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SYNOPSIS

The mesoscopic length scale (1-100 nm) in condensed matter is of immense scientific
interest because materials at this length scale exhibit certain distinctive properties that are absent
in the atomic (~ 1A) or macroscopic (> 1um) scales. Over the last few decades, this has been an
active area in research as far as the development of novel materials and associated technologies
are concerned. Further, considerable efforts have been made to synthesize hierarchical structures
starting from nanoparticles through a bottom-up approach. Micrometer sized nano-structured
granules are one such multi-functional structures that can be designed from basic nanometric
entities.’ These granules retain the inherent properties of nanoparticles, such as high surface to

volume ratio, functionality, etc., but being larger in size than nanoparticles, they are less

xiii



susceptible to drift currents and thermal fluctuations. Hence they provide more flexibility for
application-oriented morphological tuning. From the industrial point of view, granulation of
nanoparticles reduces the probability to be inhaled, which is a serious cause of nanotoxicity in
factories. Apart from technological demand, scientifically too, such granules are a subject of
rigorous research in recent years. Latest advancements in this field include tailor-made nano-
structured granules for specific applications like sorption,* filtration,>® etc.

This thesis illustrates the synthesis and characterization of micrometric granules
composed of correlated nanoparticles. These granules were realized through spray-drying,” which
is a well-established industrial process used to generate powder granules from atomized liquid
droplets. It is used extensively in food industries for the production of milk powder, spices and
other food items.? In recent years, this technique has been implemented in the laboratory, and over
time it has proven to be indispensable for the production of nano-structured micro-granules
starting from colloidal dispersion.®*° The dynamical transformation of the colloidal to the granular
phase involves significant physicochemical modifications. During the stay of the droplets in a
drying chamber, the solvent evaporates rapidly initiating self-assembly among the colloidal
particles. Attractive capillary forces emerge among the nanoparticles due to the continually
thinning bridges of solvent between them. Such assembly is termed as Evaporation Induced Self-
Assembly (EISA).*?

The assembly process, and subsequently the morphology of the formed granules are
governed by several physicochemical factors. Inherent properties of the dispersion, such as
colloidal particle size,'* surface charge,*? viscosity,'? etc. are crucial in determining the stability of
the colloid. Extrinsic factors, such as drying rate, droplet size,® etc. explicitly control the shape and

size of the assembled granules. Due to the dependence of the morphology on a number of

Xiv



competitive factors, tailoring of the structure to achieve a desired utility becomes challenging.
This thesis investigates the various aspects of drying of spray colloidal droplets leading to the
formation of nano-structured micro-granules with tunable morphological attributes. The role of
colloidal interaction in realizing porous and surface-modulated granules has also been
investigated.

These granules have a multi-level structure spanning from nanometer to micrometer
length scales. Hence their characterizations indeed require a combination of complementary
techniques. In the present case, small-angle scattering (SAS) and electron microscopy were used
extensively along with other characterization techniques.

The characteristic structural features of the granules enable investigation of several
utility-based applications. Owing to their inherent pore structure, the granules can function as
sorbents for various contaminants. In this regard, sorption studies of water-soluble dyes by these
granules have also been carried out.

A brief description of each of the six chapters of the thesis is provided below.

Chapter 1 provides an introductory idea and background of the work, emphasizing the
primary motivation of the thesis. A historical account of the advent of nanoscience and the
nanometric length scale is briefly described. The widespread usefulness and uniqueness of
nanoparticles, owing to their basic properties, are discussed. Self-assembly is one of the crucial
properties of nanoparticles which make synthesis of higher-order structures possible through a
bottom-up approach. An overview of self-assembly has been presented in this chapter. The general
formalism and distinctive features of self-assembly are discussed with special emphasis on

evaporative assembly in colloidal systems.
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Solvent drying of a colloidal dispersion is an efficient approach by which self-assembly
can be induced among the particles owing to the initiation of attractive interactions. In this regard,
an account of the evaporation induced assembly process in realizing nano-structured micro-
granules is presented.

The layout of the whole thesis is given at the end of this chapter.

Chapter 2 describes the synthesis technique of spray drying and the basic experimental
tools used for characterizing the granules. A short historical background of the spray-drying
process and its gradual development over the years is provided at the starting of this chapter,
followed by a detailed step-by-step demonstration of the process. The spray-drying process
consists of three primary steps’: (i) atomization of colloidal dispersion into tiny droplets (~10 pm),
(ii) rapid, contact-free drying of these droplets forming the granules and lastly (iii) the separation
of the granules from the air stream using cyclone separator.

Atomization generates tiny droplets from the colloidal dispersion feed, allowing rapid
solvent evaporation due to an increase in exposed surface area. The working principle of a
compressed-air nozzle type atomizer,”® as used in the present case, is discussed. The atomized
droplets are exposed to a preset inlet temperature in the drying chamber of the spray dryer. This
ensures contact-free drying of the droplets, inducing self-assembly among the colloidal particles.
Finally, the separation and collection of the formed granules are achieved at the cyclone separator
which utilizes the principle of centrifugal separation of the heavier granules and the outflow of the
moisture-laden air. In parallel with the instrumental description, the physical metamorphosis of a
droplet to a granule, starting from atomization to the completion of drying has also been explained

chronologically.
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The second section of this chapter elaborates the two basic complementary
characterization tools that were used to probe structural aspects of the synthesized granules,
namely, Scanning Electron Microscopy (SEM) and Small-angle Scattering (SAS). SEM is a direct
method that provides an image, evidencing the overall morphology of the granules. The working
principle and instrument components of SEM with special mention of FESEM (Field-Emission

Scanning Electron Microscope) are discussed. Complementary to SEM, SAS?6:111214-16

provides
statistically-averaged information about the mesoscopic structure and correlation between the
nanoparticles. The scattering intensity is obtained with the variation of wave vector transfer in the
reciprocal space. Quantitative real space information is extracted by mathematical model fitting.
The theoretical formulation of SAS and the method of extracting useful information from
scattering profiles are discussed. For the present thesis, both X-rays (SAXS) and neutron (SANS)
were used for SAS measurements.

Chapter 3 describes the effect of spray-drying temperature on the granular morphology.
It is demonstrated that the granular morphology gradually changed from sphere to toroid with
increasing drying temperature.’”*® A significant alteration of the granule size-distribution was
observed. An account of the morphological change has been established on the basis of
temperature-induced nanoparticle motion in the drying droplet. Aqueous colloidal suspension
comprised of TM-40 silica (LUDOX®) was used as the feed to the spray-dryer. Granules were
synthesized at four different drying temperatures (110°C, 130°C, 160°C and 180°C) keeping all
other physicochemical parameters unaltered. Granules formed at lower temperatures were
spherical whereas higher drying temperatures yielded toroidal granules. Larger polydispersity was

observed for granules synthesized at higher temperatures, resembling the initial droplet size

distribution. On the other hand, at lower drying temperatures, granules mimic a theoretically-
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generated distribution corresponding to isotropic drying scenario. This distinction was explained
with the help of the strength of drying and thermophoresis.*®

In the present case, the drying rate is faster than the nanoparticle diffusion rate leading to
shell formation at the air-water interface. However, the thickening of the formed shell is a gradual
process which is dependent on the nanoparticle accumulation at the droplet periphery by
thermophoresis. The concentration ratio of the nanoparticles at the boundary of the droplet to its
core was estimated by Soret coefficient.”2 Due to the temperature gradient between the exterior
and the droplet centre; particles undergo a thermophilic motion towards the air-water interface
where the temperature is higher than the core. When drying temperature is relatively lower, shell
thickening process is prolonged. On the other hand, at higher drying temperatures, thickening is
arrested, resulting in thinner shells which are prone to buckling. The tendency of buckling after
shell formation is due to the gradual build-up of Darcy pressure across the porous shell.

To summarize, at low drying temperatures, granules are spherical, having a smaller
average size, less polydispersity, and thicker shells. On the other hand, at higher drying
temperatures, granules are larger, more polydisperse, thin-shelled, making them more prone to
buckling, thus exhibiting toroidal shapes. Characterization by SAS revealed that nanoparticles
have a sticky hard sphere type?* of correlation, with a volume fraction of ~0.7 irrespective of
granular shape. The shape transformation of the granules was simulated with the help of Surface
Evolver? for varying drying rates.

The synthesized granules exhibit potential as dye sorbents owing to the hollow core and
the voids in between correlated nanoparticles.?® The specific surface area of the granules was
found to be ~90 m?/g. The sorption characteristics for the granules were carried out for Methylene

Blue (MB), a water-soluble cationic dye found in industrial effluents. The morphological
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dependence of dye sorption abilities for these granules was demonstrated with the help of UV-Vis
spectrophotometry. Nearly 94% sorption was recorded for the hollow and toroidal granules
whereas ~82% sorption was found for nearly-compacted spherical granules in 24 hours of
exposure.

It was demonstrated that the sorption efficiency depends on the molecular composition
and structure of the dye as well. Rhodamine-B, another cationic dye, recorded negligible sorption
as compared to that for MB owing to its chemical structure. Thus, this section reports a possible
application of nano-structured micro-granules as dye sorbents.

In chapter 4, the effect of a soft template on the drying of colloidal droplet was
investigated.?* The purpose of this work was two-fold: (i) to demonstrate the effect of surface
charge and template concentration of the colloidal components on the granular morphology, and
(ii) to realize porous granules by calcination of the soft template. Nano-silica was chosen as the
primary colloidal component with milk as the additional soft template. Two types of silica with
+ve (M/s. VISA corporation, Mumbai) and —ve (—potential (Ludox® HS-40) were considered
along with three concentration values of milk (—ve {—potential). The choice of milk as the soft
template was made keeping in mind that milk in its natural form contains several soft
components.?2® Shear during the atomization process partially breaks the large-sized globules
and agglomerates into smaller forms. Moreover, re-agglomeration of a fraction of these broken
units during EISA can lead to larger agglomerates as well. It is demonstrated that depending on
the initial milk concentration in the droplet, both meso (2-50 nm) and macro (>50 nm) pores could
be templated simultaneously. The effect of surface charge of silica was studied keeping the

concentration ratio of silica and milk fixed. The effect of concentration was studied for the —ve
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of silica and milk. Five bi-colloidal solutions namely, HS-40 silica (2wt %) with 1/2 /3 wt% of
milk, +ve and —ve VISA silica (2wt %) with 2 wt% milk each were prepared for the purpose.

Granules comprised of HS-40 silica and milk were primarily doughnut-shaped whereas
those formed from +ve silica and milk were spherical. In the first case, assembly in a droplet
occurs between individual units of the components owing to their similar polarities. At the chosen
drying temperature, shell formation occurs which subsequently lead to buckling to form doughnut-
shaped granules. For the second case of opposite polarity of silica and milk, the components
flocculate in the liquid phase itself and hinder the shell formation. Thus, the granules obtained in
this case remain spherical.

In order to generate pores, the granules were calcined in air at 450°C for 7 hours. The
milk moieties were removed and a porous silica skeleton remained. SAS indicated a clear
difference of the intensity profiles, before and after calcination. Pore structure was characterized
using BET (Brunauer—-Emmett—Teller) technique of gas adsorption and SAS. The specific surface
area was found to be as high as 137m?/g as compared to 90m?/g for purely silica granules. It was
observed that higher concentration of milk yielded a fewer number of large-sized pores and vice-
versa. Hence, this chapter demonstrates that micro-granules with tunable hierarchical pore
structures can be realized by spray drying of a colloidal solution with soft template, followed by
calcination of the template.

Chapter 5 illustrates the effect of anisotropic colloidal interactions on the surface
topology of the spray-dried granules. In a one-component stable colloidal system with spherical
particles, the interparticle interactions are isotropic. As a result, the formed granules have a
smooth surface. Addition of a second component, which is anisotropic with respect to charge and

shape, alters the isotropic nature of the interparticle interactions in the system and plays a crucial
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role in EISA as well. It is demonstrated that such granules have unique wrinkle-like modulations
on their surface. These modulations can be tuned by controlling the concentration and surface
charge of the components.

A mixture of negatively charged dispersible carbon nanotube (CNT) and spherical nano-
silica (NS) was used as the spray-drying suspension. Three aqueous colloidal dispersions,
comprising of (i) —ve NS (2wt %) with CNT (0.1wt %), (ii) —ve NS (2wt %) with CNT (0.05wt
%), and (iii) +ve NS (2wt %) with CNT (0.05wt %) were spray-dried under identical experimental
conditions. Granules obtained from cases (i) and (ii) showed prominent surface modulations,
whereas those from (iii) had a smooth surface. The reason for this alteration is described on the
basis of the assembly mechanism in each case.

For similar polarity of the components ((i) and (ii)), sequential assembly commences
according to the ascension of barrier heights of the interaction potentials. In this case, CNT
bundles are formed at the air-water interface. Significant alteration in the Raman active radial
breathing mode (RBM) of CNT denotes that CNTs experience unequal constriction due to
irregular bundling. Assembly of NS on these irregular bundles render wrinkled surface topology
of the granules. These irregular domains enclose gaps and channels in between. Thus the specific
surface areas of these granules are considerably high (~130m?%/g). Investigation of sorption
efficiency of Methylene Blue (MB) dye for the granules revealed 99% sorption in 2 hours, which
is significantly higher as compared to that for pure silica granules (82% in 2 hours). On the other
hand, in case of opposite polarity of NS and CNT (iii), the attractive interaction dominates leading
to the coating of NS (+ve) on the CNTSs (-ve). Spray-drying induces assembly between these NS-
coated CNTs and the excess NS in the system. This reduces the probability of CNT bundle

formation and hence the granules possess relatively smooth surface. However, specific surface
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area and the dye sorption capability deteriorate drastically (8% in 2 hours) in this case due to the
absence of inter bundle channels/gaps.

Chapter 6 is the concluding chapter of the thesis. The whole work is summarized and a
future outlook is given. Through this work, the versatility of the one-step process of spray drying
technique in realizing micrometric nano-structured granules has been established. Further, the role
of various physicochemical parameters in tuning the assembly, and consequently the morphology
and the internal structure of the granules was illustrated. The experience gathered during the work
opens up new scope in the synthesis of novel hierarchical nano-structured materials using spray
drying and their characterization using complementary tools. This arena attracts a lot of scientific
curiosity owing to the necessity of understanding of the dynamical phenomenon of droplet drying
through various simulation techniques such as, Monte Carlo or Molecular Dynamics. Investigation
of various technological applications of these granules, such as catalysis, filtration etc. utilizing
their structure-function correlation remains to be investigated in future.

The bibliographic list of references is given after this chapter.
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Chapter 1: Introduction to Nanoparticles, Self-
assembly and Colloidal systems

1.1 A glance into the nanometric length scale

The nanometric length scale or the nanoscale refers to the unit of length measurement for
structures having dimensions of the order of 10° m or 1 nanometer (nm).* Nanoscale has
amassed enough attention of the scientific community over the last few decades owing to the
exhibition of certain unique characteristics which are absent in any other length scales. Study of
nanometric sized particles (or nanoparticles) and development of novel materials based on their
unique properties forms the foundation of the well-known branches of science called
nanoscience and nanotechnology. Technically, nanoscale falls on the lower bound of the
mesoscopic length scale which lies intermediate to atomic scale (microscopic ~ 10™°m) and that
of bulk materials (macroscopic ~ >10° m and above).? Fig. 1.1 depicts the nanoscale in
comparison to atomic and macroscopic length scales. Particles in this length scale consist of
typically 10-10,000 atoms® and their uniqueness lies in the fact that their properties are also
intermediate between atoms or molecules and bulk materials. For example, extensive study on
gold (Au) nanoparticles reveal that two gold atoms* have the same property, as it is for Au in
bulk, whereas, two Au nanoparticles can have different properties based on their size and shape.
Characteristic features like melting temperature, colour, electrical conductivity, etc. vary with
shape and size of nanoparticles. Contrary to the inertness of bulk, Au nanoparticles are highly
reactive and show catalytic activity for surface oxidation® and epoxidation.® Also, metal to

semiconductor transition is observed for these particles as their size decreases.” Thus, the
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variation of sizes can bring about interesting deviation from bulk properties of nanoparticles,

which has invoked vast scientific curiosity over the past few decades.

Atom DNA Nanoparticles Red Blood Cells Grain of sand

b }:\ Y ‘. (,c
(‘t L \1 ] ‘.“ .
| | : — |
+3
1A 1nm :ﬁ 1um !!I 1 mm
’ 7 g e

Virus S
CNT Human hair diameter

Fig. 1.1 The position of nanoscale with respect to atomic and macroscopic length scales.

The first observations and structural measurements of nanometric sized colloidal particles had
been made during the first decade of the 20" century by Richard Adolf Zsigmondy, winner of the
1925 Nobel Prize in Chemistry.® He made a detailed study of gold sols® with sizes ~ 10 nm using
an ultra-microscope™® which was capable of visualizing particles using the principle of light
scattering. Zsigmondy was also the first to use the term "nanometer™ explicitly for characterizing
particle size. Nanoscience and technology gained importance much later in the late 1900s when
the invention of scanning tunnelling microscope in 1981 followed by the discovery of
fullerenes in 1985 kick-started the interest in this field. Further, in 1986, publication of the
book “Engines of Creation: The Coming Era of Nanotechnology” by K. Eric Drexler popularized
the spectrum of opportunities that research in the field of nanotechnology can provide,®
followed by the start of application-based research towards the early 2000s. Now
nanotechnology has truly emerged as a multidisciplinary wing of research.

The conceptual origin of nanotechnology is credited to Richard Feynman, Norio Taniguchi
and K. Eric Drexler. Nobel Prize winner Feynman,** delivered the famous lecture at Caltech

(1959) titled, "There's Plenty of Room at the Bottom”, which is considered to have initiated the



Chapter 1 Introduction to Nanoparticles, Self-Assembly and Colloidal systems

curiosity in this length scale.” He stated, “The principles of physics, as far as | can see, do not
speak against the possibility of manoeuvring things atom by atom” Thus, in principle, it should
be possible to manipulate atom by atom to make nanoscale machines that can perform specified
functions. Japanese scientist, Taniguchi (1974) is credited to coin the term “nanotechnology”.'®
Later, an American engineer, Drexler (1980), explored such deterministic handling of atom by
atom in depth.'” Over the years various prestigious awards and accolades have been presented

for groundbreaking work and advancements in the field of nanotechnology*®?

owing to
significant experimental advances in the field of designing novel material utilizing nanoscale
properties in various aspects of colloidal science, surface chemistry, material science, energy,
communications, medicines, etc.

The first step in understanding nanoparticles is to comprehend certain phenomena unique to

this length scale which have interesting implications in altering their physical, chemical, optical,

electrical, magnetic, etc. property as opposed to bulk material.

I.  Quantum Confinement: This property is responsible for the deviation of electronic, optical
and magnetic properties at the nanometric scale from bulk materials.?***> Specifically, the
phenomenon results from electrons and holes being confined into a dimension that
approaches exciton Bohr radius.?** In other words, the spatial spread of the electronic wave
function is of the order of the nanoparticle size. Therefore, the electrons feel confined to the
geometric boundaries of the nanoparticle. With the change of particle size, these electrons
adjust their energies and give rise to interesting changes in the band gap and optical
behaviour. This phenomenon is called the quantum-size effect. Another consequence of the
confinement effect is that the energy bands become discrete (like atomic energy levels), in

contrast to the presence of conduction and valence bands in bulk materials. In the bulk
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matter, the bands are formed by merging of a bunch of adjacent energy levels of a large
number of atoms and molecules. As the particle size reaches the nanoscale, where every
particle is made up only a small number of atoms or molecules, the number of overlapping
of orbitals or energy level decreases and the width of the bands get narrower. This cause an
increase in energy gap between the valence band and the conduction band for nanoparticles
when compared to the corresponding bulk matter. Consequently, there is a blue shift of the
luminescence and absorbance energy gap.?*?’ (Fig. 1.2(a)).

Surface Atom Effect: The dimension of nanoparticles is so close to that of the atoms that a
large fraction of atoms lie at the surface. For example for a spherical nanoparticle of radius 1
nm (assuming atoms to be of dimension ~ 0.1 nm), ~90% of the atoms are at the surface,
whereas for a particle of 10 nm radius, that fraction is merely ~10%.?® Thus, at the
nanometric length scale, the surface to volume ratio (which depends inversely on the particle
radius) is higher than that in micrometric scales (Fig. 1.2(b)). Hence for a particle of radius
10 nm, the specific surface ratio is 10% orders larger than that for a particle of 10 um. Atoms
at the surface are more active because they are loosely bound than bulk atoms. They have
more uncompleted bond sites and dangling bonds. Thus, this ‘imperfect’ surface of
nanoparticles provide more active sites and additional electronic states, hence are more
reactive. Surface catalytic properties for metals and oxide nanoparticles are as a result of the
surface atom effect.® The high surface energy of the nanoparticles also leads to easier

surface functionalization.
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Fig. 1.2 Schematic representation of (a) increase in band gap with decrease in particle size, and (b)

increase of surface to volume ratio with decreasing particle size.

I1l.  Self-assembly: Self-assembly is a phenomenon where the components of a system assemble
themselves to form a larger functional unit. In the nanometric length scale, for example in
colloidal systems, self-assembly can be directional or random, governed by various
thermodynamical factors.? It should be mentioned here that assembly in this length scale can
be spontaneous or can also be sensitive to external stimuli such as electric and magnetic

fields, gravity, flow, temperature variation, etc. The spatial arrangements of the self-
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assembled structures can be potentially used to build increasingly complex structures
leading to a wide variety of materials that can be used for different purposes. A generalised

approach to self-assembly is elaborated in the next section.

1.2 Overview of Self-Assembly

Self-assembly is a process in which, components (either separate or linked)
spontaneously form ordered structures.*® Initially, the focus on self-assembly, as a strategy for
synthesis has been confined largely to molecules. Later, with the intertwining of chemistry with
biology and materials science, self-assembly started to be conceptualized for nanometric and
micrometric length scales as well. Basically, self-assembly is known to be important in three
length scales, namely: molecular, nanoscale (colloids, nanowires, nanospheres, etc.), and
macroscopic (objects with dimensions from microns to meters) A similar set of rules govern the
self-assembly process in each of these ranges. Interest in the extension of self-assembly beyond

molecular lengths scale have evolved due to extensive research in designing novel materials with

31-32 33-34

potential for application in microelectronics, photonics, near-field optics,® and of course

nanoscience. %

On the basis of sustenance by energy involvement, self-assembly can be classified into
two main categories, namely, spontaneous and directed. Assembly of molecules into clusters or
random assembly of nanoparticles into large colloidal aggregates that occur spontaneously falls
in the category of spontaneous self-assembly. Once assembled, no external agent required to
sustain the self-assembled entity. Directed assembly requires energy and usually driven by
external field (electric, magnetic, heat, etc.) and the final product is long-lived even though it

may not be the most thermodynamically favoured one.*® Details of directed self-assembly are

presented in section 1.2.3
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1.2.1 Distinctive features

The assembly from individual components to well-defined structures is a result of
interaction between the building blocks. This approach is commonly known as “bottom-up”
since the building blocks assemble to a complex structure (schematically shown in Fig. 1.3). The
assembled entity has a higher order than the isolated components. In mesoscopic systems, such
as colloids, the interactions which drive assembly are basically non-covalent weak interactions
(e.g. van der Waal’s, capillary forces, hydrogen bond, electrostatic forces, etc.).*® Quantitatively
it is almost 1/10th of the strength of chemical bonds. Thus, self-assembly in such a length scale
can be comprehended by studying the underlying interaction forces. Further, fine-tuning these
forces alter the assembly process and consequently lead to structures of desired characteristics.
For example, virus capsids can be used to limit the size of the crystals growing inside them,*°
and colloidal crystals of desired features can be generated by allowing the particles to deposit on

a patterned substrate.**

@ ] Bottom-up

V]

Building Blocks Assembled structure
Fig. 1.3 Schematic representation of bottom-up approach of synthesizing materials.

1.2.2 General Formalism

In the previous section, it was mentioned various interaction forces play crucial role in
controlling the assembly process. The general scheme of all self-assembly process is similar
(although not identical) in the length scale varying from atomic to colloidal. It should also be
mentioned here that self-assembly is also not always a single process; it can occur in double-,

7
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triple-, or multi-steps. For example, the formation of micelle from surfactant units is a single-step
process.”> Whereas, similar surfactant units, under the influence of some alteration in solution
condition (such as, increase in local surfactant concentration, pH change, increased concentration
of counter-ion) form primary micelles which again starts to interact and self-assembly
commences under the influence of inter-micellar interaction forces. Hence the surfactant
molecules are the primary building units; whereas micelle is the primary self-aggregate, further
inter-micellar assembly forms secondary self-aggregate. Amphiphilic polymers such as block co-
polymers follow a similar scheme of self-assembly and form polymer mesophases.*®

Thus, the general scheme of any self-assembly, be it single-step or hierarchical, is
essentially governed by the interaction forces between the units. The common forces which exist
in systems prone to self-assembly are attractive van der Waal forces, electrostatic double-layer
repulsion, hydration repulsion, depletion forces, hydrophobicity, etc.® ** When the major
opposing forces are comparable in magnitude and competitive with the variation of distance
between the particles, such a system is said to be kinetically stable. The energy barrier height
prevents the particles to assemble. In general, the total potential Uy as a function of inter-particle

distance (d) can be written as the net sum of the total attractive Ua: and repulsion potentials Uyep
Utot (d):Zfl ‘U;tt (d)+U:ep (d)‘ (11)

where i=1 represent primary aggregate, i=2 secondary aggregate and so on. f; is the fractional

contribution of the i-kind of assembly to the total potential, hence z f=1.
Three special cases can be mentioned in this regard:?

()  When Uga(d) ~ 0, the assembly is thermodynamically driven. The building units of each

assembly steps are at equilibrium with the formed self-aggregates. The aggregates have
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finite sizes and well-defined shapes. Examples in this category include surfactant or
polymer micelles, vesicles, proteins and microemulsions.

(i)  When Uai(d) < 0, self-assembly is kinetically driven and it usually continues till the most
of the building units are exhausted. Indefinite and irregularly shaped aggregates which are
formed in this case. For example, coagulated colloids, bilayers, gels, liquid crystals,
macroemulsions.

(1ii) ' When Uyai(d) > 0, no self-assembly occurs.

So far, no external forces have been considered and the self-assembly has been spontaneous.

However under the influence of an external field, as in the case of directed assembly, the

equation has to be modified by an additional term, Uex SO the expression becomes

Utot(d):z f;

UL (d)+U

:ep (d )‘+Uext (12)

Uext may or may not be a function of interparticle distance, depending on the nature of the

applied field. The following sub-section discusses directed assembly in detail.

1.2.3 Directed self-assembly

Assembly that is induced externally on a system, which does not intrinsically assemble is
known as directed self-assembly. Here, the chemical properties of a spontaneously self-
assembled system, as described above are mimicked, but under the influence of various external
factors, such as electric/magnetic fields, gravity, viscosity force flows, temperature gradient, etc.
These forces are often dominant over the interparticle interactive forces.

External fields (magnetic and electric) are the most common directors of self-assembly.*
The polarizability of the nanoparticles due to their functional groups causes them to be
susceptible to the force fields.* As a result of which, the particles assemble overcoming their

interparticle interactive forces. Another important route by which assembly can be induced is by

9
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viscous flow fields. These fields direct self-assembly of particles in solution into ordered
crystals. However, often such kind of assembly is not permanent, rather the assembled particles
tend to disassemble when the flow is stopped or removed, as is also the case for electric and
magnetic fields.***
Evaporative assembly

Like the phenomenon of assembly through electric/magnetic field, assembly, as induced
by evaporation of the solvent is also common. This type of assembly is also known as the
Evaporation-Induced Self-Assembly (EISA) and is generally related to assembly in colloidal
systems.*®>® The disappearance of solvent from the dispersion leads to the ordering of the solute
particles, due to various reasons such as capillarity, surface-pinning effect, etc. A schematic of
general EISA is shown in Fig. 1.4. The dispersion is first cast on a substrate or sprayed and
evaporation of the solvent takes place at the interface between air and the film. Coffee stains, as
commonly observed in case of evaporation of leftover coffee drop are an example of EISA.*’
Drying of colloids, either contact-free or on a surface reveal characteristic patterning and packing
of the nanoparticles. Initial research in this kind of assembly is credited to Lu et al. ***° Later,
EISA was used in the laboratory to design meso-structured silica thin films.®®®* In recent years, a
number of meso-structured materials have been prepared by EISA, including porous material,®*

6486 etc. as a result of either Marangoni or coffee-ring effect etc.®’

% nano-structured granule,
EISA has proven to be a more effective method for colloidal self-assembly than force fields
because here the assembly is optimized, permanent and allows efficient tailoring, and up-
scalability. Investigations of EISA in contact-free colloidal droplets form the backbone of this

thesis and will be discussed in details further. For this purpose, a concise comprehension of

colloidal systems is given in the following section.

10
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On substrates

Surface pinning Marangoni effect

Coffee ring Drying of droplet

on a hot plate

Contact free drying

Nanostructured
Microgranule

Fig. 1.4 Different outcomes of evaporative assembly.

1.3 Colloidal systems

We encounter colloidal systems in everyday items such as food, paint, inks, coatings,
aerosol, etc. In the laboratory, they serve as important models for many biological systems and
for the study of fundamental problems in condensed matter science, such as crystallization,
gelation, glass transitions, etc. Colloids are defined as a mixture in which dispersed phase of
insoluble particles are suspended throughout another continuous phase.®® Any combination of the
states of matter satisfying the above criteria qualifies as colloidal dispersion except gaseous and
gaseous (because of their miscible nature). The phase behaviour of colloidal dispersions is of
considerable industrial importance but it is also of great fundamental interest. The size of
colloidal particles varies from 1 nm to 1 pm.®® Colloidal particles interact with each other over

distances significantly less than the size of the particles. Colloids are prone to assemble both in

11
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solutions as well as at interfaces depending on the external conditions.”

As a result, there is a
force balance being maintained in a stable colloidal system, whereas under some external
perturbation, the balance is disturbed leading to coagulation. One of the critical issues of
nanotechnology is controlling the thermodynamically driven self-assembly of the colloidal

particles.

1.3.1 Stability

The study of colloidal stability is based on the DLVO theory, by the names of Derjaguin,
Landau, Verwey and Overbeek.”""? The theory describes the force between charged surfaces
interacting through a liquid medium: it combines the effects of the electrostatic repulsion due to
electrical double-layers and the van der Waals attraction.” There are various interactions as well,
which are of non-DLVO origins, such as steric, hydration, depletion forces, etc.*® However, the
DLVO theory provides a smoother mathematical approach to examine the dependence of colloid
stability on the various parameters that determine the interaction energies between particles.

The van der Waals’ force’ can be visualised as a resulting interaction between two
dipoles giving rise to an instantaneous attractive force between two atoms. It should be noted that
the time average of its dipole moment is zero, but at any instant, there exists a finite dipole
moment given by the instantaneous positions of the electrons about the nuclear protons. This
instantaneous dipole generates an electric field that polarizes any nearby neutral atom, inducing a
dipole moment in it. For identical spheres of radius ‘R’, Hamaker constant’ ‘Ay’ (typical value
of Hamaker constant for constant for condensed phases, whether solid or liquid is of the order of

~10% J) and situated at ‘d’ separation, the interaction potential (W\w) is given by,*

__AR

W12 (1.3)
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Electrostatic double-layer repulsion develops near charged surfaces in aqueous solutions.
It is called so because the charged surface (charges may originate from tightly adsorbed ions,
dissociated surface groups, or substituted ions) forms the first layer. The second layer is a diffuse
layer, which neutralizes the surface charge (co-ions) by oppositely charged region of counter-
ions. The double-layer repulsion interaction (Wp.) between two similarly charges spheres of
39,76

radius R is given by,

W, = %e"fd\{f (1.4)

2
where the force is given by zRWp, the interaction constant is, T:64ﬂgog(kBT) tanhZ%
€ B

where & is the permittivity of free space (8.85x10™2 C*N*m™?), ¢ is the dielectric constant of the
solvent at room temperature T=298 K, kg is the Boltzmann constant (1.38x10°? JK™). Electronic
charge ‘e’ (1.6x10™° C), ¢ is the electric double-layer potential or ¢-potential. The double-layer
interaction is irrespective of particle geometries and always decays exponentially with distance
with a characteristic decay length equal to the Debye length (x%). This is quite different from the
van der Waals’ interaction where the decay is a power law having very different exponents for
different geometries. The attractive van der Waals’ force will cause the colloidal particles to
adhere together. If the particles repel each other strongly, the dispersion will resist coagulation
and the colloidal system should be stable. The net interaction energy between two colloidal
particles (Wital), as a function of interparticle distance (d), is the resultant of the attractive van
der Waals’ and repulsive electrostatic double-layer interaction energies given by,
W () =Wy, (d)+ W, (d) (L5)

Schematic representation of the attractive and repulsive forces in a stable colloidal system

along with the net DLVO potential interaction is given in Fig. 1.5. The interactions between two

13
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colloidal particles with electrical double-layers can be visualized as two blocks connected by a
spring. At large distances of separation, the spring is stretched and applies a net force pulling the
blocks together (attractive van der Waals’ interactions). At close approach, the spring is
compressed producing a net repulsive force pushing the blocks apart (electrostatic repulsion). At
some intermediate distance, the forces will be in equilibrium. The height of the energy barrier of
the interaction potential curve is governed mainly by the electrical double-layer term. Hence the
concentration and valence of electrolyte in the system play a key role in determining when the
system will cease to be stable. For instance, increase in the electrolyte concentration reduces the
repulsive electrostatic interaction, reducing the energy barrier and facilitating effective particle
flocculation. The stability threshold is determined by a condition when the particles are at a

critical distance corresponding to the peak of the barrier height where the first derivative

vanishes, i.e., % =0 . Beyond this point the system undergoes coagulation.

+
‘\ - - - Electrostatic double layer repulsion
Vo van der Waal attraction
= \ '
= : Resultant DLVO potential
- \
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> = Energy barrier
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Fig. 1.5 Graphical representation of colloidal interactions as a function of interparticle distance. Range
and magnitude are in relative scales.
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1.3.2 Self-assembly in colloidal system

As discussed above, colloidal stability depends on the interplay between the attractive
and repulsive interactions between the particles. When no external forces are involved, the
colloidal self-assembly is non-directional. Colloidal particle size is in the range of nm-pum, which
makes it difficult to achieve a well defined self-assembled system. Rather the product of such an
uncontrolled assembly process results in the formation of large-sized agglomerates with fractal-
like correlation. Fig. 1.6 compares the situations where controlled assembly leads to the
formation of an ordered granular structure with uncontrolled fractal-like agglomeration. These
structures are not of much importance from the technological application point of view since
they are irregular in shape, unstable and cannot be functionalised. Instead, controlled growth of
correlated structure would increase their usefulness. Some external agents such as the addition of
foreign components to create interfaces or controlling environmental factors such as temperature

or pressure, etc. helps in accelerating and defining the assembly process.””"®

Nanoparticle

~

Microgranule with Arbitrary Fractal aggregation
defined shape

Fig. 1.6 Comparison of controlled and uncontrolled colloidal assembly.
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Morphology of the self-assembled unit plays an important role in determining its utility.
The size and packing fraction of the colloidal particles®®®* determine the overall shape and size
of the assembled unit as well as its ability to bind to ligand molecules.?>®® In order to achieve an
optimum efficacy, tailoring of the structure is required. EISA provides an efficient bottom-up

approach in this regard for the synthesis of various materials based on applicability. *¢->> 63 879

1.3.3 Evaporation-induced self-assembly (EISA) in colloidal droplets

Owing to the increased surface area available for droplets when compared to an
equivalent amount of bulk liquid, evaporation in the former will be much more rapid. Utilizing
this advantage, the well-known industrial technique known as spray drying has been developed.

65,8990, 93, 95106 By, this method, various substances like, milk,** spices,'*® medicines,

etc.
can be dehydrated to powder (granular) form which increases their shelf life. Details of the
process will be described later in this thesis. It essentially works on the principle of rapid
evaporation of solvent from contact-free colloidal droplets. Such transition from liquid to powder
granule stage which is triggered by evaporation is known as evaporation induced self-assembly.
During rapid evaporation, the gradual disappearance of the continuous phase commences
and a complex interplay of the forces between the colloidal particles ensues as a result of them
coming in contact with the liquid-gas interface. Capillary forces dominate the interaction and the
particles experience a strong cohesive force. In case of spherical colloidal particles, the capillary

force between two particles is, ™!

27Rycosa
2h

where ¢y’ is surface tension of the liquid (water), ‘d’ and ‘h’ represents the shortest distance

between the spheres of radius R and extent of wetting from the point of shortest distance,
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respectively. ‘«’ represents the contact angle. For nanometric dimension of particles in water, R
is the order of 10°m and » is ~4.8 x 10 Nm™. Hence capillary force is of the order of 10™ N,
which is equivalent to 10%° J or ~10° kgT of energy. The solid-liquid interface is critical for
determining the degree and direction of this force. The surface properties of colloidal particle
play a major role during the capillary action. For example, for an aqueous colloidal dispersion, if
the particles are hydrophilic, the contact angle between the water and particles is more, hence,
during evaporation, the particles try to move to a region, so as to increase contact with water. On
the other hand, the situation will be reversed for hydrophobic particles, i.e., the particle will
move away from the water interface.

Capillary forces can be categorized as immersion, floatation and bridged types® as
depicted in Fig. 1.7. For immersion and floatation type, the direction of the capillary force is
lateral with respect to the liquid-particle contact line. For bridged type, its direction is normal to
the contact line. When colloidal particles are hydrophilic, the aqueous phase can be a bridged
phase. In the present case of drying of a colloidal droplet, water bridges are formed in between
the particles, which results in bridge capillarity. Consequently, the particles are drawn close to
each other. The diminishing thickness of the water bridge continues to bring the particles closer,
resulting ultimately in their interlocking. The interlocking of particles throughout the dimension
of the droplet will result in a finite-sized granule with nanometric sized micro-structure which is

known as a nano-structured micro-granule.®*®
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Immersion Floatation Bridge
Liquid wetting film

=

Fig. 1.7 Schematic representation of the types of capillary interactions.

1.3.4 Nano-structured micro-granule

From the industrial point of view, designing nano-structured micro-granules from nano-
suspension are advantageous over dry powders of nanoparticles because the latter is lighter and
consequently are difficult to handle. Nanotoxicity is a major concern in industries in particular
since workers may inhale toxic nanoparticles, which deposits in lungs causing cancer or circulate
in the blood causing fatality.****** For easier handling and reduction of safety concerns, a
frequently adopted solution consists in granulating nanoparticles, thereby increasing its mass and
size, so that they are less likely to be affected by Brownian motion and thermal fluctuations.

In industries, granulation is usually achieved by spray drying.’**® Although compact
spheres may form during the spray-drying process, many other granule morphologies have been
reported, such as doughnut-like or hollow, etc.***** The granule morphology is indeed crucial
for some applications. For instance, it controls the porosity of ceramics and their mechanical
properties. For pharmaceutical applications, morphology requirements may differ according to
the route of administration of the powder. If the powder is intended to be placed in a capsule for

d116

oral administration, spherical dense micro-granules are require whereas, for inhalation,

crumpled paper morphologies or hollow spheres are convenient for deeper lung deposition.**’

Optimization of the powder for its final application, therefore, requires the full determination and
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control of the relevant parameters that will allow one to finely tune granule morphology. Details
of the spray drying technique and the dependence of the granular characteristics on the drying
parameters are given in later chapters.

The synthesis, characterization and processing of nano-structured micro-granules are part
of an emerging and rapidly growing field of nanotechnology. R&D in this field emphasizes
scientific discoveries in the generation of materials with controlled microstructural
characteristics, research on their processing into bulk materials with engineered properties and

technological functions, and introduction of new device-concepts and manufacturing methods.

1.4 Objective of the thesis

During last several years, considerable efforts have been made to develop multilevel
composite nano-structured materials using various bottom-up approaches. Techniques such as
chemical vapour deposition, physical vapour deposition, inert gas condensation, precipitation
techniques, etc. are commonly used for this purpose. The complexities involved in each of these
methods necessitate the implementation of rapid, one-step, energy efficient and economical
process for the synthesis of nano-structured micro-granules. Moreover, these granules possess a
structure which spans multiple length scales, therefore complementary characterization
techniques have to be employed.

Recent studies have demonstrated the use of the spray-drying technique as an easy, one-
step method of realizing nano-structured micro-granules through evaporation induced self-
assembly (EISA) of contact-free colloidal droplets. This technique allows sufficient flexibility
and control over the process parameters which extrinsically affect the EISA. Moreover, colloidal
properties also play a crucial role in EISA and governing the granular morphology.** %**° Due to

the dependence on numerous interdependent parameters, methodical understanding the droplet to
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granule transition during EISA is a challenge. These granules are also technologically beneficial

in applications such as filtration,"® bioremediation,*® etc. Thus, in order to harness the full

potentiality of these granules, a stepwise approach is essential starting from the synthesis

process. Apropos to the requirements, the main motivation of this thesis work has been listed

below,

Q) Realization of nano-structured micro-granules through contact-free drying of colloidal
droplets using the one-step, energy-efficient process of spray-drying.

(i) Mesoscopic structural investigation using complementary characterization techniques of
small-angle scattering and electron microscopy.

(iii)  Understanding the underlying mechanism of EISA in contact-free colloidal droplets
under pertinent physicochemical conditions.

(iv)  To establish a fundamental structure-function correlation of the granules aimed at

specific technological applications.

1.5 Layout of the thesis

The present doctoral thesis has been structured into six chapters. An overall introduction
and establishment of the context of the work have been already discussed in Chapter 1.

Chapter 2 elaborates the experimental techniques that have been employed for synthesis
and characterization of the nano-structured micro-granules. This chapter has been divided into
two parts. The first part illustrates the synthesis process of spray-drying in detail. The second
part of this chapter discusses the two basic characterization techniques, namely, electron
microscopy and small-angle scattering (SAS) while succinctly describing the complementarities

of the two.
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Chapter 3 describes the role of drying temperature on the granular morphology of a
one-component colloidal dispersion. It consists of two parts. The first part deals with the
explanation of origin such morphological diversity and the structural characterization of the
granules by techniques such as SAS, microscopy and porosity characterization by gas adsorption.
The second part investigates a potential application of these porous granules as sorbents for
cationic dye.

The intrinsic role played by the interparticle interactions in the colloidal dispersion has
been discussed in the next two chapters. Chapter 4 investigates the effect of addition of soft
template to a colloidal suspension. A facile way to obtain granules with tuneable porosity has
also been demonstrated. Chapter 5 discusses how anisotropy in the colloidal interparticle
interactions results in granules with prominent surface wrinkling.

Chapter 6 is the concluding chapter of the thesis where the results have been summarized and

future outlook of the work have been suggested.
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Chapter 2.1: Synthesis of Micro-granules by Spray
Drying

2.1.1 Background

Spray drying is a well-established technique that has been used in industries for over a
century. Earliest descriptions date from 1860 with the first patented design recorded in 1872.*®
Masters (1991)%° defined spray drying as “the transformation of feed from a fluid state into a
dried particulate form by spraying the feed into a hot drying medium.” Almost all other methods
of drying, including ovens, freeze dryers, rotary evaporators, produce particles of irregular size
and shape which require further processing (e.g. grinding and filtering).**® Spray drying, on the
other hand, offers a very flexible control over powder particle properties such as density, size,
shape, dispersibility, flow characteristics, moisture content, etc.*?>*?* Spray drying can be used
in a wide range of applications where the production of a free-flowing powder is required. This
method of swift dehydration has become most successful in pharmaceuticals, bone and tooth
amalgams, beverages and flavours, colourings and plant extracts, milk and egg products, plastics,
polymers and resins, soaps and detergents, textiles and many more.**"*!° |t gained importance
during World War Il when there was a sudden surge in the requirement of dehydrated food
because the transport weight of food and other materials had to be drastically reduced. However,
milk drying was the first major commercial application of the technology. The fluid feeds in
spray-drying can be solutions, suspensions, emulsions, slurries, pastes or melts. The drying
process allows lenient adjustments to encompass a broad range of experimental conditions,

including the drying of heat-sensitive materials such as vaccines and complex proteins.*? *2* The

reproducibility of spray drying enables it to be upgraded to nearly any scale of production-from a
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few grams of solids in laboratory spray drier, all the way up to very large instruments that can
continuously produce more than 10 metric tons of powder per hour!

Over the years, spray drying has gained importance in the field of nanotechnology,
particularly in nano-medicine'® where it is used to produce a good yield of particles/granules
with narrow size distribution. It is a cheaper alternative to lyophilisation or freeze drying of
nanoparticle suspensions. In the last few decades, this technique has proved to be crucial in the
synthesis of nano-structured materials.*® ®%® 12 Detailed discussions of the technique,

mechanism of formation of granule and buckling of shells are given in this chapter.

2.1.2 Technique

Droplet to granule transition is explained on the basis of the competitive forces that act at
various stages of drying. A constant feed rate is maintained so as to have a narrow size
distribution of droplets. Atomization increases the surface area available for drying. With the
gradual disappearance of water, capillary forces emerge as the water acts as a bridge between the
particles, bringing them closer (Fig. 1.7). The final outcome of such a process is a granule
composed of jammed nanoparticles. For an isolated single evaporative water droplet at
temperature T, the shrinkage in the size of the droplet, due to diffusion limited evaporation is
126

given by,

_ 2D m,

R4 (0)2 - R, (t)2 “OR T (P, -P.)7s
gas

(2.1)

where Ry(0) is the radius at time t=0 and Rq(t) is the radius at time t, ps and p., are the saturation
vapour pressure on the surface of the drop (which depends on temperature) and at large distance,
respectively. zy is the drying time, D, is the diffusion coefficient of vapour, m, is its molecular

mass, p is the mass density of solvent and Rgas is the universal gas constant. Here, it should be
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noted that drying time, in reality, will be much higher because of the presence of surrounding
droplets in the drying chamber. Factors like temperature, pressure,®” concentration,*® presence of

additive,'?’

etc. affect the mechanism of granule formation. More details shall be discussed in the
later chapters of this thesis.

Transition from fluid to a dry powder by atomization in a hot air stream generally
consists of four fundamental steps as elaborated in this section: (i) atomization of the liquid feed,
(ii) drying of spray by drying gas, (iii) formation of dry powder granules and (iv) separation and
recovery of the dry product. Fig. 2.1 depicts a schematic representation of the spray drying

technique. The spray dryer that was used for the synthesis of granules in the laboratory was LU

228 from Labulitma® given on the right in Fig. 2.1.

Drying gas (air)

T Exhaust
gas

Product

Fig. 2.1 Schematic representation of spray dryer and photograph of the laboratory spray dryer used with
the instrument control software.
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Laboratory spray-dryer LU 228 operates at an inlet temperature range from ambient to
~280°C with an accuracy of + 1° C. Compressed air nozzle is used in a co-current setup. The

steps involved in spray drying will be explained below, corresponding to the LU 228 instrument.

2.1.2.1 Atomization of liquid feed

This is the first and the most crucial step of the spray drying process*? because it governs
the uniformity in the droplet sizes and consequently the granule sizes. The fluid is fed into the
drying chamber by a peristaltic pump through the atomizer which generates tiny droplets
(micrometric size). Atomization is necessary to ensure rapid drying of the droplets. For
comparison, consider 2mL volume of water, after atomization yields ~40 x 10% droplets of 5um
radius which corresponds to a surface area of 1.2 m?. Thus, rapid evaporation of the solvent
occurs.

The working principle of the atomizers is governed by the liquid disintegration
phenomenon, first explained by Joseph Plateau in 1873.%° In short, a liquid jet of constant radius
(initially) falling vertically under gravity was considered. As the length of the liquid stream
increases and reaches a critical value, the jet loses its cylindrical shape and disintegrates into a
stream of droplets due to the decrease in surface tension.**® The analytical explanation of this
physical observation was given by Lord Rayleigh in 1878 by the “Liquid jet theory”.**™*? In this
theory, a laminar jet was considered to be flowing out of a circular orifice (Fig. 2.2). The growth
of small disturbances leads to the ultimate breakup of the stream in the critical condition when
the fastest growing disturbance attains a wavelength (A4) of 4.51d.y;, where ‘dcy’ is the initial jet

diameter.*® After breaking up, the liquid cylinder of length 4.51d.y disintegrates into a stream of
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d,, Y dy, Y
spherical drops (diameter dspn). Equating their volumes, 4.51dcy,7{%'] :%7{ szphj we get

d, =1.84d,, . Effects of surface tension and inertial forces were considered in Rayleigh’s

treatment, whereas the viscosity, effects of the hot and compressed gas was neglected. Weber
(1931) later improved the analysis by incorporating air friction which shortens A4 to 4.44d. at
zero relative velocity.™*® When relative velocity increases to 15 ms™, 4= 2.8dcy and dsph =1.6dcy.
Thus, the critical wavelength for the jet breakup is reduced for an increase in relative speed,
which results in smaller droplets. Ohnesorge in 1936 further included all the factors including
viscosity, density, surface tension and jet size and obtained the relation defining the
dimensionless Ohnesorge number (Oh) which is the ratio of Weber number (We) to

Reynolds number (Re),**

Jwe 7 viscous forces

Oh: = = - - =
Re /poL finertiaxsurfacetension

(2.2)

where u, p and o are the viscosity, density and surface tension of the feed droplet, respectively; L
is volume per unit area of the feed droplet. Thus, the breaking up of the liquid into droplets occur
as a result of conflicting forces supplied by the turbulence in the emerging liquid jet along with
the air friction whereas viscosity and surface tension forces resist the change. Later, when the

droplet is airborne, shear stresses start to realign which leads to further fission of the droplet.

A

Fig. 2.2 Droplet formation from a cylindrical stream.

Although all the atomizing techniques provide an efficient atomization, the droplet size

distribution varies majorly. The most commonly used atomizers are pressure nozzle, rotary,®
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two-fluid,** ultrasonic, electrohydrodynamic,™® etc. Each of these types has different
principles of operation. The particular case of LU 228, which has a compressed air pressure
nozzle type of atomizer, has been described here.
Pressure Nozzle Atomizer

The first known spray dryers used nozzle atomizers. As suggested by the name, the basic
working principle is the discharge of liquid under pressure through an orifice.**® The energy
required to overcome the pressure drop is supplied by the feed pump which is then converted to
kinetic energy as the feed emerges from the nozzle at high speed breaking up into a spray of
droplets. The narrowest granule size distribution is possible with this technique. The average
granule size produced, for a given feed, is a function of the feed rate, viscosity and the
atomization pressure. This is, in fact, the most energy efficient of all the atomization techniques.

Spraying pressure (operating range: 250-10,000 PSI) is tunable according to desired granule size

and also depending on feed characteristics. Droplet sizes hold an inverse relationship with the

| P

- - 99 D
atomization pressure value,”™, —= =

-0.3
j where D; and D, are initial and final droplet sizes on
1

1
changing the atomization pressure from P; to P,. However, at high feed rates, the droplet size is
less homogeneous when compared to rotary atomizers. Also, these nozzles require routine
changing of the nozzle internal pieces due to plugging of the orifice, depending upon the

utilization of the dryer.

2.1.2.2 Drying of spray droplets
After atomization of the feed into tiny droplets, they come in contact with the drying gas.
Rapid evaporation of the solvent commences at this stage. The crucial factor here is to ensure

uniform exposure of the droplets to the drying air. Efficient contact can be established by
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subjecting the droplets to hot air through co-current (in the same direction) or counter-current (in
the opposite direction) flows.*** Co-current type of flow, unlike counter-current is preferable for
the drying of heat-sensitive materials as the final product is in contact with the coolest air. LU

228 instruments have a co-current type of gas flow. Fig. 2.3 illustrates the two types of flow.

— —

Feed Inlet gas Feed

—~

Outlet
product

— Inlet ga

Outlet
product

Fig. 2.3 Schematic representation of co-current (left) and counter-current (right) spray-drying

configurations.

In addition, there are intermediate configurations with mixed flow between co-current
and counter-currents. A uniform airflow and an appropriately designed drying chamber are
required for proper functioning at this stage. Uniform air flow is obtained from an air disperser,
which creates pressure drop for airflow in all directions of the spray drying chamber. The air

disperser is normally placed adjacent to the atomizer.

2.1.2.3 Formation of dry granules

Formation of dried product by evaporation of moisture and the morphology definition of
the final dried product takes place at this stage. The drying kinetics predicts the heat and mass
transfer in the droplet during evaporation. Considering evaporation from a single droplet

subjected to convective drying in a spray dryer, the whole process can be divided into two stages,
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namely, the constant rate period and the falling rate period. First, when droplet comes in contact
with hot air, the temperature of the droplet increases from its initial temperature to the drying
temperature. During this period, solvent removal occurs at a constant rate from the surface of the
droplet. At this stage, the temperature is steady at wet-bulb temperature and the drying gas is
saturated with vapour from the liquid.*** Shrinkage of the droplet continues due to gradual
isotropic loss of liquid. Evaporation rate is proportional to the surface area of the droplet.**® In
the second step or the falling rate period, the evaporation is no longer at a constant rate. Rather,
the rate decreases due to the influence of vapour pressure which has build-up due to the other
droplets in the drying chamber. The moisture content inside the chamber is high; hence the rate
of evaporation is slower at this stage. Here shell or crust formation and buckling of shells are
very likely. After shell formation, the evaporation of solvent takes place through the shell.*** At
this stage, the granule reaches the coolest part of the dryer, approaching the outlet temperature.

The granule temperature continues to decrease and finally obtained granules are at a lower

temperature than the inlet temperature.'*®

2.1.2.4 Separation and recovery

The operation configurations in spray-drying can be open-loop or closed-loop.**® The
former uses air as drying gas that is not re-circulated, while the latter utilizes an inert gas (e.g.,
nitrogen) that is recycled in the drying chamber throughout the entire process. The open-loop
configuration is usually preferred in most of the cases since it is more cost-effective and stable.
Closed-loop mode is used to prevent the mixing of explosive gases and for the manipulation of
substances that are sensitive to oxygen. Thus, an efficient filtering system should be present so
that the air that is expelled out (open-loop) or re-circulated (closed-loop) is free from particulate

matter. To ensure this separation, a two-step system is employed to separate the final product
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from the drying medium. The vacuum system with a cyclone separator completes the process of
powder collection.
Cyclone separator

A cyclone separator is an attachment with the main components of the spray dryer that
utilizes centrifugal force to separate the solid components from a carrier gas (usually air). It
consists of an upper cylindrical part (barrel), and a lower conical part (cone). After exiting from
the spray dryer, air loaded with solid powder granules enters tangentially at the top of the barrel
and travels downward into the cone, forming an outer vortex. A centrifugal force acts on the
solid components due to the increasing air velocity in the outer vortex, thereby separating them
from the air stream. When the air stream reaches the bottom of the cone, an inner vortex is
created, reversing its direction and exiting out at the top as clean air. The particulates fall into the

collection chamber attached to the bottom of the cyclone.**” The granular diameter cut-off (dg)

W 1,
”(pp _pa) NtVi

for a given cyclone configuration is, dg —\/ where W is the inlet width (m), 14

is the viscosity of air (1.85 x 10° kgm™.s), p, and ps is the density of the granules and of air

respectively (in kg/m®), V; is the inlet velocity (in m/s), and N; is the number of turns, taken to be

148
5.

An additional powder collection system, comprising dry collectors (such as a second
cyclone separator, bag filter, electrostatic precipitator, etc.) are sometimes present, followed by

wet scrubbers thereby increasing the efficiency of a filtering out particulate matter.*®

2.1.3 Morphology of the granules

The properties of the finally obtained product depend on various factors such as (i)

process parameters, (ii) properties of the liquid feed and (iii) equipment design. For example, a
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high flow rate of the liquid feed, high feed viscosity,*® large nozzle diameter, high concentration
favour the formation of larger granules. Conversely, low surface tension, high atomization
pressure®® and small nozzle diameter render smaller granules. Regarding the morphology of the
granules, faster solvent evaporation rate usually leads to granules that are more deformed
(buckled), due to shorter time for the droplets shrinkage. The control of size and morphology
during the spray-drying process can be done smoothly. It is to be mentioned here the
hydrodynamic effects on the droplet during atomization has been overlooked since the droplet
size is significantly small (~10 um). Apart from the equipment parameters, physicochemical
properties of the colloidal suspensions also have been found to play a major role in the formation
of a granule. An overview of the factors determining the ultimate morphology is given in this

section.

2.1.3.1 Quantification of drying: Péclet number

The quantitative measure of the strength of drying is expressed by the dimensionless
Péclet number P, that compares the drying and diffusion characteristic times. The diffusive
motion of the nanoparticles tends to homogenise their distribution but the loss of fluid from the
droplet alters this motion. P, is defined as the ratio of the evaporation rate and the diffusion rate.
In temporal terms, it is the ratio of mixing time, zmix (time taken by a particle to reach the centre
of the drying drop from the periphery) of the nanoparticles in the droplet to its drying time zq

149, 103, 150

given by,

(2.3)

H . 2 2
p_ evaporationrate  zmx | Rj Iz, :E& GnnRj

diffusionrate 7z, | D, 7, kT

where Ry is the droplet radius and Dy is the diffusion coefficient of the nanoparticles in the

droplet, kgT is the thermal energy, ‘R’ the nanoparticle radius and # the solvent viscosity. During
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evaporation, as the solvent continues to disappear and the nanoparticle concentration exceeds the
saturation. A typical calculation of the drying time starting from the formation of the droplet to
the granular stage is carried out below.

For a droplet of radius Rqhaving a solute concentration ¢ forming a granule of radius Ry,
with volume fraction ¢y, following conservation of mass, the balance equation can be written as,

b, Rg =¢,R3. Such a relation holds true in the scenario of isotropic drying.'®® An estimate of the

drying time for aqueous colloidal droplet dispersion is made from Eqg. 2.1. At the time of
atomization, Rq4(0) is given by the total droplet radius, assumed to be 10 um. As a result of
continuous shrinking, Rq(0) reaches Rq(t) which is typically 1/5™ of R4(0), in case of isotropic
drying. D, for water vapour at 100°C (T=373K) is 3.5 x 10° m?s™, m, for water is 18 g.mol™, p is
1000 kg.m?, ps at 100°C is 658 Torr, Rgas is 8.314 J.mol™K. p., is the vapour pressure at an
(ideally) infinite distance is taken to be zero. zy in such a case is calculated to be in the order of
milliseconds (2 ms). Ideally, with the gradual build up of vapour in the drying chamber, p.
cannot be neglected. In such a case, 7y can reach up to fraction of a second, depending on the
aspirator rate. For the laboratory spray dryer LU 228, the drying chamber has a diameter of 20
cm and length 60 cm, typical aspiration rate of operation is 50 m* hr’. The aspirator rate per
minute is much larger than the influx feed pump rate (typically 2-10 mL min™), hence it can be
safely assumed that p., is zero.

Often zy is quicker than the mixing time zmix, Which is the case for P¢>1. In this case, the
nanoparticles at the surface of the droplet do not find enough to diffuse to the centre, instead,
they get jammed at the surface. Hence a thin shell or crust is formed. Further solvent removal
occurs via the thin shell. Granules thus formed are hollow. On the other hand when znix< 7q

(Pe<1), shell formation is hindered as the drying is slower so particle movement is a diffusion-
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controlled process; such a scenario is known as isotropic drying.*** This condition can also be
triggered by slowing down of the evaporation rate or the drying time when there is a significant
build-up of vapour in the drying chamber. Depending on the rate of evaporation, water can be
trapped inside this hollow core. This causes an imbalance of osmotic pressure across the shell,
which may ultimately buckle to facilitate further evaporation of the trapped water.' Literature

shows the tuning of different parameters to control the buckling, such nanoparticle

153 102

polydispersity,®? charge,”* concentration,®® presence of polymers,*>® electrolyte,'® etc. by
varying experimental conditions such as atomization pressure for spray drying,®’ viscosity of the

colloidal solution,> etc. Fig. 2.4 depicts the two scenarios schematically.

Isotropic drying — Compact granule

Atomized colloidal droplet

e e :0 P.<1

° ©%e
[
™ 9%‘Rd

v .
90/9,79 @ Fast Drying

¢ e “ P,>1 Shell formation — Hollow granule
-

[
N I:)Darcy
Gomnenees Evaporation Pohen g2 9
Gomneees Diffusion of nanoparticles

Fig. 2.4 Two types of drying scenarios.

An atomized colloidal droplet is shown to behave differently depending on the drying
rate. An intermediate stage of the drying droplet is shown where in case of isotropic drying, the
nanoparticles are fairly homogeneous throughout, whereas, for fast drying, a layer of

33



Chapter 2.1 Synthesis of Micro-granules by Spray-Drying

nanoparticles is seen to accumulate at the boundary, which forms a thin shell. In the third stage,
the cross-section of the granule is shown, the first case yields compact granule and for the second
case, a hollow granule is formed. For a single isolated droplet of diameter 1 um with 10 nm
diameter particles suspended in water, and for a drying time of 1 millisecond at 100°C, P, is
close to 10. Thus, the diffusion process is slower by two orders of magnitude than the drying
time and the effect of nanoparticle diffusion is therefore negligible in such cases. Precisely, the
droplet size above which diffusion can be neglected is given by (ksTzg/6wna)™® or ~ 0.1 pm
which is much smaller than the droplet size in most spray driers. However, due to the presence of
other droplets in the drying chamber, the rate of evaporation is slower; hence the value of P, can
fall below 1 depending on other experimental conditions. Thus, the shape of the final grain is
therefore not solely determined by the Péclet number. The mechanical property of the shell
formed also plays an important role in the morphology determination of the final grain. To
account for those properties, it is necessary to consider the stress sustained by this shell, which is

the subject of the next section.

2.1.3.2 Formation of shell and its subsequent buckling
As mentioned earlier, capillary forces arise during evaporation as the disappearing water
form menisci between the nanoparticles which are responsible for cracks developed in drying
droplets of suspensions of soft nanoparticles*>* and also for buckling of the shell during drying.*®
54,87, 95,151,133, 155 Njeedlless to say that, in order to buckle, the shell must first become solid. The
process for the same is being elaborated below,
|.  Formation of elastic shell: Tsapis et al.>* have shown that the liquid to solid transition of
the shell results from the viscous stress induced by the permeation of solvent through the

shell. This flow-induced stress results in a uniaxial compression on the accumulated
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nanoparticles. The flow is analogous to the one through a porous medium,; it results in a
pressure difference across the shell that is related to flow velocity (v) using the classical

Darcy's law for porous media,™ written as,

nv
I:)Darcy = E hsheII (24)

where # is the solvent viscosity, hsen the shell thickness and K its permeability. This
pressure difference is counterbalanced by the “particle pressure”, or the interaction forces
acting between the nanoparticles. Pparcy and shell thickness hghen is depicted in the fast
drying scenario of the droplet in the schematic Fig. 2.4.

As mentioned earlier (Eq. 1.5), for charge stabilized nanoparticles, the Derjaguin Landau
Verwey Overbeek (DLVO) potential describes the interaction in short range, which is a
combination of van der Waals attractive part (Wyw) and the electrostatic double-layer
repulsion (Wp.). The resulting potential exhibits (Wietar) an energy barrier (Fig. 1.5) that can
be overcome under the action of the Darcy pressure resulting from solvent's flow. In a
scenario when the energy barrier is ultimately surmounted, the nanoparticles that are
accumulated at the droplet's surface form a solid shell. The shell eventually buckles, as the
solvent trapped inside escapes by evaporation.

The permeability (K) of the shell is related to the nanoparticle radius (R) by the Carman-—
Kozeny relation,***

R (L4, )

(2.5)
4547,

K=
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where ¢, is the nanoparticle packing fraction in the shell. Assuming that the relative
velocity (v) between the porous shell and solvent is v ~ R% where Ry is the droplet radius,
d

EQ. 2.4 becomes,

P _ 45¢nzp R Ny

Darcy — (1_¢np )3 . szd

(2.6)

Therefore, Darcy pressure increases linearly with the shell thickness. Fig. 2.5 shows the
variation of Ppary With shell thickness. As the droplet dries, the thickness hshen can be
assumed to vary from a nanoparticle diameter 2R (one-layer of nanoparticles at the shell) to
the total droplet radius Rq (compact granules) Consider nanoparticles in an aqueous droplet
(7 =8.9x10™ Pa.s) of radius (Rg = 1000R, considering random jamming packing volume
fraction (0.64) at the shell, the Darcy pressure build-up as a function of normalized shell
thickness is plotted in Fig. 2.5 for normalized drying times of 1, 5 and 10 units. It is shown
graphically that to attain a particular reference Darcy pressure value (Prs marked by the
dashed line); the corresponding hspen is minimum (marked by point A) for the faster zy (1
unit) and maximum (marked by point C) for the slowest normalized zy (10 units). Thus,
granules with thinner shells are formed at faster drying rates when compared to that formed

at slower rates. Consequently, the former is more prone to buckling than the latter.
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Fig. 2.5 Graphical representation of the variation of Darcy pressure with the shell thickness of

granule at different drying times. zy and sizes are normalized, therefore unitless.

In summary, the flow of solvent through the shell formed by the accumulated
nanoparticles results in a Darcy pressure that induces their aggregation. At small distances
between nanoparticles (d), colloidal interactions (DLVO) may oppose the aggregation. The
DLVO interaction energy, that accounts for a charge induced repulsion and a van der Waals

attraction, is written as,

W,

total

2
(d)=327es, Kol ) tann? et AR (2.7)
e 4k, T 12d

B

For charge-stabilized nanoparticles, the potential reaches a maximum as d increases from
zero and further goes to zero for large separation distances (Fig. 1.5). In order to account for
the effect of the Darcy pressure, an effective potential W(d) can be written that includes a
Darcy pressure term as,™>

2
W (d) =327, (kB—Tj tanh? 2o_Re R, 7R*P,,,d (28)
e ak,T 12d d

Thus, the Darcy term results in a decrease of the energy barrier for particle aggregation to

occur. The larger the DLVO energy barrier, the larger the Darcy pressure must be to reach
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aggregation. Conclusively, it is the Darcy pressure that induces the aggregation of the
nanoparticle and makes the shell elastic, which is necessary to induce buckling.

Buckling of shell: The buckling instability threshold is given by the Zoelly—Van de Neut
condition™® which relates the critical pressure Pp. above which the shell buckles and
collapses, to the thickness and mechanical properties of the shell.

Pk = ZE(E—] B (2.9)

shell
where E is the Young modulus, v is Poisson ratio and Rshe is the shell radius which in the

upper limit corresponds to the droplet radius Rq. The maximum capillary pressure between

the two nanoparticles is'* ~F7/ where y is the air-liquid surface tension and d the

=~
cap

interparticle distance. In case of an interparticle distance of d =~ R/3, where R is the
nanoparticle radius, the capillary pressure (Pcap) reaches 100 MPa for 10 nm radii particles
in water. Considering the modulus for rigid nanoparticles to be ~ 10° Pa,**” for a shell
thickness ranging from hghen = 5R to h = Ry/5, considering a typical v to be 0.33 (drying

network of silica nanoparticles)™®

the critical buckling pressure ranges at most from ~10 to
10* Pa. However, Py remains significantly smaller than the maximal value of the capillary
pressure Pcap during the whole drying process.

Therefore, the fate of the nanoparticles in a drying scenario is inevitably a jammed

granule, be it compact or through shell formation. Darcy pressure resulting from solvent's flow

during drying is large enough to overcome DLVO energy barriers even for strong nanoparticle

repulsions thereby inducing assembly. In the scenario of shell formation, when the critical

buckling pressure is overcome by the capillary pressure, buckled granules are obtained.
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2.2.1 Introduction

The characterization of nano-structured micro-granules requires access to length scales
ranging from that of the constituent nanoparticles to micrometer-sized granule. In this regard,
complete structural analysis involves the implementation of complementary techniques, namely
scattering and microscopy (or imaging).

Technically speaking, the first step of both the process is the same, which is, interaction
of the respective incident radiation with the object under observation. In a scattering experiment,
the variation of scattering intensity with scattering angle is recorded and consequently analysed
using suitable mathematical models to extract real-space information. Scientifically speaking, the
obtained scattered signal is in the reciprocal-space, which is the Fourier transform of real-space
density distribution. Scattering, being an indirect method, records this Fourier transformed data,
from which real-space data has to be extracted using mathematical models.**® On the other hand,
microscopy, a direct method, reconstructs the object morphology as an image with the help of a
lens system (such as optical lenses for optical microscopy). Microscopy re-transforms the data in
reciprocal-space to real-space through the lens system and yields an image in the real-space. Fig.
2.6 schematically shows the comparison of the main principle of these two methods. It should be
mentioned here that in both the cases, contrast between the object and the medium is mandatory

in order to be perceived the probing radiation.
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Fig. 2.6 Microscopy and scattering techniques compared.

Both these techniques complement each other to provide information of the object. For
example, a crucial advantage of scattering is that it yields statistically averaged information
about the area of the sample under the probing radiation. In contrary, local information is
perceived by microscopes, which present the sample characteristics superficially. Microscopy,
unlike scattering, often requires specially prepared sample, such as staining for optical
microscopy,*®® gold-coating on non-conducting surfaces for scanning electron microscope,
Obtaining in-situ measurements is easier for the case of microscopy.'®” Contrast variation during
scattering experiments provides an immense advantage of structural determination of multi-

component samples.’®**®  Therefore, implementation of both these techniques ensures

completeness in characterization of nano-structured micro-granules.
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Electron microscopy is the most commonly used imaging techniques in micrometric
scale.'® Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)
are the two types of electron microscopy techniques that work on the two different operation
principles. As the name suggests, SEM scans the sample surface with electrons to provide the
topological information about the sample. On the other hand, TEM works on the principle of
transmission of electron through the sample. Unlike SEM, TEM requires thin sample sizes.
Therefore, characterizations of nano-structured micro-granules, whose sizes reach up to few
microns, can be challenging using TEM. SEM being a surface scanning technique proves to be
very efficient in the present case. Microscopy provides a visual image.

Scattering techniques, on the other hand, is suited for quantification of the sizes and
correlation in nano-structured granules. Some common scattering techniques are static and

dynamic light scattering (SLS and DLS respectively),'®®

small-angle scattering using X-ray
(SAXS) or neutron (SANS) as probes, etc. DLS study the diffusive motion of granules which is
related to their hydrodynamic and not their actual sizes. Light, having negligible penetration
depth, makes SLS technique unsuited for characterization of solid, opaque samples. In the
present case, the granules are opaque and in powdered form. Also, owing to the characteristic
hierarchical length scales present in the granules, small-angle scattering (SAS) technique is most
suitable. It provides quantitative information about the structure (size, shape, number density) as
well as the interparticle interactions (volume fraction, interaction potentials).*®’ In this thesis,
SAS experiments were performed using both X-ray and neutrons as probes. This chapter gives a

detailed demonstration of the both of these major techniques that were used for characterization

of the granules.
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Along with the two above-mentioned techniques, there are further experimental tools,
such as gas adsorption technique based on Brunauer—Emmett—Teller (BET) theory, Energy
Dispersive X-ray (EDAX), spectroscopy techniques, such as Fourier Transfer Infrared (FTIR),
UV-Visible, Raman and also computational tool (Surface Evolver) which were used for specific

investigations and will be explained in later chapters.

2.2.2 Scanning Electron Microscopy (SEM)

As the name suggests, SEM scans over a surface with a focused electron beam to create
an image. The interaction of the incident electrons in the beam with the sample produces signals
that are used to obtain information about the surface topography. A two-dimensional scanning of
the surface is carried out by the electron probe and subsequent acquisition of the image from the
detected secondary electrons takes place. The number of secondary electrons that can be detected
depends on specimen topology. There are a few advantages of SEM over optical microscopy and
transmission technique such as TEM. Firstly, unlike TEM (thickness <100 nm), here, the sample
can be of bulkier. Secondly, minimal sample preparation is required in this case. The
magnification ranges from 20X to ~ 30,000X with a spatial resolution of ~10 nm which is more
than that of an optical microscope (~1 um). Non-conducting samples can also be characterized
by a special type of SEM known as Field Emission SEM, where even better resolution is
obtained (up to ~1 nm).*®®

In the present thesis, FESEM has been used significantly for characterization of the nano-
structured micro-granules. The basic working of SEM and FESEM is the same, except for the
type of electron gun used. SEM uses a thermionic emission (TE) gun, whereas, FESEM uses

field emission (FE) gun. Below, the basic principle of SEM and description of the instrument is

discussed with special mention of FESEM as well.
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2.2.2.1 Principle

This technique requires electrons to be accelerated at a high voltage such that efficient
probing of the sample is achieved by impingement. The accelerating voltage ranges from a few
kV up to 30 kV. At such high voltages, the wavelength of the electron (A), considering
relativistic effects is given by,

A= h (2.10)

eE
\/Zmero (1+ %moczj

where ‘h’ is Planck’s constant, Eg is the applied voltage, ‘€’ and ‘mg’ is the electronic charge (-

1.6 x 10 C) and rest mass (9.1 x 10°* kg) respectively. For the maximum accelerating voltage

of 30 kV, the wavelength is ~0.2 nm. When electrons impinge on the sample, they get scattered,

gradually losing their energy, finally getting absorbed The extent of electron penetration (Re)

depends on the beam voltage (Eo), the atomic number (Z) and atomic weight (A) of the elements
169

in the sample, and its atomic density (p), given by 7,

_ 0-0276A

e~ 089
Z

R ELS (2.11)

Various simultaneous phenomena (generation of secondary and Auger electrons, back-scattering,
cathodoluminescence, etc.) occur after electron incidence, which generate signals. SEM utilizes
these signals to characterize the surface or just beneath the surface. Fig. 2.7 shows the various

signals that are obtained from sample when an electron beam is incident.
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Electron beam
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Fig. 2.7 Emission of radiation and particles from the sample illuminated by the electron beam.

Secondary Electrons: These electrons are produced from the valence shell electrons of the
constituent sample atoms. These are low energy electrons, hence, the ones generated deep
below the sample surface gets absorbed. Only the ones generated on the surface are emitted
and contribute to the detected signal. Secondary electron yield also depend on the tilt angle
of the sample surface. The yield is more for an electron beam that incident obliquely than for
the one entering perpendicular to the surface. The difference in incident angle of the
electron beams is perceived as a difference in brightness on the SEM image. Thus, the
modulations on the surface can be recognised by these secondary electrons.

Back-scattered Electrons: These electrons are actually the incident electrons which are
reflected back from the sample. They possess higher energy and contain information from
the deeper regions of the sample (compared to the surface) and are sensitive to sample
composition. As these electrons are scattered after interacting with the electrons in the
sample, thus as Z is larger, the number of back-scattered electrons are also larger. The

formed image will have a bright area for locations having high Z elements. In this way SEM
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also provide the contrasts in chemical composition for multiphase samples, orientations of
crystals etc.

Auger Electrons: The incident electrons can also cause ionization of the atoms in the
focussed area. The subsequent relaxation of these atoms release Auger electrons, which is

characteristic of the elements present in the area under scan.

. X-rays: Cases | and Il are surface phenomena, whereas Il and IV take place in the whole

interaction volume in the focussed area of the beam. The incident electrons can also generate
characteristic X-rays which can be detected by Energy Dispersive X-ray Spectrometer
(EDS) or Wavelength Dispersive X-ray Spectrometer (WDS).'"® The elemental composition
can be obtained from the characteristic peaks. A suitable accelerating voltage of the incident
electrons should be used to ensure efficient X-ray generation.

Cathodoluminescence: The bombardment of incident electrons on a sample surface may
result in the emission of electromagnetic radiation which can be in the visible (400-700 nm),
ultraviolet (UV; <400 nm) or infrared (IR; >700 nm) regions of the electromagnetic
spectrum. This general phenomenon is known as luminescence. Depending on the incident
radiation and the kinetics of the emission process, luminescence can be categorised as
fluorescence (luminescent radiation occurs in < 10°® seconds after the incoming radiation
ceases) and phosphorescence (luminescent radiation continues to emit for >10® seconds and
longer after the incoming radiation ceases). In general, cathodoluminescence is the emission
of photons of characteristic wavelengths from a material that is under high-energy electron
bombardment such as in SEM.*" The nature of cathodoluminescence in a sample depends
on the chemical composition, lattice structure, impurities, strain or damage on the structure

of the material.
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Along with the above mentioned kinds of detection signals, there are also transmitted and
absorbed electrons. The quality of the SEM images primarily depends on the accelerating voltage
of the incident electrons. The penetration depth changes when the accelerating voltage is varied.
For high accelerating voltages, information from the inside of the surface (interaction volume
below the surface) gives an unwanted background which decreases the contrast of the sample

surface. Thus, in order to observe a clear image, the accelerating voltage should be optimised.

2.2.2.2  Description of instrument

The basic requirements of a SEM setup are an electron source along with an optical
system to produce a scanning probe, a sample stage, a secondary electron detector, an image
display unit and an operation control unit. Fig. 2.8 depicts the schematic of the parts of an
electron microscope. The electron optical system consists of an electron gun, condenser lens,
objective lens to constitute the electron probe, a scanning coil to direct the scanning process.
This part of the SEM along with the sample stage is kept at high vacuum (10°-10* Pa) to avoid
stray interactions of electrons with the air molecules. For this function, diffusion or a turbo-
molecular pump is used in general. For FESEM, ultra-high vacuuming (10® Pa) is required

which is achieved by sputter-ion pump.
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Fig. 2.8 Basic components of SEM.

Signals generated from the specimen are collected by an electron detector, converted to
photons via a scintillator, amplified in a photomultiplier, and converted to electrical signals that
eventually form the image on the viewing screen. Brief descriptions of the individual parts are
given below.

I.  Electron gun: It produces the electron beam. Usually, it is a thermionic emission gun which
generates electrons by thermionic emission from tungsten wire at 2800 K. These
thermoelectrons are gathered at the anode by applying a positive bias on the anode. A
perforation in the anode serves as an outlet for the electron beam. A third cathode known as

the Wehnelt electrode,'’® having a negative bias, is placed between the cathode and anode
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which focuses the beam and adjust the current in the electron beam. Focusing is achieved at
the “crossover” where the beam diameter is 15-20 um. Other electron guns such as LaBsg

172 and field-emission (FE) guns*™ are also used,

single crystal,*"* Schottky-emission (SE)
where the resolution is much better. Fig. 2.9 shows the constructions of thermionic emission
and FE gun.

FESEM or Field Emission SEM has a higher resolution (~1.5 nm at 30kV) than
conventional SEM. Also, thermionic sources have lesser brightness and are prone to cathode
material evaporation and thermal drift during operation. FE gun being a cold cathode field
emitter does not heat the filament. The electron emission occurs from the emitter which is a
sharp and pointed tungsten wire fitted with a tungsten single crystal. When a positive bias is
applied to a metal plate or the extracting electrode situated below the emitter, electrons are
emitted from the emitter by tunneling. A second electrode, known as the accelerating
electrode is placed below the extracting electrode, which is maintained at a fixed voltage so
that the energy of the electrons in the beam is uniform. The tip of the emitter should be
extremely clean for the commencement of tunnelling. Hence FESEM requires ultra-high
vacuum. The electron beam here has a smaller radius (5-10 nm) than that from a thermionic
source (10-20 um), hence the electron density is more in the former. Energy coherency is
extremely crucial to minimize chromatic aberration and increase the resolution. For FE gun

sources, electrons have a negligible energy variation; hence coherency of the beam is better.

Schematic of FE gun is given in Fig. 2.9.
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Thermionic Emission Gun Field Emission Gun
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Fig. 2.9 Comparison of the basic components of Thermionic and Field Emission guns.

Lens system: A magnetic lens system is used in SEM as they are the most suited to produce
lens action on charged electrons. It is achieved by passing direct current through a coil
producing a rotationally symmetric magnetic field which pushes or collimate the electron
beam towards the centre of the coil. The focal length of such a lens is adjusted by tuning the
magnetic field lines density by changing the coil current. The lenses are placed below the
electron gun in order to achieve efficient adjustment of the beam diameter. The two-stage
lens system comprises of the condenser lens at the top and the objective lens at the bottom

Sample stage: During imaging, the sample is often required to be movable. Hence the
sample stage is accordingly designed to provide movement along X-Y-Z direction along
with rotation and tilt. X and Y provide the selection of field of view whereas Z provides
change in image resolutions and depth of view. The required movement of the sample stage

is computer controlled.
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IV. Secondary electron detector: This detects the secondary electrons that are emitted by the
sample. A fluorescent substance is coated on the tip of the detector that receives the
electrons acting as the scintillator. A positive bias of 10kV is applied to it. The electrons hit
this scintillator producing photons which are then directed to a photomultiplier tube (PMT)
through a light guide. Photons get converted into electrons which are amplified as the
electric signal.

The amplified signals from the secondary electron detector are transferred to the display unit
which is a cathode ray tube (CRT) or a liquid-crystal display (LCD). An image is formed on the

monitor screen, which is saved in a digital format.

2.2.3 Small-Angle Scattering (SAS)

SAS is a powerful non-destructive characterization technique, used for investigation of

163-164, 167 The structural features are

materials’ structures, in the mesoscopic length scale
perceived as inhomogeneities occurring in an otherwise homogeneous medium owing to their
inherent density fluctuations. For example, nanoparticles, pores in a porous material,
macromolecules in a solvent, precipitates in alloys, etc. The versatility of SAS is owing to the
accessible length scale (1-1000 nm) which falls in the domain of nanoscience and technology.
André Guinier (1938) is credited with the initiation of formalism of SAS using X-ray as probe'®.
Krishnamurti first utilized SAXS technique for characterization of amorphous systems*’>. Other
major contributors to the field include Peter Debye'’®, Otto Kratky'®*, Giinther Porod'”’, etc.
Recent years has seen momentous developments in SAS technique and its application in fields
ranging from classical metallurgy to soft matter, engineering to bioscience and many more.

It is basically a diffraction technique where elastic scattering phenomena is studied at

small scattering angles (0.1-10°) close to direct beam which distinguishes it from Bragg
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diffraction from atomic planes as observed at large angles. SAS delivers the structural data
averaged over macroscopic sample volumes overlooking atomic scale irregularities. In contrast
to microscopy techniques, such as Transmission Electron Microscopy (TEM) or Field Emission
Scanning Electron Microscopy (FESEM), SAS is non-destructive and require minimal sample
preparation. The probing radiation in SAS is generally neutrons, X-rays or light.*®® The basic
principle and theoretical background is same for all the probes. However, the variation lies in the
interaction between the probe and the sample. There are sample-specific advantages of a
particular probe with respect to another, according to which a suitable technique is chosen. SAS
provides statistically-averaged quantitative information about the structure and correlation of a
system whereas imaging technique such as SEM, (as described in section 2.2.2) furnishes the
pictorial representation. Thus, both the techniques are complementary to each other for
wholesome characterization of the granules. The theoretical foundation of SAS is provided in the

following sub-section.

2.2.3.1 Theoretical Background

SAS technique requires a monochromatic beam of radiation to be incident on the sample.
The intensity of the scattered radiation is measured as a function of the scattering angle, which is
then analysed to provide information about the mesoscopic structures present in sample. Fig.

2.10 shows schematic of a typical scattering experiment. The wave vector of incident and
scattered radiation is denoted by Kand E , respectively. The difference between the two wave

vectors is due to the scattering event. As SAS considers only elastic scattering events, the
magnitude of the wave vectors are considered to be equal, |ki|=|ks|, although there is a change in
the direction of scattered radiation with respect to the incident direction. Hence, analyzing the

scattering pattern will provide information about the required sample properties. The magnitude
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of the wave vectors is given as k, =Kk =27” where A is the wavelength of the radiation. Phase

difference between the incident and the scattered wave is (kS—E)-E where q=k, —k; is

defined as the wave vector transfer. Magnitude of q is |q| =2ksin@ where 26 is the scattering

A7sin @

angle. Therefore, q= . At the lower limit, 26=0° gmin = 0. At the other extreme,

maximum scattering is 26=180°, g, =47”. Neither of the extremes is achievable due to

interference of the incident beam.

—

ANVANANWAWANA K
\VARVALVALVAR VAN

Monochromatic

radiation
JANVANYANNVANFANNAN
\VAAVAAVAAVAVA

Detector

Fig. 2.10 A typical scattering experiment where scattering from two random scatterers in the object has

been depicted.

It is to be mentioned here that q is the Fourier transform of the real length scale r .
Hence to probe a larger length scale, g should be close to gmin Or at small angles. In general, SAS
falls in the regime where 20< 10°. Hence by SAS, structures having dimensions beyond the
atomic length scale (mesoscopic) can be probed compared to scattering techniques at wide

angles (WAS) which provide information on the atomic length scales.
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2.2.3.2 Basic formalism

As mentioned earlier, SAS is inherently identical irrespective of the probing radiation.

179-181

However, it should be noted that neutrons interact with atomic nuclei and X-rays

(SAXS)0%18% 187 jnteract with electrons to emit secondary waves, which interfere with each

other producing detectable signals. The strength of a scattering interaction is quantified in terms

ik;.r

of scattering length. For an incident plane wave of the form€ " | interacting with a scatterer at

the origin (r=0), the scattered wave is given by —Meiki* . b(6) has the dimension of length and
r

is known as the scattering length. For X-rays, b(6) is dependent on the atomic number of an
element and @, whereas, for neutrons, the interaction is #-independent and element specific.

The scattering cross-section describing the flux scattered in the solid angle dQ is denoted

by £ and is called as microscopic differential scattering cross section. The total scattering
. do . . .
cross section —— integrated over all solid angles is given by o =4zb*. For an assembly of

do . )
scatterers, E , averaged over all orientations,

2

d —iq.p
o= ‘Zbie o 212

where Fiis the position of the i™ scatterer in the sample. For X-ray b; is the atomic scattering

2 2

> where Z is the atomic number and
m,C m,C

factor of the i™ atom for X-rays given by is the

2

classical electron radius. Similarly, for neutron it is the bound atom scattering length dependent

on the neutron-nucleus interaction strength. Since SAS probes large-scale inhomogeneities,
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therefore, the individual scattering length b; is replaced by locally averaged scattering length

density p(f) Hence Eq. 2.12 becomes,

8 (@)=(|J o(F)e o7 ) 213

where p(f) is p(f) = \%Zb‘ and the summation is over all scatterers in volume V (F,)

Considering a solute (sample) having scattering density distribution ps (total volume Vs), in a

solvent (medium) with py (total volume V), Eq. 2.13 is written as,

Rearranging,

2
do

10 0= (2.14)

(ps — Py )J.e_ia'FdF+pM J e gy + Ie_ia'FdF
Vs Vi Vs
The second term behaves like a delta function which exists at g close to zero and thus, can be

neglected for all non-zero q values. Hence Eq. 2.14 becomes,

22 (@)= (o)

After normalisation with the sample volume, Vsample, the macroscopic differential cross section

dx . . .
— btained, i.e.,
dQ(q) is obtained, i.e

(2.15)
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where (p, — p,,)? is known as the contrast factor which governs the “distinctiveness” of an

inhomogeneity by the probing radiation, i.e, if contrast is low, the inhomogeneity appears

> (2.16)

where ﬂ is the position vector of the k™ inhomogeneity, V, is its volume and

smeared. EqQ. 2.15 can be written as,

Z F (a)e_ia'E

k

E(q)_ V P

sample

dz (pSpM)2V2<

F (a):ije‘ia}dehich is normalized such that \F(O)\2 =1. For a monodisperse system,
PV,

having N, number of identical particles, each having volume V,, Eq. 2.16 is expressed as,

dx N (ps_pM )2\/2 -2\ 1 r ?

@) ) & e
e P -
_ Np(ps ~ Pwm )Zsz
==y P(a)s(a)

sample

where P(q) is the intra-particle structure factor by P(q) = <‘|: (a)‘2> . It is also known as the form

factor as it depends on the shape and size of a particle. S(q) is inter-particle structure factor

s<q>—Ni<

particles in the sample. For a dilute suspension, S(q), the particles are situated far enough to

g ian
>

2
1 ia(r—ne : .
>—1+N—<Zzeq( )>wh|ch depends on the correlation between
k k'

p

consider S(g) to be 1. Incorporating fractional volume (¢) of the particles in the sample

N pr
¢= , Eq. 2.17 becomes,

sample

dz

d—Q(q)=¢(ps ~pu) V,P(q)S(q) (2.18)
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Often scattering intensity is required for powder samples. In such cases, the intensity 1(q) is

N
plotted as a function of q in arbitrary units instead of j—é(q) Putting n = —"— where ‘n’ is

sample

the number density of particles 1(q) becomes,
1(a)=n(ps ~p ) V;P(a)S(a) (219

Typical functionality of P(q), S(g) and j—é(q) is given in Fig. 2.11. P(q) and S(q) for the

specific cases will be discussed in the later chapters.

-
o

o
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1

1N
H
1

P(a), S(q), OLZ/dQ(Q)

°
N
1

0.01 0.1 1 10
4
q(nm)

dx
Fig. 2.11 Graphical representation of P(q), S(q) and E(q)

So far, it was considered that the particles are monodisperse with respect to size and
shape. However, in the reality, this is not the case. There exist a polydispersity, i.e, a size
distribution (D(R)) needs to be considered. Under local monodisperse approximation,'*> which
assumes that a particle of a certain size is always surrounded by particles of the same size,
scattering is approximated as a collection of monodisperse subsystems, weighted by the size
distribution. In such a case,
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V2 (R)P(a,R)S(q,R)D(R)dR

1(a)= w (2.20)
[D(R)dR

>
—_
o)
w
|
i)
<
~
N
O, 8

D(R) can have various forms such as Gaussian, log-normal, Schultz, etc. Log-normal

distribution has the form

D(R)=———ce > (2.21)

RO'\/Z

where u and o are the median radius and polydispersity index (varies between 0 and 1),

0'2

respectively. The mean and median values are related as R ... = ,ue7 and the standard deviation

mean

is given by \/ezﬂw (ea —1)

The analysis of object morphology can be carried out coarsely by the inspection of the
asymptotic behaviour of the SAS profiles. Given below are some simplified methods by which a
rough idea about the system under observation can be obtained.

164 under

l. Guinier Approximation: An idea about the geometrical dimension of the object
investigation can be made by only considering the limiting behaviour of the intensity plot

close to g—0. By this approximation, any form factor function can be assumed to be a

Gaussian function in the small-angle limit. However, this is applicable for very dilute

systems where the structure factor S(q) is taken to be unity and q< }/R . Radius of
9

gyration, Ry is defined as the root-mean-square (RMS) of the scattering length density
weighted distances from the centre of mass to each scatterer in the object. For a

monodisperse dilute system of spheres, the intensity at this limit can be written as,
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2.2
Ry

I(q)=1(0)e * where I(O)z(A,O)2 n§/ and R, =R\/%. Similarly for a

RS
R6>

N
——
—

K
5

polydisperse system, 1(q)=1(0)e

—~

where (R") is the n™ moment of the radial

distribution function. Thus, regardless of the shape of the object, it is possible to
determine the mean size from the scattering data at g—0 limit.

Porod Approximation: The asymptotic behaviour of intensity at the limit of high q is
described by this approximation.*”” For randomly oriented 3D solid objects with sharp

interfaces, the intensity in high q region (g>>n/Rg) follows power-law decay of g™*. Porod

constant P is defined as P=Ilimq*l(q) . The form factor P(q) is given by

gq—x

S 1
P(q)=27r\7-q—4 where S and V, are the total surface area and volume of the
p

inhomogeneity. 1(q)in such a case is,

2
()= 2””(A40) S (2.22)
q
Hence the total surface area S of the inhomogeneity can be obtained from P. For a

RZ
(”°

—
~—

1
7 -

q

polydisperse system of spheres, lim I (q) = 67r(A,o)2 ¢
gq—

~—

Scattering invariant: The volume integration of the entire scattering range is given by

the scattering invariant Q,

Q=[d’I(q)dg (2.23)
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For a dilute solution, Q=(Ap)°¢ whereas for concentrated systems,
Q=(Ap)’ p(1—¢) Where ¢ is the volume fraction of the particle. Hence from the
scattering plot, Q can be determined which provides the concentration of system. Thus,

for the calculation of specific surface area S/V,, scattering data in the absolute scale is

. S gl
not required as v 7p(1-9) |Iqu(q) :

g—
p

2.2.3.3 Description of instrument

Small-Angle X-ray Scattering (SAXS): SAXS measurements were carried out using
laboratory-based SAXS facility with a sample to detector distance of nearly 1 m. Fig.
2.12 describes the experimental setup schematically. The basic components of a SAXS
instrument are a source, pin-hole collimation system comprising of the mirror and slits,
sample in the sample chamber, beam stop and a detection system consisting of the
detector tube and detector. X-rays from the source is collimated to ensure the small-angle
regime, which then irradiates on the sample. The beam stop prevents the bright intensity

of the direct beam to hit the detector so that the scattering from the sample can be

obtained.
X §
Sl SZ SS

P 1 1 1 I

X: X-ray source
M M: Focusing Mirror

$,,5,,S3: Slits D
S: Sample SC
SC: Sample Chamber

DC: Detector Chamber
D: Detector

Fig. 2.12 Schematic representation of a laboratory-based SAXS instrument.
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The X-ray source is a sealed tube as represented in Fig. 2.13. The electrons emitted
from the filament impinge upon an anode or a target (made out of copper). A high voltage
(30-45 kV) is applied between the anode and the filament. The components are placed in
a vacuum housing. For a Cu anode, K, (1.54 A). The intensity of the tube (number of X-
ray photons) is controlled by the operational voltage. The typical filament current is

around 0.5-0.7 mA.

Beryllium
_~ window

X-ray
photons

|
Electrons
e

30-45 kV

°
°

Filament

Fig. 2.13 Sealed X-ray tube.

After generation of the X-ray beam, the second step is collimation. It is achieved by a
system of slits (line collimation) or pinholes (point collimation) through which the X-rays
pass through. There are also multi-layer optical arrangements which minimize the
instrumental broadening. The sample environment depends on the physical state of the
samples. For examples, liquids are measured inside a thin-walled capillary, whereas,
powder samples are placed in a sample holder with removable windows made of
Kapton® foil. A 2D detector detects elastically scattered signal from the sample. The
accessible wave vector transfer (g) range was ~0.1 to 3.0 nm *. Standard calibrants such
as silver behenate is used to determine the sample to detector distance. Glassy carbon or

water is used to calibrate the absolute intensity.
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Data reduction and analysis

The measurement of scattering intensity is two-fold. First, the measurement must be
done for the sample, followed by that of the matrix element (e.g. solvent). The scattering
from the latter is to be subtracted from that of the sample. Once the scattered signal is
collected at the 2D detector, a number of correction procedures are performed. The
position of each pixel in the detector corresponds to a scattering angle 26 or scattering
vector g, by taking into account the wavelength, pixel size and sample-to-detector
distance. If the image obtained at the detector is azimuthally isotropic, radial averaging of

the 2D image is performed to obtain 1D scattering profile as shown below (Fig. 2.14).

—

o
w

|

Intensity(arb units)
=

—
°.n
1

-1
q(nm’)
Fig. 2.14 One-to-one correspondence of the 2D scattering image with the obtained profile for

spray-dried HS-40 nano-silica granules. The two green circles in the image represent two g values

g: and g,.
The x-ray transmission value of a sample is obtained from scattering from glassy
carbon. Any measured signal contains background which originates from air, X-ray

windows, empty cell, etc. This contribution is removed by subtracting the intensity of the
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empty container lcon: from that of the sample in the same container lcont+sample CONsidering
the transmission factors (tcont and tsampie+cont) fOr each by,

sample = t

sample+cont

sample+cont 224
" (2.24)

sample-+cont cont

Medium resolution Small-Angle Neutron Scattering (MSANS): The SANS
measurements in this thesis was carried out at the double-crystal (DC) based MSANS
instrument at Dhruva reactor, Mumbai (Photograph in inset of Fig. 2.15). It has been
mentioned earlier that the nano-structured micro-granules consist of hierarchical length
scales, spanning several decades of g-value. In this regard, MSANS cover the low q
region (0.003-0.173 nm %) which probes the larger length scale, beyond nanoparticlular

sizes. The schematic of the instrument layout is shown in Fig. 2.15.

Signal
detector

Goniometer

Transmission ¢
detector

Fig. 2.15 Schematic representation of DC-based MSANS instrument. INSET: Photograph of
MSANS instrument at GT lab, Dhruva reactor, Mumbai.
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The DC type of setup varies from the pin-hole collimation setup in a sense that here,
the sample is placed between the two crystals, the monochromator and the analyzer which
are set at a non-dispersive geometry. Scattering profiles are recorded by rotating one
crystal against other. Unlike, pinhole collimation instrument, at a DC setup, the
collimation is performed in the reciprocal space and the resolution in wave-vector transfer
q is independent of the beam cross-section. Due to the non-dispersive setting of the
crystals, the width of the rocking curve is independent of the divergence of the incoming
beam. The g-resolution exists in one dimension only and slit corrections have to be
applied to the recorded data. Therefore 2D detectors are not required in this kind of setup.
Moreover, the requirement for long collimation paths is bypassed in the DC setup making
the instruments compact. However, the measurement time is long as data-taking
(recording of scattering intensity) involves a step-by-step rotation of the analyser crystal.
The detailed instrument description is given below.

The cross-sectional dimension of the neutron beam coming from the guide is 2.54 cm
(horizontal) X 10.4 cm (vertical). Two silicon crystals (diameter 8.25 cm and thickness
0.6 cm) cut parallel to (111) planes are used as the monochromator and analyzer.
Neutrons having wavelength 4=0.312 nm are obtained after monochromatization with
AA/2=1%. The monochromator crystal is set on a normal goniometer. The
monochromatic neutrons then pass through a 1 m long cadmium collimator having
dimensions 2 cm x 5 cm. The analyzer crystal is placed 100.5 cm away from the sample
and is set on a goniometer with smallest control step size of 0.0012°. The scattered
neutrons are detected by a BF3 proportional counter of 3.81 cm diameter placed 55 cm

away from the centre of the analyzer crystal. There is a similar detector located behind
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the analyzer crystal for measuring the transmission through the sample. The minimum
count-rate at this detector corresponds to the maximum count-rate of the main detector
when the analyzer is in the Bragg position. Thus, the Bragg angle can be determined this
way. The recorded scattering profiles were corrected for background and transmission
after deconvolution from the instrument resolution, as described below.
Data reduction and analysis

The measured scattering profile Imeas(q) of a sample consist of a transmitted part 1:(q),
and a scattered part Is5(q) along with a background B arising due to scattering from air,

slits, incoherent scattering from the sample, and crystals, etc. Therefore,

lmeas (@) =1,(a) + 1 (q)+B (2.25)
Neglecting the smearing effect, Eq. 2.25 can be written as,

dz
| neas () =€ |m(Q){1+thQ(Q)}+B (2.26)

where t is the sample thickness; X is the linear attenuation coefficient in the sample,

Im(q) is the measured rocking curve of the instrument, ‘Q’ is the solid angle of the
dx , .. . . . . :
measurement, and E(q)ls the slit-smeared differential scattering cross-section of the

sample per unit volume per unit solid angle. At zero angle, the full intensity of the beam

passes through the DC analyser, hence the measured transmission Tmeas IS given by

| 0 . _
Theas = Teas((())) . However, the true transmission is, T, =€ " and at =0, the actual
dax ) . o
_dQ(O) #0 . Therefore, Treas IS greater than Ty . Rearranging Eq. 2.26 and substituting

Tire, and Q (in terms of A, AR),
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s _Imeas-r(q)_B_lm(Q) Imeaf]-i?:_B_lm(Q)_ 1(q)

true ~

T 1,(0)AgA6t  1.(0)AgA6t  1,(0)AG,A6

where 1(q) is the transmission and background corrected scattering profile. A4, is the full
width at the half maxima of the intensity profile at the blank measurement. The half-
width (6b) of the plateau of Darwin reflectivity function'®® for the present MSANS
instrument is estimated'®* to be 1.06237”. In the present case, A6, is 0.01 rad and A&, is
1.5 x 10 rad.’® A4, is calculated from the ratio of detector aperture to sample-detector

distance. Considering the smearing effect on scattering profile due to instrumental

resolution, Eq. 2.25 can be rewritten as,

e (@)= 2 {1, (@) [[ o000, 1 (0, 0 5 (Y@=t )+

dQq
where g, and g, are the components of the g in the horizontal and vertical directions

respectively; lo(qy) and Wy(q,) are the theoretical rocking curve and the normalized

resolution function of the instrument along the vertical direction in g-space. g—é (q) is
d

the de-smeared differential scattering cross section of the sample per unit volume per unit
solid angle. lo(q) is a sharply falling function which is approximated as a Delta function,

hence the intensity profile after transmission and background correction is given by,

1(a) :(:J'Wv(qv).t.:j—f2d («/q2 +qV2). De-smearing of the profiles were carried out by the

iterative method developed by Lake.’® Fig. 2.16 compares the scattering profiles before

and after the de-smearing operation.
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Fig. 2.16 Comparison of smeared and de-smeared profiles for spray-dried HS-40 nano-silica

micro-granules.

Modelling of the experimental data is carried out using non-linear least square method
primarily with the help of SASFIT software'®. The obtained fitting parameters are then
corroborated with the results of FESEM or other characterization techniques. Thus, wholesome

structural information is incurred with the implementation of multiple techniques which are

complementary in nature.
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Chapter 3.1: Effect of drying temperature on the
granular morphology

3.1.1 Preamble

The process of spray-drying facilitates a fair control of various morphological aspects of
the formed granules through tuning of certain physicochemical parameters during drying of
contact-free colloidal droplets.*® ® One such crucial factor is the drying rate. When drying
commences, the liquid phase starts to evaporate from the droplets. The thinning bridges of liquid
between the nanoparticles cause the emergence of attractive capillary forces, ultimately
interlocking the particles into a granular structure.® " During drying, the droplet can be
viscoelastic depending on the experimental time scale, i.e. energy can either be stored in elastic

151

deformation or stress can be relieved through viscous flow.™" Moreover, the drying process is

rapid and non-equilibriated™?

and the characteristics of the end product depend on various
physicochemical factors. When the packing of the particles is isotropic, compact spherical
granules are obtained as described in part 2.1.3.1 of the previous chapter. However, in other
instances, hollow granules are obtained as a result of interlocking at the droplet periphery. For a
colloidal droplet exposed to a preset drying temperature, the assembly process commences
owing to the motion of the nanoparticles. Such motion is triggered by the gradually developing
temperature gradient between the periphery and the core of the droplet.

The present section illustrates the role of drying temperature in controlling the
morphology of spray-dried granules.’® It has been demonstrated that the morphology of the

granules gradually shifts from spherical to toroidal with the increase in drying temperature. A

rigorous investigation of the origin of temperature-dependent shape transformation has been
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illustrated in this section with the help complementary characterization techniques, affirmed by

droplet drying theory and simulations as well.

3.1.2 Methodology

Aqueous dispersion of spherical nano-silica suspension (TM-40 LUDOX®, Sigma-
Aldrich) was prepared in 2 wt% concentration in 100 mL. Spray drying of this suspension was
carried out using laboratory spray dryer LU-228, LABULTIMA, India at four drying
temperatures, 110°C, 130°C, 160°C, 180°C. The aspirator rate was kept fixed at 50m*/hour. The
feed rate of the aqueous dispersion was a constant 2 mL/min and the atomization rate of 2
kg/cm?. The drying temperatures were maintained up to an accuracy of 1°C. Corresponding to
each of the drying temperatures, the granules were named as G-110, G-130, G-160 and G-180.
The droplet size distribution was obtained using GRIMM 1.108 aerosol spectrometer.

Basic characterization of the granules was carried out using Carl Zeiss Auriga FESEM
model. Dynamic light scattering (DLS) experiments were performed for an overall size
estimation by HORIBA DLS spectrometer using diluted aqueous dispersion (1 wt%) of the
granules using a laser of wavelength 532 nm. Consistency of the DLS results was checked by
performing several scans on each sample. The granules were well dispersed throughout the
period of DLS measurements.

Characterizations by small-angle scattering (SAS) were carried out by both X-rays

(SAXS) and neutrons (MSANS) at the instruments described in the previous chapter.

3.1.3 Results and Discussions

Overall structure of the granules and the correlation among the nanoparticles in the

granules has been discussed in this section. Morphological variation with dying temperature has
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been stepwise elaborated, starting from drying of the droplet. The chronological process has also

been illustrated with the help of simulation by Surface Evolver.®

3.13.1 Granular size distributions from FESEM and DLS

Overall granular sizes and shapes were perceived from FESEM micrographs. Fig. 3.1
depicts the micrographs corresponding to the four drying temperatures. It is seen that granules
synthesized at lower drying temperatures (G-110 and G-130) are spherical whereas those
synthesized at higher temperatures (G-160 and G-180) have distorted spherical shapes, bordering
on doughnut-like morphologies as the temperature of drying is increased. Specifically, G-110
granules are perfectly spherical, a slight dented exterior is seen for G-130, prominent
invagination is perceived for G-160, whereas G-180 granules are distinctly toroids or doughnut-
shaped. The emergence of toroidal shape for G-180 is due to the interpenetration of two
diametrically opposite invagination zones eventually forming the central hole.®® The zoomed
views of the surfaces are shown as the insets of the micrographs. The extent of local ordering of

the nanoparticles is more for the first two cases (G-110 and G-130) than the others.
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Fig. 3.1 FESEM micrographs of the powder granules at 5000X magnification. Insets show the zoomed
view of a granule for each case, emphasizing on the surface features.

The granule volume distribution was estimated from the micrographs using ImagelJ
software (http://imagej.nih.gov/ij/download.html). Histograms for the same are plotted in Fig.
3.2(a). These distributions were compared with the volume distribution obtained from DLS,
considering hydrodynamic sizes. It is seen that the polydispersity trends corroborate fairly well
with that obtained from the image analysis of the FESEM micrographs. The normalized auto-
correlation (g?(t)) was plotted as a function of delay time (t)'*° in Fig. 3.2(b). The volume
distributions were estimated from auto-correlation function by fitting with log-normal type of

distributions®

of the form given in Eq. 2.21. G-160 and G-180 depict a larger size compared to
G-130 and G-110. Thus, microscopy along with DLS provides the overall granular shapes, size

distributions and polydispersities.
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and DLS. (b) Variation of g,(t) with correlation time (t) for the granules dispersed in water. Error bars on

the data points are nearly of the same size of the data symbols.
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A theoretical estimate of the granular sizes was made by assuming isotropic drying of the
droplets starting from the droplet size distribution, following the conservation of mass.
Considering ¢4 and ¢4 to be the volume fraction of silica nanoparticles in the droplet and dried

granules respectively, Rq and Ry to be the droplet and granule radii respectively, the conservation

of mass yields,"” #,R? = ¢ R®. Thus, a size distribution corresponding to isotropic shrinkage

can be generated from the initial droplet sizes (Rq). Fig. 3.3 compares the size distribution plots
obtained from DLS with the theoretically generated plot obtained from the above equation. It is
found that G-110 and G-130 have distributions close to that of the isotropically dried granules
whereas distribution for G-160 and G-180 resembles the initial droplet. The reason for the
granular sizes resembling the initial droplet sizes is due to the internal hollowness of the

granules, as will be clear in the succeeding sections.
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Fig. 3.3 Comparison of the granular size distributions obtained from DLS with the actual droplet size

distribution and the theoretical distribution obtained by isotropic drying of the droplets.

3.1.3.2 Nanoparticle size distribution and correlation from SAS
As mentioned in the previous section, FESEM and DLS provide an estimate of the shape

and polydispersity of the granules. SAS on the other hand quantifies the sizes and nanoparticle
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correlation in the granules. The knowledge about the type of interparticle correlation is important
to account for the drastic granular size differences (for different drying temperatures) with
respect to the same average droplet size. In the present case, for example, enlarged size can be

either due to fractal-like aggregation'

of the nanoparticles leading to non-consolidated
branched structures or due to arrangement of particles at the droplet boundary forming a shell,
ultimately resulting in a hollow granule.

As mentioned earlier, SAS was performed with both neutrons and X-ray as probes.
Corresponding to the accessible length scales, the nanoparticle sizes and interparticle correlation
were obtained from SAXS, whereas the larger granular structures were probed by SANS. Hence
the total scattering contribution comprises of additive contributions from both of these length

scales. The total scattering intensity lowi(q) is given by,**

Itotal (Q) = Ig (CI)—F Inp (CI) (3-1)

where 14(q) is the contribution from the larger structures at lower q (from SANS) given by,

o0

I, (a)= Cg'[Pg (a,r)D, (r)V, (r)dr whereas I,,(q) is contributed by the correlated nanoparticles

0

at the higher g (from SAXS) region given by,

2
o (Q) = Cnp_[ Poo (q’r)an (r)vnp (r)snp (q,r)dr
0
under local monodisperse approximation.'®? Cy and Cp, are scale factors which depend on
number density and scattering contrast of granules and nanoparticles, respectively, vi(r) is the
corresponding volume of the scatterers in each case. Px(q,r) represents the form factor. For
. 2
9[sm(qr)—qrcos(qr)]

(ar)’

spherical nanoparticles,'* P, (q,r)= . Snp(a,r) is the interparticle
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structure factor, which depends on the type of interaction among the silica nanoparticles. Size
distribution function, Dy(r) was chosen as a log-normal having the form given in Eq 2.21.

The fitting parameters, as obtained using non-linear square method are tabulated in Table
3.1. SAXS studies were carried out granules as well as for the dilute dispersions prior to spray
drying. The scattering profile of the dilute dispersion is compared with those of the granules in
Fig. 3.4. For dilute dispersion, the structure factor S(q) can be assumed as unity. However, SAXS
profiles for granules show a distinct correlation peak at g~ 0.25 nm™ which corresponds to an
average interparticle distance of ~25 nm. The interparticle correlation was found to be of sticky

hard sphere potential'®* with a fairly uniform stickiness coefficient as tabulated in Table 3.1.

Granules Volume fraction of Radius of gyration Specific surface area
nanoparticles (g) (Rq in nm) (SIV) (m?/g)
G-110 0.69+0.01 268+1 59+2
G-130 0.66+0.01 293+1 63+2
G-160 0.71+0.01 278+1 63+2
G-180 0.72+0.01 268+1 64+2

Table 3.1 Parameters obtained from model fitting of SAS profiles of granules.

The volume fraction was found to be ~0.7 denoting a fairly close-packed system. The
polydispersity index of the nanoparticles is found to be ~0.13 with a median particle size of ~14
nm. From the inset of Fig. 3.4, it is seen that the position of the correlation peak (at g~ 0.25 nm™)
remains invariant denoting that the average inter-particle distance between the nanoparticles
remained almost identical (~25 nm) for all types of granules, irrespective of the overall shape.
However, the shapes of the profiles prior to the peak (in the range of 0.1 nm™ <g< 0.15 nm™) are
distinguishable owing to the slight variations in the extent of local ordering (as also evident from

zoomed FESEM micrographs on Fig. 3.1).
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Fig. 3.4 SAXS profiles of the granules compared with that of initial colloid dispersion. INSET: Zoomed
view of lower g region of the SAXS profiles. Error bars on SAXS data points are of the same size of the

symbols.

MSANS profiles bear information about a larger length scale (g range of 0.003 to 0.2 nm’
1. Fig. 3.5(a) depicts the individual MSANS profiles for the granules whereas 3.5(c) depicts the
consolidated SAS data over the whole accessible g-range, comprising of SAXS and MSANS. It
should be noted here that MSANS profiles have been scaled after background correction to

preserve the continuity of the SAXS profiles. The consolidated profiles were fitted with i) mass

| 193-194 2
H

fracta ii) hard-sphere’® and ii) sticky hard sphere models to determine the nature of
interparticle correlation. A sticky hard sphere type of correlation perfectly mimics the scattering
profile, unlike the fractal or hard-sphere models. Fig. 3.5 (b) compares the fit of the fractal (FM)
and sticky hard sphere models (SHSM) to the complete SAS data for G-110, confirming the
goodness of the latter over the former. Thus, the possibility of the granules synthesized at higher

drying temperatures (G-160 and G-180), to be constituted of fractal-like aggregation was ruled
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out. Hence the largeness is attributed to their internal hollowness, as will be explained in the later

sections.
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Fig. 3.5 (@) MSANS profiles, (b) Model fits to the combined SAS data. SHSM and FM represent sticky
hard sphere potential and mass fractal types of models respectively. (¢) Combined SAXS and MSANS

profiles over the whole accessible g-range after proper scaling by normalizing MSANS data to SAXS
data in the common q region. The profiles for each specimen are shifted vertically for clarity of

presentation. Error bar on the SAXS data points is smaller than the size of the symbols.

An estimate of the radius of gyration (Rgy)'**"®* '* of the granules was made from

scattering data at very low g or the Guinier region obtained from the MSANS profile where the

intensity is given by,
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o°Ry,

1(q)=1,exp 2 (32)

The slope of the plot (Fig. 3.6(a)) log [1(q)] vs. g° yields the effective radius of gyration
of the granules (listed in Table 3.1). The specific surface area'® of the granules (Table 3.1) was

obtained by,

s _4,0-¢)7 lim 1 (@)a” (3.3)

Ve siica I 1(9)q°dg

where ¢y is the nanoparticle volume fraction in a micro-granule and can be estimated from SAXS
analysis. The limiting value of 1(q)q” is obtained from Porod plots given in Fig. 3.6(b). It is seen
that there are two distinct Porod regions, corresponding to the two length scales in the granules,

namely, overall granules and the individual nanoparticle.
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Fig. 3.6 (a) Guinier plots (log(l) vs. g2) from MSANS data. The radius of gyration is calculated from the
slope of these profiles. (b) Porod plots of the combined MSANS-SAXS data. Gray dotted lines depict the
two distinct Porod regions for each of the profiles.
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The obtained Ry values are typically 300 nm from MSANS data. However, it is
discernable from FESEM micrographs that the granules are micrometric in size. In order to
quantify the overall size and shell thickness/hollowness, a relatively newer technique known as
spin-echo SANS or SESANS have been utilized (details are given in the following section).
Thus, a combination of imaging and scattering techniques should be implemented

complementarily for the complete structural characterization of the granules.

3.1.3.3  Hollowness from Spin-Echo Small-angle Neutron Scattering (SESANS)

In the previous section, it has been described that SAS (both SAXS and MSANS) jointly
provided information of the nanoparticle sizes, the interparticle spacing and the type of
correlation. This section discusses the investigation of the whole granular sizes and
quantification of the granular hollowness, using the spin-echo small-angle neutron scattering
(SESANS) technique.’®®*% It is to be recalled that in SAS, one obtains data in the range of few
tens of nanometres up to several hundred nanometres as a function of the momentum transfer (q)
which is related to the scattering angle.’®” In SESANS the depolarization of a polarized neutron
beam is measured as a function of the ‘spin-echo length’ which is a real space parameter.’®® It
has more flexibility than SAS as it allows high-resolution investigations even of the order of
10um, bypassing the need of extensive collimation.**

Fig. 3.7 gives an idea of the length scale brackets probed by the techniques used in the
structural characterization of the nano-structured micro-granules in this thesis. SAXS covers a
range from 3 to 60 nm whereas MSANS covers a range from 40 nm to 2 um. Microscopy covers

the larger length scale (>10 um). SESANS, on the other hand, spans from few nanometres up to

20 pm, efficiently bridging the gap between SAS and microscopy.
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Fig. 3.7 Schematic representation of the different characterization techniques used for accessing the

typical length scales of nano-structured micro-granules.

As the name suggests, SESANS uses the principle of spin-echo to measure scattering
events. Neutron is a spin-half particle, thus it undergoes Larmor precessional motion in magnetic
fields.?®> SESANS technique utilizes this property to measure energy transfers during scattering.
In general, SESANS approach relates the polarization P(z) of the neutron beam to the projection
G(z) of the auto-correlation function (1(r)) of the density distribution (o(r)) in the sample.?32%

P(z) is measured as a function of the real-space distance over which correlations are measured in

the sample or the spin-echo length (z). Applications of this technique for the study of colloids

I 205 I 206

have been reported by Krouglov et al.”> and Bouwman et a
In the present case, experiments were carried out at the SESANS instrument at the reactor
at TU Delft, Netherlands. This setup uses a monochromatic beam and enables the study of

structures in the range 5 nm—20 pum.?®® The basic principle is sketched in Fig. 3.8.
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Fig. 3.8 Schematic representation of the SESANS principle. Polarized neutron beam from source (P) on
the left side is incident on the first =/2 rotator. Its polarization is rotated over by /2 to the (X, z)
precession plane. Then the polarization precesses in the regions | and Il in opposite directions due to the
opposite field (B) directions. After another rotation by n/2, the neutrons reach the analyzer A and are
detected. The precession angle in regions | (¢) and Il (¢,) are strongly dependent on the incident angle of
the neutron. In the absence of a scatterer S, ¢ and ¢, cancel each other, whereas, scattering over any

angle disturbs the echo, which can be measured and analyzed in terms of depolarization of the neutrons.
The spin-echo setup consists of two precession devices with equal and oppositely
oriented magnetic fields (B) that effectively cancel the precession angles (¢) of the neutron spins,
when there is no sample at the path of the incident neutron direction. The precession devices are
mounted between two m/2 rotators to rotate the polarization direction back to the precession
plane from the initial polarizing direction. Now when a sample is placed between the two
devices, scattering occurs and the net precession angle is non-zero.*®* The rotations along
different paths are indicated at the top of Fig. 3.8. The precession angle ¢, ,in device | is found

sin g
from the geometry to be, ¢, =CABL———

~cABL(1+6&cotd,) where ¢ is the Larmor
sin (6, +0) ( o)

precession constant (4.63 x 10 T™m?), B is the magnetic field over length L, Ais the

wavelength, &, is the angle between the inclined precession faces and the x-axis, € is the
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transmission angle with x-axis. The difference in the neutron spin precession after crossing two

devices (placed on either side of the sample) with opposite precessions is
@, — @, =@ =CABLO, <C0t(6’0 )>a = /0, where cot(6) is averaged over the divergence « of

the neutron beam in the z-direction, & is the scattering angle. This difference is defined as the
product of the wave vector transfer g, of the neutron and the spin-echo length Z. Spin-echo

length is an instrumental quantity that describes the distance at which Z correlations in the

fot(6,)

270
@ and q, = 2
2

sample are probed. Z is given by Z =cA’BL . The incident neutron

beam has polarization Py in the z-direction, P,(Z) is the z-component of the polarization vector of

P(Z
the scattered neutron, given by chos(go):cos(Zqz). For scattering over the total solid

0

angle covered by the detector, weighted averaging over all scattering angles yields the

I cos(Zq, )dQ
normalized polarization P(Z):PZ(Z):J. (qZ) ( qZ) where 1(q;) is the intensity of

P [1(q,)de

scattered neutrons with wave vector component g,. The polarization P(Z) is related to G(Z), the

projection of the auto-correlation function of the density distribution in the sample by,

P(Z) =g sH-0(2) where s, is the total sample thickness.

The obtained polarization profiles, P(Z) vs Z for the granules are given in Fig. 3.9(a). A
shift of the profiles towards larger spin-echo lengths are observed for hollow granules (G-160,
G-180) denoting their larger sizes.”®” The generated G(Z)-G(0) plots are given in Fig. 3.9(b). The

plots are fitted with G(Z) corresponding to spherical shells,?®’

considering a tri-log-normal type
(Eq. 2.21) of granular size distribution. The corresponding fitting parameters are given in Table

3.2. The granular sizes and polydispersities were found to increase with the increase in their
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drying temperatures, corroborating with the finds from DLS (Fig. 3.3). The volume size

distributions are plotted in Fig. 3.9(c). The hollowness increases owing to the corresponding

decrease in shell thicknesses of the granules (Table 3.2). The reason for such behaviour is

because of its assembly process, which is elaborated in the next section.
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Fig. 3.9 (a) Variation of polarization with spin echo length. (b) Variation of normalized G(Z) vs Z

profiles (c) Granular volume distribution as obtained from SESANS.
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sample Average radius (um) % hollowness Polyglispersity
Outer Roy Inner R, index
G-110 1.09 0.11 10.0 0.1
G-130 1.15 0.23 20.0 0.2
G-160 1.69 0.48 28.4 0.3
G-180 1.71 0.68 39.8 0.4

Table 3.2 Parameters obtained from model fitting of the SESANS profiles.

Thus, SESANS, along with electron microscopy and SAS (MSANS and SAXS)

complement each other to provide the complete structural characterization of the micro-granules.

3.1.34 Strength of drying and nanoparticle assembly process

As mentioned in Chapter 2.1, the quantitative measure of the strength of drying is given
by the Peclet number Pe.**% In short, it is the ratio of the mixing time, zmi of the nano-particles
in the droplet to its drying time zy4 (EQ. 2.3). The shrinkage in the size of the droplet, due to
diffusion limited evaporation is given by Eq. 2.1.%° The drying time for an isolated droplet, 4
was calculated from Eq. 2.1 and is given in Table 3.3 with an assumption that p, is zero
(disregarding the presence of other droplets in the surroundings). The ratio of maximum (for a
drying temperature of 110°C) to the minimum (for 180°C) drying time is estimated to be nearly
6. Here, it should be noted that drying time in reality, will be much larger due to the presence of
surrounding droplets in the drying chamber, making p. non-zero. However, the above-mentioned
simplified calculation gives an idea about the trend of the variation of the drying time with
temperature. The Peclet number in each case was calculated from Eq. 2.1 using the obtained zq
values and tabulated in Table 3.3, P, was found to be greater than unity which suggests that
drying occurs via shell formation (of the nanoparticles) at the air-water interface. P, exhibits an

increasing trend with drying temperature. This is due to the faster drying at higher temperatures
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leading to earlier shell formation than in the case of drying at low temperatures. The shell
absorbs heat, creating a temperature difference across the droplet core and the silica shell. Such
temperature gradient initiates a directional motion of the particles in the droplet commonly
known as thermophoresis or the Ludwig-Soret effect.**** Thus, under the non-isotropic drying

scenario, shell formation and thermophoresis occur chronologically.

Sample ESttiinzti?(crjr%ing lejeélgz i SoretS (T:(oglf;cient S.oT (dFrgjg)t)B

G-110 2.19+0.05 52.2+1.5 | -0.0520 +0.0001 | -3.64+0.04 | 0.30(+0.04)x10™"
G-130 1.23+0.03 742+1.7 | -0.0510+0.0001 | -4.59+0.05 | 0.60(0.04)x107
G-160 0.59 +0.01 120.0+1.9 | -0.0480 +£0.0001 | -5.76+0.05 | 1.00(+0.03)x10°
G-180 0.38 +0.01 157.1+2.5 | -0.0470 +£0.0001 | -6.58+0.06 | 0.30(0.02)x10°

Table 3.3. Calculated values of different physicochemical parameters.

The diffusive particle current-density (J) may be approximated to be composed of two
parts: i) mass diffusion and ii) thermal diffusion. Thus,
J = + dierma = =P VN—ND; VT =-D,,(Vn+nS,VT) (3.4)
where Dy and Dy are mass and thermal diffusion coefficients, respectively. St is the Soret
coefficient. Vn and VT represent the gradient in number density and temperature respectively. At

steady state, i.e., for J=0, integrating the above equation between ns (concentration at the shell)

and n; (concentration at the core), we get
n =ne>" (3.5)

where 0T is the temperature difference between shell and core of the droplet. Thus, the product
S1o7 decides the depletion behaviour of the particles in the drying drop. Rusconi®*® and Ning et

al.?!* have reported that Sy for silica nanoparticles is negative. Hence the exponent on the right-
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hand side of Eq. 3.5 is positive, implying that ny >> nc i.e., higher particle concentration at the
shell than at the core. Therefore silica nanoparticles tend to migrate from colder (centre of the
droplet) to hotter region (shell). Such motion is termed as thermophilic. The temperature
dependent St values, tabulated in Table 3.3 were obtained from the fit of Eq. 10 as given in Ning
et al.?!* The value of T in each case has been calculated considering the core temperature of the
droplet as 40°C. The variation of Soret Coefficient (St) and Thermal Diffusion Factor (StoT)

with temperature is shown in Fig. 3.10.

--3.5
00474 .
. / - -4.0
-0.048 - o
. L 4.5
— -0.049 -
Tx --5.0
~ [
» -0.050 - |55 O
(/2]

©)

-0.051 . \ >
] /_.— Soret Coefficient o [65

-0.052 + L —o— Thermal Diffusion factor

T T T T T T T T T T T T T T T T -7.0
380 390 400 410 420 430 440 450 460

Temperature (K)
Fig. 3.10 Variation of Soret Coefficient (St) and Thermal Diffusion factor (S7oT) with temperature.

It is seen that StoT increases steadily with the increase in drying temperature. Hence by
Eqg. 3.5, the number density at the boundary (or the shell), ns increases with increasing oT
consequently making the core depleted of nanoparticles. Thus, after the shell formation, its
thickening depends on how quick thermophoresis occurs depending on the temperature gradient.

The final thickness of the shell will be limited by the buckling point as will be discussed below.
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Chapter 3.1 Effect of drying temperature on the granular morphology

As mentioned in Chapter 2.1, shell formation is often followed by buckling under Darcy

155

stress™” build-up due to liquid flow across the porous shell. At the time of buckling, the buckling

force due to Darcy stress is written as,**
AF, = ma’AP, (3.6)
where APg is the pressure drop across the shell at the time of buckling and a is the silica

nanoparticle radius (~14 nm). This force is, in fact, equal to the attractive DLVO force between

the nanoparticles,

A,

| FDLVO |: @ (3.7)

where ‘Ay’ is the Hamaker constant, typically ~0.85x1072° J for silica.”** Equating above two

A,

equations, we get AR, = T
ra

which approximates to 21.5Pa in the present case. The Darcy

pressure is written as,?*

M shen (t) dR
APDarcy - K dtd (3'8)

At the onset of buckling, APparcy is replaced by APg and the rate of change of radius

R
becomes (d_tdj . K is calculated to be ~ 4x10™°m? from Eq. 2.5 considering ¢, to be equivalent
B

to volume fractions of nanoparticles as obtained from SAS profiles. The buckling time is given

155 t _ APB K

Buckling ™ ) ¢d (dejz
¢she|l _¢d dt

by, where ¢y is the silica volume fraction in the droplet. The

thickness of the shell (Tspe)at any given time t is,

_ ¢4 (dR),
TShe" (t)_ ¢she|l_¢d ( dt jt (39)
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Using Egs. 3.8 and 3.9, the temporal variation of APparcy Was plotted. Fig. 3.11(a) shows
that the time required to attain the critical buckling pressure (APg =21.5 Pa) is the quickest at
180°C and slowest at 110°C. When compared with the approximate maximum drying time (~1
second, as calculated from the geometry of the drying chamber and the aspiration rate), it is seen
that at 180°C, the granule buckles much before it dries. Thus, due to lack of sufficient time
before complete drying, the shell formed in this case is thinner. Such thin shells are more prone
to buckling and hence, granules possess dented surfaces. Depending on the strength of buckling,
the dent propagates and the granule eventually becomes a toroid. At lower drying temperatures
(110°C and 130°C), touckiing >> tarying allowing the shell to thicken considerably before drying
thereby inhibiting buckling. Fig. 3.11(b) shows the relative buckling time for the different

granules. The rates of radial decrease in each case are tabulated in Table 3.3.
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Fig. 3.11 (a) Variation of the Darcy pressure with time. tuying marks the real drying time under
experimental conditions. APy signifies the Darcy pressure at the time of buckling. (b) Comparison of

buckling time (twucaing) for the granules at different drying temperature.
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3.1.35 Simulation of morphological transformation by Surface Evolver
The morphological transformation from sphere to toroid with the increase in the rate of

drying is illustrated by simulation using Surface Evolver.'®® In short, the transformation process

214 4
1., l.,°

is based on earlier works by Quilliet et a and Sen et al.,” which works on the principle of
minimization of surface energy. Stretch and curvature energies are applied to a simulated
spherical shell (which is initially generated from a regular cubic polyhedron) and the volume is
decreased by keeping the area constant. The rate of decrease of volume is a measure of drying
rate or the drying time. The ratio () of stretching to bending energy is a direct measure of the

extent of buckling and is known as Foppl-Von-Karman number.?"® s also related to the relative

1-v?
shell thickness (TSh% ] by 7 =12(—2 where v is the Poisson ratio (ratio of the
¢ shell
%)

transverse strain to the axial strain for a body under applied load). The target volume (V) and the
rate of volume decrease have been varied to simulate the situations at different drying rates
keeping Poisson ratio (for silica) fixed at ~0.33.>* The computer simulated images are depicted in
Fig. 3.12. The spherical shape is realized when the rate of decrease in each iteration remained
slow (~0.001Vo; Vo being the initial volume of the simulated regular cube). The rate was slowly
increased to 0.03V, that resulted in doughnut-like structures. In all of these cases, the y optimized
and kept fixed at 20. It is evident that the simulation results corroborate quite well with the

experimental micrographs of the granules.
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VIV, =1, Rate = 0.001 V/IV,=0.9, Rate = 0.005

VIV,=0.6,Rate=0.01 VIV,=0.4, Rate = 0.03

Fig. 3.12 Granular morphologies simulated using Surface Evolver. The rate is denoted by units of volume

decrease per iteration.

3.1.3.6 Porosity of granules

The granules are composed of interlocked nanoparticles which enclose interstitial voids
or pores. For a system of close-packed uniformly sized N number of spherical particles, there are
8N trigonal voids, 2N tetrahedral voids and N octahedral voids and the packing fraction is 74%.
Further, the ratio of size of void to that of a particle is 0.155, 0.225 and 0.414 for trigonal,
tetragonal and octahedral voids, respectively.?'® In the present case, the volume fraction is ~0.7
or 70%, as obtained from SAS. Therefore these nanoparticles enclose hierarchical pore sizes.
Moreover granules synthesized at high drying temperatures possess significant hollowness which

contributes to the pore structure as well. Formerly, it has been described that SAS quantified the
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specific surface area of these granules. The porosity of the granules can also be quantified with
the help of gas adsorption technique, also known as Brunauer—Emmett—Teller (BET).?’

BET experiments have been performed for all the samples using Surface Area Analyser
(Model: Surfer), Thermofisher Scientific (Italy). Sample weight taken was nearly ~200 mg.
Nitrogen at -196°C was used as the adsorbing gas. The monolayer thickness is 0.354 nm and the
molecular area of the gas is 0.162 nm?. The results from BET are provided in Fig. 3.13. BET
plots are linear for the range 0.02 - 0.4 P/P, (Fig. 3.13(a)). W represents the weight of the gas
adsorbed at relative pressure P/Po. The C values are given in Table 3.4 with a correlation
coefficient of 0.99. High C values (>200) for G-130 and G-180 can be contributed to the large-
sized pores. Differential pore volumes are plotted (Fig. 3.13(b)) against pore radius which reveal
a peak around a mean radius at ~1 nm for G-110, which increases further for G-130 and G-180.
G-160 possesses the highest peak at ~2.2 nm. Cumulative mesopore volume is highest for G-160
denoting more surface pores than other granules (Fig. 3.13(c)). This result is corroborated by the
mono-layer volume which is also highest for G-160 (Table 3.4). The cumulative pore volume,
average mesopore radius and specific surface area as obtained from BET are tabulated in Table
3.4. The adsorption isotherms (Fig. 3.13(d)) show a distinct adsorption and desorption branches,
enclosing a hysteresis area. Hystereses can be contributed to various reasons such as capillary
condensation of the sorbed gas in the pores, meta-stability of adsorbed multilayer due to delayed
condensation in open-ended pores, or network of wider pores which have access to the outer
surface by narrow necks (ink-bottle pore shapes).?*®?*° The hysteresis loops near P/Py~1 are not
flat; rather have an increasing trend, denoting presence of macropores along with mesopores in
the granules. The obtained specific surface areas (Table 3.4) from BET reveal the highest value

for G-160.
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Fig. 3.13 (a) BET plots, (b) Differential mesopore volume distribution, (¢) Cumulative mesopore volume

distribution for granules, (d) Adsorption-desorption isotherms for the granules.

Granules | C value Monolayesr Cumulative Eore Aveljage pore | Specific Suzrface
volume (cm°/g) | volume (cm®/g) radius (nm) Area (m/g)
G-110 98.1 22.3 0.29 3.3 97
G-130 267.5 21.6 0.31 3.6 94
G-160 125.5 23.2 0.34 3.5 101
G-180 255.3 20.9 0.28 3.0 91

Table 3.4 Obtained experimental values from BET.
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3.1.3.7 Behaviour of trapped water in the nanometric pores

Trapped water displays unique traits approaching the freezing or boiling temperature,
which is not displayed by bulk water.”® Confinement in pores has a huge influence on the
solid/liquid phase transitions. Such behaviour of water is relevant in various fields of science and
technology such as geological profiling, soil chemistry, activity of water in living cells, food
preservation, etc. In the present case, the nano-structured silica micro-granules possess
hierarchical pore structures which allow the investigation of the effect of confinement of water in
these granules. It has been demonstrated with the help of differential scanning calorimetry (DSC)
that water in a nanoporous silica matrix can be cooled to temperatures much below its freezing
point (up to 50° lower).

DSC technique monitors the thermal changes occurring in a system during heating and
cooling cycles, as a function of temperature.?”* The heat flow is measured and plotted against the
temperature of furnace or time. The deviation observed above the baseline corresponds to an
exothermic process and that below corresponds to endothermic processes. The area under the
peak is proportional to the heat evolved or absorbed by the reaction whereas the height of the
peak is proportional to the rate of reaction. Experiments were carried out with Mettler-Toledo
Differential Scanning Calorimeter (DSC) for ~20 mg of powder each at a heating/cooling rate of
~5° per minute. Samples were studied for heating and cooling cycles starting by cooling below
room temperature till -80°C. Heat curve on heating process was monitored up to 200°C.

Fig. 3.14 shows the heating and cooling graphs. The positive peaks denote exothermic
process, i.e. release of heat, whereas negative peak denotes endothermic process, which absorbs
heat. In the cooling cycle (room temperature, 25°C to -80°C) there is an exothermic peak around

-46°C for each of the granules sets. It corresponds to the freezing of the pore water, as it occurs
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at a temperature lower than the 0°C. It is to be noted that the peak is fairly sharp, denoting that
freezing starts at -43°C and peaking at -46°C which depicts that the pores do not possess
uniformity. It is also observed that at the cooling cycle of confined water, there a 2™ peak
develops alongside a primary peak at ~47°C the development of this alien peak is as a result of

partially filled pores.
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Fig. 3.14 DSC plots for the powder granules with dashed boxes depicting the change from bulk water
behaviour. Regions I, Il and I11 depicting the freezing, melting and boiling of trapped water in pores.

Treeze and Tyoi denote the freezing and boiling temperature of bulk water.
3.14 Conclusions

This chapter demonstrates the evaporation-induced self-assembly of a virgin colloidal
dispersion. The morphology of nano-structured micro-granules can be tuned simply by
controlling the drying temperature during spray-drying process. Granules formed at lower
temperatures are fairly monodisperse and spherical. Large, polydispersed hollow granules are

obtained at higher drying temperatures with nanoparticles packed as a shell. The spatial
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distribution of the nanoparticles, either in bulk or as a shell depends on the thermophoretic
motion of the nanoparticles in drying droplet under a temperature gradient. The formed shell is
prone to buckling, depending on its thickness. Buckling results in toroidal morphology of the
granules. The evolution of granule shape was modelled with the help of Surface Evolver
simulations which is based on buckling of the elastic shell taking into consideration the rate of
drying. Statistically averaged local volume fraction of the packed nanoparticles, as obtained from
SAXS, remained nearly unchanged even though the external morphology changed significantly
from sphere to toroid (as perceived from FESEM). SAS experiments further reveal a sticky-hard
sphere type of correlation between the nanoparticles, irrespective of the overall granular shape.
The large sizes of the granules are attributed to the existence of an internal hollow core which
was characterized by SESANS technique. Granules synthesized at higher temperature are
hollower than those at lower temperatures. The porosity analysis was carried out using gas
adsorption technique of BET which yielded a specific surface area of ~100 m?/g. The melting
and boiling points of water show significant deviation from that of bulk water denoting the effect

of confinement of water in the granular nano-pores.
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Chapter 3.2: Morphology-dependent dye sorption by
silica micro-granules

3.2.1 Preamble

As described in section 3.1.3.6, the micro-granules are porous in nature. This is due to
nanoparticle-interstices and hollowness of the granules. From the utility point of view, such
porous granules possess immense potential for various applications, such as catalysis,??

* jon exchange,®® drug delivery,?®® etc. In this chapter, the dye sorption

molecular sieving,?
capability of the granules and its dependence on the morphology has been discussed for nano-
structured silica micro-granules.?®

Silica nanoparticles are negatively charged in an aqueous medium owing to the
electronegative silanol groups on their surface. Such functionality allows attractive interactions
with various cationic chemical species.??”?*° Thus, utilizing this advantage, the sorption
capabilities of silica micro-granules for a cationic dye, Methylene Blue (MB) was investigated.
These granules, being larger in size than nanoparticle units, settle faster after sorption allowing
the easy decantation of supernatant. It is worth mentioning that MB is widely used in various
industrial processes such as printing, dyeing of cotton and leather. It is also an efficient redox
indicator and it have medicinal uses at low concentration.?*® However, at large concentration;
MB is a toxic waste material.?! Being water soluble, MB is very difficult to remove during
industrial discharge into the environment. In this chapter, a low-cost and effective approach of
removal of MB from water by nano-structured silica micro-granules has been demonstrated.

In the present case, the correlated silica nanoparticles in the micro-granules have an

effective radius of ~14 nm as obtained from SAS (section 3.1.3.2). The equivalent radii of
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trigonal, tetragonal and octahedral interstitial voids in the granules are 2.2 nm, 3.2 nm and 6.0

216 A MB molecule has spatial dimensions (1.4nm x 0.6nm x 0.4nm).?** Thus,

nm, respectively.
the largest dimension of MB molecule is significantly less than the interstices. Therefore, MB
can easily seep into the granules through the pores, thereby rendering nano-structured silica
micro-granules as efficient sorbents. The sorption behaviour has been monitored with the help of

Ultraviolet-Visible (UV-Vis) spectroscopy technique.

3.2.2 Spectral analysis by UV-Vis spectroscopy

Sorption of dye molecules by the synthesized granules was monitored by absorbance
spectral analysis using JASCO V-650 UV-Vis spectrophotometer.”®® Blank measurement was
performed using distilled water, followed by absorbance measurements for 50 ppm MB dye
solution. Subsequently, in-situ measurement of sorption of MB molecules by the powder
granules was started after adding 0.1g of the powder granules to the 50ppm MB solution. The
wavelength range of 400 to 900 nm was accessed during experiments. Sorption data were
collected at every ten-minute interval up to 2 hours and again after 24 hrs. In-situ measurement
was started at time t=0 when the powder granules were added to the dye solution. It should be
noted that the absorption due to silica at this wavelength range is negligible.?** Thus, the change
in absorbance recorded by the spectrophotometer will be due to (i) removal of MB from the light
path or (ii) change in local concentration of MB as a result of sorption by the silica micro-
capsules.

Visual evidence of the sorption is provided in Fig. 3.15 by the photographs of the vials of
MB solution from t=0, continuing up to the end of 24 hours of exposure. The vials labelled 1, 2,

3 and 4 representing G-110, G-130, G-160 and G-180 respectively were all turbid at the start of
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the observation period. However, the vials become fully transparent at the end of 24 hours of

exposure.
Addition of .
powder 0 min
to the dye solution
30 min
1hr
1.5hr
2 hr
(¢B)
£ 2.5 hr
|_
3hr
3.5hr
4 hr
4.5 hr
After overnight
exposure |, 24 hr

Fig. 3.15 Photographs of the vials over time, starting at t=0 min denoted by the addition of the granules to
the dye solution, to t=24 hr completing overnight exposure. The capsules take up the MB dye and settle at
the bottom leaving a clear supernatant. The vials 1,2,3,4 correspond to the case of G-110, G-130, G-160
and G-180, respectively.

The changes in the UV-Vis absorbance spectra of the dye solution with time for the
wavelength range of 500 to 800 nm, is shown in Fig. 3.16. The UV-Vis spectrum for pure MB
has a characteristic monomer peak around 664 nm. Presence of MB as dimer is denoted by a

hump around 624 nm.?*®> From Fig. 3.16, it is evident that the functionality and temporal
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evolutions of the absorption spectra are significantly distinguishable for the four cases. For
nearly spherical and relatively compacted granules (G-110 and G-130), absorbance shows a
monotonic decrease with time, whereas for hollow and toroidal granules, (G-160 and G-180) the

temporal dependence of absorbance is significantly different.
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Fig. 3.16 Temporal evolutions of UV-Vis absorbance spectra of MB solution after addition of granules.

Owing to the presence of two peaks in the sorption spectra, the contribution of each can
be obtained by de-convoluting the whole spectra into dimer and monomer contributions for each

of the cases, as given in Fig. 3.17. The total absorbance has been represented by linear
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2
combination of two Gaussian functions, y(X) = ZAG

i=1

_( X— 4 )2

20'i2

where, A; denotes the scale factor,

w1 and uo are the peak wavelength value for the monomer and dimer absorbance peaks. The

standard deviation ¢; and scale factor A; were estimated using least square method.
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Fig. 3.17 Absorption spectrum de-convoluted by two Gaussian functions.

The behaviour of the de-convoluted monomer and dimer peaks with time over two hours

is plotted on Fig. 3.18. Absorbance at t=0 for G-110 and G-130 is around ~0.14. It is evident

from the trend of their sorption spectra that the peak value for both monomer and dimer

decreases monotonically with time. This implies continuous sorption of the dye molecules by the

granules and their eventual settling. On the other hand, the sorption behaviour of the G-160

granules is significantly different from the previous two cases. Here, the spectrum shows an

increasing trend in absorbance during ~40 to 80 min reaching a maximum value at ~80 min and

then falling continuously. G-160 granules stay afloat for a longer time as they are hollow and

continue sorption before settling eventually. The rise in the absorbance peak is due to the pre-
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concentration of MB in the floating granules. The eventual fall corresponds to the removal of
MB from the path of the incident beam due to settling of the granules at the bottom, after
sorption. Further for G-160, contribution from dimer is significantly more than that from
monomer. This is because of enhanced dimerization of MB at the prominent dents on the surface
(Fig. 3.1) and inside the hollow cores. For G-180, the granules are prominently doughnut shaped
with central holes. However, because of the conversion of hollow spheres into doughnut (central
hole reduces the effective available hollow space); the hollowness in this case gets reduced as
compared to the G-160. Therefore a fraction of these granules settle down quicker than G-160
after dye sorption. This gives an initial decrease of absorbance in this case as seen for G-180 in
Fig. 3.18. However, few hollow granules which still float continue to take up MB, increasing the

local concentration of MB in the path of the optical beam after ~80 minutes.
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Fig. 3.18 Temporal variation of monomer and dimer absorbance peak in first two hours of sorption.

The percentage fall of the peak values of absorbance (compared to that of pure dye) for
monomer and dimer with time is denoted in Table 3.5. It is seen that the instantaneous (at t=0),
as well as the cumulative sorption varies distinctly in four cases. At t~0, the G-110 records the
least fall in the monomer peak-absorbance value (~25%). For dimer, there is no appreciable
change. The peak gradually falls with time up to 2 hrs (~82% sorption by the granule). G-130
shows a similar conduct but with a higher recorded percentage fall in absorbance. G-160 shows
the highest dip in peak-absorbance value at t~0 (~63% instantaneous sorption) and registers a
considerably higher absorbance (~91% sorption by granules) after 24 hours as well as compared
to G-110 or G-130. G-180 also has a similar trend as that of G-160. Thus conclusively, hollower
the granules, better is the sorption. Fig. 3.19 depicts the absorbance spectra at 24 hours from the

start of the experimental period, denoting the sorption after overnight exposure of the granules to

the dye solution.
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% fall of peak % fall in 1 hour %fallin2 hour | 70 fallat24
absorption t=0 hour
Dimer | Monomer Dimer
Sample | Monomer | Dimer Monor;er peak peak peak (Change
peak peak pea w.r.t 2"
(664nm) | (624nm) (Change w.r.t t=0) | (Change w.r.t 1* hour) hour)
G-110 24.7 - 64.7 (1) 36.4 82.4 (1) 74.6 (1) 82.4 (1)
G-130 40.0 - 70.6 (1) 455 70.8 (1) 57.6 (1) 88.2 (1)
G-160 62.9 37.3 41.2()) | 9.09() | 70.6(1) 3.06 (|) 91.2 (1)
G-180 49.4 36.4 77.6 (1) | 67.3(1) | 56.5()) 18.2 (|) 94.1 (1)

Table 3.5 % fall of the absorbance peak Methylene blue dye at different time instances. For pure MB, the
monomer peak value of absorbance is 0.17 while for dimer it is 0.12. 1 indicates an increase of sorption

by the granules, whereas | indicates a decrease in sorption.
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Fig. 3.19 UV-Vis absorption spectra for MB dye after 24 hours sorption by the granules compared to the

pure dye. INSET: Percentage cumulative dye sorption after 24 hours.

Sorption studies have also been conducted for another well-known cationic dye,
Rhodamine-B (Rh-B). Rh-B is known to possess a non-planar 3D structure having in-planar
dimensions 1.5 x 0.98 x 0.43 nm and measuring 1.8 nm diagonally off-plane?®® unlike the planar

molecules of MB that measures 1.4 x 0.6 x 0.4 nm®’ as shown in Fig. 3.20(a). The UV-Vis
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spectrum for the same over two hours is shown in Fig. 3.20(b). It is evident that the fall in
absorbance peak (at 554nm) after 2 hours is significantly lesser (16%) when compared to that for
MB (82%). Further, the peak absorbance value does not change appreciably with time even
afterwards. Such retarded sorption kinetics in case of Rhodamine-B can be attributed to its
structural as well as chemical characteristics. These molecules face steric hindrance during
sorption in the granules due to their 3D bulky structure. MB is a stable cation in water due to the
presence of positive charge on nitrogen. However, in the case of Rhodamine-B, the presence of
the ethyl groups on the protonated nitrogen reduces its cationic character due to positive
induction effect. At the same time, the presence of the carboxylic group tends to impart a
negative charge on the molecule in an aqueous medium, thereby reducing the net positive charge
of the molecule. Thus, the above-mentioned factors reduce the degree of positive charge of
cationic Rhodamine-B ion. Therefore, the sorption probability of Rhodamine-B by the silica
granules is lesser than that of MB. Hence the size of the sorbed entity is also crucial for efficient

uptake of the dye along with properties such as size of the interstitial spaces, interaction with the
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Fig. 3.20 (a) Molecular structure for Methylene Blue and Rhodamine B. (b) Evolution of absorption

spectrum in two hours.

3.2.3 Evidence of dye sorption from SAS

The accumulation of dye in the granules is also reflected on the SAS profiles of the
granules after dye sorption. The virgin granules (before sorption), as well as those after MB
sorption, have been probed by small-angle X-ray scattering technique. SAXS, being a non-
evasive technique, provides the correlation between the nanoparticles in the granule.’®* The
scattering profile of the assembled granules before sorption luerore(q) can be represented by
additive scattering contributions from correlated nano-particles and from overall granules,
having the form of Eq. 3.1. Scattering profile before and after sorption has been depicted in the
same scale for comparison on Fig. 3.21. Intensity profiles (lazer(q)) of the dye-incorporated

granules showed an additional scattering contribution over the scattering from the virgin granules

(loefore(Q)) 1.€,.
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Iafter (q): Ibefore (q)+ IMB (q) (3-10)

where Ivg(q) is the additional scattering contribution from the sorbed MB in the granules. As

apparent from Fig. 3.21, the scattering at low q region is enhanced significantly due to MB

sorption and the functionality follows a power law 1, (q)=Cq* behaviour. The fitting

parameters of the SAXS profiles are tabulated in Table 3.6. It is seen that the ratio of scattering

intensity from the granules after and before sorption (laser/lnefore) IS More for granules with more

hollowness (G-160, G180), compared to those with lesser hollowness (G-110, G-130) affirming

the fact that hollower the granules, better is the sorption.
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Fig. 3.21 SAXS profiles of the granules before and after dye sorption. The extra scattering at low g after

sorption is due to the sorbed MB.
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Polydispersity index of Median Scattering 1(“qur_na)sorbed MB
Sample Iogno_rma! ngnoparticle nan(_)particle [lored o] at
size distribution radius (nm) 4= 0.25 ™ a
G-110 0.13 13.5 1.10 3.12
G-130 0.12 13.8 1.11 3.52
G-160 0.13 13.7 1.15 3.57
G-180 0.12 13.8 1.21 3.20

Table 3.6 Parameters obtained from model fitting of SAXS profiles of granules after dye sorption.

3.2.4 Thermal Analysis

With the increase of temperature, the sorbed dye in the granules undergoes various thermal
changes that were investigated with the help of thermo-gravimetric analysis (TGA) and
differential thermal analysis (DTA). TGA and DTA measurements on the four types of dye-
incorporated powder granules were carried out using Netzsch Thermo-balance (Model No.: STA
409 PC Luxx) coupled to Bruker FTIR system (Model No.: Tensor 27) via a heated Teflon
capillary (1 m long, 2 mm inner diameter) in air atmosphere.

TGA essentially measures the change of mass of the sample as a function of temperature.
Fig. 3.22(a) depicts the mass loss due to the gradual decomposition of the sorbed dye in the
granules with temperature. TGA profiles show two distinct zones. The rate of mass loss in the
first zone, which extends up to ~130°C, is relatively fast and is due to surface water evaporation.
The second zone, above this temperature, shows a slower descent compared to the first zone. The
mass loss in the second zone is attributed to the release of confined water/organic/inorganic
moiety. It is interesting to note that the percentage mass loss is maximum for G-110 while it is
minimum for G-180. This indicates that sorbed dye molecules inside the hollow core in G-160

238 and thus are unable to be released as fast as surface molecules in

and G-180 tend to aggregate
case of G-110 or G-130.
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DTA technique monitors the temperature difference between sample under study and an inert

reference under identical thermal cycles®®

to detect the various chemical changes occurring in
the sample characterized by absorption or emission of heat. DTA measurements were carried out
for the granules after dye sorption.?”® Fig. 3.22(b) depicts the DTA curves exhibiting both
positive and negative peaks. Negative peaks are due to absorption of heat from the system
corresponding to an endothermic process, such as evaporation. On the other hand, positive peaks
denote liberation of heat, i.e. exothermic processes, such as dissociation or decomposition. The
first endothermic dip is observed around 100°C. This corresponds to the evaporation of the
surface water from the granules. It is to be noted that for free MB, degradation initiates around
250°C*!' where these molecules undergo cyclization, with the liberation of N atoms and
dissociation of Cl. However, in the present case, the MB molecules are not truly free but
confined to a nano-porous network, thus MB will respond differently to the temperature change.
In the present case, we observe that there are two prominent exothermic peaks. The first peak
initiates at around 200°C. The appearance of this peak is attributed to degradation occurring at a
lower temperature. MB molecules can undergo two kinds of cyclization; intermolecular and self.
Intermolecular cyclization is energetically more favoured because it does not involve multiple
bond-breaking within the molecule and thus it will commence at a lower temperature (first
exothermic peak in Fig. 3.22(b)). Proximity of the MB molecules inside the hollow structure,
results in inter-molecular cyclization, and dimer formation. It is seen that there is almost no peak
at ~200°C for G-110, this is because, G-110 are fairly dense granules, with sorbed MB residing
only on the surface. On the other hand, we hypothesize that self-cyclization will occur at a high
temperature, as represented by the peak above 400°C. This process will occur for all the four sets

of granules as, rearrangement and bond-breaking within a molecule does not necessarily require
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confinement. It is to be noted here that these significant changes at ~200°C and ~400°C could not

be spotted with TGA, as mass loss is negligible for the pre-concentrated MB in the granule.
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Fig. 3.22 (a) TGA curves showing the loss of mass as a function of temperature. (b) DTA plots denote

the thermal changes occurring at different temperatures. Upward arrow indicates exothermic processes.

3.25 Conclusions

In summary, this chapter illustrated the application of nano-structured silica micro-
granules as sorbent for water-soluble Methylene Blue dye. The sorption characteristics were
found to be strongly morphology dependent. Hollow and doughnut-shaped capsules showed
better sorption-efficiency as compared to the compacted spherical granules. The present
investigation also indicated that compatibility of interstitial pore sizes and the molecular shape of
the dye is a crucial factor as far as the sorption behaviour of the granules is concerned. This

exercises suitable control for preferential dye sorption applications.
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Chapter 4: Granules with hierarchical pores from bi-
colloidal suspension

4.1 Preamble

The versatility of porous materials**? has been a subject of immense intrigue over
decades. Rigorous researches have been carried out, both from the synthesis and utilization

points of view. The methods that are generally employed for synthesis of porous materials

3 4 5

include freeze-drying,?*® micro-emulsion formation,?** gas blowing techniques,®*® phase

246 247

separation,*® template imprinting,'® suspension polymerization,®*’ etc. The synthesis protocols
for some of these methods are complex, involving the use of expensive chemicals or requiring
significant energy consumption. The obtained porous materials are often in monolithic form
rather than single entities with defined shapes. Furthermore, even though some of these
techniques are suitable for production at a laboratory scale, they become extremely costly for
large-scale up-gradation.

In Chapter 3.2, nano-structured micro-granules were reported to function as porous
materials, owing to their inherent hollowness and inter-nanoparticle voids. The flexibility of the
energy efficient spray-drying process further enthuse investigation of novel methods towards
generating hierarchical pore structures in the micro-granules. The current work describes the
method of porogenation of mesopores and macropores®*® in silica micro-granules synthesized via
spray-drying of a mixed colloidal suspension. Porogenation is essentially by the removal of one

of the components from such a composite granule. The choice of the colloidal mixture were

made keeping in mind that one of the components would act as the template of the pore, which



Chapter 4 Granules with hierarchical pores from bi-colloidal suspension

will later be removed.?*® Needless to say, control over the pore sizes would be exercised by the

249-251 252 250

template component. In general, micelles, polymer, liquid crystals, inorganic
precursors,™? etc. are used as templates of mesopores. For macropores, the use of bacterial
templates® has also been reported. However, incorporation of both mesopores and macropores in
the same material using a single template remains a challenge. Such porogenation is
advantageous from the application point of view. For example, in case of catalysis; the active
sites are often located in the micropores and mesopores, while the macropores aid mass
transfer.®®* The present work describes an economic and facile process of synthesis of porous
silica micro-granules with hierarchical pores using milk as the template.?®

Spray-drying is carried out using a colloidal suspension composed of nano-silica and
milk as the feed solution. Pores are generated in the composite micro-granules by the removal of
milk by calcination. Milk act as the soft template for the pores whereas nano-silica forms the
matrix. Milk in its natural colloidal form is a complex emulsion containing fat globules and
casein micelles, which are suspended in an aqueous phase.”® Shear during the atomization
process of the spray droplets, can partially break the relatively large sized globules and
agglomerates into smaller forms. Moreover, the re-agglomeration of a fraction of these broken
units during sol to powder transition may lead to larger agglomerates as well. Thus, the type of
pores depends on the size of milk agglomerates. It has been shown that depending on the initial

milk concentration in the colloidal suspension, a combination of mesopores and macropores can

be generated in the granules through the present technique.

4.2 Synthesis of micro-granules with hierarchical pores

Three types of silica nano-suspension, (i) HS-40 [LUDOX®, Sigma Aldrich, USA] with

¢ potential ~ - 48 mV, (ii) VISA [M/S. VISA Chemicals, Mumbai, India] with {~ -44 mV and
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(iii) VISA with ¢~ +53 mV were diluted to 2% by weight by adding distilled water. Amulya
brand of milk powder [Gujarat Co-operative Milk Marketing Federation Ltd., Anand, India] was
mixed with distilled water to make 1, 2 and 3% by weight emulsions (£ ~ - 35 mV). The total fat
content of milk was 20% by weight. 2% by weight colloidal HS-40 was mixed with the milk
emulsions (1, 2 and 3%) separately to make three bi-colloidal dispersions. VISA silica with +ve
¢ and —ve ¢ (2% by weight) were also mixed to 2% by weight milk suspension individually to
make two separate bi-colloidal suspensions. For further reference, the bi-colloidal granules with
HS-40 will be referred to as S-H1, S-H2, and S-H3 for 1, 2, and 3% of milk in the granule
respectively. Similarly, 2% by weight milk composite with VISA silica of +ve £ and —ve ¢ will
be referred to as S-VP and S-VN, respectively. Each of these bi-colloidal dispersions was
prepared as 100 mL precursor solutions for spray-drying by spray dryer, LU-228
(LABULTIMA, India). The precursor solution was fed into an atomizer at a constant feed rate of
2 mL min™. The atomizer nebulizes the suspension into tiny droplets with an average diameter of
10 um. A constant aspirator rate and inlet temperature of 160°C was maintained throughout the
synthesis processes. For reference and comparison, pure silica dispersions (2% by weight) for
HS-40, VISA (+ve ) and VISA (-ve (), were also subjected to spray-drying under the identical
drying conditions.

Removal of milk from the composite granules after spray drying was carried out by two
different processes: i) washing the freshly spray-dried granules (500 mg) with 50 mL of 10%
(v/v) hydrogen peroxide solution where the aliquots were kept overnight under continuous
stirring. The granules were recovered after disposing off the clear decants ii) the samples were
calcined at 450°C for about 7 hours in air to remove the template component through

incineration.
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4.3 Structural characterization by FESEM

Fig. 4.1 depicts: (a) the FESEM micrographs of the granules (b) surface topography and
(c) Fourier transformed images of the micrographs. It is evident from the figure that the
morphology of the formed granules strongly depends on the milk concentration as well as
relative polarity (C-potential) of the individual components in the bi-colloidal dispersion. From
the FESEM micrographs, it is evident that the granules are primarily doughnut-shaped for S-H1,
2, 3 and S-VN. However, S-VP granules are nearly spherical. The granules with higher
concentration of milk show more deformation. It is interesting to note that for the cases where
silica and milk both possess —ve C, the granules are doughnut-shaped. On the other hand, for
opposite polarities of silica and milk (Csiica ~ + 53 MV, Cuik ~ - 35 mV) in case of S-VN,
spherical granules are obtained. The doughnut shapes of the granules for the case of similar
polarity of the components are attributed to buckling of hollow shells as was discussed in
Chapter 3.1. However, for opposite polarity of the components, granules possess a spherical
shape due to the hindrance of shell formation. This indeed indicates the significant role of the
inter-particle interaction in morphological transformation. It should be mentioned that in some

earlier Works, 46-47, 53, 87-89, 93-95, 103, 188, 257, 54, 102

it was indicated that the spherical shape of droplet
is retained even in the granule because of isotropic shrinkage of the droplets at slow drying rate.
However, in the present case, at a drying temperature of 160°C, the granules are expected to be
doughnut-shaped owing to the fast drying scenario.'®® The formation of spherical granules (S-
VP) is attributed to the charge interaction among silica nanoparticles and milk in the bi-colloidal
suspension. Owing to their opposite polarities the individual components tend to aggregate in the

dispersion due to electrostatic attraction. During drying, the diffusion of these large-sized

flocculates is slower than the individual nanoparticles. Hence, in this case, even under the fast
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drying scenario, shell formation is hindered due to the constrained diffusion. Thus, the granules
are spherical in shape. In contrast, the situation for silica and milk having same polarity is similar
to the case of shell formation as was discussed in Chapter 3.1. It is to be noted that the spray-
dried composite granules are stable enough and calcination does not modify the overall structure

of the granules, rather only generates pores due to the incineration of milk moieties.

Fig. 4.1(a) FESEM micrographs. (b) Topographical representation by colour map. (c) Representation as
Fourier transformed images. (i) S-H1 (ii) S-H2 (iii) S-H3 (iv) S-VP (v) S-VN

The FESEM micrographs of the granules have been represented as colour maps in Fig.
4.1 (b), to elaborate the roughness of the granular surface. It is discernible that for S-H3
(maximum milk concentration) and S-VP (opposite surface polarity), the roughness on surface is
more pronounced as compared to S-H1, S-H2, S-VN. Fig. 4.1(c) depicts the 2D Fourier
transform (FT) of the micrographs. FT images represent the surface features of the granule in

reciprocal domain.?*® The spread of halo away from the central spot denotes smaller details of
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the image. Fig. 4.1(c(i)) show a number of centrally intersecting straight lines for S-H1 denoting
significant symmetry. The delocalization of FT signal away from the centre indicates presence of
numerous small pores on the surface. The outward spread of FT signal reduces in case of S-H2
(Fig. 4.1(c(ii)) and furthermore for SH-3 (Fig. 4.1(c(iii))) indicating the increase in pore sizes.
Thus, a qualitative idea of variation of pore sizes on the surface of the granule is obtained from
FT analysis of the FESEM micrographs.

The granular shape symmetry is depicted graphically in Fig. 4.2(a). The correlation
between the top and bottom halves of each image in Fig. 4.2(a) has been presented by plotting
diametrically opposite effective chord lengths (o,", o). For a perfectly symmetric granule, a
plot between oy and o," will be a straight line passing through the origin and having a slope
equal to unity. Deviation from this line indicates the extent of non-symmetry. The dotted line on
figure shows the idealized symmetric case for clarity. Fig. 4.2(a) reveals that S-H1 and S-H2 are
nearly symmetric whereas S-H3 shows maximum deviation from symmetry, having a slope
value of ~0.4. This deviation is due to granular deformity as a result of buckling during spray
drying. The milk concentration in the bi-colloidal solution influences the extent of buckling in
the dried granule as is evident from this preliminary analysis. Fig. 4.2(b) represents the

qualitative trend of the dimension of the macro-pores as obtained from image analysis.
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Fig. 4.2(a) Estimate of the symmetry in the granules (b) Macro-pore size distribution.
4.4 Fourier Transform Infrared (FTIR) spectroscopic analysis

FTIR studies were performed for the composite and pure silica granules in order to
account for changes occurring in the spectra due to the removal of milk by peroxide washing and
calcination. The FTIR profiles are shown in Fig. 4.3(a-e). It is evident from the comparative
studies that the spectra before and after peroxide washing/calcination show clear distinction. It
was observed that initially, the composite granules show characteristic peaks corresponding to
silica as well as extra peaks due to the milk components. After treating with hydrogen peroxide,
the spectra show partial disappearance of the milk peaks and after calcination, the FTIR profile
resembles that of pure silica. The characteristic dips in the FTIR profiles at ~3317 cm™, ~2925
cm?, ~1741 cm™, ~1534 cm™, ~1108 cm™ which are present for the composite granules are
absent for pure silica and for the calcined granules in each of the cases. Thus, calcination proves
to be a more efficient method for porogenation than peroxide washing. The structural
characterization of the pores by SAS and gas adsorption techniques are discussed in the

following sections.
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Fig. 4.3 FTIR profiles for the composite granules (a) S-H1, (b) S-H2, (c) S-H3, (d) S-VP, (e) S-VN,
drawing comparison with pure silica granules, calcined and peroxide washed granules for each.
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4.5 Mesoscopic structure characterization by SAXS

SAS provides a quantitative idea about the mesoscopic length scales in the granules. The
structural, as well as inter-particle correlation among the components of the composite micro-
granules and its alteration due to chemical treatment and calcination, is obtained from SAS in a
statistical sense. It should be mentioned here that due to the presence of density fluctuations in
the hierarchical length-scales of the present multi-component system, the analysis of scattering
data becomes quite complex. However, for a simplistic approach, such scattering intensity
profile can be represented by cumulative contributions from individual scattering components.®*
9.104.259 For calcined granules, the total scattering intensity 1(q) is approximated as a summation
of scattering contribution from correlated silica, as well as from the whole granule following Eqg.
3.1."* The decoupling of the scattering contributions works well in the present case where the
size of the inhomogeneity in the different length scales differ widely.’®* The granules were
characterized by both SAXS and MSANS corresponding to the high and low q regions
respectively. Therefore MSANS furnish information about the large-sized inhomogeneity such
as granular and macropore sizes whereas SAXS provides information about the silica
nanoparticle sizes, correlation and mesopore sizes.

SAXS measurements were carried out for composite granules, granules after peroxide
treatment and for calcined granules as well. Fig. 4.4 compares the SAXS profiles for each of the
cases. Analysis of the SAXS profiles for the composites revealed that a sticky hard sphere type

of correlation®®?

exists between the silica nanoparticles. Table 4.1 summarizes the obtained
parameters from SAS profiles of calcined granules. It is interesting to note here that SAXS data
reveals two values of volume fraction of nanoparticles which denote non-uniform packing of

nanoparticles in the granule. The nanoparticles are more close-packed at regions devoid of milk
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deposits, denoted by the higher volume fraction (¢1) and loosely-packed at zones near the milk
template mesopores, resulting in lower packing fraction (¢2). For templated HS-40 granules (S-
H1, S-H2, S-H3), it is observed that the value of ¢; is typically 0.7, which is similar to its
packing fraction in pure silica granules while ¢, decreases with the increasing concentration of
templated milk in the granule. It is to be mentioned that removal of milk from composite

granules does not alter the silica correlation because of their secure interlocking during spray

drying.
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Fig. 4.4 SAXS profiles for (a) S-H1, (b) S-H2, (¢) S-H3, (d) S-VP, (e) S-VN drawing comparison with

scattering profiles of peroxide treated, calcined and pure silica granules.

Silica nanoparticles
Granules Polydispersity Effective Packing Packing
index median size (nm) | Fraction (¢,) | Fraction(¢,)

Pure HS-40 0.16 7.80 0.72 -
S-H1 0.16 7.80 0.70 0.52
S-H2 0.16 7.80 0.70 0.47
S-H3 0.16 7.80 0.67 0.40

Pure VISA (+ve) 0.28 10.45 0.54 -

S-VP 0.28 10.45 0.54 -

Pure VISA (-ve) 0.27 4.65 0.49 -
S-VN 0.27 4.65 0.49 0.27

Table 4.1 Parameters obtained from model fitting of SAXS profiles of the bi-colloidal granules compared

with pure silica granules.

Fig. 4.4 reveals noticeable differences in the scattering profiles of the granules,
particularly in the low g regime. There is a significant dip in the scattering intensity in this q
regime in case of the calcined granules when compared to that for composite granules. This is
due to the removal of milk aggregates from the granules by calcination. On the other hand, in
case of chemical treatment by peroxide, there is an increase in scattering at low ¢ indicating the
coalescence of milk moieties instead of removal. Thus, it is evident that calcination provides a
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better way of realizing porous structure by removal of milk template from the assembled bi-
colloidal granules. However, there is a subtle difference between the profiles of the calcined
granule and those of pure silica granules owing to the changed silica packing fractions due to

mesopore generation as depicted by ¢, in Table 4.1.

4.6 Characterization of porosity by MSANS and BET

The signatures of the macropores in the calcined granules were obtained from MSANS
experiments which probed the q range (0.003-0.173 nm™). Fig. 4.5 depicts the MSANS profiles
of the calcined granules. The estimated size of macropores and the corresponding specific

surface area from MSANS is provided in Table 4.2.

0.2]1 q(nm'1) 0.1

Fig. 4.5 MSANS profiles for calcined granules.

Sample Specific Surface Area (m?/g) Average pore radius (nm)
Mesopores Macropores Mesopores Macropores
(From SAXS) | (From BET) (From (From BET) (From
MSANS) MSANS)

S-H1 171.0 137.2 26.9 2.77 82
S-H2 172.3 99.2 42.2 3.99 99
S-H3 170.1 96.6 37.0 8.51 115
S-VP 167.2 87.8 33.4 5.92 124
S-VN 170.4 133.7 27.8 3.81 98

Table 4.2 Pore sizes and specific surface area compared by BET and scattering techniques.
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Granular porosity, specifically the mesopore sizes and the corresponding specific surface
area was also obtained using BET technique. As depicted in Table 4.2, the average mesopore
sizes were found to increase with the increase in milk concentration for S-H granules. On the
other hand, the specific surface area decreases with milk concentration. Hence it is inferred that
increased concentration of the soft template leads to a fewer number of pores having a large size
(S-H3), as compared to a large number of small-sized pores at low concentration (S-H1). The
adsorption-desorption hysteresis plot, the differential pore volume and the cumulative mesopore
distribution as obtained from BET is shown in Fig. 4.6(a-c). Distinct differences in the plot are

apparent due to the individual porosity of the granules.
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Fig. 4.6 (a) Adsorption-desorption isotherm as obtained from BET for the granules. (b) Differential
mesopore volume distribution, (c) Cumulative mesopore volume distribution for granules.
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It is apparent from Table 4.2 that there is a distinct difference between the S/V values
obtained from the two techniques (SAXS and BET). This is because, BET being an
adsorption/desorption technique, provides information about connected/open pores only.
However, scattering results provide a cumulative contribution from both open and closed pores.
Moreover, MSANS provided the specific surface area due to the macro-pores in the granule. A
significant gain of S/V has been recorded for the calcined granules owing to the mesopores and

macropores, when compared to the S/V for pure HS-40 silica micro-granules (80 m?/g).

4.7 Conclusions

To summarize, the motivation of this work was to demonstrate a facile way of
synthesizing porous granules via spray drying of bi-colloidal dispersion. The polarity and
concentration of the colloidal components play a key role in governing the granular morphology.
The soft component of the colloidal mixture acts as pore template in the granules. Efficient
control of the pore sizes and the specific surface area was obtained by tuning of the concentration
of the soft component. Both mesopores and macropores were generated forming a hierarchical
pore network in the granule, by the use of a single template. This work unravels yet another
potential applicability of nano-structured micro-granules as porous material, with a facile tuning

of its porosity.
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Chapter 5: Wrinkled micro-granules: Role of
anisotropic interparticle interactions

5.1 Introduction

Surface wrinkling is ubiquitous in nature and is a commonly observed phenomenon on
dehydrated fruits, ageing human skin, etc. which originate as a consequence of the simultaneous

260

interplay of multiple physicochemical stimuli such as, temperature, humidity, strain

h,261

mismatc etc. Wrinkling patterns on a surface are useful for various applications including

262 263

active size-selective adsorption/release,”* stretchable electronics,” etc. Literature reveals the
various methods by which surface wrinkling was induced on curved surfaces such as spheres.?**
264 However, the synthesis techniques implemented were time-consuming and often uses rare
chemicals.’®® Moreover in some cases the tuning of wrinkling patterns are complex and often
result in partial wrinkling.?®® Mostly, the synthesis methods are successful at laboratory length
scale but cannot be upscaled for industrial applications. In this chapter, a facile method of
synthesis of surface-wrinkled granules has been demonstrated which overcomes all the above-
mentioned technical drawbacks. To elaborate, evaporation-induced self-assembly proves to be a
unique tool via which nano-structured micro-granules with wrinkled exteriors can be obtained
from anisotropic colloidal suspension.

So far in this doctoral thesis, the effects of drying rate and the addition of soft template
were investigated. However, in both of these cases, the obtained granules have smooth exteriors
albeit their morphological differences. The role of colloidal interparticle interactions for the

generation and tuning of wrinkled surface and modulation on nano-structured micro-granules has

been discussed in this chapter. These granules possess enhanced surface area owing to the
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modulations which makes them useful for specific applications requiring a large contact area

226 atc,

such as catalysis,”*"?® filtration,?®® sorption,

A mixture of two stable colloids was suitably chosen to demonstrate the effect of the
interparticle interactions. The shape and surface charge of colloidal particles are two governing
factors that are accounted for by the DLVO formalisms.”* Other non-DLVO factors such as
hydrophobicity and depletion interactions also significantly affect the interactions in a colloidal
system.** A model system, comprising of an aqueous colloidal mixture of spherical silica
nanoparticles (NS) with water-dispersible cylindrical carbon nano-tubes (CNT) was chosen to
demonstrate the origin of anisotropic interactions and consequently the production of wrinkled
granules. NS and CNT, being dissimilar with respect to shape and wettability, illustrates a
contradictory behaviour during drying of the colloidal droplet. Moreover, depending on the
polarity of these components, the dispersion exhibits dominance of attractive or repulsive DLVO

potentials. In this chapter, the effect of these factors on the assembly process during drying vis-a-

vis the control of the granular surface modulation has been illustrated.

5.2 Synthesis

The synthesis of single-walled carbon nanotube (SW-CNT) has been elaborated by Kim
et al.”® In short, non-covalently functionalized isolated single-walled CNTs were obtained by
dispersing HiPco SW-CNTs in water by using a cationic surfactant having polymerizable
counter-ions.””* The surfactant monolayer was fixed permanently on the SW-CNTSs by in situ
free-radical polymerization of the counter-ions, followed by freeze-drying. Atomic force
microscopy(AFM) revealed a radius of 2.5 nm and length of 500 nm of the CNTs. Polymerized
SW-CNTs were then dissolved in water and were kept at vortex until the CNTs made a stable

dispersion. This dispersion was then diluted with water to make CNTs of 0.1% and 0.05% by
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weight (50 mL each). The {-potential value of CNT was found to be -6.5 mV. LUDOX® HS-40,
nano-silica suspension (¢-potential = - 48mV), 2% by weight (in 50 mL water) was mixed with
0.1% and 0.05% CNT dispersions separately to make two 100mL bi-component dispersions.
Similarly, LUDOX® CL nano-silica (¢-potential = -44mV), 2% by weight (in 50 mL water) was
mixed with 0.05% CNT to make another 100 mL bi-component solution. Thus three mixed
dispersions, namely i) 0.05% CNT - 2% HS-40 ii) 0.05% CNT - 2% CL and iii) 0.1% CNT - 2%
HS-40 were prepared. Each of the diluted dispersions was fed into spray dryer at a constant feed
rate of 2 mL per minute under continuous stirring. The suspension is atomized into droplets with
an average diameter of ~10 um. Constant aspirator rate and inlet temperature of 130°C were
maintained throughout the synthesis processes in each case. For easier reference, the
nomenclature of the powder granules made according to the abbreviated name of the type of

silica nanoparticles and the CNT concentration: H-0.1, H-0.05, and CL-0.05.

5.3 Structural characterization by FESEM

The granular morphologies are discernable from the FESEM micrographs in Fig. 5.1. H-
0.1 and H-0.05 show distinct wrinkle-like modulation on the surface which is absent for CL-0.05.
The left panel depicts the whole granules (Fig. 5.1 (a), (c), (e)) whereas the right panel lists their
magnified surfaces at 150kX magnification (Fig. 5.1 (b), (d), (f)). It is perceivable from the right
panel that granules with HS-40 silica (H-0.1 and H-0.05) bear prominent wrinkle-like roughness

on the surface.
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~

Fig. 5.1 FESEM micrographs showing the morphology of granules. Left panel (a), (c), (e) shows the

overall morphology. Right panel (b), (d), (f) shows the zoomed view of the surface.
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The surface roughness of the granules as perceived from Fig. 5.1 (b), (d), (f) were
represented as normalized gray-scale intensity variation as a function of length in Fig. 5.2(a).
The intensity fluctuations were quantified in terms of wavelength and amplitude of the intensity
plots. Wavelength corresponds to the extent between two consecutive bright or dark regions,
whereas amplitude denotes the brightness or the peak intensities. Hence, an estimate of the
comparative surface roughness for the three cases can be made by comparing the intensity
fluctuations. For H-0.1, the fluctuations are more pronounced, as perceived by the distinct bright
and dark regions on the FESEM micrographs (Fig. 5.1(a), (b)). The gray-scale intensity plot for
H-0.1 is denoted in red in Fig. 5.2(a). An average wavelength for the fluctuation was found to be
~60 nm along with the largest average amplitude as compared to the other granules. In contrary,
the amplitude for CL-0.05 (denoted by green) is nearly constant (without any prominent
fluctuation) indicating the smoother surface of the granules. H-0.05 has a profile lying midway
between the above two cases. Inset of Fig. 5.2(a) depicts a zoomed view of the intensity plot to
provide a further clearer picture of the comparison of fluctuations. Thus when compared at the
same magnification, the surface of H-0.1 show maximum roughness, followed by H-0.05,

whereas CL-0.05 has negligible surface modulation.
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Fig. 5.2 (a) Spatial gray-scale intensity plot of the granular surface (b) Frequency spectra of the gray-

scale variation (c) 2D Fourier transformed images.

Fourier analysis of the zoomed images provides a further clearer idea about the extent of
roughness on the granule. Fig. 5.2(b) depicts the Fourier spectra showing the distinct
contribution of the frequency components of the gray-scale spatial intensity fluctuation obtained
from the spectral decomposition of the zoomed micrographs (Figs. 5.1 (b), (d), (f)). The
contribution of high-frequency components is found to be more for CL-0.05, whereas least for
H-0.1. Thus, as per the Fourier principle,?*® the surface modulation in case of H-0.1 is extended
over a larger length scale. Fig. 5.2(c) compares the 2D Fourier transformed image in three cases.
It is evident that the spread of the halo is more for CL-0.05 owing to the small scale modulation

in contrary to H-0.1 where the halo is much more localised at the centre.
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54 Mesoscopic structure characterization by SAS

The mesoscopic structure of the composite granules and the inter-particle correlation
among the components were quantified using SAS. The higher g range was accessed by SAXS
which probed the length sizes from ~3-60 nm which includes the nanoparticle sizes and the CNT
radii.?’® SAXS measurements were performed for the colloidal suspension as well as for the
granules. The SAXS profiles for three types of granules are depicted in Fig. 5.3(a-c). SAXS
profiles for raw CNT in solid form and dispersed in solution are compared in Fig. 5.3(d). The
scattering intensity from composite granules may be approximated to be the cumulative
contribution of scattering from the two different length scales as given in Eqg. 3.1. The cross-
terms of the intensity can be neglected because the involved length scales are significantly wide-
spread (e.g. individual NS particle radius ~ 8 nm, CNT length ~500 nm while the granule radius
> 2500 nm). Thus, following Eq. 3.1, the total scattering intensity of the composite liwi(q) may

be represented as,

Itotal(q): Icomp (q)+|g(q) (5.1)

Scattering intensity lq(q) is the whole granular contribution whereas lcomp(q) is the contribution

from the components of the composite granule, i.e., CNT as lcnt(q) and silica nanoparticles as
Ins(q), which can be written as 1 (0)=1lcy (9)+1s(a) . Under local mono-disperse

approximation,‘®?
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where Ccnt, Cns and Cqy are g independent scale factors related to corresponding scattering
contrast and number density for CNT, silica nanoparticles and the granules, respectively. vy
represents respective particle volume. Dy(r) represents the size distribution function. Sy (q,r)

represents the inter-particle structure factor. Py (q,r) represents form factors given by,**

9[sin(qr)—qr6cos(qr)]2
(ar) 2 (5.3)
Penr (q'r) :? ZJl(quina) Sin(qLCOS(%))

0 qrsina qLcos(%)

Pns(q,r) represents the form factor for spherical silica nanoparticles whereas Pcnt(q,r) represents

Pus (q,r)=

sinada

the corresponding form factor for the cylindrical CNTs. L is the length of the cylinder and Ji(x)

279 3 monodisperse Denr(r)

is first order Bessel function. Based on AFM and scattering results,
was considered with length (L) 500 nm and radius (r) 2.5 nm. Standard log-normal size

distribution'®* function was considered for NS (Dys(r)) as well as the granules (Dy(r)).
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Fig. 5.3 Comparison of SAXS profiles, before and after spray drying: (a) H-0.1, (b) H-0.05, (c) CL-0.05,

(d) CNT.

Fig. 5.3(a-c) depict the differences in scattering profiles between NS and CNT in
dispersion form and after granulation for each of the cases. A correlation peak gains prominence
in the scattering profiles of the granules for H-0.1 and H-0.05 which is absent in the profiles of
the corresponding dispersions (Fig. 5.3 (a), (b)). The peak position at ~ 0.36 nm™, corresponding
to a characteristic length of 18 nm, represents the inter-nanoparticle distances in the granule. The
parameters obtained from the model fitting are tabulated in Table 5.1. The average nanoparticle

size is ~ 8 nm. It is observed from the analysis that nanoparticles exhibit sticky hard sphere
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correlation in the granule. The fitting parameters are provided in Table 5.1. MSANS profiles of
the composite granules (Fig. 5.4) reveal characteristic radii of the CNTs which is much larger
than the radii obtained from AFM?™, due to the bundling of CNTs in the granules. H-0.1, which
has a higher concentration of CNT, exhibit a larger bundle size compared to H-0.05. CL-0.05, on
the other hand, shows the least bundling. The mechanism of bundle formation during
evaporation-induced assembly and consequently the origin of surface wrinkles have been
explained in detail in the later sections of this chapter. Interestingly, the corresponding length of

CNTs in all three cases are found to be ~500 nm (Table 5.1), suggesting that the CNT does not

bend or break during compressive assembly.

Fig. 5.4 Combined MSANS and SAXS profiles over the whole accessible g-range.

Intensity (arb. unit)

MSANS | SAXS

2 } P

10°

CNT bundle
NS (From SAXS) (From MSANS)
Composite Median Packing Dimension (nm)
Radius (nm) Fraction Bundle radius | Length
H-0.1 8.25 0.64 18.2 500
H-0.05 8.00 0.60 15.0 455
CL-0.05 8.00 0.60 8.60 454

Table 5.1 Fitted parameters from SAXS/MSANS profiles of silica-CNT granules.
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It is interesting to note that the SAXS profile of CL-0.05 (Fig. 5.3(c)) does not show any
distinct correlation peak. Moreover, analysis of the SAXS profile of the CL-CNT dispersion
revealed a characteristic packing fraction and stickiness for CL nanoparticles in the solution.
This is because, in this case, CNT and CL nanoparticles posses opposite polarities. Hence
attraction between the CL particles and CNT cause lesser bundling of the CNTs as NS now tend
to adhere to the CNT surface. Therefore, in contrary to H-0.1 and H-0.05, here the bundle radii
are lesser (Table 5.1). The details of the assembly process have been illustrated in section 5.5 of
this chapter. It will be demonstrated that the difference in the assembly process in case of
granules with HS-40 NS (-ve charge) and CL NS (+ve charge) is, in fact, the cause of the
topographical difference of the granular surface.

Fig. 5.3(d) shows a prominent peak at q ~1.6 nm™ in the scattering profiles of virgin
CNTs, which is absent in case of scattering profile of CNT dispersion. This characteristic length
scale corresponds to the diameter of the CNTs which is calculated to be 5.0 nm (=2x/ q). This
value corroborates well with that obtained from AFM as reported by Kim et al.?**® The combined
MSANS-SAXS scattering profiles reveal a negative slope of -1 corresponding to the 1D CNTSs in

the granules (Fig. 5.4).'%

55 Origin of surface wrinkles

So far in this chapter, it has been established from FESEM and SAS that granules having
similarly charged NP and CNT display a wrinkled exterior (H-0.1 and H-0.05) whereas granules
with opposite polarity of NP and CNT are smoother. Moreover, the extent of wrinkling in the
first case is more when the CNT concentration is more (H-0.1). At this stage, it can be inferred
from these observations that the granular topology is essentially governed by the interparticle

interactions between the assembling nanostructures. Thus, a step-wise assessment of the
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evaporation-induced self-assembly process starting from the initial dispersion is indispensable to
evaluate the changes in the interparticle interactions leading to wrinkled granules.

Literature reveals the various types of interparticle interactions in a colloidal dispersion.
As mentioned in Chapter 1, section 1.3.1, for a suspension comprised of charged colloidal
particles, long-ranged repulsive electrostatic force and short-ranged attractive van der Waal
(VW) force constitutes the DLVO potential. When the attractive forces dominate, the particles
flocculate and dispersion is unstable. However, when the repulsive forces dominate, owing to the
similar charge of the suspended particles, the solution is stable. From the DLVO viewpoint, each
of the dispersion can be deconstructed into the individual contributory attractive and repulsive
components.

The net DLVO interaction energy between two colloidal particles (WpLvo), as a function
of inter-particle distance (d), is the resultant of the attractive van der Waals (Wyw) and repulsive

electrostatic double layer (Wpy) interaction energies given by,

Worvo (d):V\(/W (d)+WDL (d) (5.4)

For identical spherical NS particles,* WpLvo is given by,

—xd
Wy (d) = - T o D2 (5.5)

where Ays is the Hamaker constant, Rys is the radius of the spherical particle; ™ is the Debye

2
length in the solvent, interaction constant ¥ is given by, ¥ =64;rgog(k‘3—Tj tanhz%where
€ B

& is the permittivity of free space (8.85x10™2 C2N™"m™), ¢ is the dielectric constant (78.4) of the
water at room temperature T= 298 K, kg is the Boltzmann constant (1.38x10%% JK™). Electronic

charge ‘e’ (1.6x10™ C), ¢ being the electric double-layer potential or ¢-potential. Similarly, for
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cylindrical particles,® with radius Rent and length Lent and Hamaker constant Acwr, the total

energy (Wenr) is represented as,

_ _ACNT\/RCNT ey / KRyt
WCNT(d)_[ 24d1,5 + 2 [ T )]LCNT (56)

However in the present case, along with the two above-mentioned DLVO interactions,

namely Wys (among silica nanoparticles) and Wenr (among CNTS), there exists a third type of
interaction between the NS and CNT which depends on both, component geometry and surface

charge. The attractive part (VW interaction) is represented as,?2

4ARI?IS dVenr
- J 2 2 \3
3r (r'-Rg)

VCNT

WS (d) = (5.7)

where ‘r’ is the distance between an arbitrary point ‘P’, considered in the cylinder and the centre

of the sphere, ‘O’ (Fig. 5.5). In cylindrical coordinates, the volume element dVcnr is given by
‘pdpdgdz’ and

r* =(d+Ry +Renr +,ocos¢5)2 +(,osin¢)2 +7°
where ‘p’ is the radial distance of ‘P’ from the z-axis, ‘¢’ is the azimuthal angle and z is the

height at which the considered point is situated with respect to the origin plane as shown below

in Fig. 5.5. Substituting r* in Eq. 5.7,

War™ (@) =5 R 59)
z Rent Lent -3

jd¢ j pdp j [(d+RNS+RCNT+p008¢)2+(psin¢)2+22—R§s} dz
0 0 0

which is the functional form of interaction energy due to attractive van der Waal force.
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cyl

Fig. 5.5 Schematic representation of the defining parameters of sphere and cylinder. Sphere having a

radius ‘Rys’ and cylinder has a radius of ‘Rent’. The sphere is separated from the cylinder by a

distance‘d’. The volume element in the cylinder is denoted as ‘dVcnr’. The separation distance between

the volume element and the centre of the sphere is denoted as ‘r’. The geometry is described with

cylindrical coordinates (p, ¢, z). The radial distance ‘p’ is the Euclidean distance from the z-axis to the

volume element. The azimuth ‘¢’ is the angle between the reference direction and the line from the origin

to the projection of the volume element on the plane. The height ‘z’ is the distance from the volume

element to the origin plane.

The electric double layer interaction energy between sphere and cylinder, as a function of

inter-particle distance, was evaluated by Li et a

WDNLS—CNT (d ) — D]_

(%
do

0

RNS

272
L,

RCJNT F (c,x(d,y,0))ydy ;+

0

()

J'ydy J' F(x,x(d,y,0))do

RCNT

0
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where, D, =4¢,exl, ¢ and dusand Cent represent the -potential of spherical and cylindrical

particle respectively; F (x,x)=cosechixx+D,(1—-cothxx) in which, D, and x(dy,6) are

;NS é/CNT and

dimensionless quantities given by D, =
2 NS> CNT

X(d,y,0)=d + Ry —/R% —¥? + Ry —[Rer — y*sin® 0

The total interaction energy is the sum of the two contributions is therefore,

NS CNT (d)

The variation of total interaction energy Wns.cnt are plotted with distance‘d’ for the individual

NS—CNT( ) WNS —CNT (d) (510)

dispersions in Fig. 5.6.
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Fig. 5.6 DLVO potential plots for (a) HS-40 and CNT suspension, (b) CL and CNT suspension.

In the dispersion comprising of CNT with HS-40 (Fig. 5.6(a)), both the components have
a negative ¢~potential (CNT = -6.5 mV and HS-40 = -48 mV). The individual plots are Wys for

silica nanoparticles, Went for CNT and Wis.ont for interaction between the corresponding NS

and CNT. The interaction energy is expressed in terms of keT. ‘As’ for silica is 0.8 x 10%°J, the
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average radius Rys (for HS-40 as well as CL silica) being 8 nm as obtained from SAS, x has
been calculated to be ~ 9.6 nm, at room temperature.® Similarly, for CNT Acnr is 0.85 x 10%
J#2 and &t is ~16.4 nm.*® Renr and Lenr is taken as 2.5 nm and 500 nm respectively, as obtained
from AFM.?° The DLVO potentials, in this case, are repulsive. Silica records the highest barrier
height of 14 kgT whereas CNT is barely 1 ksT. The repulsive barrier between NS and CNT lies in
between the two at 5.4 kgT. For dispersion comprising of CL and CNT, the height for CL is 12
ksT, depicted in Fig. 5.6(b). CL has a {-potential value of +44mV whereas CNT has a negative
¢-value of 6.5 mV. Hence here the net DLVO potential is attractive.

On the basis of these interaction potentials, the colloidal dispersion either remains stable
or flocculates. For the case of HS-40 and CNT, the dispersion is stable owing to the repulsive
barriers whereas, CNT and CL experience attractive interactions. Hence, NS being smaller in
size (8 nm radius) compared to the CNT length and oppositely charged, adheres to the CNT
surface. Analysis of SAXS profiles for the dispersion revealed a sticky hard sphere correlation
between NS with a stickiness coefficient of 6.6, which denotes proximity of NS to each other on
the surface of CNT. Such correlation between NS is absent for the dispersions of HS-40 and
CNT. Thus, SAXS provides evidence of coating of CNT strands with NS for oppositely charged
CL and CNT. Fig. 5.7 schematically depicts the attraction between CL and CNT, resulting in

CL-coated CNT strands in the dispersion.
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Fig. 5.7 Interaction between CL and CNT in suspension.

During drying, the components undergo diffusion the coefficient of which can be calculated by

the Stokes-Einstein equation, D — <81 _where kg is the Boltzmann constant (1.38 x 102 JK"

sphere 672'77r

1, i is the solvent viscosity, r is the radius of the particle. For a silica nanoparticle of typically
~8 nm radius (r) at a drying temperature of 130°C, 7 of water being 0.21 x 10° Pa.s, Dys is
calculated to be 17.3 x 10™ m?s™. For cylindrical particles with large aspect ratio, P where

273 1 k;TInP

Dcynnder=§'—l_3- In the present case

P :Z_Lr , diffusion coefficient is given by, e
considering r and L to be 2.5 nm and 500 nm respectively,?’® Deyr is calculated to be 2.55 x 10™
m?s™. Thus as drying commences in the droplet, the particles undergo directed diffusion where
CNT diffuses slower than NS.

It is worth mentioning that indeed the surface features of the granule are governed by the
type of particle at the surface which is being exposed to the drying air. FESEM micrograph in
Fig. 5.1 depicts that H-0.1 granules are more wrinkled, having more dents on the surface
compared to H-0.05. The difference in the topology is apparently due to the difference in
concentration of CNT in the granules. It should be kept in mind that silica nanoparticles are
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hydrophilic.””™ Water-dispersible functionalized CNTs are also hydrophilic due to the layer of
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polymerizable surfactant group (CTVB) on its surface.?”® Thus, during evaporation of water from
the droplet, both CNT and NS undergo outward hydrophilic motion, following the outflow of

water through the air-water interface.?*®

With the commencement of evaporation in the droplet,
capillary forces emerge, initiating the assembly among the particles. Capillary forces between
two particles are shape-dependent. For two spherical nanoparticles, the capillary force is of the
order of 10! N given by Eq. 1.6, which is equivalent to the energy of the order of 10° J or ~10°
ksT. For CNTs, the order of magnitude is also similar.'®” Hence, the effective capillary energy
for interlocking of particles is large enough to overcome the DLVO barrier (few kgT). However,
the chronology of the assembly will be dictated by the barrier height.

For the case of similar polarities of NS and CNT (dispersion with HS-40 silica
nanoparticles), the assembly process is sequential. The barrier height for inter-CNT potential is
the least among the three with the peak reaching up to ~0.7 kgT. Thus at the start, this repulsive
barrier gets overpowered and CNT strands bundle among themselves. The bundling process is
random owing to the quick drying time scale of observation and hence the formed bundles are
irregular and polydisperse. Bundling is followed by the assembly between NS and CNTSs (barrier
height ~5.4 kgT). It is to be mentioned that due to the prior bundling of the CNTSs, the NS
accumulation occurs on these bundles. Finally, the repulsive barrier (~14 kgT) between HS-40
nanoparticles is overcome, leading to self-assembly and adhering on the NS-coated CNTs as well,
forming composite bundles. These composite bundles are large and irregular in shape, owing to
the polydispersity in shape and size of the CNT bundles. Composite bundles are slow to diffuse
and mostly get jammed at the surface. The irregular bundles enclose gaps and channels in

between which lends a rough and wrinkle-like appearance to the surface. Top half of Fig. 5.8

schematically depicts the above-mentioned assembly process. For H-0.05, the concentration of
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CNT is lesser (0.05%) than the previous case (0.1%) thus CNT bundles are fewer in number.
Therefore the surface irregularity is reduced than the previous case. A rough estimate of the
granule and composite bundle size were made from Fig. 5.1(b) and (d) using ImageJ. For H-0.1,
the average size of granules is ~6 um and size of a typical composite bundle is ~250 nm whereas
H-0.05 has an average size of ~3 um and a bundle size of ~120 nm on the surface. As the NS
concentration is identical (2%) in both the case, the bundle size essentially depends on the CNT
concentration. Thus, the surface roughness and the overall granular morphology depend on the

relative concentration and polarity of the components
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Fig. 5.8 Schematic representation of the drying process of a colloidal droplet comprised of TOP: HS-40
and CNT and BOTTOM: CL and CNT.

For CL-CNT dispersion, attractive interactions exist between the components owing to
the opposite {-potential polarities (-6.5 mV for CNT and +44 mV for CL nano-silica). The

DLVO-potential plots are provided in Fig. 5.6(b). There is a net attractive interaction between

NS and CNT leading to attachment of NS on CNT surface (schematically depicted in Fig. 5.7).
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NS, being much higher in concentration than CNT, is in excess in the dispersion after an
optimum amount of NS attaches to the CNT surface. These NS units remain charge separated.
During evaporation, assembly takes place between the NS-coated CNTs and also among
individual excess NS. NS-coated CNTs are bulkier in size hence undergo slower diffusion than
individual NS. With the commencement of drying and outflow of water, the excess NS diffuses
faster to the evaporation front and gets jammed forming a relatively smooth surface of the
granules. The bottom half of Fig. 5.8 illustrates this process. Although the FESEM micrograph
for CL-0.05 granules does not show any distinct signature of CNT, SAS studies earlier
confirmed the presence of CNT by the characteristic g™ slope.

The chemical composition of the granules can also be obtained from Energy Dispersive
X-ray (EDS) spectroscopy. Fig. 5.9 depicts the EDS spectra for the granules. Distinct peaks for
carbon (C), silicon (Si) and oxygen (O) are observed for all the three cases. For CL-0.05, an
extra peak is observed corresponding to aluminium which is due to the alumina coating on

LUDOX CL nano-particles which imparts its positive charge.
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Fig. 5.9 Energy dispersive spectra for the granules.
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5.6 Raman spectral measurements

Raman spectroscopy measurements were carried out for elemental analysis and
understanding the modifications of various frequency modes of the granule constituents, in
particular for the CNTSs. It is to be noted that the granules are formed through compressive stress
by the effect of capillary forces during fast evaporation. Thus, the components are in a jam-
packed environment. Such close proximity in a compressive environment may modify their
molecular vibrational modes of the components.?’”> Raman spectroscopy is a non-destructive
characterization technique which investigates the change in the vibrational modes of the
components. Raman measurements were carried out using 532 nm laser. Backscattered light was
analyzed using a home-built 0.9 m single monochromator, coupled with an edge filter and
detected by a cooled CCD.

The alteration of vibrational characteristics of isolated CNT, when compared with CNT
in the micro-granules, is elucidated in Fig. 5.10. It should be mentioned that for SWCNTSs, there
are three distinct Raman modes, namely, the G band (around 1580 cm™), the D mode (around
1350 cm™) and the radial breathing mode (RBM)?"® (frequency vkem in the range of 100-500 cm’
). G and G’ peaks in G band corresponds to the in-plane vibrations along the tube axis and
circumferential direction respectively. D mode corresponds to the structural defects in nano-tube.
It is evident that in the present case, the position of D (1325 cm™), G (1580 cm™) and G’ (1532
cm™) peak for CNT remain unchanged in all the cases. RBM is the bond-stretching mode for
which all the carbon atoms move coherently in the radial direction.?”® Therefore, any change in
frequency of this mode signifies the extent up to which the CNT can radially stretch. In other
words, the effect of external compression on the nano-tube will be depicted by the changes in

this mode. Fig. 5.10 shows that for CNT, a prominent vzgw appears at 270 cm™. However, for the
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composite granules H-0.1 and H-0.05 a prominent second RBM peak arises on the lower
frequency side (220-240 cm™). Thus, CNT in composites have non-uniformity in radial breathing
of the nanotubes. In case of composites with HS-40, the CNTs are bundled, thus the effective
compression on a CNT is much more because of the presence of other CNTSs at its proximity.
Hence the radial stretching is compromised such that CNTs “breathe” slower in a confined
environment. In contrast, in CL-0.05, the second RBM peak is not pronounced. As explained
earlier, in this case, CNT bundling is lesser, unlike the previous case. Hence, the restriction on

the “breathing” of the CNT is also less.
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Fig. 5.10 Raman spectra for the composite granules, compared with that for CNT.
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5.7 Evaluation of granular porosity

Preliminary observation by FESEM showed that H-0.05 and H-0.01 have dark crevasses
on the surface, owing to the voids between the jammed composite bundles. As discussed earlier,
the NS encloses spaces in between them. Moreover, the internal hollowness of the CNTs also
contributes to the total empty space in the granule. Thus the investigation of the porosity is
indeed necessary to harness the full potential of these granules for various application-based
utilizations. Porosity, in terms of specific surface area and average mesopore radius, was
quantified with the help of the gas adsorption technique of BET.

Fig. 5.11 depict the experiment results obtained from BET. In all of these plots, CL-0.05
shows visibly different functionality as compared with the other two composites. The differential
mesopore volume distribution is shown in Fig. 5.11(a). The average mesopore radius is found to
be ~3 nm for all three. Fig. 5.11(b) depicts the cumulative volume distribution for the composites.
CL-0.05 is found to have significantly smaller cumulative mesopore volumes and monolayer
volume than the other two, depicting the lesser number of accessible pores in this case.
Adsorption-desorption isotherms are shown in Fig. 5.11(c). The hysteresis isotherms of CL-0.05
have lower saturation level of the adsorbed volume. This suggests that fewer pores are accessible
by the adsorbed gas. The numerical values obtained from BET are given in Table 5.2. H-0.1
accounts for the maximum porosity, as denoted by the high C-value and the specific surface area.
Specific surface area for purely HS-40 granules has been reported earlier in Chapter 4 as ~80
m?g™. In the present case, the area is found to have increased significantly (by ~ 64%) owing to

the presence of CNTs, surface roughness and micro-channels in HS-40-CNT composite granules.
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Fig. 5.11 (a) Differential mesopore volume distribution (b) Cumulative mesopore volume distribution for

granules. (c) Adsorption-desorption isotherm as obtained from BET for the granules. (d) BET plots.

Combosite | C value Monolayer Cumulative Average pore | Specific Surface
P volume (cc/g) | volume (cm®g™) | radius (nm) Area (m’g?)
H-0.1 164.0 25.5 0.332 3.0 131
H-0.05 74.7 30.1 0.32 3.0 111
CL-0.05 75.4 11.0 0.15 2.8 48

Table 5.2 Obtained parameters from BET measurements of silica-CNT granules.

146



Chapter 5 Wrinkled micro-granules: Role of anisotropic interparticle interactions

5.8 Dye sorption behaviour

The significant gain in specific surface area has been the primary motivation in
investigating the dye sorption characteristics of these granules. An aqueous solution of
Methylene Blue (MB), 75ppm by weight was added to 0.1g of the powder. Sorption behaviour
was monitored in situ using spectral analysis by JASCO V-650 UV-Vis spectrophotometer
similar to the process discussed in Chapter 3.2. The change in the sorption spectra was recorded
over a time period of two hours. Photographic evidence was also collected to monitor the visible
colour change of dye solution due to sorption (Fig. 5.12). Raw CNT records nil sorption over the
whole period of observation. The sorption by pure NS micro-granule for MB was ~85% in two
hours. In the present case, the enhanced morphological characteristics of the composite granules
accelerate the sorption significantly. UV-Vis absorbance spectra, given in Fig. 5.13 shows dye
sorption of ~100% in two hours by H-0.05 and H-0.1, as recorded by the fall in the characteristic
absorption peaks. In contrast, CL-0.05 records significantly low sorption (~8%) of cationic MB
dye for the same time duration. This is because of the positive charge of CL nanoparticles.
Moreover, the absence of pore channels, in this case, leads to a minimal available surface area
(as evident from Table 5.2). Hence the morphological characteristics of the granules play a

crucial role in dye sorption behaviour.
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Fig. 5.12 Photographs of the vials over time, starting at t=0 min denoted by the addition of the granules to
the dye solution to t=2 hr. The capsules take up the MB dye at settles at the bottom leaving a clear
supernatant. The vials 1, 2, 3, C correspond to the case of H-0.05, H-0.1, CL-0.05 and CNT, respectively.
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Fig. 5.13 UV-Vis sorption spectra after 2 hours compared with the spectrum of pure MB (Absorbance

was normalized by the peak value of pure MB).
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59 Conclusions

The role of interparticle interactions during evaporation induced self-assembly in
colloidal droplets comprised of silica nanoparticles and CNT have been elaborated in this chapter.
Dissimilarity in shape and polarity of the particles resulted in anisotropy of the interparticle
interaction which manifested itself as prominent roughness of the granular surface. The
concentration of CNT regulates the extent of wrinkling on the granular surface for like-polarity
of the components. Sequential assembly takes place in this case according to the ascension of
DLVO barrier heights. On the other hand, for opposite polarities of the components, the net
DLVO interaction is attractive hence assembly is again random, yielding granules with smooth
surfaces. A significant enhancement (64%) of the granular specific surface area was recorded for
wrinkled granules over smoother ones. Rough granules exhibit faster sorption (99% in two

hours) of Methylene Blue dye owing to the enhanced surface area.
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Chapter 6: Summary and the path ahead...

This doctoral thesis attempts to provide a fairly comprehensive study of evaporation-
induced self-assembly (EISA) process in colloidal droplets leading to the formation of nano-
structured micro-granules. Understanding the droplet to granule transition requires a stepwise
approach starting from the colloidal interactions under non-equilibrated drying conditions, which
in turn governs the granular morphological aspects. The present thesis aims to encompass the
different aspects of synthesis and characterization of nano-structured micro-granules, along with

application-specific utilizations.

6.1 Summary

The motivation of this doctoral thesis was to fundamentally demonstrate EISA under
intrinsic and extrinsic drying scenarios. The synthesis of nano-structured micro-granules by
spray-drying process exercises facile control over the self-assembly and consequently their
morphologies, extrinsically. This technique is versatile and encompasses a variety of colloidal
systems and solvents. Easy up-gradation of the technique to large-scale production of powder
granules is also possible.

The hierarchical length scales in the granule demand the utilization of two
complementary characterization techniques, namely, Scanning Electron Microscopy (SEM) and
Small-angle Scattering (SAS). SEM provides a direct image of the granules from which the
overall shape and size could be perceived. SAS on the other hand quantifies the structure and

correlation between the nanoparticles in the granule.
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A stepwise approach has been adopted in this thesis; at the start, EISA for a primary
colloidal dispersion of nano-silica has been demonstrated. The role played by the spray-drying
temperature during self-assembly and consequently in determining the granular morphology has
been demonstrated. At lower temperatures, spherical granules were obtained whereas, at higher
temperatures, larger, doughnut-shaped hollow granules were produced. In short, the dependence
of the morphology on an extrinsic experimental parameter has been looked into
phenomenologically and evidenced with the help of complementary characterization techniques
and simulations.

Owing to the unique morphological attributes of the granules (such as hollowness and
porosity), their potentiality as sorbents for water-soluble Methylene Blue dye have been
investigated. Sorption was shown to depend on the granular morphology. The importance of the
chemical composition and molecular size of the dye molecules have also been established by
comparative study with Rhodamine B dye.

The inherent granular porosity also facilitates the study of the behaviour of trapped water.
Suppression of the freezing point (up to -50°C) has been observed which can be utilized to
indirectly map the granular porosity.?”’

The second issue that has been addressed in this thesis is EISA of a colloidal mixture
droplet. The intrinsic role played by the inter-particle interactions during the self-assembly
process and consequently, the determination of the granular shape have been investigated. Two
studies have been carried out in this regard. The first one illustrates the effect of addition of
emulsion (soft template) to homogeneous colloidal dispersion. A mixture of milk and nano-silica
has been utilized as a model system to demonstrate the dependence of the concentration of soft

component on the granular morphology. The relative polarity of the components is also proven
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to be a crucial parameter in governing the assembly and to determine the final morphology. The
choice of milk as the soft component was advantageous as it allowed facile porogenation of
mesopores and macropores in the granules through calcination of the powder granules in air. The
porosity and specific surface area of the calcined porous granules are shown to depend on the
initial milk concentration. Thus, efficient tuning of granular porosity was achieved by regulating
the soft template concentration.

The second study elucidates the effect of anisotropic interactions on the EISA and the
final granular morphology. A colloidal mixture comprised of particles having two different
shapes (namely, spherical nano-silica and rod-like carbon nanotubes) have been chosen in this
regard. Anisotropy in the interparticle interaction arises due to the shape and polarity
dissimilarity of the components. Granules with prominent wrinkle-like modulations were
realized from drying of droplet composed of similar polarity of the components. On the other
hand, smooth granules were obtained for oppositely polarized components. The wrinkling, in the
first case could be regulated by varying the concentration ratio of the colloidal components.
Needless to mention here that wrinkling significantly enhances the specific surface area of the
granules (by ~64%). Consequently, the dye sorption capabilities also improved drastically when

compared with sorption in the previous case.

6.2 Future Outlook

Synthesis of next generation of materials for photonics, molecular electronics, drug
delivery devices, sensors, etc. from nanometric building blocks has become convenient due to
the advent of spontaneous and directed self-assembly processes. The versatility of spray-drying
process is undeniable in this regard. Nonetheless, there are certain aspects of the process such as

uniformity of the drying conditions, control over the granule size distribution and compatibility
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of raw materials with the drying conditions, etc. that holds scope for improvement. Alternative

techniques such as freeze drying®’®

can be used in cases specific to the system under
consideration. Other novel method for contact-free drying includes utilization of the Leidenfrost
effect.?”® in which droplets remain suspended on a cushion of its own vapour. Implementing
grazing-incidence in-situ SAXS or GI-SAXS® in such a setup will furnish the evolution of
scattering profiles with the progress of drying. Spraying can be bypassed by acoustic levitation
where droplets are suspended by standing acoustic waves, %** which will give a better droplet size
distribution and will facilitate in situ SAXS characterizations as well.?® Fig 6.1(a) depicts the
two methods schematically.

The study of drying colloidal droplets can be extended to a variety of scientifically or
industrially relevant systems. For example self-assembly is particularly interesting for various
anisotropic particles such as patchy particles, having discrete, attractive interaction sites called

“patches”,*®® Janus particles, which are asymmetric and imparts directional dependence of

physical or chemical properties in the same particle,”®* disc or spindle-shaped (Fig. 6.1(b))

4 285

particles such as beidellite clay?® or magnetic haematite,?®® etc. Investigation of EISA in
colloidal mixtures composed of lyophilic and lyophobic particles is particularly interesting to
understand core/shell phenomena. The role played by the solvent is also crucial during EISA
with respect to the DLVO interactions in the system. Various organic solvents, ionic liquids can
be used as the dispersant in order to study the ensuing self-assembly in the system.

Encapsulation is a widely used technique in food industries?®®

to entrap flavours and
active ingredients inside a carrier material. Spray drying technique can prove to be very facile for
the synthesis of encapsulated granules. Schematic representation of two types of encapsulated

granules is provided in Fig. 6.1(c). For example spay drying of a colloidal mixture of
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phosphorescent®®’

and non-phosphorescent particles to generate composite granules which can
then be tuned according to specific structure-function requirements. Along with complementary
techniques of imaging and small-angle scattering, fluorescence spectrophotometric studies?® can
also be used to further assay the system. A similar technique can also be used to synthesize
composite granules from ferroelectric and non-ferroelectric component colloidal mixture, which

can then be tested for energy storage functions.”®® The P-E hysteresis loop is particularly useful

in optimizing the component concentration for such applications.

(a) In-situ SAXS

GI-SAXS

X-rays
L]

..'A

\ Hot surface

Leidenfrost effect

(b) @ @ (C)

Patchy

Janus

Encapsulation
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[ —]

—
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Spindle-shaped

Anisotropic nanoparticles

Encapsulated granules

Fig. 6.1 Schematic representations of: (a) Alternative methods of contact-free drying of colloidal droplets.

(b) Different types of anisotropic nanoparticles (c) Encapsulated granules.
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From the application point of view, on the basis of their inherent porosity, the granules

9 267-268

can be modelled for filtration,?®® catalysis, etc. Alternative porosity characterization

techniques such as mercury porosimetry®*

can be used. Use of Atomic Force Microscopy
(AFM) can reveal finer details of the granular surface such as change of slope, etc. AFM is also
advantageous to determine physical properties like, stiffness, elasticity, adhesion, magnetic and
electrostatic fields, temperature distribution, spreading resistance, conductivity, etc. Element
compositional analysis using Energy Dispersed Spectroscopy (EDS), X-ray Photoelectron
Spectroscopy (XPS), Nuclear Magnetic Resonance (NMR), etc. can be carried out for multi-
component granules.

As an extension of the synthesis and study of CNT-incorporated silica micro-granules
described in Chapter 5, microwave absorption studies®®* can be carried out, which shows
applicability as absorbing paints, etc. Carbon-doped silica granules will also be beneficial for
low-x dielectric applications in memory devices. Computer simulations of contact-free droplet
drying under various extrinsic and intrinsic conditions, mimicking actual experimental

conditions using Molecular Dynamics or Monte Carlo techniques is also an exciting unexplored

arena of research.
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