Sol-Gel Mesoporous Silica Aerogels and Bio
Hybrids for Functional Applications

THESIS SUBMITTED TO

COCHIN UNIVERSITY OF SCIENCE AND TECHNOLOGY
IN PARTIAL FULFILMENT OF THE REQUIREMENTS
FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY
IN CHEMISTRY

UNDER THE FACULTY OF SCIENCE

BY

SMITHA SASIDHARAN

Under the Supervision of
Dr. K.G.K. Warrier

Materials and Minerals Division
NATIONAL INSTITUTE FOR INTERDISCIPLINARY SCIENCE AND TECHNOLOGY
(Formerly Regional Research Laboratory)

Council of Scientific and Industrial Research
Thiruvananthapuram, Kerala, India — 695 019

JULY 2009



Dedicated to my beloved family



DECLARATION

I hereby declare that the work embodied in the thesis entitled “Sol-Gel
Mesoporous Silica Aerogels and Bio Hybrids for Functional Applications” is
the result of the investigations carried out by me at Materials and Minerals
Division, National Institute for Interdisciplinary Science and Technology
(formerly RRL-T), CSIR, Thiruvananthapuram, under the supervision of
Dr. K. G. K. Warrier and the same has not been submitted elsewhere for any

other degree.

Smitha Sasidharan
Thiruvananthapuram

July 2009

i1



LA SAfawdl REe aun e T
National Institute for Interdisciplinary Science and Technology

(v & Gﬁﬂaﬁ warene)  (formerly Regional Research Laboratory)
An ISO 9001 Certified Organisation

IS T MRl STEe™ SR
Council of Scientific and Industrial Research
Dr. K. G. K. Warrier Ph.D., F.IICer T=fRga 3R @ W, o Taqed §R409%, WIRd
Deputy Director Industrial Estate P.O., Thiruvananthapuram - 695 019, INDIA
Head, Materials & Minerals Division Phone : +91- 471- 2490674, 2515280 (O)Fax : +91- 471- 2491712
Ceramic Technology E-mail:warrier@niist.res.in Website : www.nist.res.in, http//kgkwarrier.tripod.com

This is to certify that the work embodied in the thesis entitled “Sol-Gel
Mesoporous Silica Aerogels and Bio Hybrids for Functional Applications’ has
been carried out by Mrs. Smitha Sasidharan under my supervision at Materials
and Minerals Division, National Institute for Interdisciplinary Science and
Technology (formerly RRL), CSIR, Thiruvananthapuram, in partial fulfilment of
the requirements for the award of the Degree of Doctor of Philosophy in
Chemistry, under the Faculty of Science, Cochin University of Science and
Technology, Thiruvananthapuram and the same has not been submitted elsewhere

for any other degree.

K. G. K. Warrier
Thiruvananthapuram

July 2009

11



Acknowledgements

All the work I have done contains numerous efforts and helps from mamny people whom
I would like to express my profound thanks.

I have great pleasure to express my deep sense of gratitude to Dr. K, G. K, Warrier,
my research supervisor, for his adroit guidance, constant encouragement, intellectual support,
constructive criticism and above all the freedom he gave me during the course of my doctoral
studies. I am greatly indebted to him for all the efforts he has put in for the successful
completion of this thesis

I am extremely thankful to Dr. B.C. Pai, present Director and former Directors of
NIIST for providing the laboratory facilities.

I would [iRe to express my deep sense of gratitude to Prof. T. D. R, Nair, Kannur
University for his unflinching support which helped me a lot during the tough time of my PhD
careef.

I extend my thanks to Dr. S. Anantha Kumar, Or. S. K, Ghosh and Dr. S. Shukla for
their critical suggestions and advices during the course of my work, I am immensely thankful
to Mr. . MuRundan for most of the characterization presented in this thesis. He has been a
source of inspiration and has given me undaunted support during my tenure in NIIST. Thanks
are also due to Mr. ®. Krishna Pillai and Mr. P. Perumal for their support. I wish to
acknowledge all scientists and technical staffs of NIIST for their Rind co-operation.

I would liRe to express my heartfelt thanks to Mr. Shajesh P. who was a never ending
source of encouragement and inspiration through out my research career. I also wish to
remember him for his sincere help, fruitful discussions, strong support, and keen interest in my
work, which served considerably to increase my level of confidence.

I would like to thank Dr. Padmaja P., for initiating me into the fascinating world of
aerogels and for her affection towards me. I always cherish the sincere support and warm

friendship of my former colleagues Dr. C. P. Sibu, Dr. Rajesh Komban, Dr. Baiju K, V.,

v



Dr. Aravind P. R, Mr. Jayasankar M. and Mr. B. B. Anilkumar which made my days at
NIIST a memorable one. I would also like to thank Mrs. Priya M. and Dr. Nila Devi for their
loving companionship.

I would like to express my sincere thanks to former project students Mr. ARhilesh,
Mrs. Shanila and Mrs. Shiji for their assistance in some of the experiments reported in the
thesis.

I wish to thank, my present colleagues Mr. Anas. S, Ms. Athira N. Rgj, Ms.
Sumaletha N., Mr. Vinod, Mr. Sanoop P. K,, Mr. Sankar Sasidharan, Mrs. Smitha V. §.,
Mrs. Manjumol K, A., Ms. Jaimy K, B., Mr. Mirash A. J., Mr. Divish K,, Ms. Sreeremya T.
S. and Ms. Saritha S. In different ways, their support has been crucial for the completion of
the thesis, and their humour and friendship have made working at NIIST very enjoyable. The
support and companionship with colleagues at other divisions especially Fine Ceramics
Division helped shaping this dissertation as well.

I acknowledge the financial assistance from Council of Scientific and Industrial
Research, New Delhi and the BRNGS.

At this juncture I remember with gratitude my parents, brother and sister for their
whole hearted support to achieve this goal in my life. Words fall short in expressing my
thanks to Mr. Ajith, my beloved husband, who was always a source of constant support and
stimulation. Without his love, care and inspiration this PhD thesis would never be realized.
At this moment I would also like to remember Adwaith, my dearest son who missed my
presence and affection during the final stages of my thesis.

Above all I bow before “The Almighty’ for his immense blessings.

Thiruvananthapuram Smitha Sasidharan

24-7-09



CONTENTS

Certificate
Acknowledgements
Preface
Abbreviations

Chapter 1: An Introduction to Nano Porous Materials, Inorganic-
Organic Hybrids, Sol-Gel Process and the Present Work

1.1 Introduction to Nanomaterials 1
1.2 Nanoporous Materials 2
1.3 Sol-Gel Synthesis of Inorganic Oxides 4
1.4 Sol-Gel Process as Applied to Silica 5
1.5 Aging of Gels 10
1.6 Drying of Gels 11
1.7 Aerogels 12
1.7.1 Supercritical Drying Technique 16
1.7.2 Subcritical Drying Technique 17
1.8 Inorganic-Organic Hybrids 21
1.9 Silica-Biopolymer Hybrids 22
1.10 Gelatin 24
1.11 Chitosan 25
1.12 Definition of the Present Research Problem 27
Chapter 2: Mesoporous Silica Aerogels and Microspheres

through Sol-Gel Subcritical Technique 30-85

2.1 Synthesis of Silica Aerogel by Varying Experimental Parameters
2.1.1 Introduction 30
2.1.2 Experimental 33
2.1.3 Results and Discussion 36
2.1.3.1 Effect of Hydrolysis and Gelation Conditions 36
2.1.3.2 Effect of Aging Solvent 40
2.1.3.3 Effect of Aging pH 43
2.1.3.4 Effect of Surface Modification 45

2.1.4 Conclusions 50

vi



2.2 Synthesis of Silica Aerogel Using Organic Templates 52

2.2.1 Introduction 52
2.2.2 Experimental 54
2.2.3 Results and Discussion 55
2.2.3.1 Silica-Polyethylene oxide (PEO) Aerogel 55
2.2.3.2 Silica-Cetyltrimethylammonium bromide (CTABr) Aerogel 60
2.2.3.3 Silica-Hexamethylenetetramine (HMTA) Aerogel 64
2.2.3.4 Silica-Polyethylene glycol (PEG) Aerogel 67
2.2.4 Conclusions 69
2.3 Synthesis of Silica Microspheres through Sol-Emulsion-Gel
Technique 71
2.3.1 Introduction 71
2.3.2 Experimental 72
2.3.3 Results and Discussion 74
2.3.3.1 Effect of Surfactant Concentration 74
2.3.3.2 Effect of Viscosity of Silica Sol 79
2.3.3.3 Hydrophobic Silica Microspheres 81
2.3.4 Conclusions 84

Chapter 3: Synthesis of Silica-Gelatin Hybrids and Further

Functionalization for Antiwetting Coatings 86-127
3.1 Synthesis of Silica-Gelatin Hybrids and Coatings 86
3.1.1. Introduction 86
3.1.2. Experimental 88
3.1.3. Results and Discussion 89
3.1.4. Conclusions 98

3.2 Development of Functionalized Silica-Gelatin Hybrids and
Antiwetting Coatings on Glass and Leather 99
3.2.1. Introduction 99
3.2.2. Experimental 101
3.2.3. Results and Discussion 102
3.2.3.1 Silica-Gelatin-MTMS Hybrids 102
3.2.3.1 Silica-Gelatin-MTMS Hybrids 115

3.2.4. Conclusions 126

Vil



Chapter 4: Synthesis of Silica-Chitosan Hybrids and Further

Functionalization for Antiwetting Coatings 128-158
4.1 Synthesis of Silica-Chitosan Hybrids and Coatings 128
4.1.1. Introduction 128
4.1.2. Experimental 129
4.1.3. Results and Discussion 130
4.1.4. Conclusions 134
4.2 Synthesis of Functionalized Silica-Chitosan Hybrids and
antiwetting Coatings on Glass, Leather and Textiles 135
4.2.1. Introduction 135
4.2.2. Experimental 136
4.2.3. Results and Discussion 137
4.2.3.1 Silica-Chitosan-MTMS Hybrids 137
4.2.3.2 Silica-Chitosan-VTMS Hybrids 148
4.2.4. Conclusions 157
References 159
Summary 172

List of Publications 178

viil



PREFACE

Silica aerogels are a fascinating class of nano porous materials derived by
sol-gel technique and have shown great potential for a range of applications. They
possess unique properties such as ultra low density, high porosity, large inner
surface area, small index of refraction, low sound velocity, low thermal
conductivity and low dielectric constant. Hydrolysis and polycondensation of a
multifunctional silicon alkoxide followed by supercritical drying is the well known
method to prepare silica aerogels. The supercritically dried silica aerogels possess
very low strength and are fragile, while they are quite transparent.

Ambient pressure drying has evolved as an alternate technique for the
synthesis of silica aerogels. The basic concept of this technique is to improve the
strength and stiffness of the gel network and avoid shrinkage or cracking during
drying. Earlier work reported on subcritical route has emphasis on the solvent
exchange and the pore wall strengthening. Tailoring of porosity of aerogels is very
much required for different end applications. The porosity as well as pore size is
decided based on the gel precursor. On the other hand, the properties of precursor
are greatly dependent on experimental parameters. Information on synthesis
conditions to tailor the porosity features as well as further surface modification of

silica aerogels is rather recent development and seldom found in published
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literature. The present work, therefore has emphasis on the influence of the
experimental parameters which control the porous structure, morphology and
surface functionalization using biopolymers. The thesis is presented in four
chapters; each consists of introduction, experimental section, results and
discussion, and conclusion.

A general introduction to nano porous materials, followed by brief
coverage of inorganic-organic hybrids, subcritical drying technique and silica-
biopolymer hybrids is the highlight of the first chapter. An updated literature
review on silica aerogel, subcritical drying technique, silica-gelatin and silica-
chitosan hybrids, and definition of the present research problem are provided in
this chapter.

Second chapter deals with the synthesis and characterization of silica aerogels
and microspheres through sol-gel subcritical technique. Effect of hydrolysis
temperature, gelation pH, aging pH and aging solvent on the porosity characteristics
of subcritically dried silica aerogels was investigated. By changing the hydrolysis-
condensation conditions average pore size in the range 6.2-18 nm and total pore
volume in the range 0.99-2.04 cc/g were achieved. Aging pH was also varied to
tailor the porosity; average pore size in the range 5.8-13.5 nm and total pore volume
in the range 0.88-1.45 cc/g are obtained by changing the pH from 3 to 11. This

chapter also describes synthesis of silica aerogels using different organic



templates/DCCAs such as Polyethyleneoxide, Cetyltrimethyalammoniumbromide,
Hexamethylenetetramine, Polyethyleneglycol (PEO, CTAB, HMTA, PEG). The
effect of varying concentration of organic additives on the porosity features of
resultant aerogels is presented. Average pore size in the range 5-20 nm, total pore
volume in the range 0.8- 4.5 cc/g and surface area in the range 400-910 m?*/g were
tailored by varying the concentration of organic additives. The dielectric constant of
pure silica aerogel was found to be 2.29 at 13 MHz. Si-PEG aerogels showed a
lower average pore size in the range 4.2 nm-5.1 nm compared to other additives.
Low molecular weight of polymer (PEG, MW ~ 285) resulted in lower average pore
size, total pore volume and surface area whereas high molecular weight of the
polymer (PEO, MW ~80,000,00) resulted in a larger average pore size, total pore
volume and surface area. Third section of chapter II describes synthesis of silica
microspheres through a sol-emulsion—gel process. Mesoporous silica microspheres
were synthesized through sol-emulsion—gel process using Span 80 as the surfactant
in silica sol/n-hexane water in oil emulsion system. Surfactant concentration and
aging time for the silica sol to obtain uniform spheres were optimized to 1.4 volume
percentage and 8 hours respectively. Various parameters related to the synthesis of
microspheres, including concentration of surfactant and viscosities of sol were
studied. Thermal stability, porosity, and morphological features of the microspheres

were also investigated. Surface modification of the microspheres was done with
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trimethylchlorosilane to obtain hydrophobic silica microspheres. Hydrophobic
microspheres with a contact angle of ~90° could be synthesized.

Inorganic-organic hybrid materials possess well defined pore structure,
highly accessible functional groups and controlled surface reactivity. Sol-gel
process was used to synthesize silica-gelatin hybrids and functionalization, and
this forms the basis of chapter III. Gelatin is immobilized in the mesoporous silica
gel network through hydrolysis of tetraethoxysilane in presence of gelatin solution
at controlled pH conditions. Silica—gelatin hybrid was also synthesized starting
from colloidal silica and the hybrid was further functionalized by using
methyltrimethoxysilane (MTMS) and vinyltrimethoxysilane (VTMS) as an
intermediate precursor so as to introduce hydrophobicity and improve the
mechanical properties. The process involved an in situ hydrolysis-condensation
reaction of MTMS/VTMS in the reaction medium to obtain silica-gelatin-MTMS
(SGM) and silica-gelatin-VTMS (SGV) hybrids which are novel materials. The
hybrid precursor sol was coated on glass and leather substrates. The chemical
interactions, gelation characteristics, thermal decomposition, porosity features,
optical transmittance and thickness of silica-gelatin hybrid coatings were analysed.
Silica and gelatin interact through hydrogen bonding of C=0O and N-H groups of
gelatin to the silanol hydrogen. Optical transmittance of coatings on glass

substrates was nearly 100%. This is expected to useful in optical applications and

Xii



also for transparent biocompatible coatings. Thermal analysis data showed that the
physically adsorbed water is replaced by gelatin molecule and the decomposition
of gelatin took place at ~320 °C. Oxidation of organic group responsible for the
hydrophobicity took place at ~200 °C and ~530 °C in the case of SGV and SGM
hybrids respectively. Hence SGM hybrids possess a greater thermal stability
compared to SGV hybrids in terms of hydrophobicity. By varying the
concentration of MTMS/VTMS, the hydrophobic property was tailored. The
optimum concentration for the effective surface modification of silica—gelatin
hybrid is found to be 50wt%. SEM micrograph indicated uniform distribution of
silica—gelatin hybrid over the substrate. A maximum contact angle of 125° was
achieved for SGV hybrids while retaining the porosity of leather.

Chapter IV describes the synthesis of silica-chitosan hybrids and its
functionalization for antiwetting coatings. Functionalization of hybrid was carried
out with MTMS and VTMS, and the hybrid precursor sol was coated on glass
substrates, which resulted in water-repellant surfaces without affecting the
transparency of substrates. The process involved an in situ hydrolysis—
condensation reaction of MTMS/VTMS in the reaction medium to obtain silica—
chitosan—-MTMS (SCM) and silica—chitosan—VTMS (SCV) hybrids which are
novel materials. The chemical interactions, gelation characteristics, thermal

decomposition, porosity features, optical transmittance and thickness of silica-

xiil



chitosan hybrids and coatings were analysed. Coatings of silica-chitosan hybrid
developed on glass surface had thickness of 130 nm and were found to be >90%
transparent as evidenced by optical transmittance measurements. FTIR spectra was
used to study the interaction of silica and chitosan and was found that the linkage
is through hydrogen bonding of C=0 groups of chitosan and the silanol hydrogen.
Thermal degradation of chitosan took place at ~ 350 °C. Oxidation of organic
groups responsible for the hydrophobicity took place at ~180°C and ~470 °C in the
case of SCV and SCM hybrids respectively. In terms of hydrophobicity, SCM
hybrids showed a higher thermal stability compared to SCV hybrids. By varying
the concentration of MTMS and VTMS, the hydrophobic properties were tailored.
A maximum contact angle of 95° (modifier to precursor ratio = 9) was obtained
for transparent hydrophobic silica—chitosan coatings on glass substrates. An
optimum molar ratio of 2.5 of functionalizing agent to precursor was required for
the effective functionalization in terms of hydrophobicity in the case of glass
substrates. Water repellant textile was attempted as a possible application of
coatings of these novel ternary hybrids on cotton fabrics. The contact angle of the
hydrophobic textiles was found to be as high as ~130° even with 2.5 moles VTMS
in the coating solution.

The thesis covers a systematic investigation on the synthesis of silica

aerogels and microspheres with tailored porosity at ambient conditions by varying
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the experimental parameters as well as using organic templates. Organically
modified silica-gelatin and silica-chitosan hybrids were developed for the first
time using alkylalkoxysilanes such as MTMS and VITMS. Development of novel
silica-biopolymer antiwetting coatings on different substrates such as glass, leather

and textile is also demonstrated in the thesis.
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Chapter 1
An Introduction to Nano Porous Materials, Inorganic-Organic

Hybrids, Sol-Gel Process and the Present Work

1.1 Introduction to Nanomaterials

Nanomaterials are materials with morphological features smaller than 100
nm in at least one dimension. Materials reduced to the nano scale can show very
different properties compared to what they exhibit on a macro scale, enabling
unique applications. For instance, opaque substances become transparent (copper);
inert materials become catalysts (platinum, gold); stable materials turn
combustible (aluminum); solids turn into liquids at room temperature (gold) and
insulators become conductors (silicon). Unique aspect of nanotechnology is the
vastly increased ratio of surface area to volume, which opens new quantum
mechanical effects. Nanoparticles can comprise a range of different morphologies
including nano tubes, nano wires, nano fibres, nano dots and a range of spherical
or aggregated dendritic forms. Interest in the unique properties associated with
materials having structures on a nanometer scale is increasing at an exponential
rate.' These materials have found application in a wide range of industries
including electronics, pharmaceuticals, chemical-mechanical polishing, catalysis,
and it is likely that the next few years will see a dramatic increase in the industrial

generation and use of nanoparticles.”” Using a variety of synthesis methods, it is



possible to produce nanostructured materials in the form of thin films, coatings,

powders and as bulk materials.

1.2 Nanoporous Materials

A solid material that contains cavities, channels or interstices can be
regarded as porous. Porous materials are of great interest in various applications,
ranging from catalysis, adsorption, sensing, energy storage and electronics owing
to their high surface area, tunable pore size, adjustable framework and surface
properties.” The specific surface area can reach values of up to several thousand
square meters per gram, depending on the material.® The behaviour and
performance of such materials can be determined by many characteristics such as
surface area, porosity and pore size distribution. Physical properties such as
density, thermal conductivity and strength are dependent on the pore structure of
the solid. Porosity influences the chemical reactivity of solid and the physical
interaction of solids with gases and liquids. High surface area porous materials are
of great importance especially as catalyst, catalyst supports, thermal insulators,
sensors, filters, electrodes and burner materials. The science and technology of
porous materials has progressed steadily and is expanding in many new directions
with respect to processing methods and applications. Many synthetic pathways
have been reported for the synthesis of porous materials, either with a disordered

pore system or ordered with various structures, which can meet the demands of the



target application.* Porous ceramic materials are synthesized by various methods
such as polymer sponge method, foam method, leaching, sintering of particles
having a range of sizes, emulsion templating, gel casting, injection moulding, sol-
gel process and heat treatment of a ceramic precursor containing carbon rich

compound.

Classification of Pores

Based on the accessibility of an external fluid, pores can be classified in to
closed pores and open pores. Closed pores are totally isolated from their
neighbours and surface of the particle. They influence macroscopic properties
such as bulk density, mechanical strength and thermal conductivity, but are
inactive in processes such as fluid flow and adsorption of gases. Pores which have
a continuous channel of communications with external surface of the body are
called open pores. In Fig. 1.1 region ‘a’ represents the closed pores, and regions

such as b, ¢, d, e and f represent open pores.

Fig. 1.1. Classification of pores



In the figure ‘b’ and ‘f” (one end) are described as blind or saccate pores.
Based on the pore size, IUPAC classified porous materials in to microporous,

mesoporous and macrporous as given in the Fig. 1.2.

Micronorous Mesonorous : Macroporous

0 2 50 1000
Pore Diameter (nm)

Fig. 1.2. IUPAC classification of pores

1.3 Sol-Gel Synthesis of Inorganic Oxides

Sol-gel process is a colloidal route used to synthesize nanomaterials with an
intermediate stage including a sol and /or a gel state. Sol is a stable suspension of
colloidal particles in a liquid medium and the dimension of the particles in the
solid phase is between 1 and 100 nm. Gel is a porous three dimensionally
interconnected solid network that expands in a stable fashion through out the
liquid medium.

The chemical reactant, which contains the cation ‘M’ present in the final
inorganic sol or gel, is called chemical precursor,® whose chemical transformations
are complex and involve a competition at the molecular level between the reaction

responsible for the formation of open structures and the one leading to dense solid.



The same reactions are responsible for the controlled dispersion of dense colloidal
particles in a sol or their agglomeration into a gel. Metal salts and alkoxides are
the two main groups of precursors. The general formula of metallic salt is M, X,
where ‘M’ is the metal: ‘X’ is an anionic group. M(OR), is the general formula of
alkoxides. Sol-gel precursors undergo chemical reactions both with water and
other species present in the solution. In sol-gel processing, very small colloidal
particles are first formed in solution by hydrolysis of organic compounds of metals
to the hydrous oxides. These particles are only 3—4 nm in size. These very small
particles link together in chains and then 3-D networks that fill the liquid phase as
a gel.® These sol can be casted in any desired shape, with dimensions enlarged to
allow for shrinkage during drying and sintering. The precursor sol can be either
deposited on a substrate to form a film (e.g. by dip-coating or spin-coating), cast
into a suitable container with the desired shape (e.g. to obtain monolithic ceramics,
glasses, fibers, membranes, aerogels), or used to synthesize powders (e.g.
microspheres, nanospheres). Fig. 1.3 represents sol-gel process and its various
products. Advantages of sol-gel process are increased homogeneity, high purity,
low processing temperature and high surface area of the gels or powders obtained.
The inherent usefulness of this approach is largely due to the ease at which sol-gel
derived materials can be prepared, modified, and processed. The mild reaction

conditions afford an opportunity to incorporate various molecules such as proteins,



enzymes, dyes, organic, and organometallic reagents into glass composites’. Sol-
gel derived materials have diverse applications in optics, electronics, energy,
space, biosensors, medicine (controlled drug release) and separation
(chromatography) technology. Thin films and coatings find application in optics,
electronics, protective coatings and porous thin films. Porous gels and membranes
find application in filtration, separation, catalysis and chromatography.
Furthermore, the average pore size, pore size distribution, surface area, refractive
index and polarity of the resultant matrix can also be controlled and tailored via
manipulations in the sol-gel processing conditions.

Xerogel film

% Heat —

Wet gef

Xerogel Dense

ceramics
Evaporation Heat
Hydrolysis
. - ei?
Polymerization o, O
@’71‘ Aerogel

o
oo
“.ooo A
... v
Ceramic fibers O

Fig. 1.3. Sol-gel process and its various products



1.4 Sol-Gel Process as Applied to Silica

Silica gels are most often synthesized by hydrolyzing monomeric,
tetrafunctional alkoxide precursors employing a mineral acid or base as a catalyst.
Most common tetraalkoxysilanes used in the sol-gel process are tetraethoxysilane
[TEOS, (SiOC,Hs)4] and tetramethoxysilane [TMOS, Si(OCHj)4]. Following
reactions are used to describe the sol-gel process of silica.

Hydrolysis
=Si— OH + ROH
Esterification

=Si—OR + H,0

Alcohol
condensation
=Si—OR + HO—Si= =—= =Si—0— Si= + ROH
Alcoholysis

Water
condensation

=Si—OH + HO—Si=

Hydrolysis

The hydrolysis reaction replaces alkoxide groups with hydroxyl groups.
Subsequent condensation reactions involving the silanol groups produce siloxane
bonds and the by-products, alcohol or water. Under most conditions, condensation
commences before hydrolysis is complete. Since water and alkoxysilanes are
immiscible, a mutual solvent such as alcohol is normally used as a homogenizing
agent. In order to reduce the reactivity of the alkoxide precursor, organic
functional groups can be introduced in to the siloxane network. This type of
alkoxide precursors are known as organoalkoxysilanes. Examples for this type of

precursors are methyltrimethoxysilane, trimethylethoxysilane etc. Organically



modified silicates represent hybrid systems in which several precursor types are
combined. Schmidt and coworkers developed silicate products with unique
properties by combining tetraalkoxysilanes with alkyl substituted and
organofunctional alkoxysilanes.

Si(OR), +R,Si(OR), + YR Si(OC,Hs);

R is an alkyl group, R is an alkylene and Y is an organo-functional group
such as — (CH,);NH,, (CH,);NHCO-O-NH, etc. Unlimited number of chemical
and structural modifications is possible in such hybrid systems.’

The surface and structural characteristics of the silica gels are affected by
various parameters that control the rate of hydrolysis and condensation and these
can be summarized into three categories: '’

a) Compositions: Type of starting materials, quantity of water, catalysts and
solvents.

b) Reactions (up to gel formation): Rate of mixing, reaction temperature and
gelation schemes.

c) Process variables (after gel formation): Type of dehydration, drying
temperature and heating.

Mukherjee et al. reported that the molar ratio of H,O to alkoxides and pH
values played a significant role in determining reaction rates.'' Sakka et al. found

that the same parameters influence the morphology and composition.' It has been



reported that the changes in pH values during the sol preparation stage would
significantly affect the appearance of sample, porosity, density, viscosity, gelation

. : : 13-14
time, and activation energy."

The variations of surface area, pore volume, and
pore size distribution were discussed in their studies. Investigations on the effect
of different types of catalysts such as HF, HCI, HNO;, H,SO,, HOAc and NH,OH
during the sol-gel process, which lead to different physical gel structures due to

d.1>16 Furthermore, Ro et al. found

different reaction mechanisms were also studie
that acidic catalysts were related to the formation of slit-shaped microstructures
and cylindrical micropores were obtained by the use of basic catalysts.'” Many
studies have been carried out on the effect of gelation temperature on the sol-gel
process of silica.'™" Increase in the gelation temperature could make the gelation
process shorter. Yasumori et al. reported an increase of 50% in surface area of
silica gel by increasing the dehydration temperature.”’ Lee et al. claimed that
increase of drying temperature would cause the pore diameter to become bigger,
with a wider distribution.”’ Acid catalyzed hydrolysis with low H,O:TEOS ratio
produces weakly branched polymeric sols, where as base catalyzed hydrolysis
with large H,O:TEOS ratio produces highly condensed particulate sols.
Intermediate conditions produce structures intermediate to these extremes. '®

Hayashi et al. studied the effect of solvents on the properties such as bulk

density, specific surface area, pore size distribution and pore volume of the dried



1.>* Depending upon the pH either protonated or deprotonated silanols are

ge
involved in the condensation mechanism. Protic solvents hydrogen bond to
nucleophilic deprotonated silanols and aprotic solvents hydrogen bond to
electrophilic protonated silanols. Hence protic solvents retard base-catalyzed
condensation and promote acid catalyzed condensation where as aprotic solvents
have the reverse effect. Shukla et al. have studied the effect of ethanol on the
morphology, oxide content and density of the TEOS derived gels.” Steric factors
exert great effect on the hydrolytic stability of alkoxysilanes. Hydrolysis rate is
lowered the most by branched-alkoxy hydroxyl or bridging oxygen substitution.
The condensation rate of triorganosilanols decreases with increase in the length or
branching of the chain of the alkyl radical, or if aromatic groups are present. In the
case of tetra functional alkoxides, substituents that increase steric crowding in the
transition state will retard condensation. Although inductive effects are important,

in the acid catalyzed condensation of dialkyl silanols, steric effects predominate

) . 6
over inductive effects.

1.5 Aging of Gels

Aging is the process of keeping the gels in various solutions for a period of
time in order to increase the strength of the gel network so that cracking of gels
during drying can be prevented. The chemical reactions that cause gelation

continue long after gel point strengthening, stiffening and producing shrinkage of
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the network.”** The composition, structure and properties of gel change during
aging. The changes that occur during aging are categorized into three.

1) Polymerization: Increase in connectivity of the gel network by
condensation reactions. Schematic representation of polymerization of
silica is provided as Fig. 1.4.°

2) Coarsening: Process of dissolution and reprecipitation driven by differences
in solubility between surfaces with different radii of curvature.

3) Syneresis: Shrinkage of the gel and the resulting expulsion of liquid from

the pores.

1.6 Drying of Gels

The microstructure of a xerogel is the consequence of gelation, aging and
drying. During drying the gel can initially shrink to accommodate loss of pore
fluid maintaining the liquid-vapour interface at the exterior surface of the gel. At
the final stage of drying liquid-vapour menisci recede into the gel interior.>* The
magnitude of the capillary pressure, Pc, exerted on the network depends on the
surface tension of the liquid, vy, the constant angle 0, and the pore size, r:

Pc =2 vy CosO/r

If the pore size is very small, the capillary pressure will be large. The

original gel network collapses due to this pressure.”® Aging may be used to reduce

the extent of collapse of the gel structure during drying.
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Fig. 1.4. Schematic representation of polymerization of silica

1.7 Aerogels

Aerogels are a fascinating class of nanoporous materials derived by sol-gel
technique which possess sophisticated potentialities for a range of applications.”’
They possess unique properties such as high porosity, large inner surface area, low
density, small index of refraction, low sound velocity, low thermal conductivity
and low dielectric constant.”” Aerogels are quite transparent since they scatter light
weakly because of the extremely small particle and pore sizes. Important structural

properties of aerogels are provided in Table 1.1.
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Table 1.1. Properties of silica aerogel

Property Range
Bulk density (g/cc) 0.003-0.500
Skeletal density (g/cc) 1.700-2.100
Porosity (%) 80-99.8
Mean pore diameter(nm) 20-150
Inner surface area (mz/g) 100-1600
Refractive index 1.007-1.24
Tgf;?fggg‘)‘(d\;‘f(ﬁ;y 0.017-0.021
Modulus of elasticity (mpa) 0.002-100
Sound velocity ¢, (m/s) <20-800
Dielectric constant 1-2 (18-40 GHz)

Aerogels find applications as pesticides, in cosmic dust capture, waste
water treatment, moulds for casting aluminium metal, aerocapacitors, absorbing
media for dessication, heat storage device for automobiles, encapsulation media,
hydrogen fuel storage material, ideal dielectric for ultra fast integrated circuits,
thermal insulators, fillers, particle detectors, catalysts, gas sensors, light guides,

28-37

capacitors. Many reviews on aerogel were also published with more focused

on the applications of aerogels.”®** Synthesis of aerogel starts with the controlled
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conversion of a sol into a gel. The growth of clusters or polymer chains from a
chemical solution occurs initially and these primary entities cross-link leading to
the formation of a coherent network-still embedded in a liquid. The structure of
aerogel is characterized by well accessible, cylindrical branched mesopores.°
Nitrogen adsorption studies, mercury porosimetry, microscopic techniques and
scattering techniques (SAXS and SANS) are used to explore the structure of
aerogels. Schematic diagram of aerogel structure is presented as Fig. 1.5. When a
silica aerogel monolith breaks under force only secondary particle lose contact
with one another while primary particle remains undisturbed. So the mesoporous
space between these particles would be maintained. The silica aerogels exhibit
microstructures consisting of loosely interconnected silica particles which form an

open network.

Fig. 1.5. Structure of aerogel
The first aerogels were made by S. S. Kistler in 1931 from a water glass

based recipe.”’ Later Teichner et al. improved this sol-gel process.* They
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hydrolysed TMOS by adding controlled amount of water in a methanol medium.
Silica form a coherent network embedded in alcohol. This alcogel was then
successfully dried under hypercritical conditions (T¢=239°c, Pc=81 bar). Using a
two step sol-gel process and CO, drying, a group at Lawrence Livermore National
Laboratory (LLNL) prepared ultra low density aerogels with densities as low as
3 Kg/m®. The potential of the material was only widely recognized in the 1970’s
when the aerospace industry was looking at the possibility of developing
extremely light thermal insulator. Further developments resulted in using aerogel
as insulator in pathfinder mission to mars, for insulating the sensitive electronics
from harsh temperature of mars. Conventional method of synthesis of aerogel is
by a sol-gel process followed by supercritical drying of the wet gel in an
autoclave. A schematic diagram which shows the process of synthesis of aerogel
is provided as Fig. 1.6.”” During initial stages of drying, the capillary forces caused
by the evaporation of solvents from pores in the gel, create an overall drying stress
and local differential stresses owing to non uniform pore size distribution.*’ Silica
aerogels are ultra pure gels derived by hydrolysis-condensation reaction of silica

alkoxide or salts.
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Fig. 1.6. General scheme for the synthesis of aerogels by sol-gel processing
1.7.1 Supercritical Drying

Supercritical drying involves the process of drying a wet gel in an autoclave
above the critical temperature and pressure of its solvent. At the critical point of
drying there is no longer any distinction between the liquid and vapour phases, and

there is no liquid-vapour interface or capillary pressure.* The resulting gels called
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aerogels have about 99% porosity, extremely low densities and a high inner
surface area. A schematic representation of supercritical drying is provided in
Fig.1.7. At the critical point [Tc, pc] the density of the liquid and the gas are equal.
Supercritical drying can be performed along path A or B. However this technique
is expensive and hazardous, and results in fragile aerogels having low strength.

Table 1.2 provides supercritical constants of some solvents.

 ——

Pressure

o |

Temperature e—— ¢

Fig. 1.7. Schematic representation of supercritical drying

1.7.2 Subcritical Drying

Subcritical drying technique, a less expensive method for the synthesis of
aerogel, which involves controlled solvent exchange, aging and surface
modification is evolving as a promising technique for the synthesis of aerogel at

ambient temperature and pressure.
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Table 1.2. Supercritical constants of some solvents

Solvent Te (°C) Pc (MPa)

Methanol 240 7.9
Ethanol 243 6.3
Acetone 235 4.7

Isopropanol 235 4.7
H,O 374 22.1
CO, 31 7.3

Ambient pressure methods for silica aerogels include surface modification,
network strengthening and use of DCCAs. The basic concept of this technique is
to improve the strength and stiffness of the gel network and avoid shrinkage or
crack during drying.*® The extent of shrinkage during drying is governed by the
capillary pressure exerted by the pore fluid and the modulus of the solid matrix.
Solvent exchange with a low surface tension liquid can reduce the capillary
pressure.”’” Haereid et al. reported that aging of silica gel in a silane solution
increase the strength and stiffness of the gel network.*® Their study showed that an
increase in aging time and pH improve the mechanical strength of the gel network
due to dissolution-reprecipitation reactions of silica monomers.*® Einarsrud et al.
investigated the structural development of silica gels agend in TEOS.* They
found that primary particles and cluster size increases when silica is precipitated

from the aging solution. Effect of aging time, temperature and concentration of
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aging solution on the porosity characteristics of subcritically dried silica aerogels
were reported.”””' The investigation showed that best concentration of TEOS in
the aging solution and time of aging were 80 % and 48 h respectively. As the
temperature of aging increased the bulk density decreased whereas the surface
area and pore volume increased. Haereid et al. investigated the effect of aging
alcogels in water and found a maximum in both modulus and modulus of rupture.
This was independent of the aging temperature, but the aging time required to
reach the maximum decreased with increasing temperature.’* Surface modification
with various silylating agents avoid condensation reactions during drying.”
Deshpande et al. developed a new method for synthesis of aerogel, in which the
wet gel is washed with an aprotic solvent, reacted with trimethylchlorosilane
(TMCS) and then dried at ambient pressure.” This treatment minimizes shrinkage
of the gel by a reduction in the surface tension of the solvent and the contact angle
between the solvent and the surface of the silica network. Since neighbouring
surface organic groups are chemically inert and detach with little activation
energy, the gel is able to re-expand (spring back effect). Rao et al. prepared two
step processed ambient pressure dried silica aerogel with improved properties in
terms of density, volume shrinkage, thermal conductivity, hydrophobicity and
optical transmission, at ambient pressure, with TEOS precursor and

54

hexamethyldisilazane (HMDS) as silylating agent.” The best quality silica
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aerogels was obtained with the molar ratio of TEOS:HMDS at 1:0.36. They have
also studied the effect of silylating agents on properties of silica aerogels prepared
by ambient drying and reported that by using the TMOS precursor, TMCS resulted
the best quality silica aerogels in terms of monolithicity, visual transparency and
lowest density.” Schwertfeger et al. developed a one-step process in which solvent
exhange and surface modification were performed simultaneously using a
HMDS/TMCS  solution.™ Kim>’ and Lee® used a one step solvent
exchange/surface modification process using [IPA/TMCS/n-Hexane solution. Use
of organic additives termed drying control chemical additives (DCCA) to alkoxide
solutions is another approach to obtain monolithic aerogel at ambient conditions.”
DCCA controls the rate of hydrolysis and condensation reactions, pore size
distributions, vapour pressure of pore liquid and hence the drying stresses. If a
uniform scale of structure obtains during gelation, it will result in uniform growth
of the network during aging. This will improve the strength of the gel and its

ability to resist drying stresses.’®’

Polyethyleneglycol (PEG) has been used by
many researchers as a porogen.®”® They claimed that high concentrations of PEG
weaken the solid matrix, whereas small concentrations of PEG strengthen the
matrix. Reetz et al. used additives such as polyvinylalcohol and PEG as biocatalyst

supports, and found that the lipase activity was significantly enhanced in the

presence of these additives.®* Rao et al. used glycerol as an additive and achieved
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a narrow and uniform distribution of pores.”” Even though many approaches have
been attempted on subcritical drying lot of experimental parameters are still to be

optimized for the commercialization of the process.

1.8 Inorganic-Organic Hybrids
Inorganic and organic components mixed at the nanometric scale in
virtually any ratio are called inorganic-organic hybrid. The combination of organic
and inorganic molecules in different formulations can give rise to a number of
hydrid materials whose properties can be tailored, even to mimic nature.
Inorganic-organic hybrid materials possess well defined pore structure, highly
accessible functional groups and controlled surface reactivity.*® Inorganic-organic
hybrid materials are subject of intense research in the field of contemporary
material chemistry as these materials exhibit excellent electrical, magnetic and
optical properties. Sol-gel process is very attractive and versatile to prepare
inorganic or hybrid films with tunable thickness. Moreover, mild synthetic
conditions provided by sol-gel chemistry are advantageous for the incorporation
of organic components into the inorganic network, allowing the preparation of a
variety of hybrid architectures. ®® Two approaches are widely practiced for the
incorporation,
I. Mixing of an organic polymer with a metal alkoxide such as

tetraethoxysilane.
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2. Introduction of organosilyl group into the organic polymer prior to the sol-
gel reaction with metal alkoxide such as tetraethoxysilane.

Usually inorganic-organic hybrids prepared by a sol-gel process show
unique mechanical properties such as high ductility, low elastic modulus and high
mechanical strength.®’ Typical advantages of organic polymers are flexibility, low
density, toughness and formability where as ceramics have excellent mechanical
and optical properties such as hardness, modulus, strength, transparency and high
refractive index. If these materials can be combined effectively, a new class of
high performance, highly functional inorganic-organic hybrid materials can be
prepared.®® Inorganic-organic hybrids find applications in optoelectronics for
protective optical coating, high refractive index films, contact lenses, thin film
transistors, light emitting diodes, solar cell, optical waveguide materials and
photochromic materials, adsorption, catalysis and high energy fields.®®®
Biocomposites are excellent inorganic-organic hybrid materials produced by
natural biomineralisation. Bones, teeth and shells are typical biocomposites, which
consists of an organic polymer matrix reinforced by an inorganic deposit. In bio-

composites, the inorganic phase is regularly and highly organized in a matrix.®®

1.9 Silica-Biopolymer Hybrids
The combination of biopolymers with siloxanes under mild chemical

conditions has been used for the preparation of silica-biopolymer hybrids in the
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form of films for membranes or coatings, or as precursors for the preparation of
porous materials.”” The biopolymer—silica hybrid materials have recently drawn
attention owing to their promising properties and compatibility with living

71,76
matter.

These hybrid materials find application in the field of biocompatible
materials, bone substituents, cements for bone repair and reconstruction, enzyme
and cell immobilization, catalysis and sensors.”™ The presence of functional
groups such as amino, amide or carboxyl in some polymers can allow
compatibility of the polymeric phase with inorganic matrix at a submicroscopic
level through hydrogen bonding with silanol groups. Biocomposite layers of silica
and various bone-relevant proteins such as collagen, gelatin and chitosan can be
obtained from coating solution containing silica sols mixed with proteins in
water/dioxane.”” The interest in these biopolymers as organic additives in
composites of inorganic nano-hybrids is mainly because of its biodegradable,
bioadhesive and multifunctional properties.”' Silica—gelatin biohybrids find
application in bone tissue engineering, biocatalysis and controlled drug delivery
systems. ' '® A number of research articles and reviews are available in literature
on the promising properties of silica-chitosan composites.*' ™ Silica-chitosan
composites are also known to act as immobilization matrix for several molecules

83-87

and complexes. Fuentes et al. synthesized oriented silica-chitosan hybrid films

using 3-aminopropyltrimethoxysilane precursor by a sol-gel process.”® Use of
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organically modified silane precursors for the silica component in the hybrids are
rare but can impart enhanced properties to the hybrid.
1.9 Gelatin

Gelatin is a protein, which is obtained by breaking the single helix structure
of collagen into single stranded molecules. The amino acid composition of gelatin
is given in Fig. 1.8. Since it is biodegradable and biocompatible, it is a suitable
compound for medical applications. Gelatin is cheap and possesses bioadhesive
property. Therefore gelatin-linked inorganic hybrids have applications in
biotechnology. In this context, silicate species can be considered as potentially
interesting cross-linking agents since they were shown to interact through both
electrostatic interactions and hydrogen bonding with some polyaminoacids and

proteins.
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Fig. 1.8. Composition of gelatin



Silica/gelatin composites have been employed for enzyme and cell
immobilization. Porous gelatin-siloxane hybrids are finding application as
biodegradable scaffolds that act as biocompatible material for bone repair or
generation.”> Physical measurements of the rheological, swelling and thermal
properties of the gels and chemical analysis of the number of junctions introduced
by chemical cross-linking were used to elucidate the structure of the chemical

gelatin networks. The basic structural unit of gelatin is provided in Fig. 1.9.

+H2N=(

Fig. 1.9. A basic structural unit of gelatin molecule

1.10 Chitosan

Chitosan is a copolymer of linked f(1—4), 2-amino2-deoxy-D-glucose and
2-acetamidodeoxy-D-glucan which is mainly used in medical, pharmaceutical,
cosmetics and food industries.* Chitosan is also used as a flocculent, thickener,
film, gas selective membranes, and wound healing promoting agent.” Fig. 1.10
shows the structure of chitosan. The presence of amino and hydroxyl functional
groups allow these molecules to self assemble into various supramolecular
structures and enable them to be used in the synthesis of novel monophasic

inorganic materials.
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Fig. 1.10. Structure of chitosan
A number of research articles and reviews are available in literature on
silica-chitosan composites which indicate the promising properties of the hybrid.*"
% High sorption capacities, stability of metal anions on chitosan and physical and
chemical versatility of the biopolymer enable chitosan when incorporated with Pt
or Pd to be used in heterogeneous catalysis.**®" Functionalization of these hybrids
with organically modified silanes is reported to enhance the properties of these

hybrids.*
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Definition of the Present Research Problem

Aerogels are unique among solid materials because of their extremely low
densities, large open pores, and a high inner surface area. Hydrolysis and
polycondensation of a multifunctional silicon alkoxide is the well known method
for the synthesis of silica aerogels. The initially formed gels have a sponge like
solid network filled with liquid. Special drying techniques must be applied to
exchange the pore liquid with air while maintaining the fragile solid network.
Supercritical drying is the most common technique. However the supercritical
drying process involves heating and evacuation of highly flammable solvents at
high temperature and pressures. In addition supercritically dried aerogels possess
very low strength and are fragile. Ambient pressure drying which involves
controlled solvent exchange, aging and surface modification is evolving as a
promising technique for the synthesis of silica aerogels.

Major problems during the synthesis of aerogels at ambient pressure
primarily arise from the large capillary pressure that occurs during drying (a result
of the small pore sizes) and low stiffness (a result of the low-density). Tailoring of
porosity of aerogels is very much required for different end applications. However
information on synthesis conditions to tailor the porosity feature as well as surface
modification of silica aerogels is seldom found in the literature. Therefore present

work has been designed based on the following:
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1)

2)

3)

Influence of experimental parameters such as hydrolysis temperature,
gelation pH, aging pH and aging solvent on the porosity characteristics is to
be investigated in detail. Silica aerogels will be synthesized using organic
additives such as PEO, CTAB, PEG and HMTA to control porosity. Effect
of concentration of organic templates on the porosity characteristics will be
studied.

Synthesis of mesoporous materials having regular geometries has been of
considerable interest in recent years owing to their great potential in
catalysis, adsorption, separation, sensing, medical use, ecology, and
nanotechnology. Hence hydrophobic silica microspheres will be
synthesized through a sol-emulsion—gel process. Effect of surfactant
concentration, aging time, and viscosity of the silica sol on microsphere
formation will be investigated.

Synthesis of hydrophobic silica-biopolymer hybrid is an area of great
interest since it finds application as water repellant coatings in different
substrates. Sol-gel process will be used as an effective technique for the
synthesis of silica-biopolymer hybrids using gelatin and chitosan as
biopolymers. Functionalization of the hybrid will be done using
alkylalkoxysilanes such as vinyltrimethoxysilane and

methyltrimethoxysilane. These hybrids will be applied as coatings on
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different substrates such as glass, leather and textiles. The coatings will be

tested for its transparency, uniformity and hydrophobicity.

The thesis has been designed on the above objectives. The results obtained
have been discussed and correlations have been derived between the experimental

parameters and the properties.
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Chapter I1
Mesoporous Silica Aerogels and Microspheres through Sol-Gel

Subcritical Technique

2.1 Synthesis of Silica Aerogels by Varying Experimental Parameters
2.1.1 Introduction

Silica aerogels are sol-gel derived materials which possess unique
properties such as large inner surface area, low density, small index of refraction,
low sound velocity, low thermal conductivity and low dielectric constant.
Hydrolysis and polycondensation of a multifunctional silicon alkoxide followed
by supercritical drying is the well known method to prepare silica aerogels.”’
However the supercritical drying process involves the heating and evacuation of
highly flammable solvents such as alcohols, which are hazardous at high
temperature and high pressures and are also not very ecofriendly. In 1984, in
Sweden, the failure in a pilot plant for the production of aerogel tiles released
1000 litres of methanol and a big explosion destroyed the whole building.”
Problems arise from the combination of high temperatures and high pressure as
well as the flammability of the solvents. In addition, the supercritical drying
results in aerogels which are fragile having very low strength making it difficult

for easy handling.”

30



Ambient pressure drying has evolved as a promising technique for the
synthesis of silica aerogels. Main methods adopted for ambient pressure drying
include network strengthening and solvent exchange/surface modification of wet

46,55,56
gels.

The increase in stiffness and large pore size bring down the capillary
pressure during drying, resulting in low density xerogels. Smith et al. synthesized
mesoporous aerogel like materials at ambient pressures by introducing
hydrophobic groups in the gel net work.” In this method also gel shrinks during
drying. However gel undergoes reversible expansion at critical point and retains
wet gel structure due to ‘spring back effect’. Schertfeger et al. prepared
hydrophobic water glass based aerogels without solvent exchange and
supercritical drying.’® Aging the precursor gel in silane solution is another

approach to obtain high strength,49’48’95’96’97

Earlier reports indicate that the
mechanical properties of the wet gel are improved by aging in mother liquor at
different temperatures.”®”” During the aging step, the strength and stiffness of the
wet gel increase due to an increased degree of condensation reactions, siloxane
cross linking within the gel network, dissolution and reprecipitation of silica and
attachment of unreacted oligomers from the gelation process or monomers added
from the aging solution.’* Titulaer et al. found that the pore structure development

on aging spherical silica gel bodies is influenced by temperature, pH and the silica

to water ratio which affects the rate of silica transport.'™ Chou et al. studied the
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effect of aging solvent on silica gels.'”' They related surface area to the polarity
parameter of the aging solvent. Hdach et al. investigated the influence of aging
and pH on the modulus of aerogels.'”® Davis et al. reported that aging at higher pH
yield lower surface area, larger pore volume and a narrow pore size distribution.'”
Haereid et al. has shown that by aging TEOS-based alcogels in solutions of
TEOS/ethanol the strength and stiffness can be favourably increased and thereby
reduce the shrinkage during drying at ambient pressure. Low-density silica
xerogels (p = 0.24 g/cm’) are obtained by changing aging parameters such as time
and temperature.*®**°

Numerous studies are available in literature on the effect of processing
parameters on the properties of resultant silica aerogels.'™ Lee et al. studied the
effect of pH on the physicochemical properties of silica aerogels prepared by an
ambient pressure drying.'”” Rao et al. investigated the effect of precursors,
methylation agents and solvents on the properties of resultant silica aerogels.”
They prepared low density aerogels (0.14-0.3 g/cm’) using TMOS and sodium
silicate based recipes and TMCS or HMDS as surface modifiers. Using the TMOS
precursor, TMCS; and for sodium silicate precursor, HMDS resulted in the best
quality silica aerogels in terms of monolithicity, visual transparency and lowest

density. Kumar et al. reported the synthesis of high surface area silica by solvent

exchange in alkoxy derived silica aerogel under subcritical conditions.'” They
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found that solvents of low vapour pressure and high molecular weight favour the
formation of gels with high pore volume. Takahashi reported that the solvent
exchange influences the pore structure of silica aerogels.”® However synthesis of
silica aerogel at ambient conditions and its commercialization still remain a great
challenge. Since various processing parameters have great influence on the
structural and porosity features of the resultant aerogel, the experimental
parameters has to be investigated in detail. The present study deals with the
synthesis of silica aerogel at subcritical temperature and pressure by varying the
synthesis conditions. This chapter includes the effect of hydrolysis temperature,
gelation pH, aging pH, aging solvent and surface modification on the porosity

characteristics of subcritically dried silica aerogels.

2.1.2 Experimental
2.1.2.1 Materials and Methods

Tetraethoxysilane (Fluka Chemicals) was used as the precursor for the
synthesis of silica aerogel under acidic conditions. TEOS was mixed with
isopropanol (SD Fine Chemicals) and kept for stirring. Acidified water (0.001 M
Hydrochloric acid (SD Fine Chemicals) was added to this mixture very slowly.
TEOS:isopropanol:water molar ratio was maintained as 1:4:16."% The stirring was
continued until a homogeneous mixture was obtained. This sol was then

transferred to cylindrical moulds for gelation. After gelation, the gels were
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transferred to a 1:1 mixture of isopropanol and water for 24 h. The solvent
exchange was done using isopropanol. The gels were washed 5 times with
isopropanol within 24 h. For aging, the gel was kept in 80% silane solution in
isopropanol for different time intervals. The final step of solvent exchange of these
gels was carried out with isopropanol. The gels were taken out and dried at 50 °C
for one day and 70 °C for two days. Fig. 2.1.1 shows a process scheme for the
synthesis of silica aerogel by subcritical drying method. For the present study
hydrolysis  temperature,  gelation = pH, aging solvent composition
(isopropanol:water ratio) and aging pH (silane:isopropanol) was varied.
Hydrophobic silica aerogel was synthesized by surface modification with

trimethylchlorosilane.

2.1.2.2 Characterization of Aerogels

Bulk density of the rod shaped gels was calculated using mass by volume
ratio. It is the density of the material including pores and interparticle voids.

Volume, V = nd’h/4
where ‘d’ is the diameter and ‘h’ is the length of the gel.

Specific surface area and adsorption isotherm of the calcined aerogels were
obtained using a BET surface area analyzer (Micromeritics, Gemini Model 2360).
The samples were preheated in a flow of nitrogen for 3 h at 200 °C to remove all

the volatiles and chemically adsorbed water from the surface.
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Fig. 2.1.1. Flow chart used for the synthesis of silica aerogels

Structural characteristics of the aerogels were investigated by a Fourier
Transform Infrared Spectrophotometer (Nicolet, Magna 560) in the range 4,000-

400 cm’ by the KBr pellet method. Thermal decomposition curves of the dried
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aerogels were obtained using a Differential Thermal Analyzer (Schimadzu, DTA
50) in air at a heating rate of 10 °Cmin”'. Contact angles were measured using a
Tensiometer (Data Physics, DCTATI11). The increase in square of sample weight,
when in contact with water was calculated using the same instrument. Porous
morphology of the aerogels was observed by Scanning Electron Microscopy

(JEOL, JSM 5600LV) in the secondary electron image (SEI) mode.

2.1.3. Results and Discussion
2.1.3.1 Effect of Hydrolysis-Condensation Conditions

The density measurements and BET surface area measurements are given
in Table 2.1.1. Density decreased with the increase in hydrolysis temperature. The
decrease in density is due to the increased porosity of the aerogels synthesized at a
higher hydrolysis temperature. Surface area analysis also reveals that the aerogels
possess high porosity. Surface area, average pore size and total pore volume of
silica aerogels synthesized at 60 °C increased to 648 m*/g, 8.8 nm and 1.44 cc/g
from 635 m*/g, 6.2 nm and 0.99 cc/g respectively.

According to Iler, polymerization of silica occurs in three stages, 1)
polymerization of monomers into particles 2) growth of particles 3) linking of
these particles into chains and three dimensional networks. Growth of particles
(Ostwald ripening) depend on the dissolution-reprecipitation of silica.*

Dissolution of silica is directly proportional to the temperature.® As the
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temperature is increased, small silica particles dissolve and reprecipitate on larger
silica particles. Hence in the present study at higher hydrolysis temperature large
number of silica particles are dissolved and reprecipitated. This will improve the
strength of the gel network which in turn reduces the shrinkage during drying.
Hence we could get a higher pore size and pore volume at higher hydrolysis
temperature. Solubility of amorphous silica is largely dependent on the pH of the
solution also. Hence gelation of silica aerogels in an NH; atmosphere enhances the
dissolution-reprecipitation reactions. Necks between particles grow resulting in an
increase in the average pore size of the gel. A comparatively large pore size of 18
nm and a higher pore volume of 2.04 cc/g is obtained. Dissolution-reprecipitation
reactions of small silica particles are responsible for the increase in mesoporosity.
As can be seen from Table 2.1.1, the mesopore volume largely contributes to the
total pore volume of the aerogels.

Fig. 2.1.2 shows adsorption isotherms of silica aerogels synthesized at
different hydrolysis-condensation conditions. All the isotherms show a type IV
behaviour which is the characteristics of a mesoporous material.'”’ In the case of
silica aerogels synthesized under NH; atmosphere volume adsorption is lower at
lower relative pressures and it shows a sudden increase at above 0.8. This is due to
the increased mesopore volume. Micropores contribute more to the volume

adsorption at lower relative pressures whereas mesopores are responsible for the
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volume adsorption at higher relative pressures. As the temperature and pH are
increased ostwald ripening occurs at a greater extent and the mesopore volume
increases.

Table 2.1.1. BET surface area analysis and density measurements of silica

aerogels synthesized by varying hydrolysis-condensation conditions

Sample  Density Surface Average Total pore Mesopore Micropore

details (g/cc) arzea pore size volume volume volume
(m’/g) (nm) (cc/g) (cc/g) (cc/g)
H(yggilé;is 0.54 635 6.2 0.99 0.96 0.03
H(yggiléiis 042 648 8.8 1.4 1.42 0.01
(gﬁzagt‘;‘_) - 452 18 2.04 2.01 0.03

BJH pore size distribution of silica aerogels synthesized at different
hydrolysis-condensation conditions are provided in Fig. 2.1.3. As the hydrolysis
temperature is increased smaller pores decreased and larger pores increased in
volume. With the increase in gelation pH (NH; atm.) a similar trend is observed
but to a greater extent. This supports our earlier observation that dissolution-
reprecipitation contributes to the increase in the porosity of silica aerogels

synthesized at a higher temperature and pH. Larger particles and pores are formed
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at the expense of smaller particles and pores. Hence a decrease in smaller pores

and increase in larger pores.
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Fig. 2.1.2. Adsorption isotherms of silica aerogels synthesized by varying

hydrolysis-condensation conditions
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Fig. 2.1.3. BJH pore size distribution of silica aerogels synthesized by varying

hydrolysis-condensation conditions
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2.1.3.2 Effect of Aging Solvent

Table 2.1.2 gives the surface area results of silica aerogel synthesized using
different solvent composition in aging step. Average pore size, total pore volume
and surface area decreases as water content is increased in the aging solvent.
Silica aerogels aged in isopropanol has a surface area 641 m’/g, pore volume
1.27 cc/g and pore size of 7.9 nm where as water aged sample has a surface area

621 m*/g, pore volume 0.62 cc/g and pore size of 3.9 nm.

Table 2.1.2. BET surface area characteristics of silica aerogel aged in different

solvent composition

Aging Surface Average Total pore Mesopore Micropore
solvent area pore size volume volume volume
(m’/g)  (nm) (cc/g) (cc/g) (cc/g)
Isopropanol
IPA:Water ¢35 6.2 0.99 0.96 0.03
(1:1)
IPA:Water ¢ 4.9 0.89 0.85 0.04
(1:3)
Water 621 3.9 0.62 0.58 0.04

The decrease in porosity is due to the shrinkage during drying. In the
present case this can be attributed to the difference in surface tension of the

solvent compositions. Capillary pressure, P. exerted on the pore walls is directly

40



proportional to the surface tension of the pore liquid. A high surface tension
liquid will generate a high capillary pressure and a greater shrinkage during
drying.”® Surface tension of isopropanal and water are 23 mN/m and 72.8 mN/m
respectively at 20 °C. Mixture of these solvents has surface tension in between
these values. When a high surface tension liquid such as water is used capillary
pressure exerted in the pores will be maximum and greater shrinkage occurs for
the dried gel structure. Hence the reduction in porosity is observed. In the case of
isopropanol aged samples surface tension is minimum at the pore walls and lesser
shrinkage to the gel structure during drying. Hence a greater porosity is observed.
Adsorption isotherms of silica aerogels aged in different solvent
composition is provided in Fig. 2.1.4. All the isotherms show type IV behaviour
(mesoporous materials). At above a relative pressure of 0.6 water aged samples
showed a decrease in volume adsorption. Volume adsorption at higher relative
pressure are mainly due to the mesopores. Mesopore voume is decreased in the
case of water aged samples. Hence the reduction in volume adsorption. Fig. 2.1.5.
shows the BJH pore size distribution of silica aerogels aged in various
isopropanol:water ratios. Water aged samples have a narrow pore size distribution
and majority of the pores lie below 10 nm. Aging in other solvents resulted in a
broader distribution. The pore size distribution of 1:3, 1:1 and isopropanol aged

samples shift to the higher pore size region. This shift in pore size distribution can
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be again attributed to the surface tension of the aging solvent. Low surface tension
liquid will exert less capillary pressure and shrinkage during drying. Hence a

greater mesopore volume is achieved with isopropanol.
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Fig. 2.1.4. Adsorption isotherms of silica aerogels aged in

different solvent composition
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Fig. 2.1.5. BJH pore size distribution of silica aerogels aged in

different solvent compositions
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2.1.3.3 Effect of Aging pH

Table 2.1.3 provides BET surface area results of silica aerogels synthesized
by changing the pH of aging solution. Surface area decreased from 607 m*/g to
431 m*/g where as pore volume and pore size increased from 0.88 cc/g and 5.8 nm
to 1.45 cc/g and 13.5 nm respectively when the aging pH was changed from 3 to
11. Solubility of amorphous silica is proportional to pH.”® At lower pH,
dissolution is minimum and as the pH increases solubility of silica increases. The
dissolution-reprecipitation reactions increases the pore size and pore volume. In
the case of silica aerogels gelled in NH; atmosphere (Table 2.1.1), a similar trend
is observed. The present results show that even after long time of gelation, aging
can influence the final gel structure. The high surface area at an aging pH of 3 can
be attributed to small pore size of the aerogel.'”’

Adsorption isotherms of silica aerogels synthesized by aging in different
pH are provided in Fig. 2.1.6. All the isotherms show a type IV behaviour which is
the characteristic of mesoporous material. For silica aerogels aged at pH ~ 11
volume adsorption is less at lower relative pressures and it is high at higher

relative pressures. This shows the high mesoporosity of the samples aged at high

pH which is due to the ostwald ripening of silica (Fig. 1.4).
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Table 2.1.3. BET surface area characteristics of silica aerogel aged

in silanes of different pH

Average Total pore Mesopore Micropore

Aging Surface .
ore size volume volume volume

2 Y
pH area (m/g) (nm) (cc/g) (cc/g) (cc/g)
3 607 5.8 0.88 0.86 0.020
7 583 7.2 1.05 1.04 0.007
11 431 13.5 1.45 1.44 0.010
—a— pH3
g’ pH 11
)
o °
(<]
€ 600- .//
3 o
o
()]
£ /
S 300- e
o -
g i/”'

00 02 04 06 08 10
Relative pressure (P/Po)

Fig. 2.1.6. Adsorption isotherms of silica aerogels aged in silanes of different pH

Fig. 2.1.7 shows the BJH adsorption isotherms of silica aerogels

synthesized after aging at different pH. As the pH increases pore size distribution
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becomes broad and shifts to the right. Aging at a pH of 11 resulted in larger pores
and contribution from the small pores are very less.  Dissolution and
reprecipitation of silica occur at a greater extent at high aging pH and hence the

increase in mesporosity.
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Fig. 2.1.7. BJH pore size distribution of silica aerogels in silanes of different pH

2.1.3.4 Effect of Surface Modification

Long term use of pure silica aerogel is not recommended because of the
hydrophilicity of the surface hydroxyl groups of the silica.'”® The hydroxyl groups
absorb moisture and minimize the inherent properties of silica aerogel. Besides,
surface modification of the hydroxyl groups will reduce the condensation during
the drying and reduces collapse of the gel structure. Functionalization of these
hydroxyls with organic moieties is an interesting area of research. Many research

108-112

articles and reviews are available in the literature on these aspects. In the
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present study the effect of surface modification with trimethylchlorosilane in the
present synthetic conditions was investigated. Fig. 2.1.8 gives the FTIR spectra of
silica aerogels with and without surface modification. Both the graphs show the
peak of Si-O-Si asymmetric stretching vibration at 1100 cm™ The intensity of
broad peak corresponding to OH stretching (~3500 cm™) decreases in the case of
hydrophobic silica aerogel. There are additional absorption bands for modified
silica aerogels at 2900 and 1450 cm™' related to C-H bonds and at 840 cm™ related

to Si-C bonds.'"?
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Fig. 2.1.8. FTIR spectra of silica aerogels A) Hydrophilic SiO, aerogel

B) Hydrophobic SiO, aerogel

DTA of hydrophilic and hydrophobic aerogels are given in Fig. 2.1.9.

Hydrophilic silica aerogels show an endothermic peak at around 100 °C due to the
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removal of adsorbed water. Such a peak is absent for hydrophobic silica aerogel
which means that adsorbed water is absent in silica aerogels treated with
trimethylchlorosilane. Exothermic peak at ~500 °C corresponds to the
decomposition of methyl groups. Hence silica aerogels loose hydrophobicity at
~500 °C. TGA curve of hydrophobic and hydrophilic aerogels are provided as Fig.
2.1.10. Hydrophilic silica aerogels showed an initial weight loss of ~15% due to
the removal of water. This weight loss is less than 2% in the case of hydrophobic
silica aerogel.

BET surface area results of hydrophilic and hydrophobic silica aerogel are
given in Table 2.1.4. Surface area, average pore size and total pore volume were
increased from 621 m*/g, 3.9 nm and 0.62 cc/g to 797 m*/g, 6.4 nm and 1.28 cc/g
respectively for hydrophobic silica aerogel. In the case of hydrophobic aerogel
surface hydroxyls are replaced with methyl groups. Hence the condensation
between hydroxyls at the internal surface of the aerogel is prevented. This will
reduce the shrinkage during drying and an increase in average pore size and total
pore volume is observed. Spring back effect also contributes to the retention of

porosity of the aerogel structure.'®
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Fig. 2.1.10. TGA curve A) Hydrophilic SiO, aerogel
B) Hydrophobic SiO, aerogel
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Table 2.1.4. BET surface area characteristics of silica aerogels

Sambple Surface Average Total Contact
P area (mzlg) pore size (nm) Pore volume (cc/g) angle
Hydrophilic 621 3.9 0.62 -
silica aerogel
Hydrophobic 797 6.4 1.28 87°

silica aerogel

Fig. 2.1.11 (A & B) shows the behaviour of hydrophilic and hydrophobic
aerogels towards water. In the Fig. 2.1.11 A, hydophobic aerogel float on water
where as hydrophilic aerogel sinks. Fig. B shows a single water drop on a
hydrophobic silica aerogel surface. Water drop attains nearly spherical shape due
to the hydrophobicity of the aerogel sample. Photographs of silica aerogel
monoliths synthesized by subcritical technique are provided as Fig. C. The
aerogels are either transparent or transluscent which are typical characteristics of
silica aerogels. Scanning electron micrograph of silica aerogel (Fig. D.) shows the
amorphous nature of the silica as well as uniform distribution of mesopores of size

<10 nm.
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15kU X208, 888 1hm 4334 RRL SEM

Fig. 2.1.11. A) Hydrophilic (sink) and Hydrophobic (float) aerogel in water B)

Water drop on a hydrophobic silica aerogel C) Photographs of silica aerogel D)

Microstructure of hydrophilic silica aerogel

2.1.4. Conclusions

1.

Silica aerogels with tailored porosity were synthesized through subcritical
drying technique. Tailoring of porosity was achieved by varying the
experimental (hydrolysis temperature, gelation pH and surface
modification) as well as aging parameters (aging pH and aging solvent).

Hydrolysis temperature and gelation pH influence the porosity of
subcritically dried silica aerogels. This can be attributed to an enhancement
in the dissolution-reprecipitation reactions of silica by an increase in

temperature and pH. Pore size can be varied between 6.2 nm and 18 nm
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where as pore volume can vary between 0.99 cc/g and 2.04 cc/g by
changing the gelation pH.

. Effect of water content in the aging solvent composition was investigated.
Pore size, pore volume and surface area decrease as water content in the
aging solvent is increased. The decrease in porosity is due to the high
surface tension of solvent.

. It was found that aging pH affect the porosity of subcritically dried silica
aerogels. Surface area decreases from 607 m*/g to 431 m*/g where as pore
size and pore volume increased from 5.8 nm and 0.88 cc/g to 13.5 nm and
1.45 cc/g respectively by changing the aging pH from 3 to 11. This can be
attributed to the progress in dissolution-reprecipitation reactions of the
silica with an increase in aging pH.

. Hydrophobic silica aerogel was synthesized by TMCS/n-Hexane surface
modification for long term application of aerogels and compared with the
properties of hydrophilic silica aerogels synthesized through subcritical
drying technique. It has been found that surface modification enhances the
mesoporosity of silica aerogels. However oxidation of organic group
responsible for hydrophobicity occurs at ~500 °C as evidenced by DTA and

hence it loses hydrophobicity above that temperature.
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2.2 Synthesis of Silica Aerogel Using Organic Templates
2.2.1 Introduction

Major problems during the synthesis of low-density, high-surface-area
materials at ambient pressure primarily arise from the large capillary pressure that
occurs during drying (a result of the small pore sizes) and low stiffness (a result of
the low-density).''* Supercritical drying reduces the capillary pressure to a
minimum.” However this technique is not recommended for the commercial
synthesis of aerogels because of its expensive and hazardous nature.’®''>!!
Several methods were attempted to avoid supercritical technique and synthesize
aerogel at ambient conditions.””**"!"” One approach is based on an aging
technique in which wet gels are aged in mother liquor to promote dissolution-
reprecipitation of silica monomer to improve the strength and stiffness of the
network.*®*>*¢17118 Apother approach is the use of organic additives.''*''*!'%
Organic additives either act as a template or as drying control chemical additive.
In both the cases it increases the porosity of silica aerogels. DCCA will reduce the
differential drying stresses by minimizing the differential rates of evaporation, and
ensuring a gel structure with uniform pore and particle sizes.'?’ DCCA can also

control the rate of hydrolysis and condensation reaction, pore size distributions,

pore liquid vapour pressure and drying stress. Uniform scale of structure achieved
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during gelation results in uniform growth of the network during aging, which
increase the strength of the gel and its ability to resist drying stress.®

Influence of various DCCAs in the sol-gel processing of xerogels have
been investigated and discussed by many authors.””"'"® However, a few reports are
available in the literature on the preparation of monolithic silica aerogels using
DCCAs. 00219121 Haranath et al. investigated the influence of oxalic acid,
glycerol, N, N dimethylformamide and formamide on the optical transmittance
and porosity features of TMOS based aerogels.'”' They found that pore size
distribution shifts towards smaller pore radii for acidic DCCA and larger pore radii
for basic DCCAs. They also reported that DCCA/TMOS molar ratio of ~ 0.4 as
the limiting value for almost all the modified aerogels, above which cracking
probability of the aerogels increased drastically. Polyethyleneglycol was used by
some researchers as a template for the synthesis of aerogels.”>®® Their study
revealed that high concentrations of PEG weaken the solid matrix whereas small
concentration of PEG strengthen the matrix. Reetz et al.** used polyvinylalcohol
and PEG as biocatalyst supports, because it was found that the lipase activity was

significantly enhanced in the presence of these additives. Rao et al.'*

reported the
influence of N, N-dimethylformamide and glycerol on the physical properties of

TEOS silica aerogels. They got a narrow and uniform distribution of pores when

DCCA was used. However use of organic templates to tailor the porosity of
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subcritically dried silica aerogels still remains a great challenge and many factors
need to be explored. We synthesized silica aerogels using different concentrations
of Polyethyleneoxide (PEO), Cetyltrimethylammoniumbromide (CTAB),
Polyethyleneglycol (PEG), Hexamethylenetetramine (HMTA) and investigated

their effect on the porosity features of subcritically dried aerogels.

2.2.2 Experimental

Tetraethoxysilane (TEOS, Aldrich Chemicals) is mixed with isopropanol
(SD Fine Chemicals) and kept for stirring. Acidified water (0.001M Hydrochloric
acid) was added to this mixture very slowly. TEOS:isopropanol:water molar ratio

was maintained as 1:4:16.'%

The stirring was continued until a homogeneous
mixture was obtained. PEO (MW 80,000,00, Aldrich Chemicals) was added to the
sol. Concentration of PEO was varied as 0, 0.1, 0.3, 0.5, 1 weight percentage
(wWt%) of silica. This sol was then transferred to cylindrical moulds for gelation.
After gelation, the gels were transferred to a 1:1 mixture of isopropanol and water
for 24 h. The solvent exchange was done by isopropanol. The gels were washed 5
times with isopropanol within 24 h. For aging, the gel was kept in a 80% silane in
isopropanol solution for 48 h. The final step of solvent exchange of these gels was
carried out with isopropanol. The gels were taken out and dried at 50 °C for one

day and 70 °C for two days. Fig. 2.2.1 provides the process scheme used for the

synthesis of silica aerogel. The experiment was repeated using CTAB (0.1, 0.3,
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0.5, 1 wt%), HMTA (0.1, 0.3, 0.7, 1 wt%) and PEG (0.1, 1, 2, 3 wt%). CTAB,

HMTA and PEG (MW 285) was purchased from SD Fine Chemicals.

TEOS+Isopropanol+H,O
(1:4:16)

Hydrolysis
vV

Silica sol

1. Organic templates
2. Condensation

Silica gel

Aging (Isopropanol:H>0)
Solvent Exchange (Isopropanol)
Aging (TEOS:Isopropanol)
Solvent Exchange (Isopropanol)

V Drying

Silica aerogel

AR

Fig. 2.2.1. Flow chart for the synthesis of silica aerogel

2.2.3. Results and Discussion
2.2.3.1 Silica-PEO Aerogel

Development of ordered mesoporous structures enhanced the significance
of surfactants as templates.'>'** Surfactant templated synthesis of mesoporous

12127 Matos et al. demonstrated the

silica nanostructures is an area of great interest.
effect of surfactants on the porosity of carbon xerogels.'”® They found that the

addition of cationic surfactant increased the pores size (2-25 nm) and the size of

carbon particles whereas anionic surfactants promote larger mesopore size (240
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nm and larger than 80 nm) and a bimodal pore size distribution. Polyethyleneoxide
block polymers as well as homo polymers have been used as an organic template
for the synthesis of mesoporous silica by many researchers.'*” The present study
deals with the synthesis of silica aerogels using polyethylene oxide as an organic
template.

Fig. 2.2.2 provides DTA and TGA of silica and silica-PEO aerogels (Si-
PEO). An endothermic peak corresponding to adsorbed water is observed in the
DTA of silica and silica-PEO aerogel. An exothermic peak at around 250 °C in
the case of Si-PEO is due to the thermal decomposition of polyethyleneoxide.'*
TGA shows a three step weight loss for both the aerogels. First step corresponds to
the desoption of adsorbed water in both cases. Second step of weight loss is due to
the chemically adsorbed water in the case of silica aerogels. Si-PEO aerogel
showed a greater weight loss at this step since the weight loss due to
decomposition of polyethylene oxide overlap with that of chemically adsorbed
water. '’

Fig. 2.2.3 provides adsorption isotherm of Si-PEO aerogels. All the
isotherms show type IV behaviour which is the characteristics of mesoporous
materials. Table 2.2.1 gives surface area results of silica aerogels synthesized with

different concentration of PEO. Surface area, pore volume and pore size initially

increases as the concentration of PEO increased from 0.1 to 0.3 wt%. Si-0.1 wt%
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PEO has a surface area 731 m?/g, pore size 5.8 nm and pore volume 1.07 cc/g. As
the concentration increased to 0.3 wt% these values increased further to 907 m*/g,

18.9 nm and 4.29 cc/g.
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Fig. 2.2.2 A) DTA of Si and Si-PEO aerogel
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Fig. 2.2.2 B) TGA of Si and Si-PEO aerogel
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Table 2.2.1. BET surface area results and dielectric constants of Si-PEO aerogels

Average Total Micro Meso

Surface pore pore pore pore Dielectric
PEO .
(Wt%) area size volume volume volume constant
(m*g)  (mm)  (cc/g)  (cc/g)  (cclg)
0 635 6.2 0.99 0.03 0.96 2.52
0.1 731 5.8 1.07 0.048 1.022 2.33
0.3 907 18.9 4.29 0.057 4.233 2.29
0.5 492 20.8 2.49 0.036 2.454 2.34
1 672 9.6 1.62 0.047 1.573 2.38

The increase in surface area can be attributed to the corresponding increase
in micro as well as mesoporosity. Christine et al. showed that a gradual transition
occur from microporous to micro-mesoporous with increasing PEO content in the
sol-gel mixture.'” The present results also show similar effect. However surface
area and pore volume decrease above 0.3 wt% of PEO. As the concentration of
PEO is further increased to 0.5 wt% in the silica system the surface area and pore

volume decreased to 492 m*/g and 2.49 cc/g respectively. This means that above a
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particular concentration, PEO does not increase the porosity of silica system. This

is clear as even with 1 wt% PEOQO, pore volume shows a tendency to decrease.

30004 —=—0.1 wt%
—o— 0.3 wt%

0.5 wt%
—vy— 1.0 wt%
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Fig. 2.2.3. Adsorption isotherms of Si-PEO aerogels with

different concentration of PEO

The transition from a purely microporous to a micro-mesoporous material
is attributed to the solubility limit of the hydrophilic PEO in the silica matrix.'”
Above a critical volume fraction of PEO in the sol-gel mixture, pores will increase
in size until the mesopore regime is reached, which can be described by a process
of unspecific nanoscale demixing.'” In other words, the probability of a pore
being formed by more than one individual PEO chain increases with the PEO
volume fraction. The macroscopic properties of silica made in presence of large
amounts of PEO in the sol-gel mixture confirm the unspecific demixing of Si-PEO
hybrid by being opaque, the light scattering domains being crystalline PEO.
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Samples made with lower PEO volume fractions are transparent and completely

amorphous.

2.2.3.2 Silica-CTAB Aerogel

Cationic surtactants (Quarternary ammonium salts) are reported to be

124,127

efficient templates for the synthesis of mesoporous materials. In the present

study CTAB is used as an organic template for the porosity control of mesoporous
silica aerogels. Thermal analysis of the Si-CTAB aerogels were carried out using

DTA and TGA. Fig. 2.2.4 provides DTA of the hybrid aerogels.
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Fig. 2.2.4 DTA of Si and Si-CTAB aerogel
DTA of Si and Si-CTAB aerogel shows an endothermic peak at around
80 °C due to the removal of adsorbed water. Many exothermic peaks are observed
in the temperature range 200-400 °C due to the decomposition of organic moieties.

It has been reported that cetyltrimethylammonium surfactants undergo several
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decomposition steps during the calcination. The majority of the surfactants first
break down to form hexadecane and a trimethylamine species in the temperature
range of 100 to 220 °C."" Upon heating at high temperatures the carbon chain
fragments are eliminated and the available surface becomes hydrophilic. Fig. 2.2.5

shows the TGA of Si and Si-CTAB aerogel.
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Fig. 2.2.5. TGA of Si and Si-CTAB aerogel
Both the curves show a three step decomposition pattern. First step is due to
the loss of adsorbed water. Weight loss due to adsorbed water is lower in the case
of Si-CTAB aerogel. Silica aerogels showed ~20% weight loss at this step where
as Si-CTAB aerogels showed only 12%. This can be attributed to the partial
hydrophobicity of Si-CTAB aerogels.””' Second step of weight loss which starts

from 200 °C is due to the removal of chemically bonded water in the case of silica

aerogel. A similar weight loss is observed for Si-CTAB aerogel at this temperature

61



range corresponding to the decomposition of organic moieties in the DTA curve.
Third step of weight loss corresponds to the dehydroxylation in both the cases.

Fig. 2.2.6 represents adsorption isotherms of Si-CTAB aerogels with
different concentration of CTAB. All the isotherms are of type IV which show the
mesoporous nature of the resultant aerogels. Table 2.2.2 provides the BET surface
area results of Si-CTAB aerogels. Silica aerogel has a surface area of 635 m?/g,
pore size 6.2 nm and pore volume 0.99 cc/g. As the concentration of CTAB is
increased surface area decreases and pore size and pore volume increases.
Si-0.1 wt% CTAB has a surface area 545 m*/g, pore size 8.1 nm and pore volume
1.04 cc/g. As the concentration of CTAB is increased to 1 wt% surface area
decreases to 501 m?/g, and pore size and pore volume increase to 19.5 nm and
2.45 ccl/g respectively. Intermediate concentrations also showed similar trend.
Matos et al. has reported that addition of cationic surfactant increases the pores
size (225 nm) and the size of particles in the case of carbon xerogels.'*® The
decrease in surface area is due to the increase in pore size. Smaller pores have a
greater surface area compared to the larger pores.'”” The increase in pore size with
respect to the concentration of surfactant is related to the elimination of surfactant
upon calcination. Combustion of larger number of organic molecules enhances the

porosity of the inorganic matrix.
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Fig. 2.2.6. Adsorption isotherms of Si-CTAB aerogels with
different concentration of CTAB

Table 2.2.2. BET surface area characteristics of Si-CTAB aerogels

Surface Total Average
CTAB area pore volume  pore size
(Wt%)  (m’/g) (cc/g) (nm)
0 635 0.99 6.2
0.1 545 1.04 8.1
0.3 511 1.91 14
0.5 508 2.21 17.4
1 501 2.45 19.5
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2.2.3.3 Silica-HMTA Aerogel

HMTA is reported as an organic template and cross linking agent for the
synthesis of mesoporous materials. Wu et al. has used HMTA as a crosslinking
agent for the synthesis of carbon aerogel.'*> They reported that HMTA works not
only as a catalyst but also as a cross-linking reagent, which will affect the size and
stacking of the organic particles and thus improve the strength of the alcogel
network. In the present study we used HMTA as a template for the synthesis of
silica aerogels at ambient conditions. Fig. 2.2.7 is the DTA pattern of Si and Si-

HMTA aerogel where as Fig. 2.2.8 is the TGA curve of the same.
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Fig. 2.2.7. DTA of Si and Si-HMTA aerogel
An endothermic peak at around 90 °C in the DTA is due to the removal of
adsorbed water and is present in Si and Si-HMTA aerogel. This corresponds to
~12.5 wt% loss in the TGA curve. However Si-HMTA aerogel showed a slight
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decrease in weight loss (~11 wt%) at this range. The phenomena may be due to the
presence of organic groups on the surface of the silica which inhibits the
adsorption of water. An exothermic peak at around 250 °C is due to the
decomposition of methylene group in Si-HMTA aerogel. This weight loss is
observed in the range 200-300 °C in the TGA and it is ~2.5 wt%. The rest of the
weight loss in this temperature range corresponds to the removal of chemically
bonded water and is observed in the silica aerogel also. Third step of weight loss at

above 500 °C corresponds to dehydroxylation.
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Fig. 2.2.8 TGA of Si and Si-HMTA aerogel

Table 2.2.3 provides BET surface area results of Si and Si-HMTA aerogels.
Surface area, pore size and pore volume increase initially with increase of HMTA

concentration and then it decreases. Silica aerogel has a surface area 635 m’/g,
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pore size 6.2 nm and pore volume 0.99 cc/g which increased to 884 m*/g, 10.4 nm
and 2.3 cc/g with an addition of 0.7 wt% HMTA. The increase is steady up to 0.7
wt%, but it decreases on further addition of HMTA. It has been reported that
cross-linking with HMTA enhances the strength of the gel network."”” Hence a
drecrease in shrinkage during drying and an increase in porosity of the resultant
aerogels. Fig. 2.2.9 provides adsorption isotherms of Si-HMTA aerogel. Isotherms

exhibit type IV behaviour indicating the mesoporous nature of the aerogels.

Table 2.2.3. BET surface area results of Si-HMTA aerogels

HMTA Sl:iilce por;r gt)?hme ﬁozeersigzee
%) Yy (edlg) (nm)
0 635 0.99 6.2
0.1 648 2.06 12.7
0.3 884 2.3 10.4
0.7 860 1.84 8.5
1 648 0.87 54
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Fig. 2.2.9. Adsorption isotherms of Si-HMTA aerogels with different
concentration of HMTA
2.2.3.4 Si-PEG Aerogel

PEG has been widely used as a DCCA for the synthesis of mesoporous
silica. PEG forms hydrogen bonds both with water and the silanol groups and
helps to reduce the capillary pressure during drying.'**"** We have adopted PEG
as an organic template for the synthesis of silica aerogel at ambient conditions.
DTA of Si and Si-PEG aerogel is provided as Fig. 2.2.10. An endothermic peak
corresponding to the adsorption of water is observed at ~100 °C in both the case.
The exothermic peak at ~300 °C is due to the oxidation of organic compounds.

Table 2.2.4 demonstrates surface area results of Si-PEG aerogels. Surface
area increases with increase in concentration of PEG. Si-1 wt% PEG has a surface
area of 697 m*/g, pore volume 0.827 cc/g and 4.7 nm which increased to 762 m*/g,

0.982 cc/g and 5.1 nm respectively as the concentration of PEG increased to 3
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wt%. The increase in surface area and porosity can be attributed to the removal of
organic template upon calcination. Fig. 2.2.11 provides adsorption isotherms of Si-

PEG aerogels. All the isotherms are of type IV (mesoporous characteristics).
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Fig. 2.2.10. DTA of Si and Si-PEG aerogel

Table 2.2.4. BET surface area results of Si-PEG aerogels

Surface Total pore Average

PEG area volume pore size
M%) g el (am)
0 635 0.99 6.2
1 697 0.827 4.7
2 718 0.767 4.2
3 762 0.982 5.1
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Fig. 2.2.11. Adsorption isotherms of Si-PEG aerogels with

different concentration of PEG
2.2.4 Conclusions

1. Silica aerogels were synthesized at ambient conditions using different
organic templates such as PEO, CTAB, HMTA and PEG, and investigated
the effect of its concentration on the porosity features of resultant aerogels.

2. The pore size could be tailored well and so also pore volume and surface
area, by varying the concentration of organic additives. All the aerogels
showed type IV adsorption isotherms which are the characteristic of
mesoporous materials.

3. Thermal analysis of silica aerogels with organic additives showed that
decomposition of organics starts at ~200 °C and completes at ~400 °C.
Hence 400 °C was selected as the calcination temperature to eliminate

organic templates and attain porosity.

69



. Use of PEO (0.3 wt%) as template resulted in a surface area as high as 907
m°/g, pore size 18.9 nm and pore volume 4.29 cc/g. The dielectric constant
of the aerogel is found to be 2.29 at 13 MHz.

. Si-CTAB aerogels showed relatively lower surface area (501-545 m*/g)
compared to other organic additives. However we could get a total pore
volume of 2.45 cc/g and 19.5 nm for Si-1 wt% CTAB.

. Si-HMTA aerogels possessed a maximum surface area of 884 m?/g, pore
volume 2.3 cc/g and average pore size 10.4 nm for 0.3 wt% HMTA.

. Si-PEG aerogels possess a lower pore size (4.2 nm-5.1 nm) compared to
other silica aerogels. Maximum surface area obtained was for Si-3 wt%
PEG and is 762 m?/g. It had a total pore volume of 0.982 cc/g and an
average pore size of 5.1 nm.

. Correlation of the molecular weights of the polymers (PEO and PEG) with
the surface area results we could say that molecular weight of the polymers
affect the porosity of resultant aerogels. Low molecular weight polymer
(PEG, Mw ~ 285) resulted in a lower pore size, pore volume and surface
area whereas high molecular weight of the polymer (PEO, Mw ~80,000,00)

resulted in a greater pore size, pore volume and surface area.
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2.3 Synthesis of Silica Microspheres through Sol-Emulsion-Gel

Technique

2.3.1 Introduction

Synthesis of mesoporous materials having regular geometries has been of
considerable interest in recent years owing to their great potential in catalysis,
adsorption, separation, sensing, medical use, ecology and nanotechnology.'*>'*
Microspheres are widely employed as a feed material for plasma sprayed coatings,
as thermal insulators, light weight filler in composites, internal confinement fusion
of nuclear material, substrates for controlled drug release and gas storage

141-144

materials. Microspheres are generally synthesized by the dual nozzle hollow

.14 . 146 . . 147 .
drop generation'®®, spray pyrolysis'*’, emulsion—evaporation'*’, melting in dc

14 . . 149-152
plasma'*, or sol-emulsion—gel techniques.'*™"

The sol-emulsion—gel method is
widely practiced for the preparation of ceramic microspheres. Mesoporous silica
microspheres find application in diverse fields including clinical, pharmaceutical,
electronic packaging, selective adsorption, chemical sensing, controlled drug
delivery and also in the preparation of silica glass, structural ceramics and

153-154

chromatographic columns. Artificial opals are SiO, microspheres synthesized

by self assembly methods to form a close packed structure.'” Silica microspheres
have been used as an immobilization matrix for several molecules.'**'**!>°
Spherical silica particles with modified surface properties are important in

composite materials, adsorbents, pigments, detergents, cosmetics and
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157-

pharmaceuticals.”’"*° Functionalization of the silica particle surface can be used

. o 160-162
to enhance or control the overall properties.'®*

In the present work, a modified
sol-emulsion—gel process was developed for the synthesis of hydrophobic silica
microspheres. Hydrophobicity was induced by surface modification using
trimethylchlorosilane. The sol-emulsion—gel process involves silica sol generated
from TEOS as aqueous phase, n-Hexane as the oil phase and sorbitanmonooleate
(Span 80) as the surfactant to enhance the emulsion formation. Effect of surfactant

concentration, aging time and viscosity of the silica sol on microsphere formation

is investigated.

2.3.2 Experimental

The water in oil emulsion was prepared using silica sol as the aqueous
phase and n-Hexane (SD Fine Chemicals) as the oil phase. Silica sol was obtained
by hydrolyzing tetraethylorthosilicate (Sigma Aldrich Chemie) with 10° M
hydrochloric acid (SD Fine Chemicals) using isopropanol (SD Fine Chemicals,) as
the homogenizing solvent. The tetraethylorthosilicate:isopropanol:water ratio was
kept as 1:4:16.° In a typical synthesis of silica microspheres, 20 ml hexane was
mixed with 5 ml silica sol and Span 80 (SD Fine Chemicals) was added under
stirring (500 rpm). The effect of surfactant concentration on microsphere
properties was studied by varying the concentration of surfactant as 0.5, 1, 1.4,

1.8, and 2 volume percentage. Constant stirring for 20 minutes resulted in silica
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microspheres. The spheres were decanted, then solvent exchanged (five times)
with hexane and the product divided into two parts. One part was made
hydrophobic by treating with trimethylchlorosilane (TMCS) (Sigma Aldrich
Chemie) for a period of 24 h and the other part was dried at 70 °C. The
hydrophobic spheres were solvent exchanged with hexane (five times) after
functionalization and dried at 70 °C. The flow chart for microsphere synthesis is
provided in Fig. 2.3.1. In order to study the effect of viscosity, silica sols aged for
different time periods (2, 5, 8, 11, and 17 h) were used for the preparation of the

microspheres.

TEOS +Isopropanol +0.001MHCI
(1:4:16)
Stirring

SiO; sol precursor + n-Hexane (1:4)

Span 80 |Stirring
A\ 4
Silica microspheres

1. Decant |2. Solvent exchange (n-Hexane)

Y

1. TMCS Treatment ) .
2. n-Hexane Drying (70 °C)
3. Drying (70 °C)
Hydrophobic Hydrophilic
Silica microspheres

Fig. 2.3.1. Flow chart for the synthesis of silica microspheres
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Rheological behaviour of the precursor sol was monitored using a rheo
viscometer (Anton Paar GmbH) employing the cylinder and bob method.
Structural characteristics of the microspheres were investigated by a Fourier
Transform Infrared spectrophotometer (Magna 560, Nicolet) in the range 400—
4,000 cm™ by the KBr pellet method and thermal decomposition curves of the
dried microspheres were obtained using a Differential Thermal Analyzer (DTA
50, Shimadzu) in air at a heating rate of 10 °C min"'. Specific surface area and
adsorption isotherm of the samples were obtained using a BET surface area
analyzer (Gemini 2360, Micromeritics). Contact angles were measured using a
Tensiometer (DCAT11, Data Physics) under dynamic mode. The increase in
square of sample weight, when in contact with water was calculated using the
same instrument. Microsphere morphology was observed using an Optical
Microscope (MZ16 A, Leica) in transmission mode and by Scanning Electron

Microscopy (JSM 5600LV, JEOL) in the secondary electron image (SEI) mode.

2.3.3 Results and Discussion
2.3.3.1 Effect of Surfactant Concentration

In a sol-emulsion—gel process, an aqueous sol phase is dispersed in a non
polar oil phase to form the emulsion. The high interfacial tension between the
aqueous phase and the oil phase is reduced by the addition of an amphiphilic

163-164

surfactant making the emulsion kinetically stable. Mechanical agitation
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provides the energy to overcome the interfacial tension and disperse the aqueous
phase to form the emulsion. Surfactant concentration and viscosity of the sol

149-150
and

droplets control sphere formation in a sol-emulsion—gel process,
although these influences have been observed in alumina and other systems there
are few reports on their effect for silica.'® Hence in the present study the effect of
surfactant concentration (Span 80), effect of aging time, and sol viscosity on the
synthesis outcome have been investigated.

Altering the concentration of Span 80 modified the morphology, diameter,
and uniformity of the resultant silica microspheres (Fig. 2.3.2). For this study,
silica sol as prepared (with out aging) was used. When 1 vol% surfactant was
used, mostly irregular particles were obtained, as sphere formation was
incomplete. Probably the concentration of surfactant was inadequate to form a
monodispersed emulsion. On increasing the Span 80 concentration to 1.4 vol%
smaller and more uniform particles (50 pum) resulted (Fig. 2.3.3). For a surfactant
concentration of 1.8 vol% clustering and aggregation was observed while a further
increase to 2 vol% yielded larger spheres and many spheres collapsed. The critical

micelle concentration (CMC) of the surfactant in the continuous liquid phase

controls emulsion stability and hence sphere formation.
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Fig. 2.3.2. Optical micrographs of silica microspheres synthesized by varying

concentration of Span 80 a) 1 vol% b) 1.4 vol% c) 1.8 vol% d) 2 vol%

Fig. 2.3.3. Scanning electron micrograph of silica microspheres

synthesized using 1.4 vol% Span 80

Fig. 2.3.4 shows the variation of surface tension of n-hexane with Span 80,

163-164
63-164 1 o

where the discontinuity gives the CMC as between 1 and 1.5 vol%.
surfactant-hydrophobic solvent system, the surfactant molecules tend to reduce
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unfavorable interactions by minimizing exposure of the hydrophilic end to the
hydrophobic solvent molecules by locating at the interface at low concentrations
and forming assembled structures at higher concentrations. The minimum
concentration required to form assembled structures coincides with the CMC. In
an emulsion, when the surfactant concentration is above CMC destabilization of
the emulsion, flocculation will ultimately occur, a phenomenon exploited in the
fractionation technique of Bibette.'®® Aggregated and deformed structures result

when flocculated emulsion droplets undergo gelation.
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Fig. 2.3.4. Surface tension of n-Hexane with different concentration of Span 80
The surface area of the microspheres decreases when the concentration of
Span 80 increases (Table 2.3.1). For 1 vol% Span 80 a surface area of 363 m’/g

was obtained and it decreases to 296 m*/g for 1.8 vol%. Sol-gel condensation of
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silica results in a highly porous gel network which collapse partially during
drying, due to stress. The high surface area values are a clear indication of the
porous nature of the spheres. The slight increase in average pore diameter with
surfactant concentration arises from agglomeration observed for high surfactant
concentrations. In the adsorption isotherms (Fig. 2.3.5) spheres prepared at lower
surfactant concentrations (1-1.4 vol% Span 80) show a plateau at high pressures
that is absent at higher concentrations. This indicates a greater contribution from
larger pores (>50 nm) in latter material due to agglomeration.'”” When the
contribution to the pore volume from larger pores increases the surface area
decreases.

Table 2.3.1. BET surface area results of silica microspheres

Span 80 Surface Average pore Total pore
(vol %) area (mzlg) size (nm) volume (cc/g)
1 363 8.3 0.76
1.4 319 8.5 0.78
1.8 296 9.4 0.93
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Fig. 2.3.5. Adsorption isotherms of silica microspheres

synthesized by varying the concentration of Span 80

2.3.3.2 Effect of Viscosity of Silica Sol

Viscosity of polymeric silica sol varies with time.*® Kim et al. observed the
influence of viscosity of silica sol on sphere formation in a hollow drop generation
method for preparing hollow silica spheres.'* Silica sol aged for different times of
5-17 h were used at a surfactant concentration of 1.4 vol%. Optical microscopy
showed that 8 h aging gives more uniform spheres of size ~50 p m (Fig. 2.3.6),
with longer times (11 and 17 h) resulting in aggregated and deformed spheres.
During aging, condensation reactions proceed in the silica sol and networked
clusters start to form. After gelation has proceeded considerably, it will be difficult

to form spherical droplets of uniform size and shape from the sol. The optimum
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viscosity to obtain uniform spheres represents the balance between the extent of
gelation and the droplet sizes achievable for the particular surfactant
concentration, volume ratio (discontinuous phase/continuous phase), and shear
rate. The viscosity of silica sol aged for different times shows the direct correlation
between increasing viscosity and the degree of polymerization between silica
particles (Fig. 2.3.7). Under mechanical agitation this polymer network breaks

down at higher viscosities.

Fig. 2.3.6. Optical micrographs of silica microspheres synthesized after aging the

sol for different time intervals (1.4 vol% Span 80)a) 5hb)8hc) 11 hd) 17h
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Fig. 2.3.7. Viscosities of silica sol aged at different time intervals

2.3.3.3 Hydrophobic Silica Microspheres

Fig. 2.3.8 shows the FTIR spectra of silica microspheres with and without
surface modification using trimethylchlorosilane. A broad peak at 3449 cm’
observed for the unmodified and modified microspheres can be ascribed to
isolated hydrogen bonded Si—-OH groups.® Peak intensity is lower in the latter case
due to the replacement of Si—-OH groups by the organic group leading to reduced
hydrophilicity. Silanol hydroxyls undergo silanization with chlorosilane thereby
replacing the hydroxyl groups by methyl groups. The peak at 1639 cm’
corresponds to the deformation mode of adsorbed water molecules in the
unmodified sample, and is very weak in the modified sample. The features at 840

and 1275 cm’ correspond to the Si—C bond present in the hydrophobic silica
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microspheres, while the CH, stretching vibration is located at 2959 cm™ in the
hydrophobic silica microspheres.'®® A schematic representation of the formation of

hydrophobic silica microspheres is provided as Fig. 2.3.9.
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Fig. 2.3.8. FTIR spectra of silica microspheres

a) With surface modification b) Without surface modification

Contact angles of different silica microspheres heated at 70 and 350 °C are
provided in Table 2.3.2. The increase in weight of the sample when in contact with
water is also given. Surface modification with trimethylchlorosilane resulted in
contact angle of 90° and in very low weight gain (0.00003 g*/s). Spheres without
modification showed a contact angle of 84° with an increase in weight per second
of 0.00256 g*/s and shows that surface modification with trimethylchlorosilane is
effective in making the microspheres hydrophobic. Contact angle of unmodified
silica decreases to 37° after heating at 350 °C where as contact angle of

hydrophobic silica microspheres remains the same. The decrease in contact angle
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can be attributed to the removal of some Span 80 that were not washed off by the
solvent exchange.

wo  Span 80
O Sol droplets
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Fig. 2.3.9. A schematic representation of formation of

hydrophobic silica microspheres

Table 2.3.2. Contact angle measurements of silica microspheres

Sample Contact | 1nereasein
details angle (°) weight per
second (g°/s)
Spheres
(TMCS 90 0.00003
modified)
Spheres
(Unmodified) 84 0.00256
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Hydrophilic microspheres show strong endothermic peak at ~120 °C due to
the removal of adsorbed water, while an exothermic peak is due to removal of
residual surfactant at 345 °C (Fig. 2.3.10).'” The endothermic peak at 120 °C is
absent in the case of hydrophobic microspheres as expected. A sharp exothermic
peak at 442 °C reflects the decomposition of the methyl groups and so

hydrophobicity is retained up to that temperature.

<—— Endo Exo ——

0 300 600 900 1200
Temperature (C)

Fig. 2.3.10 DTA spectra of silica microspheres A) With modification
B) Without modification

2.4.4 Conclusions

1. Silica microspheres (~50 pum) were synthesized through a sol-emulsion—gel

technique using Span 80 as the surfactant in silica sol/n-Hexane water in oil

emulsion system.
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2. Concentration of surfactant and viscosity of silica sol are found to be important
factors in the synthesis of SiO, microspheres. It can be concluded that there is
an optimum surfactant concentration and aging time for the silica sol to obtain
uniform spheres, below which clustering, aggregation, and structural collapse
occur. A surfactant concentration of 1.4 vol% yielded highly regular spheres
with a surface area of 319 m*/g and a pore size of 8.5 nm. Silica sol aged for 8
h gave the most uniform spheres when the aging time was varied in the
preparation of microspheres.

3. Surface modification by trimethylchlorosilane resulted in hydrophobic
microspheres with a contact angle of ~90°. Differential thermal analysis shows
that the decomposition of organic moieties responsible for hydrophobicity
occur around 440 °C and hence it can be concluded that hydrophobicity is

retained up to that temperature.
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Chapter II1
Synthesis of Silica-Gelatin Hybrids and Further Functionalization
for Antiwetting Coatings

3.1 Synthesis of Silica-Gelatin Hybrids and Coatings
3.1.1 Introduction

A combination of unique properties of nano objects (such as nano particles
and nano rods) and biomaterials provides a unique opportunity for physicists,
chemists, biologists and material scientists to mould the new area of nano
biotechnology. Nanoparticles and nano rods functionalised with biomolecules are

. L o 167 g 168-169
used for various applications in biomolecular electronics ~', biosensors ,

170-171

bioactuators and medicines, namely in photodynamic anticancer therapy'’?,

targeted delivery of radio isotopes, drug delivery, electronic DNA sequencing,

3175 and gene therapy.'’® Biopolymer-

nanotechnology of gene delivery system
inorganic hybrid materials, particularly ceramic hybrids are interesting areas of
research because of their importance in the field of biocompatible materials, bone
substituents and cements for bone repair and reconstruction'’’. Typical advantages
of biopolymers are flexibility, low density, toughness and formability where as

ceramics have excellent mechanical and optical properties such as hardness,

modulus, strength, transparency and high refractive index.”” By framing
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appropriate combinations of these materials with suitable inorganic substrates,
new class of high performance, highly functional organic-inorganic hybrid
materials can be achieved.®

Recently, there is an increasing interest in gelatin as an organic additive in
such composites mainly because of its biodegradable and bioadhesive
properties.'” Gelatin is a protein derived from collagen which is the major
structural protein in the connective tissue of animal, skin and bone, and has gained
its popularity due to its multifunctional properties for the synthesis of biopolymer-
inorganic composite matrix. Ohtsuki et al. developed a bioactive organic-inorganic
hybrid for bone substitutes using gelatin.'”’ Porous gelatin-siloxane hybrids have
found possible application as biodegradable scaffolds that act as biocompatible
materials for bone repair or generation.”” Novel silica-gelatin composites for
enzyme and cell immobilization have also been reported.””””™® Sol-gel processing
is an effective technique for the synthesis of biopolymer-silica hybrid materials.
Ren et al. synthesized porous gelatin-siloxane hybrids for bone tissue engineering
through the sol-gel procedure.”* Biocomposite layers of silica and various bone-
relevant proteins such as collagen, gelatin and chitosan can be obtained from
coatings of silica sol, modified with proteins, in water or dioxane. Such coatings
are highly biocompatible with excellent mechanical properties.’” Investigation into

the gelatin-silica interactions, porosity features of the hybrid and optical
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transmittance of the biopolymer-silica coating is seldom found in literature.”®’"'"®

In the present study we have attempted to immobilize gelatin molecule in the
mesoporous silica gel network through hydrolysis of tetraethoxysilane in presence
of gelatin at controlled pH conditions. The resulting silica-gelatin sol is used to
develop thin films on glass surfaces, by dip coating technique. The nature of
chemical interactions, gelation characteristics, thermal decomposition, porosity
features, optical transmittance and the thickness of silica-gelatin hybrid coatings

were analysed.

3.1.2 Experimental

The starting materials were tetracthoxysilane (Fluka Chemicals)
isopropanol (SD Fine Chemicals), hydrochloric acid (SD Fine Chemicals) and
gelatin (SD Fine Chemicals). TEOS was hydrolysed by a method reported
elsewhere'” in presence of gelatin. In a typical experiment silica-gelatin sol was
prepared by mixing 6.9 g TEOS with 7.9 g isopropanol and 9.5 g 0.001 M HCl
(1:4:16 molar ratio) to which gelatin solution with different concentration was
added under constant stirring. The concentration of gelatin in the silica sol was
varied as 1, 2, 4, 6 and 8 wt%. The stirring was continued for one and half hour
under room temperature and the resultant sol was used as the coating precursor.
Coatings were made on glass slides by dip coating technique (KSV instruments

Ltd.) at a withdrawal speed of 50 mm/minute. Rheological behaviour of the
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precursor sol was monitored by Anton Paar Rheo Viscometer using the cylinder
and bob method. Optical transmittance of coated glass slides was measured using
a UV spectrophotometer (UV-2401 Pc Shimadzu). Structural characteristics of the
hybrid were investigated by a Nicolet Impact 4000 FTIR Spectrometer in the
range 400-4000 cm™' by KBr pellet method and thermal decomposition pattern of
the dried silica-gelatin hybrid materials were obtained using thermal analyzer
(Shimadzu 50 H) in air at a heating rate of 10 °C/minute. Specific surface area of
the hybrid gel was measured using BET surface area analyzer (Micromeritics,
Gemini Model 2360). The sample was degassed at 100 °C before making the

measurement.

3.1.3 Results and Discussion

Fig. 3.1.1 demonstrates the effect of concentration of gelatin on the gelation
time of silica sol. Gelation time decreases with increase in gelatin content and in
presence of 5 wt% of gelatin the gelation took place within about 5 minutes. In the
case of hydrogel formation of gelatin, it has been observed that the gelation time
decreases to the order of minutes on increasing the concentration.'” The gelation
characteristics were followed by viscosity measurements. Fig. 3.1.2 shows the
viscosities of sols with different concentration of gelatin plotted against shear rate.
The viscosity behaviour of silica-gelatin sol with different concentration of gelatin

is nearly same. A Newtonian behaviour is evident at low shear rates where as a
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shear thickening behaviour is observed at higher shear rates. There is also an
increase in viscosity with an increase in concentration of gelatin. This is in

accordance with the variation in gelation time.
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Fig. 3.1.1. Gelation time of silica sol with respect to concentration of gelatin
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Fig. 3.1.2. Viscosity curves of silica-gelatin hybrids by varying the

concentration of gelatin A) 0 B) 1 wt% C) 2 wt% D) 4 wt% E) 6 wt% F) 8 wt%
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Fig. 3.1.3. shows the viscosity of silica-gelatin sol with varying
concentration of gelatin at a constant shear rate of 600. Coradin et al. reported that
the interactions arising between sodium silicate solution, containing a mixture of
oligomeric silicate anions SiyO,(OH),” with x ranging from 2 to 8 and positively
charged peptides or proteins activate silicate condensation.”' This may be the
reason for the faster gelation of silica in presence of gelatin. Bon et al. reported
that the gelation of protein molecules increases steeply with increasing
concentration and temperature.'™ The present observation is in agreement with
Bon’s. The connectivity between silica and gelatin should allow good
compatibility between the two components in the hybrid composite.”” However as
the concentration of gelatin increases above 4 wt% a white precipitate was
obtained indicating saturation concentration of gelatin, under the present
experimental conditions to form a homogeneous sol. The pH of the resultant sol
influences considerably the interactions between gelatin and silica particles.”">'*!
As the concentration of gelatin increases from 0 to 8 wt% of silica, the pH of the
mixture increased from 3 to 5.7. Above pH 5, the negative charge on silica
increases rapidly.”® This leads to an electrostatic interaction with positively
charged gelatin leading to salting out. Therefore the pH was controlled in between

3-4.5 during the whole experiment to obtain a stable sol and coating precursor. A

homogenous coating precursor sol could be obtained till 2 wt% gelatin. As the
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concentration of gelatin increases further, the gelation becomes faster and
viscosity increases considerably. Krishnamurthy et al. reported that adsorption of

gelatin on the surface of silica colloids greatly increases the viscosity of
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Fig. 3.1.3. Viscosity of silica-gelatin sol with different
concentration of gelatin (Shear rate 600 s
FTIR spectra of pure silica, gelatin and silica-gelatin hybrid are presented
in Fig. 3.1.4. The spectrum of gelatin is characterized by a large band around 3450
cm’ corresponding to NH stretching vibrations, narrow band at 2920 cm’
attributed to CH stretching vibrations, two bands at 1643 cm™ and 1546 cm’
corresponding to the amide I and II bands (C=O stretching and NH in plane
bend).'” The presence of carboxylate groups at 1400 cm” and amino groups

through several weak bands between 1200 cm™ and 1000 cm™ are also seen.'® The
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peak at 3400 cm’ corresponds to the hydrogen bonded —OH groups in the

hydrolysed silica.'®
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Fig. 3.1.4. FTIR spectra of A) Silica B) Gelatin C) Silica-2 wt% Gelatin

FTIR analysis shows a shift in amide I band to a lower region and amide II
band to a higher wave number and this is due to the hydrogen bonding of the C=0
and N-H groups of gelatin molecule to the silanol hydrogen.'”® The presence of
silica leads to a better resolution of the amide vibration showing that the protein

.. . 182
chain is in a folded conformation.'®

For the amide I band, a shift to lower wave
number is anticipated as a result of the combined effects of the decrease in the

force constant, and an increase in the reduced mass of the C-O vibrator in view of

the coupling with H-O. In contrast, the amide II is expected to shift to higher wave
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numbers as the force constant of the C-N bond is enhanced both by an increased
“stiffness” of the H-N-CO angle due to the “immobilization” of H through
hydrogen bonding and the increased strength of the C=N bond.”*""®

Figs. 3.1.5 and 3.1.6 show the thermal decomposition patterns of silica and
silica-2 wt% gelatin systems, respectively. For the silica and silica-gelatin hybrids,
total weight loss is ~22%. Pure silica system shows an endothermic peak at ~100
°C due to the expulsion of physically adsorbed water corresponding to 18 wt%
weight loss in thermo gravimetric analysis (Fig. 3.1.5 A). There is a decrease in
this weight loss to ~13 wt% in the silica-gelatin system. As the silica is hydrogen

bonded to gelatin, less silanol sites are available for adsorption of water.*
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Fig. 3.1.5. A) TGA pattern of silica gel B) DTA curve of silica gel
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The weight loss in silica is essentially from physically and chemically
adsorbed solvents and water molecules which are partly replaced by the gelatin
molecules in silica-gelatin hybrid. The peak at 313 °C in Fig. 3.1.6 B corresponds
to the combustion of organic phase, which is absent in pure silica system. A

corresponding weight loss of ~9 wt% is observed in the TGA pattern.
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Fig. 3.1.6. A) TGA pattern of silica-2 wt% gelatin
B) DTA of silica-2 wt% gelatin

Table 3.1.1 gives the surface area analysis results of silica and silica-gelatin
hybrid. A surface area of 458 m?/g with an average pore size of 4.3 nm is obtained
for pure silica. With an incorporation of 2 wt% gelatin surface area decreased to
341 m?/g with an average pore size of 9.5 nm. There is no appreciable change in

the values by increasing the gelatin content beyond 2 wt%. The pore size increases
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considerably due to the immobilization of polymeric gelatin molecules in the silica
structure.

Table 3.1.1. BET surface area analysis of silica hybrids

Sample Surface area Average
p (mz/ g) pore size (nm)
Silica 458 4.3
Silica-2 wt% gelatin 341 9.5
Silica-5 wt% gelatin 350 8.5

Silica shows a type I (Fig. 3.1.7 A) isotherm where as the silica-gelatin
system shows a type IV isotherm corresponding to a mesoporous structure'®’.
Usually silica gel is characterized by micropores under low pH conditions,
adopted in the present investigation. Retuert et al. has prepared porous silica-
gelatin hybrids with a surface area of 452 m*g.”’ But they extracted the gelatin
molecules with water before making the measurements. A certain portion of the
micropores undergoes coarsening as a result of interaction with gelatin and this
will result in the reduction of specific surface area. Adsorption isotherm provides
evidence to this phenomenon. Usually in silica gels, during drying, internal silanol
groups in the pores condense, leading to shrinkage of the gel structure and hence a

decrease in pore size is observed.® With addition of gelatin to the silica precursor,
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the gel strength is improved’” and there is a reduction in silanol sites available for

internal condensation and this results in low drying shrinkage.

—a— Silica
500- —o— Silica-2 wt% gelatin
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Fig. 3.1.7. Adsorption isotherms of silica hybrids

Fig. 3.1.8 presents the UV transmittance spectra of silica and silica-gelatin
coated glass slides. All the samples show a maximum absorption at around 300 nm
with more than 90% transmittance in the visible region. Transmittance is reduced
with the increase in the number of coatings. The decrease in optical transmittance
with an increase in number of coatings is may be due to the increase in the

thickness of the coatings.
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Fig. 3.1.8. Optical transmittance of A) Silica

B) Silica-2 wt% gelatin (1 coating) C) Silica-2 wt% gelatin (2 coating)
3.1.4 Conclusions

Silica-biopolymer hybrid was synthesized through sol-gel process using
gelatin as the biopolymer. Coatings of silica-gelatin hybrid developed on glass
surface has a thickness of 300 nm and were found to possess >90% transmittance
The optical transparency will enable applications of the hybrid as coatings on
various substrates, where no compromise of texture is possible; for example
leather and textiles.

FTIR spectra was used for the structural investigation of the hybrid and it
was found that the interaction of silica and gelatin is through the hydrogen
bonding of C=0 and N-H groups of gelatin to the silanol hydrogen. Thermal
analysis data showed that the physically adsorbed water is replaced by gelatin

molecule and the decomposition of gelatin took place above 350 °C. A surface
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area as large as 350 m’/g for silica-gelatin hybrid was obtained for the hybrid

composite.

3.2 Development of Functionalized Silica-Gelatin Hybrids and
Antiwetting Coatings on Glass and Leather

3.2.1 Introduction

Biopolymer-silica hybrid nanocomposites have drawn attention of many
researchers recently because of their compatibility with living matter. Hence, such
nanohybrids have already found promising applications in medical fields.”*">* A
few potential applications are chemical and biomedical sensors, semipermeable
membranes for artificial organs, controlled drug release systems and enzyme and

' e 73,78,184,185,186
cell immobilization,””’® 841818

These hybrid materials also find application in
the field of biocompatible materials, bone substituents and cements for bone repair
and reconstruction.”®”*® Organic—inorganic nanocomposite, films and coatings
containing gelatin or other polymers have found applications in optical coating,
high refractive index films, contact lenses, thin film transistors, light emitting
diodes, solar cells, optical wave guide materials and photo chromic materials,

adsorption, catalysis and high energy fields.'® "'

Biocomposite layers of silica
and various bone-relevant proteins such as collagen, gelatin and chitosan can be

obtained from coatings of silica sols mixed with proteins in water/dioxane.” In

addition to the intrinsic protein related properties of gelatin, gels can be further
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modified by cross-linking agents, which improves the thermal stability and
mechanical properties.”> Chemical cross-linking relies on gelatin chain bridging
via covalent bonding between the cross-linker and the amino groups of the

192-194

protein. In this context, silicate species can be considered as interesting

cross-linking agents since they interact through both electrostatic interactions and
hydrogen bonding with a few polyaminoacids and proteins.'*>"*®

Protein containing hydrophobic coatings and films are known biologically
active materials for biocatalysis, antifouling surfaces, bioseparation and
biorecognition.'” Biocompatible hydrophobic surfaces are used as implants or
scaffolds for the purpose of tissue engineering.'”” Geckeler et al. developed a
biocompatible hydrophobic coating using epoxy resins and silica.'”> Chen et al.
developed new silica—chitosan hybrid biomaterials.*” However, no attempts are
reported on synthesis of hydrophobic biocompatible inorganic—organic hybrids
using gelatin as the organic counter part. The main difficulty in the synthesis of
such hybrids is the poor solubility of the precursors, especially tetramethoxysilane
and tetraecthoxysilane, and the presence of alcohol that may denature the
biopolymers.*"'

The purpose of the present study is to synthesize silica—gelatin hybrids

from colloidal silica in aqueous media and to functionalize the hybrid with

methyltrimethoxysilane (MTMS) and vinyltrimethoxysilane (VIMS) so as to
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introduce hydrophobicity to the resultant hybrid. MTMS and VTMS are known to
be effective surface modifiers for the synthesis of hydrophobic silica hybrids.***>"
In the present work, we have synthesized silica—gelatin hybrids starting from
colloidal silica and functionalizing the hybrid by using MTMS or VIMS as
intermediate precursors. The rheology of the hybrid precursor sol was monitored
and the coating was done on glass substrates. This will extend transparent,
functional coatings on biological subtrates such as leather and textiles. The hybrid

gel was further characterized for chemical interaction, thermal degradation,

hydrophobicity, particle size, optical properties and morphology.

3.2.2 Experimental

Silica—gelatin hybrid precursor sol was prepared by adding 2 wt% gelatin to
a 5 g of colloidal silica (50 wt%, Aldrich Chemicals) in 100 ml water under
constant stirring. Gelatin was purchased from SD Fine Chemicals available under
the name Gelatin powder (Bacto). MTMS (98%, Aldrich Chemicals) was added to
this mixture under stirring at a temperature of 30 °C to prepare silica—gelatin-
MTMS (SGM) hybrid. Concentration of MTMS was varied as 5, 10, 30, 50, 70
and 90 wt% of the total silica content. SGM hybrid sol was kept at 70 °C to obtain
the gel. The precursor sol was also coated on glass slides by the dip coating
technique (KSV Instruments) at a coating rate of 50 mm/minute which was

subsequently dried at 70 °C. Rheological behaviour of the precursor sol was
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monitored by Anton Paar Rheo Viscometer using cylinder and bob method. The
hybrid gels were powdered and redispersed in water under ultrasonication and the
particle size of the dispersed powder was measured by Malvern Zetasizer 3000
HSA. Optical transmittance of the coated glass slides were measured by UV-2401
PC (Shimadzu) spectrophotometer. Structural characteristics of the hybrid were
investigated by Nicolet Magna 560 FTIR spectrometer. Thermal decomposition
pattern of the dried silica—gelatin hybrid materials were obtained using Shimadzu
50 H series thermal analyzer. Contact angle was measured using Data Physics
DCATI1 tensiometer by Wilhelmy plate method. Stereomicrographs of water
drops on coated glass slides were taken using a Leica MZ 16A stereomicroscope.
Water drops were stained with methyl orange to enhance the clarity. The
morphological features of the samples were investigated using a scanning electron

microscope [JEOL, SEM].
3.2.3 Results and Discussion

3.2.3.1 Silica-Gelatin-MTMS Hybrids

Gelation of silica is influenced by several parameters such as sol
concentration, pH, additives, etc. As the pH of the sol increases above isoelectric
point of silica (~2) the negative charge on silica particle surface increases. Hence,
at pH ~9 silica surface can be considered as highly negatively charged. This will

lead to electrostatic interaction with positively charged gelatin molecules. Coradin
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et al. have studied the electrostatic interactions arising between silicate anions and
positively charged peptides or proteins.”' This interaction leads to the formation of
the silica—gelatin hybrid.

Fig. 3.2.1 shows the rheological behaviour of hybrid sol with varying
concentration of MTMS. All the samples show non-Newtonian behaviour. For 30
wt% MTMS there is a sudden increase in viscosity up to a shear rate of 400 s’
and thereafter it shows a shear thinning behaviour. The increase in viscosity
corresponds to the faster condensation of silica—gelatin particles.”®* The shear
thinning behaviour can be attributed to the collapse of the gel structure by further
application of shear. Monomers generated from MTMS condense on to the silica—
gelatin particles and above 30 wt% of MTMS, condensation is retarded, as less

. . . 187
number of silanol groups are available per unit volume.'®

0.08- —=—A
—e—B

C
0.064 —v—D

Viscosity (Pa.S)
o
(=}
T

0.00- w-vevrerrern W YEYY Y Iy
0 200 400 600 800 1000
Shear rate (1/s)

Fig. 3.2.1. Viscosity curves of Silica-gelatin(2 wt%) hybrids by varying the
concentration of MTMS A) 0 B) 10 wt% C) 30 wt% D) 70 wt% MTMS
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The lower viscosities of the samples with high concentration of MTMS can
be attributed to the lower hydrolysis—condensation rates. Since MTMS possess a
non-hydrolysable methyl group, the silica monomers generated from the precursor
have functionality of three, compared to a functionality of four in the case of silica
monomers from TEOS. Hence, these cannot interconnect to form a three-
dimensional gel network, i.e. the monomers generated from MTMS can not

condense among themselves to form a three-dimensional gel network.

Fig. 3.2.2 shows the particle size distribution of silica, silica-2 wt% gelatin
and SGM hybrids containing varying concentration of MTMS. Silica—2 wt%
gelatin hybrid gel dispersed in water shows a monomodal particle size distribution
centered at ~550 nm. Increase of MTMS concentration to 10 wt% resulted in a
bimodal particle size distribution, one peak around 600 nm and an other at ~200
nm. Jesionowski et al. studied the size distribution of primary particles, aggregates
and agglomerate structures in silica particles modified with different silanes.*”
Accordingly the particle size at ~200 nm is due to the primary aggregates of silica
particles and particles at ~600 nm corresponds to agglomerates. Silica particles
from MTMS condense on to the silica—gelatin particles as evidenced by the DTA
and contact angle measurements. This may be the reason for the increased particle
size of the 10 wt% MTMS hybrid. Particle size of silica—gelatin hybrid prepared

from 30 wt% MTMS, shows a unimodal particle size distribution with size around
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750 nm, which is larger than that of 10 wt% MTMS. This increased particle size
may be due to the condensation of MTMS monomers at the basic pH (~9) over
silica surface. At this concentration of MTMS, the monomodal distribution
indicates that sufficient amount of silica monomers are generated from MTMS to

condense over the silica—gelatin particles.
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Fig. 3.2.2. Particle size distribution of A) Silica B) Silica-2 wt% gelatin C) Silica-
2 wt% gelatin-10 wt% MTMS D) Silica-2 wt% gelatin-30 wt% MTMS
E) Silica-2 wt% gelatin-70 wt% MTMS

At 70 wt% MTMS, particle size distribution is again unimodal, but size
decreases to about 450 nm. The reduction in particle size may be due to the fact
that silica particles from MTMS condense or aggregate among themselves forming
bigger particles but smaller than the particles formed by the mutual condensation

of silica and MTMS monomers. Once networking is disfavoured, at larger MTMS
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concentrations the average aggregate size decreases. A schematic representation of

the formation of silica—gelatin—-MTMS hybrid is provided as Fig. 3.2.3.
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Fig. 3.2.3. Schematic representation of the formation of

silica-gelatin-MTMS hybrid

DTA and TGA of silica-gelatin hybrids are provided as Figs. 3.2.4 and
3.2.5. The endothermic peak in Fig. 3.2.4A at 90 °C corresponds to removal of
water. But in Fig. 3.2.5A the endothermic peak is absent at that particular

temperature which clearly indicates the effective surface modification by MTMS.
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Fig. 3.2.4. A) DTA of silica-2 wt% gelatin B) TGA of silica-2 wt% gelatin
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Fig. 3.2.5. A) DTA and TGA of silica-2 wt%gelatin-10 wt% MTMS
The broad peak at ~320 °C in Fig. 3.2.4A corresponds to the multi-step
degradation and pyrolyzation of the complex helical structure of gelatin to

tropocollagen macromolecules.”” The sharp exothermic peak at ~520 °C in Fig.

3.2.5A corresponds to the oxidation of surface organic (CH;) groups.””’ Rao et al.
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have shown that oxidation of surface organic groups take place at around 480
°C.**® However, in the present case the exothermic peak at 530 °C indicates that
the hydrophobicity is retained at much higher temperatures. Differential thermal
analysis also supports the formation of hydrophobic silica—gelatin hybrids. Figs.
3.2.4B and 3.2.5B show TGA pattern of silica-2 wt% gelatin and silica-2 wt%
gelatin-10 wt% MTMS hybrid. Weight loss corresponding to water is
approximately 4% in the case of silica-gelatin while the value is <2% for SGM.
FTIR spectroscopy was used to study the chemical interactions between the
organic and inorganic structural units in SGM hybrid gels. Fig. 3.2.6 shows the
FTIR spectra of silica—gelatin and silica—gelatin-MTMS hybrid. The most
intensive band, at 1100 cm™' is due to the stretching vibrations of the Si-O-Si
bridges.” This peak is split into two separate bands at 1030 and 1130 cm™ in the
hybrid gel structures. This is due to the functionalization of silanols through
siloxane bridged methyl groups. A sharp peak is observed at 1275 cm™ which
corresponds to Si-C bonds for the SGM hybrid.*” The presence of CHjs
asymmetric stretching vibration is seen as a sharp peak at 2979 cm™' and the peak
due to CH; asymmetric bend is observed at around 1420 cm™'. This confirms the
functionalization of silica—gelatin hybrids by MTMS. MTMS undergoes in situ

hydrolysis under basic conditions of silica and condenses with the surface

108



hydroxyl groups of silica—gelatin particles imparting hydrophobic character to the

resulting hybrid gels.
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Fig. 3.2.6. FTIR spectra of A) Silica-2 wt% gelatin
B) Silica-2 wt% gelatin-10 wt% MTMS

SGM hybrid sols with varying concentrations of MTMS were coated on
glass surfaces and were subjected to contact angle measurements. The contact
angle values are plotted against the concentration of surface modifier and are
represented in Fig. 3.2.7. The contact angle values show an increasing trend with
increase in concentration of MTMS. A higher contact angle value shows the
hydrophobic character and a lesser value indicates hydrophilic nature. Contact
angle of silica is 47° and silica—gelatin hybrid is ~45°, which indicating

hydrophilic nature. Surface modification of silica—gelatin hybrid with 10 wt%
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MTMS resulted in a high contact angle value ~100°. Conatct angle values of SGM
hybrids calcined at 200 °C and 400 °C is also provided in the graph. Contact angle
did not change with respect to calcination temperature upto 400 °C. This means

that SGV hybrids retain their hydrophobicity even upto a temperature of 400 °C.
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Fig. 3.2.7. Contact angle Vs concentration of MTMS of SGM hybrids calcined at
different temperatures A) 70 °C B) 200 °C C) 400 °C

UV Spectra of silica—2 wt% gelatin hybrid sols, containing varying
amounts of MTMS, coated on glass slides are represented in Fig. 3.2.8. The
spectra indicate that the coated glass slides have 98% transmittance in the UV—
visible region which may have applications in optical fields and also in transparent
biocompatible hydrophobic coatings. The thickness of the coating was found to be
~135 nm as measured using ellipsometer. The percentage transmittance of silica-2

wt% gelatin-30 wt% MTMS and silica-2 wt% gelatin-70 wt% MTMS in the UV-
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visible region are 92 and 96%, respectively. This is in accordance with their
average particle sizes. Rheological studies also show the higher gelation rate of 30

wt% MTMS hybrid. Hence, the bigger particles retard transparency of the coatings

at this concentration.
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Fig. 3.2.8. UV spectra of A) Silica-2 wt% gelatin B) Silica—2 wt% gelatin—30
wt% MTMS C) Silica-2 wt% gelatin—70 wt% MTMS
Stereomicrographs of water drops on uncoated and coated glass slides is
presented in Fig. 3.2.9. The difference in the behaviour of the two glass surfaces is
clear. Water drops spread on an uncoated glass surface where as a spherical
morphology is seen on the glass slides coated with silica-2 wt% gelatin-70 wt%

MTMS due to the hydrophobic nature.

Scanning electron micrograph of silica-2 wt% gelatin—10 wt% MTMS is

provided in Fig. 3.2.10. The SEM indicates more or less uniform coating in length
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scales of 1um. Imperfections due to the presence of higher agglomerates are also
seen. Reagglomeration of hydrolysed silica-gelatin-MTMS precursor may have
occurred under the coating conditions. This coated surface possesses high contact

angles and therefore more hydrophobic property.

Fig. 3.2.9. Stereomicrographs of water drop on glass slides
A) Uncoated glass B) Silica-2 wt% gelatin -70 wt% MTMS

Fig. 3.2.10. Scanning electron micrograph of silica-2 wt% gelatin-10 wt% MTMS
Fig. 3.2.11 provides contact angle and surface energy values of leather

samples coated with SGM hydrids. Uncoated leather has a contact angle of 30°
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which increases with the concentration of MTMS in the coating composition.
Even with a concentration of 10 wt% of MTMS, contact angle shows an increase
of 75°. As the concentration of MTMS was further increased to 30 wt% contact
angle reaches a maximum of 120°. However a further increase in MTMS does not
have an increasing effect, instead it shows a tendency to decrease. This means that

30 wt% MTMS is sufficient to make the leather hydrophobic.
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Fig. 3.2.11. Contact angle and surface energy of coated leather samples
Surface energy of the coatings is also provided in the graph. Surface energy
decreases with concentration of MTMS. Introduction of methyl groups on the
surface reduces the surface energy of the coating. The decrease in surface energy
is the reason for the water repellant property of the coatings.'®® Surface energy of a

material is related to its contact angle by Young’s equation,

Cos (0) =ysv-YsL/YvL
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where, ysy, Yso and yLy are the solid—vapor, solid-liquid and liquid—vapor
interfacial energies per unit surface area, respectively. From this equation it is
clear that surface energy of the solid should be minimum to obtain water repellant
property.

Fig. 3.2.12 provides scanning electron micrographs of uncoated and coated
leather samples. Uncoated leather samples show a highly porous and rough
surface. It is clear from the picture than uncoated leather has a defective structure.
Upon coating with silica hybrids, a surface with less defect and good finish is
obtained. However coated surface still retain its porosity which is important for

application of leather.

Fig. 3.2.12. Scanning electron micrographs of leater samples A) Uncoated B)
Silica C) Silica-2 wt% gelatin D) Silica-2 wt% gelatin-30 wt% MTMS
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3.2.3.2. Silica-Gelatin-VTMS Hybrids

Several parameters such as pH, temperature of the medium and particle size
of the sol influence the gelation of colloidal silica.’**'® Gelation is accompanied
with a change in viscosity. In the present work silica—biopolymer hybrid precursor
sol was synthesized and functionalized the sol to obtain hydrophobic transparent
nanocoatings. Prior to coating on glass slides, we investigated the rheological
characteristics of the resultant hybrid sol with respect to the concentration of
VTMS. Rheological behaviour of hybrid sol with varying concentration of VITMS
is presented in Fig. 3.3.1. All the samples show non-Newtonian behaviour,
meaning that the viscosity varies with different shear rates. The increase in
viscosity corresponds to the faster condensation and gelation of silica particles.”*
For 10 wt% vinyltrimethoxysilane, viscosity increases from 300 s shear rate,
reaches a maximum and then decreases. The increase in viscosity with shear rate
in a sol with networked particles is due to the fact that an amount of energy
supplied as shear is expended in breaking the networked structure rather than
increasing the flow rate. The shear thinning behaviour at higher shear rate is due to
the collapse of the gel structure by further increase in shear rate. Upon addition of
VTMS, hydrolysis—condensation reactions of VTMS along with partial
condensation on to the silica—gelatin particles take place. VIMS networking

between the silica particles can also occur. At higher percentages of VIMS, the
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ability for networking is reduced due to the fact that one of the valency of silicon
is the nonhydrolysable vinyl group and condensable silica surface gets completely
covered with nonhydrolysable vinyl groups. The viscosity of silica-2 wt% gelatin

and with 30 and 70 wt% VTMS is presented as inset of Fig. 3.3.1.
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Fig. 3.3.1. Viscosity curves of silica-gelatin hybrids with varying concentration of

VTMS A) 0 B) 10 wt% C) 30 wt% D) 70 wt%

All the samples show a similar trend in rheology with respect to shear rate.
The basic reaction taking place during the silylation of different surfaces is the
hydrolysis of trialkoxysilanes into silanols and condensation of these silanols on to
the surface.”'' In the present case, VTMS undergoes in situ hydrolysis in the acidic
pH conditions*'? and monomers generated from the VTMS precursor condense on
to the silica—gelatin particles. Since VITMS has a non-hydrolysable vinyl group, at
high concentrations this will inhibit the formation of a three-dimensional gel

network as in the case for 30 and 70 wt% VTMS. The lower viscosities of the
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samples in the presence of higher concentration VTMS can be attributed to the
same reason.

Particle size analysis of silica—gelatin hybrid gels dispersed in water
containing varying amounts of VITMS is given in Fig. 3.3.2. The particle sizes
obtained indicate the aggregate nature of the gels. Pure silica gel showed a mean
aggregate size of ~150 nm. Unmodified silica—gelatin hybrid gel shows a narrow
distribution with a mean aggregate size of ~550 nm. Since gelatin favours gelation
of the colloidal silica sol, the average aggregate size increases from that obtained
for the dried colloidal sol. Silica—gelatin hybrid containing 10 wt% VTMS shows
a bimodal distribution, in which one peak is around 800 nm and the other is at
~160 nm. The particle size at ~160 nm is due to the primary aggegates of silica
particles and particles at ~800 nm correspond to agglomerates of silica particles.
Jesionowski et al. studied the size distribution of primary particles, aggregates and
agglomerate structures in the silica particles modified with different silanes.””> The
increase in mean aggregate size with the concentration of VIMS is due to the
condensation of vinylsilsesquioxane particles over the silica—gelatin particles in
the medium. At the present acidic pH conditions (pH~2.5), VIMS undergoes in
situ hydrolysis and condense over the silica—gelatin particles.”'* Particle size
distribution of silica—gelatin hybrid prepared from 30 wt% VTMS also shows a

bimodal distribution as that of 10 wt% VTMS. However, percentage distribution
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of secondary particles becomes wide with the concentration of VIMS. In the
figure, we can see a broader distribution of aggregates ranging from 500 to 1000
nm. Since the silica—gelatin particles in the medium are quite larger in number
than the silica particles generated from the VTMS, the concentration of VTMS is
not sufficient to functionalize all the silica—gelatin particles. This is the reason for

the bimodal distribution with 10 and 30 wt% VTMS.
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Fig. 3.3.2. Particle size distribution of A) Silica B) Silica-2 wt% gelatin C)
Silica-2 wt% gelatin-10 wt% VTMS D) Silica-2 wt% gelatin -30 wt% VTMS E)
Silica-2 wt% gelatin-70 wt% VTMS

As observed from the viscosity measurements, the addition of VIMS in
small amounts favours networking of the gel and upon increasing the
concentration of VIMS networking is disfavoured due to the complete coverage
of silica—gelatin particles by VIMS. The networking of silica—gelatin colloidal

particles at lower VIMS concentrations results in a broader distribution with
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larger average aggregate size. But for 50 wt% VTMS, a unimodal distribution with
a mean aggregate size of ~500 nm is obtained. At this concentration of VTMS, the
monomodal distribution indicates that sufficient amount of monomers are
generated from VTMS to condense over the colloidal silica—gelatin particles. Once
networking is disfavoured, the average aggregate size declines.

Contact angle measurements were done on glass slides coated with
colloidal SGV hybrid sols of varying VITMS concentrations. Fig. 3.3.3 plots the
contact angle against the concentration of VIMS. The values show a trend of
increase in contact angle with increase in concentration of VITMS. Silica—gelatin
hybrid without functionalisation show a contact angle of 45° that increases to
~114° for silica—gelatin modified with 30 wt% VTMS. This means that VTMS
imparts anti-wetting property to the resultant hybrids. VTMS undergoes hydrolysis
under acidic conditions of colloidal silica and condenses on to the already existing
silica particle surface, as mentioned earlier. However, above 50 wt% of VTMS,
the contact angle decreases. This means that above a particular concentration,
there is not much enhancement of the hydrophobicity with respect to the modifier.
50 wt% can be considered as an optimum concentration in terms of
hydrophobisation. SGV hybrids calcined at 400 °C showed a contact angle of ~45°
which is approximately same as that of the silica-gelatin hybrid. The graph reveals

that the hydrids lose its hydrophobicity above 200 °C.
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Fig. 3.3.3. Contact angle versus concentration of VIMS of SGV hybrids calcined
at different temperatures A) 70 °C B) 200 °C C) 400 °C

Fig. 3.3.4 shows DTA of modified and unmodified samples. In the case of
silica-2 wt% gelatin hybrid, there is an endothermic peak at ~72 °C, which
corresponds to the removal of adsorbed water. This shows that silica-2 wt%
gelatin hybrid is hydrophilic in nature. The broad peak at ~320 °C in the figure
(silica-2 wt% gelatin) corresponds to the multi-step degradation and calcinations
of the complex helical structure of gelatin to tropocollagen macromolecules.**

Weight loss with respect to the temperature is given in Fig. 3.3.5. The first
step of the weight loss corresponding to removal of adsorbed water (below 100
°C) decreases with increase in concentration of VIMS. The unmodified silica—
gelatin hybrid showed a weight loss of ~4 wt% up to 100 °C. The weight loss

decreases to less than 1 wt% upon a surface modification with 50 wt% VTMS.
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There is a drastic decrease in weight above 300 °C for 50 wt% modified samples

due to the decomposition of vinyl groups.
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Fig. 3.3.4. DTA curve of A) Silica B) Silica-2 wt% gelatin C) Silica-2 wt%

gelatin-10 wt% VTMS D) Silica-2 wt% gelatin-50 wt% VTMS
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Fig. 3.3.5. TGA of A) Silica-2 wt% gelatin
(B) Silica-2 wt% gelatin-10 wt% VTMS C) Silica-2 wt% gelatin-30 wt% VTMS
D) Silica-2 wt% gelatin-50 wt% VTMS
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Organic surface modifications were qualitatively confirmed using FTIR
spectroscopy (Fig. 3.3.6). The most intensive band, at 1100 cm™' is due to the
stretching vibrations of the Si—O-Si bridges.® This peak splits into two separate
bands at 1030 and 1130cm™ in the hybrid gel structures. Olejniczak et al. have
shown that in the hybrid gel structure, asymmetric stretching vibration of Si—O-Si
splits into two separate bands.” The splitting of the peak is due to the
functionalization of silanols linked through siloxane bridges to vinyl groups.
VTMS-modified hybrids showed a peak at 545 cm™' due to CH=CH, bonds that

are not present in the unmodified gel structure.
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Fig. 3.3.6. FTIR spectra of A) Silica-2 wt% gelatin
B) Silica-2 wt% gelatin-10 wt% VTMS C) Silica-2 wt% gelatin-50 wt% VTMS

The peak at 1420 cm™! is due to the CH, vibrations that are present in the

vinyl group. A weak band between 1400-1415 cm™' was used to confirm the
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presence of vinyl group by Gellermann.*"? A sharp peak is observed at 1275 cm™
corresponding to Si—C bonds.””> The presence of C-H stretching vibration is
supported by three peaks at 2979, 3050 and 3072 cm™'. VIMS undergoes in situ
hydrolysis under acidic conditions of colloidal silica and condenses with the
surface hydroxyl groups of silica—gelatin particles. This will impart hydrophobic
character to the resulting hybrid gels.

UV spectra of silica—gelatin hybrid and silica-2 wt% gelatin-50 wt% VTMS
hybrid are given in Fig. 3.3.7. Both the coatings show >95% transparency in the

visible region. The coatings have an average thickness of ~130 nm.
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Fig. 3.3.7. UV spectra of A) Silica-2 wt% gelatin
B) Silica-2 wt% gelatin-50 wt% VTMS

Stereomicrographs of water drops on glass slides coated with various

concentrations of vinyltrimethoxysilane are presented in Fig. 3.3.8. The difference
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in the behaviour of various coated surfaces is clearly seen in the figures. Water
drops spread on a glass surface coated with silica-2 wt% gelatin, which is
hydrophilic whereas a spherical morphology is seen on the glass slides coated with
silica-2 wt% gelatin-50 wt% VTMS. There is a change in the morphology of water
drops with change in concentration of VIMS and this is in accordance with the
contact angle values of the coatings. Hence, we can tailor the hydrophobicity of

the coatings by changing the concentration of the functionalizing agent.

Fig. 3.3.8. Water drops on coated glass slides (10x) A) Silica-2 wt% gelatin
B) Silica-2 wt% gelatin-10 wt% VTMS C) Silica-2 wt% gelatin-30 wt% VTMS
D) Silica-2 wt%gelatin-50 wt% VTMS

Fig. 3.3.9 provides contact angle and surface energy values of leather
samples coated with SGV hydrids. Uncoated leather has a contact angle of 30° and

increases with the concentration of VIMS in the coating composition. Even with a
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concentration of 10 wt% of VIMS, contact angle of 110° was obtained. As the
concentration of VITMS was further increased to 30 wt%, contact angle reaches a
maximum of 125°. However a further increase in VIMS does not have an
increasing effect, instead it shows a tendency to decrease. Surface energy of the
coatings is also provided in the graph. Surface energy decreases with increase in

concentration of vinyl groups on the coating surface.
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Fig. 3.3.9. Contact angle and surface energy values of coated leather samples

Fig. 3.3.10 provides stereomicrographs of uncoated and coated leather
samples. Uncoated leather samples show a highly porous and rough surface. The
finish of the leather substrate improves with the coating along with the

preservation of porosity.
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Fig. 3.3.10. Stereo micrographs of leather samples A) Uncoated B) Silica
C) Silica-2 wt% gelatin D) Silica-2 wt% gelatin-30 wt% VTMS

3.2.4 Conclusions

1.

Silica—gelatin biohybrid was synthesized using colloidal silica as the precursor
for silica. Surface functionalization of the hybrid with MTMS and VTMS was
successfully achieved and is reported for the first time as a possible
biocompatible hydrophobic silica—gelatin hybrid.

FTIR showed the presence of methyl and vinyl groups and Si-C bonds which
are responsible for the hydrophobicity of the SGM and SGV hybrids
respectively.

By varying the concentration of MTMS/VTMS, the hydrophobic properties
can be tailored and a maximum contact angle of 95° was obtained for coatings
on glass. The optimum concentration for the effective surface modification of
silica—gelatin hybrid was found to be 50 wt%. SEM micrograph provides

evidence to the uniformity of the coatings.
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4. Thermal analysis confirms the absence of endothermic peak corresponding to
the removal of H,O in the SGM hybrids. The exothermic peak occurring at 530
°C is due to the oxidation of the organic groups. This confirms that the
hydrophobic feature is retained up to 530 °C.

5. Optical transmittance of SGM/SGV hybrid coatings on glass substrates was
found to be nearly 100% which will enable the use of such coatings in optical
applications and also for transparent biocompatible coatings.

6. SGM/SGV hybrid coatings were applied on leather substrates. We could
achieve a contact angle of 120° for 30 wt% MTMS still retaining the porosity
of the leather. A contact angle of 125° could be achieved by using 30wt%
VTMS modified hybrid coatings for leather. The hybrid coatings on leather
substrates, improves the finish of leather without compromising the porosity

and induce the added hydrophobic property.
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Chapter IV
Synthesis of Silica-Chitosan Hybrids and Further Functionalization
for Antiwetting Coatings

4.1 Synthesis of Silica-Chitosan Hybrids and Coatings
4.1.1. Introduction

Biopolymers such as gelatin, chitosan, cellulose, and alginates are suitable
candidates for the organic counterpart in inorganic-organic hybrid materials
because of their low cost, non toxicity, biocompatibility, and multifunctional

. 77
pI‘OpGI‘thS.7 b

These hybrid materials are biocompatible and have been used as
bone substituents, cements for bone repair and reconstruction, and also for
immobilization of cells and enzymes.””’® Silica is the most widely investigated
inorganic component in these hybrids, and the compatibility of silica with various
bone relevant proteins such as collagen, gelatin, and chitosan has already been
demonstrated.”>*'*

A number of articles and reviews are available in the literature on the
promising properties of silica-chitosan composites.®' ™ Silica—chitosan composites
are also known to act as immobilization matrices for several molecules and

-87
complexes.*™

However synthesis of silica-chitosan hybrids and its
functionalization for coating application is a potential field which is little

exploited. Hence for the present study silica-chitosan hybrids and coatings were
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synthesized through sol-gel process by varying the concentration of chitosan. The
hybrids were characterized for the chemical interactions, gelation characteristics,
thermal decomposition, porosity features, optical transmittance and thickness of

silica-chitosan hybrid coatings.

4.1.2 Experimental

Chitosan (1 g) was dissolved in 2% acetic acid (aqueous) under stirring.
Chitosan [MW = 1.7 x 10°, Degree of deacetylation (DD) = 90%] was purchased
from Sea Foods Pvt. Ltd., Cochin. Silica—chitosan hybrid precursor sol was
prepared by adding chitosan solution to a 5 g of colloidal silica (50 wt%, Aldrich
Chemicals) in 100 ml water under constant stirring. The concentration of chitosan
in the silica sol was varied as 1, 2, 4, 6 and 8 wt%. The stirring was continued for
1 h under 30 °C and the resultant sol was used as the coating precursor. Silica-
chitosan sol was coated on glass slides by dip coating technique (KSV Instruments
Ltd. Dip Coater) at a rate of 50 mm/min.. Rheological behaviour of the precursor
sol was monitored by Anton Paar Rheo Viscometer through a cylinder and bob
method. Optical transmittance of coated glass slide was measured by UV-2401
Shimadzu Spectrophotometer. Structural characteristics of the hybrid were
investigated using a Nicolet Impact 4000 FTIR Spectrometer and thermal
decomposition pattern of the dried silica-gelatin hybrid materials were obtained

using Shimadzu 50 H Thermal Analyzer in air at a heating rate of 10 °C/min..
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4.1.3 Results and Discussion

The sol-gel method has been effectively used for the synthesis of
homogenous and flexible films containing chitosan and silica/titania.”* However at
high concentration of chitosan will increase the sol viscosity to a greater extent
and may interfere with the uniformity of coating. Hence rheological behaviour of
silica-chitosan sol with respect to the concentration of chitosan was investigated
initially. Fig. 4.1.1 presents the viscosity of different silica-chitosan hybrid sols

plotted against shear rate.
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Fig. 4.1.1. Viscosity of silica-chitosan sols of varying concentration of chitosan

A)0B) 1 wt% C) 2 wt% D) 5 wt% E) 10 wt% F) 15 wt%

Viscosity increases with increase in concentration of chitosan in the silica sol. At
lower shear rates a shear thickening behaviour was observed for silica-chitosan sol

irrespective of the concentration of chitosan. However a Newtonian character was
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observed at a shear rate above 400 s™'. The chitosan is reported to adsorb on silica
particles via electrostatic attraction and hydrogen bonds. The electrostatic
attraction is between negative charge on silica particles and positive charge on
chitosan molecule, whereas the hydrogen bonding is between hydroxyl, amino, or

213216 The cross linking

carbonyl groups of chitosan and silanol groups of silica.
and network formation between silica and chitosan increases viscosity of silica-
chitosan sols compared to the silica sol.

In Fig. 4.1.2, A, B, and C represent FTIR spectra of chitosan, silica and
silica-2wt% chitosan respectively. The characteristic peaks of chitosan
corresponding to amide I (=C=0) is at 1653 cm™ and NH, bending is at 1540
cm™'. Antisymmetric stretching vibration of C-O-C bridge is present at 1155
cm™' and skeletal vibrations involving C-O stretching are observed at 1082 and
1023 cm™.?'7 The peak at 1085 cm™ due to Si-O-Si symmetric stretching
vibration has been widened in the case of silica-chitosan hybrid. This is due to
the overlapping of Si-O-Si, Si-O-C and C-O stretching peaks.*'® Si-O stretching
of silanol is observed at 940 cm™' in the case of pure silica, and is shifted to 963
cm™' in the case of silica-chitosan. The amide I peak at 1653 cm™' has been

shifted to a lower wave number of 1640 cm™ for silica-chitosan hybrid. This is

due to the hydrogen bonding of silanol hydrogen with the carbonyl glroup.218
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Fig. 4.1.2. FTIR spectra of A) Chitosan B) Silica C) Silica-2 wt% chitosan

Fig. 4.1.3. provides the DTA curve of silica and silica-chitosan hybrid. The
endothermic peak at ~100 °C corresponds to the removal of adsorbed water. The
exothermic peak at ~350 °C in the case of silica-chitosan, is due to the oxidative
degradation of chitosan. Ding et al. have shown that degradation of chitosan takes
place at 322 °C.*"? Shift of the peak to higher temperature in the present case can
be attributed to the higher thermal stability of chitosan on cross linking with silica.
TGA patterns of silica and silica-chitosan hybrid is given in Fig. 4.1.4. A three
step weight loss is observed in both the cases. The first step of weight loss is due
to the removal of adsorbed water. This weight loss is greater in the case of silica-
chitosan hybrid compared to silica. This is due to the fact that in addition to the

surface hydroxyls of silica, chitosan also adsorbs water. Second step of weight loss
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in the case of silica is due to the removal of chemically adsorbed water. This
weight loss overlaps with the degradation of chitosan in the case of silica-chitosan

hybrid. Third step of weight loss is due to the dehydroxylation in both cases.
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Fig. 4.1.3. DTA pattern of A) Silica B) Silica-2wt% chitosan

Fig. 4.1.5 presents UV transmittance spectra of silica and silica-chitosan
coated glass slides. All the samples show a maximum absorption at around 300 nm
with more than 90% transmittance in the visible region. Transmittance is reduced
with concentration of chitosan. This can be correlated with the viscosity of silica-
chitosan hybrid sol. Sol viscosity increases with the concentration of chitosan (Fig.
4.1.1). This may result in an increase in thickness of the coating which may be

areason for the decrease in transparency.
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Fig. 4.1.5. Optical transmittance of silica-chitosan hybrid coatings on glass slides
synthesised by varying the concentration of chitosan A) 0 B) 2 wt% C) 5 wt%
D) 10 wt% E) 15 wt%

4.1.4 Conclusions

Sol-gel process was used as an effective technique for the synthesis of

silica-chitosan hybrid. Transparent coatings of these hybrids were developed on
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glass surface which will enable the hybrid for possible application in other
substrates without affecting the texture of the substrates. Structural investigation
of the hybrid using FTIR spectra revealed that the interaction of silica and chitosan
is through the hydrogen bonding of C=0O groups of chitosan and the silanol
hydrogen. Thermal analysis showed that the degradation of chitosan took place at
~ 350 °C.
4.2. Synthesis of Functionalized Silica-Chitosan Hybrids and
Antiwetting Coatings on Glass, Leather and Textiles

4.2.1. Introduction

The use of organically modified silane precursors for the silica component
in the hybrids is rare but can impart enhanced properties to the hybrid. Fuentes et
al. had synthesized oriented silica—chitosan hybrid films wusing 3-
aminopropyltrimethoxysilane precursor by a sol-gel process.® Protein-containing
hydrophobic coatings and films are known biologically active materials for
biocatalysis, antifouling surfaces, bioseparation, and biorecognition.'” A major
problem with the synthesis of such hybrids is the precipitation of biopolymers at
certain pH’s, and hence a compromise is required on the transparency of the
hybrid. Therefore in the present investigation a new organic—inorganic hybrid was
synthesized with alkylalkoxysilanes and chitosan. Functionalization of hybrid was

carried out with methyltrimethoxysilane (MTMS) and vinyltrimethoxysilane
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(VIMS), and the hybrid precursor sol was coated on glass substrates, which
resulted in water-repellant surfaces without affecting the transparency. Chemical
interactions between silica, chitosan, and functionalizing agents; thermal
decomposition; transparency under the ultraviolet (UV)-visible region; and

hydrophobicity were investigated.

4.1.2 Experimental

Chitosan (1 g) was dissolved in 2% acetic acid (aqueous) under stirring.
Chitosan [MW = 1.7 x 10°, Degree of deacetylation (DD) = 90%] was purchased
from Sea Foods Pvt. Ltd. Cochin. Silica—chitosan hybrid precursor sol was
prepared by adding chitosan solution to a 5 g of colloidal silica (50 wt%, Aldrich
Chemicals) in 100 ml water under constant stirring. The concentration of chitosan
in the silica sol was fixed as 2 wt%. Stirring was continued for 10 min., and
MTMS (95% MTMS, Aldrich Chemicals) was added to this mixture, drop by drop
to prepare hydrophobic silica—chitosan-MTMS (SCM) hybrids. MTMS/Si molar
ratio was varied as 0.05, 0.5, 1, 2.5 and 9. Silica-chitosan-VTMS (SCV) hybrids
were also synthesized using VIMS instead of MTMS in the above procedure.
Silica-chitosan hybrid sol were coated on glass slides by dip coating technique
(KSV Instruments Ltd. Dip coater) at a rate of 50 mm/min.. Rheological behaviour
of the precursor sol was monitored by Anton Paar Rheo Viscometer through a

cylinder and bob method. Optical transmittance of coated glass slides were
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measured by UV-2401 Pc Shimadzu Spectrophotometer. Thickness of the coating
was measured by HORIBA Jobin Yvon Uvsel Spectroscopic Ellipsometer.
Structural characteristics of the hybrid were investigated by a Nicolet Impact 4000
FTIR Spectrometer in the range 400-4000 cm™ by KBr pellet method and thermal
decomposition pattern of the dried silica-gelatin hybrid materials were obtained

using Shimadzu 50 H Thermal Analyzer in air at a heating rate of 10 °C/min.

4.2.3 Results and Discussion
4.2.3.1 Silica-Chitosan-MTMS Hybrids

Fig. 4.2.1 corresponds to FTIR spectra of MTMS modified silica—chitosan
hybrid. The peak at 1100 cm™' corresponds to the stretching vibrations of Si—O-Si
bridges. The transmittance peak splits into two separate bands at 1030 and 1130
cm™' in the hybrid gel structures due to the functionalization of silanols by methyl
groups through siloxane bridges. Asymmetric stretching vibration of Si—O-Si is
reported to split into two separate bands in the hybrid gel structures.””’**® The
same phenomenon is observed in the present system, confirming the formation of
hybrid structures. The peaks at 1275 cm™' correspond to Si—C symmetric bending
vibrations in SCM hybrids.?"® The presence of C-H stretching vibration is
supported by three peaks at 2979, 3050, and 3072 cm™'. A peak due to CHj

asymmetric bending is observed at around 1420 cm™' for the SCM hybrid.
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Fig. 4.2.1. FTIR spectra of Silica—chitosan-MTMS hybrids with change in
MTMS/Colloidal SiO, molar ratio A) 0.05B) 1 C) 9

MTMS undergoes in situ hydrolysis under acidic conditions of silica—
chitosan sol and condense with the surface hydroxyl groups of silica—chitosan
particles, which subsequently impart hydrophobic character to the resulting hybrid
gels.”'"'® However, with a minimum molar ratio (0.05) of MTMS, there is no
significant functionalization on the surface of silica—chitosan particles. Hence the
peaks present in silica—chitosan hybrids having a high molar ratio of MTMS are
relatively small or absent in the case of silica-chitosan hybrids with a lower molar
ratio of MTMS. Schematic representation of formation of SCM hybrids is

provided in Fig. 4.2.2.
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Fig. 4.2.2. Schematic representation of formation of silica—chitosan hybrids

Thermo gravimetric analysis and differential thermal analysis were used to
investigate the thermal stability of the hybrid. Fig. 4.2.3 shows the thermo
gravimetric pattern of the SCM hybrid with different concentration of MTMS.
First step of weight loss corresponding to removal of adsorbed water (at ~100 °C)
decreases with respect to the concentration of MTMS. Weight loss corresponding
to water is approximately 18% in the case of silica—chitosan hybrid, while the
value is <2% for SCM hybrid. As the concentration of MTMS is increased,
functionalization of surface silanol takes place to a greater extent, and this imparts
hydrophobic character to the resultant hybrid, and hence there is decrease in

weight loss with respect to the concentration of functionalizing agent.
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Fig. 4.2.3. TGA thermograms of silica—chitosan-MTMS hybrid with different

molar ratio of MTMS/Si A)0B)0.05C)05D)1E)25F)9

The endothermic peak in the DTA pattern (Fig. 4.2.4) of silica—chitosan at
~100 °C corresponds to desorption of water. As the concentration of MTMS
increases, the peak area decreases. In the case of hybrids functionalized with
MTMS:Si molar ratio 2.5, the endothermic peak is absent at 100 °C due to the
effective surface functionalization by MTMS. Since the surface hydroxyl groups
are functionalized with methyl groups, the surface does not have any adsorbed
water. Hence, a molar ratio of 2.5 of functionalizing agent to TEOS is optimum
for effective functionalization. In the differential thermal analysis curve an
exothermic peak occurs at around 350 °C, which shows the higher thermal
stability of chitosan on cross linking with silica. In the case of MTMS modified

sample the peak is absent, which may have overlapped with the corresponding
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oxidation peaks of other organic groups. The broad peak starting from 470 °C in
the case of SCM corresponds to the oxidation of surface organic (CH3) groups.”*
Since the organic groups responsible for hydrophobic property of the hybrid

decompose at 470 °C, the hydrophobicity is retained up to 400 °C for SCM

hybrids.
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Fig. 4.2.4. DTA of Silica-chitosan-MTMS hybrid with different
concentration of MTMS A)0B) 1 C) 2.5

Contact angle measurements were performed on coatings of SCM hybrid
sols of different MTMS concentration. Fig. 4.2.5 shows contact angle values
versus the concentration of surface modifier. The silica—chitosan hybrid without
functionalization showed a contact angle of 55°, which increased up to ~95° as
modifier to TEOS concentration increased to 9. The contact angle values increased

with an increase in concentration of MTMS since MTMS impart an antiwetting
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property to the resultant hybrid.*''® This can be attributed to the condensation of
silanols generated from the MTMS precursor with the surface hydroxyl groups of
silica—chitosan particles. The increase in contact angle was sharp up to a molar
ratio of 2.5 and then proceeded slowly. This clearly compliments the observation
of thermoravimetric analysis. Heat treatment of the hybrid coatings up to a
temperature of 400 °C does not vary the contact angle. This means that coatings

are stable up to 400 °C in terms of hydrophobicity.
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Fig. 4.2.6. Contact angle versus concentration of functionalizing agent

of glass slides heat treated at different temperatures A) 70 °C B) 200 °C C) 400 °C

Stereomicrographs of water drops on uncoated glass slides as well as
coated with SCM hybrids are presented in Fig. 4.2.7. The difference in the
behaviour of various coated surfaces is clear in these figures. Water drop spreads

on an uncoated glass surface, whereas it attains a spherical morphology on the
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glass slides coated with SCM hybrid. As the concentration of the modifier
increases, the hydrophobicity increases, and hence the water drop appears

spherical.

Fig. 4.2.7. Stereomicrographs of water drops on glass slides coated with
different MTMS/Si molar ratio A) Uncoated B) 1 C) 2.5
UV transmittance of hydrophobic silica—chitosan hybrid coatings on glass
substrates is provided in Fig. 4.2.8. The hybrid coatings showed 98%
transmittance in the visible region which is required for applications in optics and
transparent biocompatible hydrophobic coatings. Fig. 4.2.9 provides photographs
of coatings on glass slides. The figure clearly indicates the transparency of
coatings. There is no difference between coated and uncoated glass slides.
Stereomicrograph of a single glass slide is provided at the inset. At higher

magnification, the boundary between coated and uncoated surface is very clear.
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Fig. 4.2.8. UV spectra of glass slides coated with SCM hybrid sols with different
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Fig. 4.2.9. Photographs of glass slides coated with SCM hybrid sols with different
MTMS/Si molar ratio A)0B)0.5C) 1 D2.5E)9

{Inset: Stereomicrograph of a single glass slide}

Table 4.2.1 gives contact angle and wetted length of cotton fabric coated
with SCM hybrids of varying MTMS/Si molar ratio. Wetted length is measured

when a piece of coated textile is dipped in water. In the case of hydrophilic fabric
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water level increases due to the capillary rise of water through the fibre where as
hydrophobic fabric repel the water as it penetrates through water. Contact angle of
uncoated textile can not be determined since it is completely wetting. MTMS/Si
molar ratio of 0.5 resulted in a contact angle of 124° and a wetted length of -6.6
mm. Further increase of MTMS concentration does not vary the contact angle
considerably. However wetted length dereases up to -20.1 mm which means that
increasing MTMS concentration enhances the water repellency of coatings

Table 4.2.1. Contact angle and wetted length of textiles coated by varying the
concentration of MTMS

MTMS/Si Contact Wetted
(molar ratio) Angle (°) Length (mm)

0 0 -
0.05 0 33.8
0.5 124 6.6
1 123 -15.6
2.5 123 -17.5
9 125 -20.1

Fig. 4.2.10 gives contact angle hysteresis of textiles coated with SCM
hybrid sols by varying the concentration of MTMS in the coating solution.
Uncoated textile (A) showed a sudden gain of weight on exposure to water. In the

case of 0.05 moles of MTMS, the increase of weight of the fabric is gradual which
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means that slight modification of the surface was taken place. But figure C and D
indicate the hydrophobic characteristics of coated textiles. The fabric has tendency
to push the water downward as it penetrates through the surface which in turn

results in a negative increase in weight on the graph.
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Fig. 4.2.10. Increase in weight of the textile on dipping in water

A) 0B)0.05C)2.5D)9 (¢ = Advancing ® = Receding)

Photographs of water drops on coated textiles prepared by changing the
concentration of MTMS in the coating solution is given as Fig. 4.2.11. Fig. A

presents the cotton fabric modified with 0.05 molar MTMS. Water drops spread
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on the textile since it is hydrophilic. Figs. B, C, D and E correspond to the fabric
modified with 0.5, 1, 2.5 and 9 molar MTMS. Water drop attains a spherical
shape on all of these coated fabrics indicating the hydrophobicity of the coated
surface. Even with a 0.5 molar MTMS in the coating precursor sol water repellant

property is obtained.

Fig. 4.2.11. Photographs of water drops on coated textiles prepared by changing
the concentration of MTMS in the coating solution A) 0.05B)0.5C)1D)25E)9

Table 2 gives contact angle values of cotton fabric coated with MTMS/Si
molar ratio 2.5 but varying the coating time of the fabric in the sol. Contact angle
is ~120° which does not vary much with the coating time. Even with a coating
time of 2 min. we could attain a contact angle of 123°. Contact angle hysteresis of
coated fabric is given as Fig. 4.2.12. All the graphs show a decrease in weight
(negative). Antiwetting property of the coated fabric inhibits the weight gain of the

fabric due to the adsorption of water.
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Weight {g)
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Table 4.2.2. Contact angle of textile coated with SCM hybrid sols by

changing coating time

MTMS/Si Coating time  Contact

(Molar ratio) (Minute) angle (°)
2.5 2 123
2.5 5 120
2.5 10 120
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Fig. 4.2.12. Increase in weight of the textile on treatment with water
(® = Advancing ® = Receding) by changing coating time (minutes) A) 2 B) 5 C) 10
4.2.3.2 Silica-Chitosan-VTMS Hybrids

Fig. 4.2.13 corresponds to FTIR spectra of VIMS modified silica—chitosan
hybrid. The peak at 1100 cm™" corresponds to the stretching vibrations of Si-O—Si
bridges. The transmittance peak splits into two separate bands at 1030 and 1130

cm™' in the hybrid gel structures due to the functionalization of silanols by vinyl
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groups through siloxane bridges. It has been shown that in the hybrid gel structure,
asymmetric stretching vibration of Si—O-Si splits into two separate bands.”'’>'®
The same phenomenon is observed in the present system also, confirming the
formation of hybrid structures. The SCV hybrid showed a peak at 1613 cm™' due
to C=C stretching vibration. The peak is not present in the unmodified gel
structure. The peak at 1420 cm™' is due to the deformation mode of CH,
vibrations, which are present in the vinyl group. A weak band between 1400 and
1415 cm™' was reported by Gellermann to confirm the presence of vinyl
group.”"” The peak at 1281 cm™ correspond to Si—C symmetric bending vibrations
in SCV hybrid.*"* The presence of C—H stretching vibration is supported by three
peaks at 2979, 3050, and 3072 cm™'. The peak is not present in the unmodified gel
structure. The peaks at 1275 and 1281 cm™' correspond to Si—-C symmetric
bending vibrations in the SCV hybrid.”"> VTMS undergo in situ hydrolysis under
the acidic conditions of the silica—chitosan sol and condense with the surface
hydroxyl groups of silica—chitosan particles, subsequently imparting hydrophobic
character to the resultant gels.m'218 However, for a molar ratio (0.05) of VITMS,
there is no significant functionalization of the surface of the silica—chitosan
particles. Hence the peaks present in silica—chitosan hybrids having a high molar

ratio of VIMS are relatively small or absent in the case of silica-chitosan hybrids
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with a lower molar ratio of VTMS. Schematic representation of formation of SCV

hybrids is provided in Fig. 4.2.2.

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™)
Fig. 4.2.13. FTIR spectra of Silica-chitosan—VTMS hybrid A) VTMS:Si =9

B) VIMS:Si =1 C) VIMS:Si = 0.05.

Thermo gravimetric analysis and differential thermal analysis were used to
investigate the thermal stability of the hybrids. Fig. 4.2.14 shows the TGA pattern
of SCV hybrids synthesized by varying the concentration of VIMS. First step of
weight loss corresponding to desorption of adsorbed water (at ~100 °C) decreases
with respect to the concentration of VIMS. Weight loss corresponding to water is
approximately 18% in the case of silica—chitosan, while the value is <2% for SCV
hybrid. As the concentration of VIMS is increased, functionalization of surface
silanol takes place to a greater extent, and this imparts hydrophobic character to
the resultant hybrid, and hence there is a decrease in weight loss with respect to
the concentration of functionalizing agent. As the VITMS-to-Si ratio increased to

one, there is a drastic increase in weight loss above 200 °C due to the
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decomposition of vinyl groups. The endothermic peak in the DTA pattern (Fig.

4.2.15.) of silica—chitosan at ~100 °C corresponds to removal of water.
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Fig. 4.2.14. TGA thermograms of silica—chitosan—VTMS hybrid with
different molar ratio of VIMS/S1i A)0B)0.05C)0.5D)1E)2.5F)9
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Fig. 4.2.15. DTA of silica-chitosan—-MTMS hybrid with different

concentration of MTMS A)0B) 1 C) 2.5
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As the concentration of VIMS increases, the peak area decreases. In the
case of hybrids functionalized with VIMS:Si molar ratio 2.5, the endothermic
peak is absent at 100 °C due to the effective surface functionalization by VITMS.
Because the surface hydroxyl groups are functionalized with vinyl groups, the
surface does not have any adsorbed water. Hence, a molar ratio of 2.5 of
functionalizing agent to silica is optimum for effective functionalization. Ding et
al. have shown that the oxidative degradation of chitosan takes place at 322 °C.*"
In the DTA curve an exothermic peak occurs at around 350 °C indicating the
higher thermal stability of chitosan on crosslinking with silica. In the case of
VTMS-modified sample, such a peak is absent, which may have overlapped with
the corresponding oxidation peaks of other organic groups. The broad exothermic
peak from 180 °C for SCV is due to the oxidative decomposition of vinyl
groups.”' Since the organic groups, responsible for hydrophobic property of the
hybrid decompose at 180° the hydrophobicity is retained up to 150 °C for silica—
chitosan—VTMS hybrid.

Contact-angle measurements were performed on coatings of SCV hybrid
sols of different VIMS concentration on glass slides. Fig. 4.2.16 shows contact
angle values versus the concentration of surface modifier. The silica—chitosan
hybrid without functionalization showed a contact angle of 55°, which increased to

~93° as modifier to Si concentration was increased to 9. The contact angle values
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increased with an increase in concentration of VIMS. This means that VTMS
imparts an antiwetting property to the resultant hybrid.*'*'® This can be attributed
to the condensation of silanols generated from the VTMS precursors with the
surface hydroxyl groups of silica—chitosan particles. The increase in contact angle
was sharp up to a molar ratio of 2.5 and then proceeded slowly. Contact angle

decreased with increasing temperature. SCV hybrids lost its hydrophobicity at

200 °C.
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Fig. 4.2.16. Contact angle versus concentration of functionalizing agent of

glass slides heated at different temperatures A) 70°C B) 200°C

Stereomicrographs of water drops on uncoated and coated glass slides with
SCM/SCYV hybrids are presented in Fig. 4.2.17. The difference in the behaviour of
various coated surfaces is clearly seen in these figures. Water drops spread on an

uncoated glass surface, whereas it attains a spherical morphology on the glass
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slides coated with SCM/SCV hybrid. As the concentration of the modifier
increases, the hydrophobicity increases, and hence the water drop appears
spherical. This is due to the hydrophobic nature of the coating on the glass slide.
UV transmittance of hydrophobic silica—chitosan hybrid coatings on glass
substrates is provided in Fig. 4.2.18. The hybrid coatings showed 98%
transmittance in the visible region, ideal for applications in optics and transparent

biocompatible hydrophobic coatings.

Fig. 4.2.17. Stereomicrographs of water drops on glass slides coated with

different VITMS/Si molar ratio A) Uncoated B) 1 C) 2.5
Table 4.2.2. gives contact angle and wetted length of cotton fabric coated
with SCV hybrids of varying VIMS/Si molar ratio in sol composition. VIMS/Si
molar ratio of 0.5 resulted in a contact angle of 52° and a wetted length of 6.8mm
which increase to a maximum of 130° with an increase in VTMS/Si ratio of 2.5.
Further increase of VIMS concentration does not significantly influence the

contact angle. However wetted length decreased up to -20.1 mm which means that
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increasing MTMS in the coating solution enhances the water repellency of

coatings
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Fig. 4.2.18. UV spectra of glass slides coated with SCM hybrid sols with different
VTMS/Si molar ratio A)0B) 1 C) 9
Table 4.2.2. Contact angle and wetted length of textiles coated by varying

the concentration of VITMS

VTMS/Si Contact  Wetted length

(Molar ratio)  angle (°) (mm)
0 0 ~
0.05 0 33.02
0.5 52 6.87
1 74 6.356
2.5 130 2.09
9 128 -2.62

155



Fig. 4.2.19 gives contact angle hysteresis of textiles coated with SCV
hybrid sols by varying the concentration of VIMS in the coating solution. A
minimum concentration of VIMS (0.05) shows a sudden gain of weight on
exposure to water. For the 0.05 VITMS modified coating there is an initial increase
in weight, where as the 1 VIMS modified coating does not gain weight. The
coatings with higher concentration of VITMS show a decrease in weight indicating

their hydrophobic nature.
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0.50- A 06 B
0.45- 0.5 1
0.40 D04 ]
2035 203
: =
0.30f 0.2 1
0.251 0.1
i -t v
0.20- 0.0
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Position {(mm) Position {(mm)
0.3 0.3
02 C 021 D
0.1 0.1
300 300
201 0.1
= =
-0.2 1 -0.2 1
0.3 0.3
0.4 1 0.4 4
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

Fig. 4.2.19. Increase in weight of the textile on dipping in water A) 0.05 B) 1 C)
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Photographs of water drops on textiles coated with various VIMS modified
sol is given as Fig. 4.2.20. Fig. A is the cotton fabric modified with 0.05 molar
VTMS. Water drops spread on the textile since it is hydrophilic. Figs. B, C, D and
E correspond to the fabric modified with 0.5, 1, 2.5 and 9 molar VIMS in the
coating sol. Water drop attains a spherical shape on all of these coated fabrics due
to their hydrophobic nature. Even with 1 molar ratio of VIMS in the coating

precursor sol we could get water repellant textile.

Fig. 4.2.20. Photographs of water drops on coated textiles prepared by changing
the concentration of VITMS in the coating solution A) 0.05B)0.5C)1D)25E)9
4.2.4 Conclusions

A new organic—inorganic hybrid material with antiwetting property was
synthesized through a sol-gel process using alkylalkoxysilanes (MTMS/VTMS)
and chitosan. The process involved an in situ hydrolysis—condensation reaction of
MTMS/VTMS in the reaction medium followed by gelation at room temperature.
Structural investigation using FTIR revealed that the hydrophobicity arises due to
the methyl/vinyl groups present in the hybrid. By varying the concentration of

MTMS and VIMS, the hydrophobic property was tailored. A maximum contact
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angle of 95° (modifier to colloidal silica ratio = 9) was obtained for transparent
hydrophobic silica—chitosan coatings on glass substrates. An optimum molar ratio
of 2.5 of functionalizing agent to Si is required for the effective functionalization
in terms of hydrophobicity in the case of glass substrates. Optical transmittance of
hybrid coatings on glass substrates was nearly 100%, which makes the hybrid
suitable for optical applications. Water repellant textile was achieved by the
application of functional coatings on cotton fabrics. The contact angle of these
hydrophobic textiles was found to be as high as ~130° even with 2.5 moles VTMS
in the coating solution. Effect of coating time on the hydrophobicity was
investigated and was found that coating time does not have much effect on the

hydrophobicity of the coated textile.
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Summary

Aerogels are a fascinating class of nano porous materials derived by sol-gel
technique and have shown great potential for a range of applications. They possess
unique properties such as ultra low density, high porosity, large inner surface area,
small index of refraction, low sound velocity, low thermal conductivity and low
dielectric constant. The thesis entitled “Sol-Gel Mesoporous Silica Aerogels and
Bio Hybrids for Functional Applications” has emphasis on the influence of the
experimental parameters which control the porous structure and morphology of
aerogels and surface functionalization of silica using biopolymers.

Effect of hydrolysis temperature, gelation pH, aging pH and aging solvent on
the porosity characteristics of subcritically dried silica aerogels was investigated. By
changing the hydrolysis-condensation conditions, average pore size in the range 6.2-
18 nm and total pore volume in the range 0.99-2.04 cc/g were achieved. Aging pH
was also varied to tailor the porosity, and an average pore size in the range 5.8-13.5
nm and total pore volume in the range 0.88-1.45 cc/g were obtained by changing the
pH from 3 to 11.

Silica aerogels were also synthesized wusing different organic
templates/DCCAs such as PEO, CTAB, HMTA and PEG, and the effect of
concentration of these on the porosity features of resultant aerogels were

investigated. By controlled incorporation of these organic additives, it was possible
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to obtain average pore size varying between 5-20 nm, total pore volume in the range
0.8- 4.5 cc/g and surface area 400-910 m*/g. The dielectric constant of aerogel was
measured and a value of 2.29 was obtained at 13 MHz for a typical composition of
the precursor. Use of low molecular weight polymer (PEG, MW ~ 285) resulted in
lower average pore size, total pore volume and surface area whereas high molecular
weight polymer (PEO, MW ~80,000,00) resulted in a larger average pore size, total
pore volume and surface area.

Mesoporous silica microspheres were synthesized through sol-emulsion—gel
process using Span 80 as surfactant in silica sol/n-hexane water in oil emulsion
system. Surfactant concentration and aging time for the silica sol to obtain uniform
spheres were optimised to 1.4 volume percentage and 8 hours respectively. Various
parameters related to the synthesis of microspheres, including concentration of
surfactant and viscosities of sol were studied. Thermal stability, porosity, and
morphological features of the microspheres were also investigated. Surface
modification of the microspheres was done with trimethylchlorosilane to obtain
hydrophobic silica microspheres. Hydrophobic microspheres with a contact angle of
~90° could be synthesized.

Inorganic-organic hybrid concept was used to obtain well defined pore
structure, highly accessible functional groups and controlled surface reactivity.

Sol-gel process was used to prepare inorganic or hybrid films with tunable
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thickness. Sol-gel process was therefore explored as an effective technique for the
synthesis of silica-biopolymer hybrids using gelatin and chitosan as biopolymer
counter parts. Gelatin is immobilized in the mesoporous silica gel network through
hydrolysis of tetraethoxysilane in presence of gelatin solution at controlled pH
conditions. Silica—gelatin hybrid is also synthesised starting from colloidal silica
and functionalising the hybrid by using methyltrimethoxysilane (MTMS) and
vinyltrimethoxysilane (VTMS) as an intermediate precursor so as to introduce
hydrophobicity and improve the mechanical properties. MTMS/VTMS undergoes
in situ hydrolysis-condensation reaction in the reaction medium to obtain silica-
gelatin-MTMS (SGM) and silica-gelatin-VITMS (SGV) hybrids which are novel
materials. The hybrid precursor sol was coated on glass and leather substrates. The
chemical interactions, gelation characteristics, thermal decomposition, porosity
features, optical transmittance and thickness of silica-gelatin hybrid coatings were
analyzed. Structural investigation using FTIR spectra revealed that silica and
gelatin interact through the hydrogen bonding of C=0 and N-H groups of gelatin
with the silanol hydrogen. Optical transmittance of coatings on glass substrates is
found to be nearly 100% which could lead such coatings for use in optical devices
and also as transparent biocompatible coatings. Thermal analysis data show that
the physically adsorbed water is replaced by gelatin molecule and the

decomposition of gelatin takes place at ~320 °C. Oxidation of organic group
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responsible for the hydrophobicity took place at ~200 °C and ~530 °C in the case
of SGV and SGM hybrids respectively. Hence SGM hybrids possess a greater
thermal stability compared to SGV hybrids in terms of hydrophobicity. By varying
the concentration of MTMS/VTMS, the hydrophobic property was tailored. The
optimum concentration for the effective surface modification of silica—gelatin
hybrid is found to be 50 wt%. SEM micrograph indicates uniform distribution of
silica—gelatin hybrid over the substrate. A maximum contact angle of 125° is
achieved for SGV hybrids coated on leather still retaining the porosity features of
leather.

Silica-chitosan hybrids were synthesised through sol-gel process and
functionalization of hybrid was carried out using methyltrimethoxysilane (MTMS)
and vinyltrimethoxysilane (VTMS). The process involved an in situ hydrolysis—
condensation reaction of MTMS/VTMS in the reaction medium to obtain silica—
chitosan—-MTMS (SCM) and silica—chitosan—VTMS (SCV) hybrids which are
novel materials. The hybrid precursor sol was coated on glass substrates, which
resulted in water-repellant surfaces without affecting the transparency of
substrates. The chemical interactions, gelation characteristics, thermal
decomposition, porosity features, optical transmittance and thickness of silica-
chitosan hybrids and coatings were analysed. Coatings of silica-chitosan hybrid

developed on glass surface had a thickness of 130 nm through ellipsometric
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measurements and were found to be >90% transparent as evidenced by optical
transmittance measurements. FTIR spectra were used to study the interaction of
silica and chitosan. The linkage as identified to be through hydrogen bonding of
C=0 groups of chitosan and the silanol hydrogen. Thermal degradation of
chitosan took place at ~ 350 °C. Oxidation of organic group responsible for the
hydrophobicity took place at ~180 °C and ~470 °C in the case of SCV and SCM
hybrids respectively. In terms of hydrophobicity, SCM hybrids showed a higher
thermal stability compared to SCV hybrids. By varying the concentration of
MTMS and VTMS, the hydrophobic properties were tailored. A maximum contact
angle of 95° (modifier to precursor ratio = 9) was obtained for transparent
hydrophobic silica—chitosan coatings on glass substrates. An optimum molar ratio
of 2.5 of functionalizing agent to precursor is required for the effective
functionalization in terms of hydrophobicity in the case of glass substrates. Water
repellant textile could be obtained by the application of these novel ternary hybrid
coatings on cotton fabrics as an indicative investigation. The contact angle of the
hydrophobic textiles was found to be as high as ~130° even with 2.5 moles VITMS

in the coating solution.
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The thesis therefore covers a systematic investigation on the synthesis of
silica aerogels and microspheres with tailored porosity, at ambient conditions by
varying the experimental parameters as well as using organic templates.
Organically modified silica-gelatin and silica-chitosan hybrids were developed for
the first time using alkylalkoxysilanes such as MTMS and VTMS. Application of
novel silica-biopolymer antiwetting coatings on different substrates such as glass,
leather and textile is also demonstrated in the thesis. The products developed as

part of the investigation is shown below:

%0 T8 025°0; % e
A) Silica aerogels synthesized by subcritical drying technique
B) Hydrophobic silica aerogel floats on water and hydrophilic silica aerogel
sink C) Water drop on a hydrophobic silica aerogel D) Water drop on a
hydrophobic textile E) Silica aerogel microspheres F) Transparent water
repellant coatings on glass slides
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