the interaction of two positive

charges with two oxygen atoms belonging to different chains.”’

With increasing cation concentration, we observe a significant reduction in the 2L and hard
sphere distances (distance at which the force is maximum i.e. 10" N), which unambiguously
confirms that the polymer chain undergoes a collapsed conformation. The order of
conformation increases with the cation valency, which can be attributed to the stronger
hydration and interaction that result in bridging of different polymer chains. Molecular
dynamic simulations and X-ray absorption spectroscopic studies reveals that Ca”" ion can
make conformational changes in the back bone of PVA by binding with seven oxygen from
three PVA chains. The PVA — Ca®" complexation is due to the strong coulombic attraction
between Ca’" and oxygen, which tends to pull the segment of chains together.'”® The
substantial changes in the force parameters with the Fe’* ions can be attributed to the smaller
size effect and higher hydration number. The strong binding of Fe*" ion to the PVA backbone
may have resulted in the collapsed conformation of PVA chain than Na"and Ca®".

To check the effect of hydration of cations and their sizes on the adsorbed polymer
conformation, we have plotted the change in Ly (A2L) at four different concentrations as a
function of different hydration parameters (Fig. 7.5). A2L, is the difference in 2L, at the
respective ionic concentrations to the 2Ly without added cation. Here, the A2L, value for
EPVA40 at 0.24, 1, 2 and 5 mM concentrations are plotted against the hydration entropy

(AShydr), hydration enthalpy (AHyyqr), hydration Gibbs free energy (AGnyar) and ionic radius.
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Figure 7.5 Change in the onset of repulsion (A2L,) at 0.24, 1, 2 and 5 mM cation
concentrations as a function of different hydration parameters for EPVA40 (solid line
corresponds to linear fit to the data points). A2L as a function of (a) hydration entropy (b)

hydration enthalpy (c) hydration free energy and (d) ionic radius.

Fig. 7.5 shows the A2L as a function of hydration parameters and ionic radius for EPVA40.
The A2L, varies linearly with the hydration enthalpy, with a slope of 0.029 for Na” and Ca*’
whereas the slope was 0.02 for Fe’*. This again confirms the weak interaction of PVA with
poorly hydrated Na* as compared to well hydrated Fe’". The A2L, for EPVA40 emulsion,
changes linearly with hydration entropy and the slope values are -0.053, -0.0462, -0.0433 and
-0.048 for 0.24, 1, 2 and 5 mM cations, respectively. For hydration enthalpy the slope values

are -0.0058, -0.0052, -0.00482 and -0.0044 for 0.24, 1, 2 and 5 mM cations, respectively. For
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the hydration free energy, the slope values are -0.006, -0.0052, -0.005 and -0.00459 for 0.24,
1, 2 and 5 mM cations, respectively. For A2L, vs. ionic radius, the slopes are -0.456, -0.409,

-0.37 and -0.375 for 0.24, 1, 2 and 5 mM cations, respectively.
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Figure 7.6 Change in the onset repulsion (A2L,) at 0.24, 1, 2 and 5 mM cation
concentrations as a function of different hydration parameters for EPVAI55 (solid line
corresponds to linear fit to the data points). A2L as a function of (a) hydration entropy (b)

hydration enthalpy (c) hydration free energy and (d) ionic radius.

A similar trend is observed for EPVAI55 (Fig. 7.6). The A2L, changes linearly with
hydration entropy and the slope values are -0.045, -0.0418, -0.038 and -0.032 for 0.24, 1, 2
and 5 mM cations, respectively. For hydration enthalpy the slope values are -0.005, -0.0048,

-0.0042 and -0.0035 for 0.24, 1, 2 and 5 mM cations, respectively. For the hydration free
155



Chapter VII

energy, the slope values are -0.0052, -0.00499, -0.0043 and -0.0036 for 0.24, 1, 2 and 5 mM
cations, respectively. For A2L vs. ionic radius the slopes values are -0.328, -0.316, -0.28,

-0.292 and - 0.1773 for 0.24, 1, 2 and 5 mM cations, respectively.

It is established that the metal ion (for 2+ or higher ions), water bond is stronger than the
hydrogen bonds in solution where the motion of the first shell hydrating waters is restricted
and this strong interaction prevents the water in the first hydration shell to form acceptor
bonds with the second hydration shell.*® On the contrary, larger monovalent cations with
smaller charge density have a weaker interaction with water molecules through electrostatic
attraction.'” Gel sieving chromatography experiment shows that Na™ has 0.25 tightly bound

water molecules >

% whereas for Ca’" and Fe’™ have 2.15 and 6 tightly bound water
molecules , respectively.*®” ** The observed change in the 2L, with the thermodynamic
hydration parameters is in conformity with the interaction of strongly hydrated Ca*", Fe**

with OH group of polymer via two water molecules leading to larger conformational

changes and the larger cations showing a salting-out effect.'*
7.3.2 Proposed Interaction Mechanism

Based on our experimental findings, PVA conformation at the oil-water interface is
schematically presented in Fig. 7.7 (a-b). Fig. 7.7b shows a magnified view of the O/W
interface where the hydrophobic Vac part goes into the oil phase and hydrophilic PVA part
extends into water. Cations can interact with OH segment of polymer backbone via three
ways; (c) direct binding (d) binding by sharing one water molecule and (e) binding by

sharing two water molecules from the hydration shell.
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Figure 7.7 (a) Schematic representation of polymer conformation on interaction with cations.
(b) Enlarged view of cation — PVA interaction, cations bind with seven OH group from two
polymer chains. Emulsion stabilized with PVA (blue)-Vac (pink), where hydrophobic Vac
adsorb at the oil water interface and hydrophilic PVA chain extend into the water. (c-e)
Three possible interaction mechanism of cation and the oxygen form PVA chain (c) direct
binding (d) binding by sharing one water molecule and (e) binding by sharing two water

molecules from the hydration shell.
7.4 Conclusions

The interaction forces between diblock copolymer covered oil-in-water nanoemulsion
droplets in water in the presence of monovalent, divalent and trivalent chloride salts are
studied wusing equilibrium force-distance measurements. With increasing cation
concentration, decay length of exponentially decaying interdroplet force is reduced from the

initial polymer radius of gyration (R,) to 0.6 R, for Fe®" cations, where as the reduction was
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~0.9 Ry, 0.8 R, for Na' and Ca®™, respectively. The interdroplet distances at the minimum
measurable repulsive force in the presence of Na’, Ca’” and Fe’" cations at 0.24 mM for
EPVA40 stabilized emulsion were 76.6, 70.5 and 54 nm, respectively. A dramatic decrease
in the magnitude force and the onset repulsion were observed on increasing the cation
concentration and valency. Force measurement data suggested a collapsed conformation of
polymers at O/W interface in the presence of hydrated ionic surface structures without total
displacement of adsorbed polymers. A linear correlation between the first interaction length
and the hydration thermodynamic properties of cations are compared. The possible
conformation of polymers at O/W interface on cation interaction is proposed. The results of
our studies may find useful applications in optimizing properties of industrial formulations

and their long term stability.
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8 Conclusions and Recommendations for Future Work

8.1 Conclusions
The repulsive interaction between emulsion drops is probed by measuring the in-situ

equilibrium force-distance in the presence of analytes using magnetic chaining technique.

A large blue shift in the diffracted light is observed in the presence of interacting cations. The
in-situ equilibrium force-distance measurement results show that the onset of repulsions and
the magnitude of repulsive forces are strongly influenced by the presence of cations in parts
per billion (ppb) to parts per million (ppm) levels. This suggests that cations screen the
surface charges through the formation of both stern and diffuse electric double layer, and
produces a dramatic blue shift in surfactant stabilized emulsion, whereas a dramatic
conformational change in the adsorbed polymer layer causes a reduction in the 1D array
spacing in the diblock polymer stabilized emulsion. The force-distance results are compared
with the predictions of electrical double-layer and repulsive steric forces. The emulsion
droplets show an excellent selectivity to Ag" due to its strong interaction of Ag” with the
stabilizing moieties at the oil-water interface. The possible mechanisms of interaction of Ag"
with surfactant and polymer are, (a) direct binding to the PVA backbone, (b) binding via
sharing single water molecule and (c) bind via sharing two water molecules. . The dramatic
decrease in the 1D array spacing in the presence of cations show promising practical
applications in the development of optical sensors for selective detection of Ag’ with

ultrahigh sensitivity.
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Methanol in ppm level gives rise to a red shift in the incident white light and a visually
perceptible color change of the nanoemulsion. The origin of the red shift is studied by
measuring the subtle changes in the intermolecular forces between emulsion droplets in the
presence of methanol molecules. The diffusion of methanol molecules significantly reduces
the dielectric constant of water, which extends the electric double layer and increases the
droplet array spacing. The shift in the Bragg peak wavelength in the presence of methanol

offers potential use of nanoemulsion for the detection of methanol in aqueous solution.

The equilibrium interdroplet distance between the emulsion droplets in a 1-dimensional array
increases by several nanometers in the presence of glucose because of intermolecular
hydrogen bonding of glucose with sodium dodecyl sulphate molecules at the oil-water
interface that gives rise to a stretched lamellae-like structure. The observed large red shift in
the diffracted Bragg peak (~50-100 nm) and the linear response in the glucose concentration
range of 0.25-25 mM offer a simple, fast and cost effective non-enzymatic approach for
glucose detection. From the insight into the 1D array spacing variation with different
analytes, an interesting application of magnetic nanoemulsion for magnetic flux leakage
(MFL) detection is also developed using nanoemulsions stabilized with different surface
active molecules. The response of the nanoemulsions to the leaked magnetic flux from the
defective region is exploited to locate the region where defect is present. In the presence of
leaked magnetic flux, the nanoemulsion shows a visually perceivable color change due to
changes in the interparticle spacing within the self-assembled nano-arrays. The detection
methodologies to quantify the defect shape, location and dimensions are validated using

specimens with simulated defects of different geometries in ferromagnetic materials.
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The nature of forces involved in the surfactant-casein and polymer-casein interactions is
probed by the equilibrium force distance measurement, dynamic light scattering and zeta
potential measurements. A significant change in the force distance profiles was observed
under the competitive displacement adsorption of casein, which is further confirmed from the
hydrodynamic size and zeta potential measurements. On increasing the concentration of
casein above 0.04 wt%, a saturation in the onset of repulsion and force parameters are
observed because of the complete replacement of adsorbed diblock polymers by casein
molecules. The hydrodynamic radii and zeta potential results corroborate the casein mediated
polymer displacement and the competitive adsorption of casein at O/W interface. In the case
of anionic surfactant covered interfaces, casein molecules weakly associate at the O/W
interface without displacing the smaller size SDS molecules where no significant change in

the onset of repulsion and force profiles are observed.

The interaction forces between diblock copolymer covered oil-in-water nanoemulsion
droplets in water in the presence of monovalent, divalent and trivalent chloride salts are
measured to understand the effect of hydrated ionic environment on the adsorbed
macromolecular conformation. Without added cations, the interdroplet forces decay
exponentially with a characteristic decay length comparable to the polymer radius of gyration
(Ry). With 5 mM concentration of Na’, Ca’" and Fe’" cations, the decay lengths were found
to be ~0.9 Rg, 0.8 Ry and 0.6 Ry, respectively. The interdroplet distances at the minimum
repulsive interaction observed in presence of Na®, Ca’” and Fe’" cations of the same
concentration (0.24 mM) were 276.6, 270.5 and 254 nm, (284.5, 273, and 266 nm)
respectively for EPVA40 (EPVAI55). On increasing the cation concentration and valency, a

dramatic decrease in the magnitude force and the onset repulsion were observed. The
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observed change in the force parameters with increasing cation concentrations and valency
suggested a collapsed conformation of polymers at O/W interface in the presence of hydrated
ionic surface structures that interact with the OH group of polymer. However the hydrated

ion environment has not resulted in the displacement of adsorbed polymers.

Key Findings are summarized below,

» Cation interactions with emulsions lead to a large blue shift in the diffracted
wavelength, due to change in the interdroplet spacing. The order of increase of Bragg
peak shift for different cations followed a sequence Pb*" < Ni*" < K" < Cu®" < Mn?*" <
Na™ < Cd*" < Ca*" < Ag". Among various interfering cations, excellent selectivity is
observed for Ag" due to strong interaction of hydrated Ag" with surfactant/polymer.

» The measurement of intermolecular forces in the presence of alcohol molecules
shows that the diffusion of organic molecules into the electric double layer reduces
the dielectric constant that results in an extended electric double layer and a red shift
in the diffracted Bragg peak.

» The Bragg reflected light intensity from emulsion droplets show that the equilibrium
interdroplet distance between the emulsion droplets is increased by several
nanometers in the presence of glucose because of intermolecular hydrogen bonding of
glucose with SDS molecules at the oil-water interface, which gives rise to stretched
lamellae like structure.

» A new methodology to detect MFL signals to image morphologies of defects in
ferromagnetic components is developed by using magnetically polarizable
nanoemulsions, where the leaked magnetic flux from the defective region is found to

alter the optical properties of nanoemulsions.
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» Upon competitive displacement adsorption of casein, a decrease in the onset of
repulsion and decay length are observed, indicating the replacement of extended
polymer coils by the smaller size casein molecules. The greater adsorption energy of
protein molecules than the PVA-Vac favors the competitive displacement adsorption
of casein at O/W interface.

» The observed change in the force parameters with increasing cation concentrations
and valency suggested a collapsed conformation of polymers at O/W interface in the
presence of hydrated ionic surface structures that interact with the OH group of
polymer.

8.2 Recommendations for Future Work

» To probe the effect of mono and multivalent anions on the electrostatic and steric
interaction forces.

» To probe the competitive adsorption of cations and anions at O/W interface.

» To probe the role of linear and branched alcohols on the electrostatic interaction, and
steric interactions.

» Studies on the interaction of globular proteins on the electrostatic and steric
interaction forces.

» Competitive adsorption of stimuli responsive molecules at colloidal interfaces
towards tunable colloidal interaction forces.

» Fabrication of flexible large area ferrofluid emulsion film for diverse applications.

» Developing color pattern fixing methods.
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