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Abstract

The present study aimed at synthesis, characterization and effect of addition of titania
particles [TiO2 nanoparticles (TNP) and mesoporous titania (MT)] on the properties of
epoxy-amine matrix. For this purpose, titania particles were synthesized and subjected
to different processes, i.e. thermal and surface treatment. The treated titania particles
were characterized by FTIR, TGA, SEM and XRD. These particles were embedded in
epoxy matrix to form titania epoxy composite (TENC, MTEC) and surface
functionalized titania epoxy composites (FTENC, FMTEC) with 5 and 7.5 wt. % titania
particles (TNP, MT). The prepared composites were characterized by FTIR, DSC,
TGA, and XRD. It was found that initial decomposition temperature (IDT), % char
yield and glass transition temperatures were greater for TENC and MTEC as compared
to neat system due to presence of crystalline titania particles. FTENC and FMTEC on
the other hand possess greater contact angle. The increased in contact angle was due to
incorporation of fluoro moiety in epoxy amine matrix in the form of perfluoroheptanoic

acid on the surface of titania particles.

Epoxy resins have been extensively used in different industrial applications and their
properties can be enhanced using different inorganic particulates which demand careful
knowledge of cure kinetics. For this purpose curing kinetics of epoxy titania systems
were carried out. The curing kinetic parameters 7.e. activation energy and Arrhenius
constant were calculated by Kissinger and Ozawa methods using dynamic DSC. Kinetic
parameters were lower for TENC as compared to FTENC and neat system due to
catalytic effect of TiOz on curing of epoxy resins. Kinzstic parameters for FTENC were
almost similar to neat system which shows that surface modification of titania particles

retards its catalytic activity.

Xii



Chapter 1 Introduction

1.1 Introduction to nanotechnology:

The term “nanotechnology” was used first time in 1974 by a researcher at the university
of Tokyo, to engineer materials at nanometer level. Earlier in 1970’s at united state,

electron beam lithography was used to synthesize nanostructure 40 to 70 nm in size.

Nanotechnology is defined as the science that involves synthesis, characterization and
application of materials and devices having smallest functional organization in
nanometer scale, i.e. from a few to several hundred nanometer'?. A nanometer is one
billionth of a meter or three order magnitude smaller than micron. DNA molecule is

about 2.5 nm, human hair is about 80000 nm and a virus is 100 nm in size’.

Nanotechnology is a multidisciplinary field. Nanotechnology associates different areas
of science like physics, chemistry, biology, mathematics and engineering etc’. The
building blocks of nanotechnology are nanowires, nanorods, nanoparticles and
nanotubes®. The nanomaterials are getting more attention due to enhanced properties as
compared to bulk materials. This is due to high surface to volume ratio as compared to
bulk materials. As the size of nanoparticles decreases, the surface to volume ratio
increases and binding energy and coordination number increase. The properties of bulk
materials are size independent while in the case of nanomaterials, size dependent
properties are observed. When size of any material approaches nanoscale many atoms
become part of crystallite surface as compared to bulk materials. The properties like
optical, magnetic, conductivity and other preliminaries properties change when particle

size reaches up to nano scale®.
1.1.1 Application of nanotechnology:

Nanomaterials make versatile and novel applications in different fields

as given below:

a) Medical field:

The biocompatible nano sized particles are used in medical field. For
application to medical science, nanoparticles are synthesized to interact with cell at
molecular level with high degree of specificity. Nanoparticles of ferric oxide and ZnO
are used for diagnosis and destruction of cancerous cell>”®, Nanotechnology have

revolutionary impact on diagnosis of neurodegenerative diseases.
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21011 7ine oxide

Titanium dioxide nanoparticles have antibacterial activity
nanoparticles play role in bio-labelling'?. Nanotechnology also plays important role in
the field of tissue engineering, gene therapy, bio imaging, cardiac therapy and

orthopedic field'*'*!°.

b) Food sector:

Due to promising results and applications in the field of food packaging
and food safety, nanotechnology is becoming important in food sector. The
incorporation of nanomaterials in food packaging improves the barrier properties. Bio
nanocomposites for food packaging not only protect food but are environment friendly
as the incorporation of nanoparticles increases the biodegradability of packaging
material'®'7'¥. Food spoilages can be detected using nano sensors that are designed to
florescence in different color on contact with pathogens'”.

c) Cosmetics:

Nanotechnology is used in many cosmetic products like moisturizers, sun
screen and make up®’. Nanoparticles are used as UV filter and the use of polymer
nanocapsules help in active delivery of ingredients intc the deeper layers of skin?!. Gold

nanoparticles are used as anti-aging??.

d) Optical application:
Nanoparticles like TiO2 are used for optical application due to unique optical

properties including high refractive index, high transparency, and photonic rays etc?.

d) Energy:

The storage of energy is the most promising projects of nanotechnology.
Nanotechnology provides insulators like carbon and silicon nanostructure which are so
smaller and lighter than conventional insulator®*. Commercially available solar cells
have much lower efficiency, which can be enhanced by using TiO» and ZnO

nanoparticles?>%6,

1.2 Polymer composites:

Polymer composites represent the class of materials with improved polymer properties

like mechanical strength, thermal stability, barrier properties and heat resistance?’25,

S8
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Polymer composites primarily consist of polymer matrix as a continuous phase and
filler as a discontinuous phase. The matrix material can be of three types: metallic,
ceramic and polymeric. Among these polymeric matrix is mostly used. The toughness
and mechanical properties of polymer matrix is very low and this limitation can be
overcome by incorporating nanoparticles in polymer matrix*’. The solid phase may be
amorphous, semi crystalline, or purely crystalline’’. So the mechanical and thermal
properties of polymer composites differ remarkably [rom that of neat polymer.
Incorporation of inorganic filler in polymer matrix improves its thermal, mechanical,
electrical, optical and catalytic activity. Polymer matrices like thermoplastic and
thermosets have been reinforced with filler from the past few years’'. Because the
processing of polymer matrix composites requires no drastic condition like high
pressure and temperature. The properties of composites depend upon the size of
nanoparticles. By slightly changing the size of nanoparticles the composite properties

will be changed?”2,

The combination of polymers and inorganic nanoparticles, also called organic-
mmorganic hybrids display improved thermal, mechanical, electrical, optical and
catalytic properties as compared to the neat polymer. Thus nanocomposite have been

extensively studied in the past few years’*3*,

1.3 Epoxy resins:

Epoxy resin are one of the most important class of thermosetting polymers due to the
properties like heat, chemical and moisture resistance, toughness, mechanical and
adhesion®®. The epoxies have application in the field of aerospace, engineering,

electronics and transportation®®”.

Epoxy resins are the molecule containing more than one epoxy groups capable
of being transformed to useful thermoset form. The simplest epoxy is three membered
ring, i.e. oxirane or 1,2-epoxy. Primarily, they are oligomeric compounds with epoxy
groups, which can be synthesized by chemical reaction of bisphenol-A and
epichlorohydrin which constituting more than 90% of world production®®. For
commercial epoxy, the degree of polymerization i.e. n value, ranges from 0 to 25. The
epoxy resins that have lower n value are cured using epoxy ring while the one having

higher values are cured using hydroxyl group®’.
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1.3.1 Properties of epoxy resins:
The promising properties of epoxy resins are as follows:

1) Low shrinkage
During curing of epoxy resin there is slight rearrangement in structure
and no volatile by products are evolved due to which the epoxy resins show low

shrinkage after curing.

2) High electrical insulation
Epoxy resins are very good insulating materials having dielectric
strength of about 100-220 kV/cm. Generally, polymeric insulators perform better than

ceramics due to these reasons epoxy resins are used as electrical insulator®!.

3) Good chemical resistance
This property of epoxy resins depends on curing agent. Cured epoxy

resins possess high chemical resistance and cannot be solubilized in any solvent®’.

4) T.ow \ric(‘o_&jify
Viscosity of epoxy resins is dependent on molecular mass. With an

increase in molecular mass, the viscosity of epoxy resins increases®’.

5) High mechanical strength
Epoxy resins have high mechanical strength, this property of cured

epoxies makes their use possible in industries*.
1.3.2 Epoxy resin as insulating material:

Polymeric insulating materials due to their good dielectric properties and light weight
have been widely used in distribution and transmission lines. When polymeric
insulating material like epoxy resin is used as outdoor insulator then due to climate
stresses such as ultraviolet rays in sunlight, moisture, humidity, temperature, acid rain
and other contaminants it shows degradation which reduces its performance. This

reduction is due to physical and chemical changes that take place on the surface of

polymer®.
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Epoxy resins are used as adhesives, in electronics and for transportation and to small
extent in road surfacing because compared to polyester, epoxies have better mechanical

properties and are chemical and heat resistance®.

When insulators made of epoxy resin are used for outdoor, the presence of contaminants
on the surface of insulator become serious problem. Different materials have different
contamination performance but generally polymeric insulators perform better than

ceramic®’.

Epoxy resin is a hydrophilic material, therefore in tropical area, humidity, ultraviolet

radiation and rain fall play role in degradation of the insulator*®,

Contamination layer will be formed on the surface and it results in surface tracking and
current leakage, especially when insulator surface wet caused by fog, dew or rain.
Leakage current initiates a process of heat conduction which occurs on the surface and

finally flashovers or insulation breakdown would occur®’,

The increase in hydrophobic character of epoxy resin by incorporation of silicon rubber
and silica increases the contact angle and surface degradation of epoxy resin®. To
increase the hydrophobic character the surface were coated with low-surface energy

5253 or by increasing the surface

compounds’' and by deposition of nanoparticles
roughness®. Additionally nanosilca with different size increase the hydrophobic

character’.
1.3.3 Classification of epoxy resins:
Epoxy resins are mainly divided into two categories:

1. Glycidyl epoxy resins.
2. Non-glycidyl epoxy resins.
The primary difference between these two types is position of epoxy group. In glycidyl
epoxy resins the epoxy group is present at terminal position while in non glycidy! epoxy

resins epoxy group is present inside the molecules as shown in figure 1.1.
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O
A
R R
Non-glycidyl-epoxy Glycidyl-epoxy
R= alkyl or aryl group
Figure 1.1 Structure of glycidyl and non glycidyl resins

1.3.3.1 Glycidyl epoxy resins:

As mentions above glycidyl epoxy resins have epoxy functionality at the terminal
position. The glycidyl epoxy resins impart flexibility and reduce viscosity of resins, due
to which its process ability increases. But due to presence of glycidyl epoxy groups,
heat resistance of cured epoxy resins also decrease. Diglycidyl ether of bisphenol-A

(DGEBA) is one of the most important resin. It is synthesized by condensation of

Sh

epichlorohydrin and bisphenol A. It has low viscositv and high strength after curing

The structural formula of diglycidyl ether of bisphenol-A is shown in figure 1.2,
)
@]

=

O ~_O O O o\/?i/o &
n
Figure 1.2 Diglycidyl-ether of bisphenol-A
1.3.3.2 Non-glycidyl epoxy resins:

Non-glycidyl epoxy resins have epoxy group inside the molecule and are prepared by
peroxidation of olefin double bond. Cycloaliphatic epoxy resins that are non-glycidyl

resin have application in adhesive and coating materials®’.

O
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1.3.4 Characterization of epoxy resins:
For the characterization of epoxy resins following methods are used,;
1. Determination of Epoxy equivalent:
Epoxy resin are characterized by two or more epoxy groups.
To cure an epoxy group with suitable hardener accurate estimation of epoxy group is
necessary. Equivalent weight of epoxy is determined by standard titration using

hydrogen bromide solution in acetic acid®.

2. Spectroscopic analysis:
Epoxy resins are characterized by FTIR and NMR spectroscopic
analysis. In FT-IR peaks at 890 to 910 cm™ and in '"HNMR, the signal at 2.8-3.2 ppm

is due to epoxy group®”.
1.3.5 Applications of epoxy resins:
Application of epoxy resin are following

a) In electronics:
In the electronics industry epoxy resins are used in molding integrated

circuits, transistors and printed circuit board>®,

b) In paint industry:
These system provide a tough protective coating with excellent hardness.
Some epoxy coatings are formulated as emulsion in water and can be cleaned up
without solvents®,
c) As matrix for composites:
Epoxy resins can be used as a matrix for making high strength composites.
such application are used exclusively for aerospace application®.
d) Liquid crystalline epoxy:
Liquid crystalline epoxies have application in electro optics, acoustics, and

in information technology®'.
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1.4 Curing agents:

Such active compound or functionality which converts epoxy resins into hard and rigid
material is called hardener and curing agent. Epoxy resins can be cured using different
curing agents depending on condition of curing reaction and final product application.
The reaction proceeds through opening of epoxy ring through nucleophilic addition
reaction. No volatile by products are formed during curing reaction due to the
involvement of addition reaction. To increase the curing process sometime accelerator

is used. Lewis acid are used for accelerating when alcohol is the curing agent®.
1.4.1 Amine based curing agent:

Amines are the mostly used curing agent. In general primary and secondary amines are
more reactive hardeners whereas tertiary amines are used as accelerator for curing

reactions®’.

Amines used for curing are classified into three categories: aliphatic, cycloaliphatic and
aromatic. The reactivity of amines increases with its nucleophilic character:

aliphatic>cycloaliphatic=aromatic.

Diethylenediamine (DETA) and triethylenetetramine (TETA) are highly reactive

primary amine and are used for curing of epoxy at ambient temperature.

The curing temperatures of cyclic aromatic amines are higher than cyclic aliphatic
amine and give better thermal and mechanical properties®. Some examples of amine

based curing agents are shown in figure 1.3.
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& 0
[ \@ J@ L
HN™ NH, it e
4,4'-Diaminodiphenyl methane(DDM) 4.4'-Oxydianiline(ODA)
HoN
L onk
NHz H2N_02H4_N_02H4'_‘N_CzH4NH2
Benzene-1,4-diamine Triethylene tetramine
CHs CHs
HoN NH,

2, 2"-Dimethyl-4,4"-diaminodicyclohexylmethane (MACM)
Figure 1.3 Diamine based curing agents®
1.4.2 Anhydride based curing agent:

Anhydride curing agents are getting more attention due to certain properties like less
toxicity, absorb less water, and less poisonous. Epoxy anhydride systems have high
network Ty compared with amine curing agent and have very good chemical and heat
resistance of the resulting network*. Some examples of anhydride based curing agents

are shown in figure 1.4.

0 0

0 @]
Pthalic anhydride Tetrahydrophthalic anhydride
0O
0
0]

Methyltetrahydrophthalic anhydride

Figure 1.4 Anhydride based curing agents®
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1.5 Mechanism of epoxy and amine curing reaction:

Each primary amine group of amine curing agent is capable of curing two oxirane rings
of epoxy resins. It is anticipated that oxirane ring of epoxy resin opens by primary amine
and branch formation occurs by reaction of resulting secondary amine hydrogen with

new epoxy resins.
Epoxy curing with amine as curing agent involves three step®:

1) First step is the nucleophilic addition of primary amine group of curing agent
with the oxirane ring of epoxy resin resulting in the formation of new C-N bond and
hydroxyl group.

2) Second step is the reaction of secondary amine with another oxirane ring which
results in formation of another C-N bond.

3) Last step is ether bridge formation by etherification of epoxide group with
hydroxyl groups that is generated in previous step. This reaction take place at elevated

temperature or when curing agents are consumed®’.

The schematic representation of curing reaction is given in scheme 1.1.

H
NH, = kiki H,
1 | —_ S R—C—C —NH,
§ OH

O Hz k}_k? H H2
2R N R—TH—C —NHy ——— = R (|J—C NH,
2

OH OH
O ks
& | Hy H
OH 0—C —C—R

OH

Scheme 1.1 : Reactions involved in curing of epoxy oligomers with diamine®®

Where, ki, ka2, ki ka- and k3 are the rate constants. The curing reaction between
epoxy and diamine take place by two competitive routes: catalytic addition and non-

catalytic addition mechanism.

10
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1.5.1 Catalytic addition mechanism:

In catalytic addition mechanism, the reaction proceeds through the formation of
trimolecular transition state between epoxy and hydroxyl group already present or
generated during the reaction with nucleophilic attack of primary amine with the rate
constant of ki. The resultant secondary amine attacks on another trimolecular transition

state with rate constant of k, and results in the formation of tertiary amine (scheme 1.2).

The ratio (r=ka/k1) gives the difference of chemical reactivity of primary and
secondary hydrogens in diamine towards epoxy. The more basic curing agent is more
reactive and reactivity of diamine depends on substitution of phenyl ring, i.e. electron
withdrawing groups decrease nucleophilic attack while donating groups enhance the

nucleophilicity of diamine®’.

R*—— O ——H-+-=-Q
B ¥ R——O0H H,C—C—R
> H

(EOH)

EOH  + Al ———— HL—L—R ——» A2 + "R—OH
R'——NH
(EOHAL) a1l
- i 7%
Trimolecular transition state r,

0------H—0—R

EOH  + A2 .  HC—C—R

H H>
R—C—C —N—F'

OH H

(EOHA2)

Trimolecular transition state
R"and R"" = alkyl group

Scheme 1.2 Catalytic addition mechanism

11



Chapter 1

Introduction

Where E is the epoxy, R-OH are the hydroxyl group already present or

generated in curing reaction, Al and A2 are the primary and secondary amine

respectively, EOHA1 and EOHAZ2 are the trimolecular transition states.

1.5.2 Non-Catalytic addition mechanism:

The non-catalytic addition mechanism involves donor acceptor complex formation

between amine and epoxy. As amine acts both as electrophilic and nucleophilic so push

and pull transition state are formed in non-catalytic addition mechanism as shown in

scheme 1.37.

EAl +

Push and pull transition state

H H, H
R=—C——C '——N—F'

OH

H
0-----H—N—~R'

g R—C—CH —_—
A i 2

H HZO

R——C—€ —N—=R

OH H

(EA1A2)

Al
OH
HC—C—R
/
N\ H
HyC—C—R
OH
Al

Scheme 1.3 : Donor acceptor transition state of non-catalytic mechanism??
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Where E is the epoxy resin, Al and A2 are the primary and secondary amines

respectively. EA1A2 and EA1AT are the push and pull transition state.
1.6 Curing kinetics of epoxy amine reaction:

As properties of cured epoxy resin depend on structure of hardener and epoxy, curing
condition, extent of cure, temperature and time of cure therefore it is important to set
up the relationship between the properties of epoxy resin and curing condition to
optimize the parameters of curing. For that purpose strong information about curing

kinetics of epoxy resin is required®?.

The prime aim of curing kinetics is to understand the numerical relationship of
kinetic parameters. These parameters are helpful to predict the life time of material and

to understand curing reaction’?.

The kinetics of curing can be examined by different techniques i.e. ultrasonic
measurements, infrared spectroscopy, dynamic mechanical thermal analysis (DMTA),
nuclear magnetic resonance and differential scanning zalorimetry (DSC). The DSC has

been employed more regularly than other techniques’’”.

Differential scanning calorimetry is a technique based on thermal analysis
and is used to measure the difference in amount of heat flow required to increase the
temperature of sample and reference as a function of temperature. DSC is extensively
used technique and basic principle of this technique is that when system under
consideration undergoes physical change due to chemical reaction, it will take more or
less heat to keep the temperature of specimen increasing at the same rate as that of
reference. This will deduce either the reaction is endothermic or exothermic. DSC
provides incredible data about glass transition temperature, heat of cure and degree of

cure of thermosets’®,

1.6.1 Methods for kinetic analysis:

The curing kinetics of epoxy/amine reaction can be estimated by using following

methods

1) Isothermal DSC method

2) Non-isothermal or dynamic method
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1.6.1.1 Isothermal DSC method:
By using isothermal DSC methed, the curing of sample 1s studied
at fixed temperature for different time duration. The extent and rate of curing reaction

can be studied using this method during curing’’.

1.6.1.2 Non-isothermal DSC method:

Dynamic or non-isothermal curing can be utilized to examine the cure
kinetics by heating the sample at constant heating rate over desired temperature range.
This method is mostly used as the curing kinetics can be studied at variety of

temperature in a brief period of time as compared to isothermal method’®.
1.6.2 Kinetic modeling:
Kinetic modeling for curing reaction falls into two fundamental classifications:

1) Phenomenological models
This method deals with prominent features of reaction and can be used if
exact mechanism of curing may not be known””.
2) Mechanistic models
Mechanistic models depict the detail of each reaction that takes part in
curing reaction. As curing reaction of epoxy is very complex so it is difficult to
understand this model®”,

The temperature and extent of conversion are two main variables of curing process and

can be related by given equation.

do/dt =k (T) flo) Eq (1)
Where da/dt is the rate of reaction, k (T) is the rate constant that describes
the dependency of rate on temperature, f{a) is a function that defines the dependency of
rate of reaction on fraction conversion (a). The & (T) can also be obtained by using

Arrhenius equation 2.
K (T)=A exp (-Ea. /RT) Eq (2)

Where Eais the activation energy of reaction, 4 the pre-exponential factor
which measures the probability with which particles possessing activation energy

participate in the reaction.
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In non-isothermal methods which are mostly used for thermosets, the

temperature changes linearly with time as given in equation (3).
J3=dT/ dt = constant Eq (3)
Where f is the heating rate. T and t are the temperature and time
respectively.
By combining equation 1 and 2 another relationship can be obtained as shown
in equation (4).
do/dt =4 exp (-E/RT) f{a) Eq (4)
In equation 4, (E/RT) is reduced activation energy. For describing fractional

conversion, a large variety of reaction models can be used (Sestak-Berggren, Johnson-
Mehl Avrami etc.)®!.

By calculating kinetic parameters, energy of activation (Ea), and Arrhenius
constant, an appropriate kinetic model can determined. E, and A4 are correlated, change
In activation energy is compensated by change in Arrhenius constant as shown in
equation (5) so it is not good to calculate all kinetic parameters from single scan thermal

analysis®®.
InA = a + bE, Eq (5)
Where 4 is Arrhenius constant or pre-exponential factor
a and b are linear equation constant
Eais energy of activation

Kissinger and Ozawa methods are the most popular methods for the

determination of kinetic parameters®>®*,

1.6.3 Kissinger and Ozawa methods:

Kissinger and Ozawa methods are mostly used for calculation of kinetic parameters
because they are simple approaches to examine non-isothermal curing reaction of epoxy
resin/amine system. The kinetic parameters calculated from these methods are without

any presumption about conversion-dependent equation.
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In Kissinger method activation energy and pre-exponential factors are
assumed to be constant. The Kissinger method assumes a first order equation by looking

only at one data point for each heating rate which is peak temperature (Tp).
In (B/Tp?) = In AR/E4-Eo/R Ty Eq (6)
Where /3 is the heating rate

E, is the activation energy and R is general gas constant and T} is peak

temperature.

By plotting In (8/Tp?) versus 1/T, the value of activation energy and pre-

exponential factor can be calculated from the slope of linear fit and the y-intercept™.

Ozawa method is another approximation for determination of kinetic
parameters. The basic of this method is that degree of conversion at peak temperature

for different heating rates is constant.
In () = constant — (-1,052E/RT}) Eq (7)

All variables are same as mentioned in equation (5) E; can be determined by

plotting In 3 vs. 1/T,%.

1.7 Titanium dioxide nanoparticles:
Titanium oxide particles have outstanding chemical and physical properties, which are
of interest for applications as catalysts, optics, gas sensor, photovoltaic and precursor

[8687.8889.9091 Titania particles must possess a wide

materials for mesoporous materia
variety of requirements in terms of size distribution, morphology, crystallinity and
particle size. The sensing and photocatalytic activity of particles increases as the size

decreases’>%,

1.7.1 Historical background:

TiO, is inorganic compound produced as white powder and is mainly extracted from its
ore Ilmenite from Menachem valley and was discovered in 1821 as an industrial
chemical®. In 1972 the photocatalytic activity of titania was reported and after that
titania attracted the attention of researchers™. Its properties like nontoxicity, inertness

and thermal stability makes it more attractive to use it as photo catalytic material.

16
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Photocatalytic reduction of nitrogen using titanium dioxide was successfully observed.
By using photocatalytic activity of TiOz, degradation of aromatic hydrocarbons in
visible as well as in ultraviolet region has been studied”. In literature, anti-fogging,
self-cleaning and hydrophilic properties of TiO2 have also been reported. Over the past
few years research efforts have been made to understand advancement in the area of
TiOz and a number of articles have been published to underscore various aspects of
Ti02"%, Due to its physiochemical properties, great accessibility, and excellent
stability it is widely used for multiple purposes like in pigments, paints, sun screening
and coating. The application of TiO» depends on surface morphology and crystal

phase®’.

1.7.2 Crystalline phases of TiO2

The phase and degree of crystallinity of titania also play important role. TiO, exists in
three phases: anatase, brookite and rutile. Each phase has different physical properties.
Anatase and rutile possess tetragonal crystal phase while brookite has octahedral
structure. As a bulk material. rutile is the stable phase. However, in solution phase
preparation method generally anatase phase of TiO, is preferred. Anatase phase
particles are synthesized in aqueous environment using alkoxide precursor. For phase
pure anatase nanoparticles with diameters in range from 6-30 nm titanium isopropxide
and acetic acid are used. If stronger acid is used, a fraction of product will consist of
brookite nanoparticles. For phase pure brookite amorphous titania is used as a starting

1100

material'’’. The crystal structure data and crystal structure of these phases are shown in

table 1.1 and figure 1.5 respectively.

Table 1.1 Crystal structure data of titanium dioxide'""

Phases Crystal Density Volume/molecule O-Ti-0O bond
structure (g cm™) (A%} angle(degrees)
Anatase Tetragonal 413 31.2160 81.2
90.0
Rutile Tetragonal 3.79 34.061 77
92.6
Brookite | Orthorhombic 3.99 32.172 77.0
105
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Figure 1.5 Crystal structure of titanium dioxide (a) anatase (b) brookite (c) rutile'”?

1.7.3 Phase transformation:

Transformation of one phase of solid to another by heat treatment is phase
transition.TiOs is synthesized either using inorganic salt such as titanium tetrachloride
or using titanium isopropxide as an organic precursor. The reaction conditions such as
temperature, pressure, impurities, particle size and hydrothermal condition strongly
affect the phase transformation. Some factors that mostly affect phase transformation

are discussed below!'??,

a) Effect of temperature

Temperature is one of the major factor that affects the phase
transformation. At temperature lower than 400 °C, amorphous titania is transformed to
anatase structure, which is further transformed to rutile phase when heated between
600-1100 °C. There is an increase in particle size as the temperature is increased. For
transformation of anatase phase to rutile, the reported temperature is 700 °C and it
completely transforms to rutile at 900 °C. Compared to atmosphere anatase phase is

more stable in vacuum than in air.
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As rutile is more stable at high temperature than anatase and brookite, both these phases
transform to rutile at high temperature. As the anatase phase 1s more stable than
brookite, so brookite first transforms to anatase rather than to rutile. Transformation of

brookite to rutile on the other hand can take place beyond 700 °C'**.

b)  Effect of hydrothermal treatments

During hydrothermal treatment crystal size decides phase transformation.
If crystal size is small there will be less effect of pressure. With the size less than 50
nm anatase phase is more stable but transforms to rutile when temperature is higher
than 700 °C. As prepared TiO, has anatase phase or rutile or both which transforms to
rutile phase which has more growth rate after attaining particular size. For equally sized
TiO2 anatase is more stable when size is less than 1 1nm, for size between 11-35 nm

brookite is stable and above 35nm rutile is more stable'?,

¢)  Dopants

The presence of different cations such as Li*, K*, A" in crystal structure
of TiO; affects the phase transformation. Silica and alumina stabilize the anatase phase
of titania, while ions like chloride increase the transformation of anatase phase to

rutile!%,

The interstitial spaces of titanium as well as concentration of oxygen vacancies in TiO;
structure in the presence of different additives affect the phase transformation. Dopants

create oxygen deficiency.
1.7.4 Methods for the synthesis of titania nanoparticles:

Titanium dioxide has been synthesized by using organic and inorganic precursor i.e.
titanium tetrachloride and titanium isopropxide. These precursor can be converted to

Ti02 using following methods.

1) Sol-gel method

2) Hydrothermal method

3) Solvothermal method

4) Vapor deposition method

5) Microwave method
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Among these, sol gel, hydrothermal and solvothermal methods are commonly used in

laboratory.

1) Sol- gel method

In a typical sol-gel process, a colloidal suspension is formed from hydrolysis and
condensation of the precursors, which are usually inorganic metal salts or metal
alkoxide. Complete polymerization leads to transition from liquid sol to gel phase.

Commonly used precursors are titanium tetrachloride and titanium alkoxide.

When titanium alkoxide is used as precursor the sol gel method completes in three steps
namely hydrolysis, alcohol condensation and water condensation'”. Figure 1.6 shows

the synthesis of TiO2 particles by sol-gel method.

I
Y

; /\}/__ y

sol gelation gel

Figure 1.6 Synthesis of titania nanoparticles'"

TiOR + H,O _Hydrolysis , TiOH + HOR Eq (6)

TiOR + TiOH Alcohol condensation Ti-O-Ti +HOR  Eq (7)

TiOH + TiOH _watercondensation , Ti-O-Ti+ H,0 Eq(8)

In case of inorganic metal as precursor, this method completes within two step i.e.

hydrolysis and condensation'®”.

TiCls + H>O _ Hydrolysis » TIOH + HCI Eq (9)
TiOH + TiOH Condensatio, Ti-O-Ti+ H20 Eq (10)
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2) Hydrothermal method

The hydrothermal synthesis is done in steel pressure vessels called
autoclaves with or without teflon lining that are filled with aqueous solutions of organic
or inorganic precursor. The temperature of system can be elevated above the boiling
point of solvent, reaching the pressure of vapor saturation. The temperature and amount
of solution added to autoclave largely determine the internal pressure produced'’®.
TiO2 synthesis using hydrothermal method is carried out by addition of precursor to
distilled water, resulting solution is then poured into vessel and is treated at 80-100 °C

for few hours, Figure 1.7, shows the typical autoclave used in hydrothermal synthesis.

_ Stainless steel
lid

Bursting disc

— Water
(or other solvent)

- f—"

Teflon cup — |
~ 25 mL

~

.
™ Solid reagents
Stainless-steel shell

Figure 1.7 Autoclave used in hydrothermal synthesis''?

3) Solvothermal method

The solvothermal method is almost similar to the hydrothermal method
except that the solvent used is non aqueous. However, the temperature can be elevated
much higher than hydrothermal methods. This method has better control on size and
shape distributions than hydrothermal method. This method is versatile for

nanoparticles with narrow size distribution and dispersity''".
1.7.5 Mesoporous titania particles:

Titania is used in many applications like electrode in dye sensitized solar cell, as
catalyst in organic reactions such as oxidation of toluene or I-butene. Titania can be

used for photocatalytic degradation of pollutants! 13114,
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The above applications of titania particles can be improved with large surface area and
high porosity. Different pathways for synthesis of mesostructures have been followed
using variety of templates such as alkyl phosphate anionic surfactants. One of the major
issue during synthesis of TiO; based mesostructures is to attain adequate balance
between hydrolysis-condensation processes. The high reactivity of titanium precursors
leads to densely and poorly structured inorganic networks. The addition of stabilizing
agents controls the reactivity of titanium alkoxide precursor such as alkyl phosphate
templated synthesis of mesostructures. Unfortunately, significant amount of phosphate

remains in calcined particles which affects the surface catalytic sites of particles''>!"®.

Recently an efficient synthetic approach to mesoporous titania process i.e. evaporation-
induced self-assembly (EISA) has been introduced. Up till now many reports involving
mesostructured titania particles synthesis have been reported that emphasized on
control of different processes occurring during synthesis and removal of template.
Removal of template by thermal decomposition gives mesostructured phase composed
of pure amorphous phase. Further thermal treatment transforms amorphous phase to

anatase phase resulting in total collapse of pore system.

The ammonia treatment can convert the amorphous mesoporous phase into crystalline

without collapse of porous structure' 7.

1.7.6 Applications of titania nanoparticles:

The development of porous, complex form with high surface area led titania to be used

in a variety of novel applications.

1)  TiO: in sunscreens

Every sunscreen contains titanium dioxide. [t is a physical blocker for
UVA radiation with wavelength between 315-400 nm and UVB radiation with
wavelength between 280-315 nm.TiO; is chemically stable and will not decolorize
under UV light.
Titanium dioxide is coated with silica and alumina because TiO; particles when come
into contact with water produce hydroxyl radicals that cause cancer. By modifying the

surfaces, chances of contact decreases and it is safe to use it in sunscreen products''®.

2
(2]
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2) In cement and tiles

Titanium dioxide is added to the surface of cement, tiles and pants to
give it anti fouling, deodorizing and sterilizing properties. In the presence of water
hydroxyl free radicals are formed and convert into organic molecule i.e, CO? and water
and destroy microorganisms using photocatalytic properties''”.
3) Catalyst

Nanoscale titanium dioxide is used as a support material for catalyst
applications, in automotive industry. Titanium dioxide is used to removes harmful

sadt i3 ; : e bl
exhaust gas emissions and removes nitrous oxides in power stations'=".

4) Paints and coatings

Titanium dioxide is used as pigment in paints, provide durability, long
life and protection to painted surfaces'?!.
5) Plastics and coatings

Titanium dioxide minimize the brittleness, fading and cracking that can
occur as a result of light exposure. This can enhance the life of plastic component in
vehicles, building materials and other exterior applications'*.
6) Cosmetics

Titanium dioxide is used for hiding disfigurement and brightening of
skin. It is used for thinner coating of makeup'**.
7) Food contact materials and ingredients

Titanium dioxide protects food, beverages and pharmaceuticals from
premature degradation, enhancing the life of product due to opacity to visible and
ultraviolet light'**,

The most promising application of TiO, nanomaterial include paint,

toothpaste, electrochemical, sensing and photovoltaics'®.
8) From UV protection:

TiO, nanomaterials are very stable, nontoxic, and cheap. The optical and
biological properties make it suitable for UV protection application'®.
9) Degradation of pollutant

TiO; is most efficient and environmentally friendly photo catalyst and

is widely used for photo degradation of various pollutants'?’.
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10) In photo chromic devices

Titania nanomaterial when sensitized with dyes or metal nanoparticles
is used to build photochromic devices'?.
11) As a sensor

These nanomaterials have been used in sensors due to electrical and
optical properties which change upon adsorption®’.
12) In solar cell

TiO, nanoparticles can absorb light into visible light region and convert

solar energy into electrical energy for solar cell application'?.

1.8 Why particles surface are modified?

Metal oxide nanopaiticles possess unique properties to equivalent large scale materials.
The properties of polymer composites depend on type and size of nanoparticles that are
incorporated. The main problem with composite material is that nanoparticles form
aggregate and cannot produce monodispersed nanoparticles in polymer matrix. Surface

modification can;

1. Stabilize nanoparticles against agglomeration.

2. Render them compatible with polymeric phase

3. Avoid homogeneity and compatibility problems between two phases.
4. Enable their self-organization.

1.8.1 Carboxylic acid as modifiers:

Carboxylic acid with coordination of carboxylic groups (COOH) to surface Ti atoms
are often used as modifiers. Modification can be accomplished either in situ or post
modification approach. /n situ modification is the attachment of modifier molecule on
the surface of TiO; particles during growth of crystals. It is difficult to control both the
growth features and surface chemistry of nanoparticles by in situ approach. The best
way to modify TiO; particles is by post modification after their formation. The post
modification of nanoparticles can be done by immersing particles into organic solution

to adsorb carboxylic modifiers at room temperature'>*'%°,

The carboxylic group can bind on surface of TiO2 by simple adsorption (electrostatic
attraction and hydrogen bonding) and chemical adsorption (ester linkage, bridging, and

chelating) as shown in scheme 1.4.

24



Chapter 1 Introduction
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Scheme 1.4 Possible binding modes of COOH group on TiO; surface (a), (b) hydrogen
bonding (c) ester like linkage (d) Bidentate bridging linkage (¢) Bidentate chelating"®'

A weak and unstable binding of modifier molecule is formed on TiO2 surface by simple
immersion method that is desorbed during application. In ruthenium dye molecule the
physically adsorbed carboxylic acid group desorb in the presence of electrolyte because
the trace water in electrolyte will break the weak interaction formed by adsorption

during immersion process'*.

Solvothermal approach is a convenient way to chemically modified TiO2 nanoparticles
with carboxylic acid. Modification efficiency by solvothermal method is much higher
than that of conventional immersion approach. The reaction processes in solvothermal
method have two key interactions: the formation of double hydrogen bondings between
the carboxylic acid molecule and TiO: at Ti site and by dehydration from the hydrogen
bondings. The solvothermal method chemically post modifies TiO2 surface and is

expected to have many potential applications'?'.

1.9 Titania epoxy composites:

Epoxy resins are widely used in industrial applications such as matrices in composite
materials, adhesives, coatings, and electronic circuit board laminates, and so forth due
to their excellent mechanical and thermal properties. The major problems with epoxy
are low stiffness and strength'*. Nanoparticles embedded in epoxy increase its

thermomechanical properties'*.
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Titania composites have generally been synthesized 1o investigate the effects of filler
on mechanical and thermal properties of composites'*® . The basis of improvement in
properties is the interaction between filler and the matrix, which is evidenced by various
technique such as IR and DMTA'*®. This interaction facilitates load transfer from the
matrix to the reinforcement. Since titania has photocatalytic behavior as well, so some
decrease in thermal properties has also been observed'”’. Titania hybrids with epoxy
showed earlier degradation temperature, which was attributed to the catalytic activity
of titania'*®. Both the TiO, and SiO> filler are used simultaneously to overcome the
deteriorative feature of titania'*®. Apart from mechanical and chemical resistance,

titania also improves the weather resistance of the composite materials'*".

Moloney et al. reported that increasing the volume fraction and filler modulus
increase the modulus of particulate-filled epoxy resins'*'. Nanometer-TiO»-filled epoxy
composites have higher scratch resistance than both pure epoxy and micron-TiO;-filled

epoxy composites'*.

TiO» filled polymers are well known antimicrobial meterials. Addition of TiO>» may act
as substitute for pollution treatment. TiO; generate hydroxyl radical in the presence of

UV light which can degrade the pollutant into environment friendly products'*,

Parameswaranpillai and his coworker reported the cure reaction, rheology, volume
shrinkage, and thermomechanical behavior of epoxy-TiO2 nanocomposites. It was

found that TiO> act as catalyst and decrease the overall degree of cure'*.

Carballeria and his coworker studied the influence of adding different volume
concentration of TiOz in epoxy resin. Plain strain fracture toughness, elastic modulus,
tensile strength, and maximum sustained strain were measured in mechanical tensile
test. The results showed that incorporation of titanium dioxide into epoxy matrix
improved the stiffness, toughness, maximum strain and crack propagation as compared

to neat resin'*,

Epoxy nanocomposite system with inorganic oxide fillers display some advantageous
dielectric behaviors at low nano filler loadings. The permittivity and tan delta values in
the nanocomposites are found to be lower than that of micro composites as well as

unfilled systems'*.
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Shaorong, et al and his coworkers synthesized new inorganic-polymeric hybrid
material of epoxy/silica-titania which showed high glass transition temperature and

modulus than that of unmodified systems'*.

Suspension of titania nanoparticles in benzyl alcohol was mixed with aliphatic epoxy
resin. In the resulting epoxy-titania hybrid, presence of titania increased both glass
transition temperature and modulus, thus confirming the reinforcing and stiffening

effect of inorganic nanofillers'’.

Zakya Rubab and coworkers reported the comparative effect of thermally treated and
surface modified titania nanoparticles on the mechanical properties of epoxy amine
matrix. Studies showed that crystalline TiO2 nanoparticles enhanced thermal stability
of composites due to their rigid, crystalline nature, and high thermal diffusivity.
However, surface modified titania nanoparticles provide greater mechanical strength,
high modulus, improved toughness, and high T, due to better interlinking of inorganic

and organic phase'*®.

Epoxy-titania-silica hiybiid matcrials withi covalent bonding interaciion between
polymer and inorganic phases have been prepared using titania/silica mesoporous
particles. The glass transition temperature and modulus of modified system increased
as compared to neat system. The impact strength and tensile strength of hybrid

increased by 53.5 % and 14 % when the SiO»-TiO2 content is up to 3wt %",

A systematic study was conducted by Chatterjee and his coworker to investigate matrix
properties by introducing nanosized TiO: filler into an epoxy resin. The results showed
that infusion of nanofillers improve the thermal, mechanical and viscoelastic properties

of epoxy resin'®,

Federica and his coworkers prepared organic-inorganic hybrids with silica, zirconia, or
titania. These particles were generated in situ with epoxy resins based on bisphenol-A
diglycidyl ether and jeff amine by means of the aqueous sol-gel process. Silica and
zirconia filled epoxies were characterized by a significant increase in thermal stability,
which was attributed to high thermal stability of silica and zirconia phases. On contrary,
the introduction of titania induced a strong decrease in thermal stability of epoxy/titania
hybrids in comparison to pure epoxy resin, attributable to metal-catalyzed oxidative

decomposition mechanism in the polymer/titania composite'®’.
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Jan sumfleth prepared multiwalled carbon nanotube-epoxy composites modified with
titania nanoparticles in order to obtain multiphase nanocomposites with an enhanced
dispersion of carbon nanotubes. Besides an enhanced dispersion, the hybrid structure
leads to synergistic effect in terms of glass transition temperature of the
nanocomposites. Although a decrease of glass transition temperature (Ty) is observed
for nanocomposites containing only one type of filler. The combination of titania and
carbon nanotubes into hybrid structures reduces the decrease in Ty, thus demonstrating

the potential of such hybrids structure as fillers'*>.

A systematic approach was considered to study the matrix properties by introducing
Ti02—Si0: filler into an epoxy resin. The dependence of the activation energy on the
conversion degree was interpreted by isoconversional method. Morphology studies
using SEM showed that the nanoparticles were dispersed into the entire volume of resin,
homogeneously. From the experimental data, the nanocomposite exhibited increase in
storage modulus, glass transition temperature, and decomposition temperature from

neat system 13,

1.10 Plan of work:

The objective of this work was to synthesize TiO» particles and modification of their
surface chemistry. These particles were disperse in epoxy-amine matrix using
perfluoroheptanoic acid as coupling agent. The epoxy resin used for this work was
diglycidylether of bisphenol-A (DGEBA) and 2.,2'-dimethyldicyclohexylmethane
(MACM) was used as curing agent. The titania particles were synthesized by sol gel
method using TiCly and titanium tetrabutoxide as precursor for TiO, nanoparticles and

mesoporous titania particles respectively.
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This research work is divided in two parts

1) Synthesis of titania particles

2) Synthesis of titania epoxy amine and mesoporous titania epoxy amine

composites.

The scheme for synthesis of titania particles is elaborated in figure 1.8.

Synthesis of titania particles

Synthesis of
TiO: Surface
nanoparticles , medification of
(TNP) Synthesis of titania particles
mesoporous (FTNP/FMT)
titania (MT)

Figure 1.8 A general scheme for synthesis of titania particles

These particles were characterized by FTIR, XRD, TGA, and SEM
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Four series of TiO2 epoxy amine composites and mesoporous titania epoxy amine

system were synthesized. The effect of filler on the properties of epoxy amine system

was studied using 5% and 7.5% of filler. The scheme for the synthesis of composites is

shown in figure 1.9.

Synthesis of
composites
Mesoporous titania
based composites
5-MTEC 5-FMTEC
7.5-MTEC 7.5-FMTEC

TiOz nanoparticles
based composites

5-TENC

7.5-TENC

5-FTENC

7.5-FTENC

Figure 1.9 A general scheme for synthesis of composites
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Scheme 1.5 A general reaction between epoxy —amine
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CHg CHs

H,N NH,

TiO2
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Scheme 1.6 Hypothetical scheme showing a general interaction between titania epoxy

amine system
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Scheme 1.7 Scheme showing interaction between surface modified titania epoxy and

amine system
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This chapter illustrates the chemicals used, the synthetic methodology for the
preparation of TiO, nanoparticles, mesoporous titania, composites and characterization

techniques used for their analysis.
2.1 Chemicals used

The precursors for the synthesis of TiO, particles and titania epoxy based

nanocomposites are given as follows.

2.1.1 Epoxy resin

The epoxy of type, diglycidylether of bisphenol A, abbreviated as
DGEBA was obtained from DOW chemicals and was used as received. It has molar

mass of 355 g/mol, the equivalent weight per unifunctional group is EE =177.5 g/mol.
a
OH O
OV\/O = O\/|\/0' Q
g ()
L | ~ - N / ~
Fig: 2.1 Diglycidylether of bisphenol A (DGEBA)

2.1.2 Coupling agent
Perfluoroheptanoic acid (PFHA) was obtained from Sigma Aldrich

and was used as received. It has molar mass 364.06 g/mol and boiling point 175 °C.

R F F
" FO .
F F OH
F FF FF 'E

Figure 2.2 Perfluoroheptanoic acid (PFHA)
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2.1.3 Curing agent
2,2"-Dimethyl-4,4"-diaminodicyclohexylmethane abbreviated as (MACM)
was available commercially. It has molar mass of 238.4 g/mol, the equivalent weight

per NH, functionality is 59.60 g/mol.

CHj CHa

SAN i i “NH

Figure 2.3 2,2"-Dimethyl-4,4’-diaminodicyclohexylmethane (MACM)

2

2.1.4 Precursor for the synthesis of TiOz nanoparticles
Titanium tetrachloride (TiCl,) was obtained from Fluka and was used

as received. It has molar mass 189.67 g/mol and boiling point 136.4 °C.

2.1.5 Precursor of mesoporous titania
Titanium tetrabutoxide Ti(OBu)4 was obtained from Sigma Aldrich

aid was uscd as received, 1 has molar mass 340 g/mol and boiiing point 312 “C,

2.1.6 Other solvent and reagent used

Ethanol was dried on CaO for 6 hours and distilled. HCI 33 % was
obtained from AnalaR and was used as received. Amrnonium hydroxide (NH,OH) was
obtained from lab scan and used as received. It’s molar mass is 35.04 g/mole and its

boiling point (b.p) is 24.7°C. Sodium dodecylsulphonate (SDS) was used as surfactant.
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2.2 Characterization techniques
The specification of all characterization techniques are given below.

2.2.1 Fourier transform -infrared spectroscopy (FT-IR)
Spectra of nanoparticles were recorded at 25 °C in 400-4000 cm™ range by
using THERMOSCIENTIFIC NICOLET 6700 solid state attenuated total reflectance-

fourier transform infrared spectroscopy (ATR-FTIR).

2.2.2 X-ray diffraction analysis
X-ray diffraction analysis was carried out at room temperature (25 °C)

using Siemens d 5000 X-ray instrument using Cu Ko radiation.

2.2.3 Scanning electron microscopy (SEM)
To study the morphology of titania particles, scanning electron
microscopic analysis of all powder and composite films was done at 25 °C using

Jeol, JSM-6490A SEM analyzer manufactured by Japan.

.

Differential scanning calorimetry (DSC)
The curing kinetics of sample was done with METTLER TOLEDO 823¢
DSC instrument. 7-8 mg of samples were filled in sealed aluminum pan and cured with

multiple heating rates in desired temperature range under nitrogen flow of 20 mL/min.

2.2.5 Thermogravimetric analysis (TGA)
Thermogravimetric analysis of composites, was carried out with
NETZSCH STA 409 TGA/DSC analyzer at 25 °C. 9.5 mg of sample was heated to 950

°C in aluminum pan under nitrogen atmosphere at a heating rate of 10 °C/min.
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2.3 Synthesis of particulate reinforcement

Titania particles were used as reinforcement. Inorganic sol gel route was used to
generate TiO; from titanium tetrachloride while mesoporous titania was synthesized
from titanium tetrabutoxide as precursor. Three types of particles were synthesized by
varying reaction parameters and processing conditions. These three types will be called
titania nanoparticles (TNP), mesoporous titania (MT) and functionalized titania (FTNP,

FMT) in further discussion for the sake of convenience.
2.3.1 Synthesis of TiO, nanoparticles by sol-gel method (TNP):

TiO2 nanoparticles were synthesized using TiCl, as precursor. 3 mL of TiCl, was added
dropwise to a solution of ethanol: water (3:1). Clear solution was formed immediately
which indicated hydrolysis of precursor. To control the pH, 8 mL of NH,OH was added
dropwise. White precipitate of TiO, was formed following condensation and settled
down at the bottom of beaker. Solvent was decanted off and the particles were washed
with distilled water three times. After that the nanoparticles were separated by using
centrifuge machine. The sepatated nanoparticies (1 g) were dried in oven at 100 “C and
then calcined at 450 °C for 4 hours. The as synthesized TiO; nanoparticles were
characterized by XRD, SEM and FT-IR'¥,

TiCla Vigorous stirring Added NH4OH

. e for 30 min m—— dropwise

ethanol: H.O

Calcined at Dried in oven at Nanoparticles
o e ) dmmmmes | Scparated by
b b T centrifuge

Figure 2.4: Synthetic methodology of TiO, nanoparticles'*®
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2.3.2 Synthesis of mesoporous titania (MT):

Mesoporous titania particles were synthesized using sol-gel method. SDS was used as
surfactant and titanium tetrabutoxide Ti(OBu), as titania precursor. 1.12 g of sodium
dodecylsulphonate (SDS) was added to 30 mL of ethanol and sonicated for 30 min. In
a separate beaker S mL titanium tetrabutoxide Ti(OBu), was added to 20 mL of ethanol,
white suspension formed immediately. This white suspension was added to surfactant
dropwise. Ammonia solution /ethanol (1:4) was then added and stirred at room
temperature for two hours. Additionally the solution was aged at room temperature for
12 hours. The mesoporous particles were then separated using centrifuge machine.
During centrifugation particles were washed with ethanol. The separated mesoporous

particles (1.8 g) were dried in oven at 100 °C and calcined in furnace at 550 °C for 4

hours.
Sonicate : Stirring White
Ti(OBu)s + 8
SDS+Ethanol — (OB im——— |  suspension
L— 1 For30 min Ethanol 2 hours
(Mesoporous
titania)
Particles
Drying at 100 °C separated by
: — centrifuge

Figure 2.5 Synthetic methodology of mesoporous titania (MT)
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2.3.3 Functionalization of titania particles (FTNP, FMT):

The TiO, nanoparticles synthesized by above procedure were functionalized using
perfluoroheptanoic acid. 0.5 g of TiO, nanoparticles in 200 mL of toluene were
sonicated in two neck round bottom flask for two hours. After sonication 1.5 mL of
perfluoroheptanoic acid was added to titania nanoparticles and reaction mixture was
kept under refluxed at 110 °C for 24 hours. After that functionalized nanoparticles were
separated by filtration and then washed with deionized water three times. Separated
nanoparticles (0.3 g) were dried in oven at 50 °C. Figure 2.6 shows schematic pathway
followed for functionalization of titania particles and possible interaction between

perfluoroheptanoic acid (PFHA) and Ti surface.

TiO» Sonication 110 °C Functionalize
nanoparticles o —— PFHA + ro— 1505
in ethanol Reflux

|
!

Dried in oven

at 50 °C
(a)
R QO
00— | \('
¢ ~C -~
¢ 0/ 0/ R
o_R H Spou”
/ ’l !
\(\T)/ 0 o’ 0 on
L ]
[ Ti Ti Ti Ti Ii |
(b)

Figure 2.6 (a) Schematic representation showing functionalization of TiO,

nanoparticles (b) Possible interaction of Ti surface with perfluoroheptanoic acid.
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2.4 Synthesis of composite materials

TiO, epoxy—amine nanocomposites were synthesized using diglycidyl ether of
bisphenol A (DGEBA DER-355) as epoxy resin and curing agent used was MACM i.e.
2,2'-dimethyl-4, 4’-diaminodicyclohexylmethane. Neat epoxy - amine system were

also synthesized for comparative study.
2.4.1 Synthesis of neat epoxy —amine film.

For the synthesis of neat epoxy —amine network, 2.25 g (6 mmol) of DGEBA was
taken in 50 mL beaker and heated at 50 °C for 30 minutes under vigorous stirring to
obtain transparent viscous liquid. The melted epoxy was degassed under vacuum oven
to remove air bubbles. Then 0.75 g (3 mmol) of MACM was added and stirred for 15
minutes. Mixture was then poured on teflon moulds and cured in oven at 50 °C, 60 °C,
70 °C, 80 °C, and 90 °C for one hour and 100 °C for 6-8 hour. Figure 2.7 shows the

schematic representation of neat epoxy —amine network.

DGEBA Stirring MACM Stirring Teflon moulds
(2.25 g) 30 min (0.75 g)

Cured at 50-90 °C for
Thour and 100 °C for
3 hours.

Figure 2.7 Schematic representation of neat epoxy-amine system'**
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2.4.2 Synthesis of epoxy titania hybrids:

In most cases, the optimum thermal and mechanical properties of particulate epoxy
composites are achieved at 3-5 wt.% loadings of inorganic nanoparticles such as nano-
titania and nano-clay'>?’. It has been learnt that an increase in nanoparticles content,
generally above 5 wt.%, not only reduces toughness, but it is also accompanied by loss
in T, due to increase in crosslink density of matrix chains and increase in free volume'*.
In the view of these findings three types of composite systems were synthesized with
5% and 7.5% of reinforcement to study the effect of titania on properties of epoxy amine

matrix. The samples obtained were then analyzed by ATR-IR, TGA and DSC.

Table 2.1 Composition of unmodified titania based composite (5-TENC, 7.5-TENC,
5-MTEC, 7.5-MTEC)

EAT Composites

Sr. No. System Abbreviation

(Yo wt)

1 Neat epoxy —amine network Neat o

Epoxy-amine-titania
2 ) TENC b X4
composite
Epoxy-amine-mesoporous
3 titania composite MTEC S, 45

In the following section the synthesis and procedures adapted to synthesize the epoxy-
amine-titania composites and epoxy-amine-mesoporous titania composites will be

discussed.
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2.4.2.1 Synthesis of TiO2/MT epoxy - amine composites:

In order to synthesize TiO, /MTN epoxy — amine composites, titania particles were
sonicated in acetone for two hours and then added to DGEBA and stirred for 30
minutes. After that MACM hardener was added and stirred for two hours. Then mixture
was poured on teflon moulds and cured in vacuum oven at 50 °C, 60 °C, 70 °C, 80 °C,
90 °C for one hour and 100 °C for 6-8 hours. Figure 2.8 shows the schematic pathway

for the synthesis of TiO2/MT epoxy-amine composites.

DGEBOA Stirring MACM Stirring Teflon moulds
Ar50°C 12 hours 1 hour
| TiO2/MTN in | Cured at 50-90 °C

acetone sonicated for 1 hour
for 2 hours respectively and at
100 °C for 3 hours

Figure 2.8 Schematic representation for synthesis of TiO»/MT epoxy amine

composites
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Three types of composite systems were synthesized with surface modified particles.

The samples obtained were then analyzed by ATR-IR, TGA and DSC.

Table 2.2 Composition of surface modified titania based composites (5-FTENC,
7.5F-TENC, 5-MTEC, 7.5-MTEC)

FEAT Composites
Sr. No. System Abbreviation

(% wt)

1 Neat epoxy —amine network Neat -

Epoxy-amine-titania

: composite with FTENC 5.7.5
functionalized titania
Epoxy-amine-mesoporous
titania composite with
3 FMTEC 5,75

functionalized mesoporous

titania

In the following section the synthesis and procedures adapted to synthesize the surface
modified titania-epoxy-amine composites and epoxy-amine-mesoporous titania

composite will be discussed.
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2.4.2,2 Synthesis of F-TiO, /F-MT epoxy amine composites:

In order to synthesize F- TiO, /F-MTN epoxy — amine network, surface modified

particles were sonicated for two hours and then added to DGEBA and stirred for 30

minutes, After that MACM hardener was added and stirred for two hours .Then the

mixture was poured on teflon moulds and cured in vacuum oven at 50 °C, 60 °C, 70°C,

80 °C, 90 °C for one hour and 100 °C for 6-8 hours. Figure 2.9 shows the schematic

representation for synthesis of F-TiO2/F-MT epoxy-amine composites.

MACM

Stirring
DGEBA
e
12hours
F-1102/F-MTN
sonicated in acetone for
2 hours

Stirring :
e Teflon moulds

1 hour

If(_“ure(l at 50-90 °C for
| hour respectively
and 100 °C for 3
hours

Figure 2.9 Schematic representation for F-TiO»/F-MTN epoxy amine composites
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2.4.2.3 Procedure for measurement of contact angle:

To analyze surface wettability, the static contact angle measurements of double
deionized water on neat epoxy-amine system and epoxy-titania composites were carried
out. Liquid drops of 5 pLL were deposited on different spots of the substrates to avoid
the influence of roughness and gravity on the shape of drop. The drop contour was
analyzed from the image of deposited liquid drop on the surface and contact angle was
determined manually using protector. To minimize the errors due to roughness and
heterogeneity, the average values of contact angles of the drops were calculated
approximately 30 s after the deposition.

Five static contact angle measurements were performed on different spots all over the
composites films and used to determine the average contact —angle values with an
estimated error in reading of (£+1.0)° *°. Figure 2.10 shows image taken for contact

angle measurement.

Figure 2.10 Image for contact angle measurement

o~
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Chapter 3 Results & Discussions

This chapter is divided into three parts, the first part discusses characterization of titania
particles, the second one is contributed to kinetics of titania-epoxy composites and last

one to the characterization of composites.
3.1 Characterization of titania particles:

The titania particles were characterized by ATR-FTIR, X-ray diffraction analysis
(XRD), scanning electron microscopy (SEM) and thermogravimetric analysis (TGA).

3.1.1 Fourier transform infrared spectroscopy (FTIR):

Ze- =N

o5 S

B3 o &

g UTNP g o B
CTNP W '.3_3. -

FTNP <= - 0

R 22 & 8
44 S

O-Ti 419cm’ ——»

Figure 3.1 FTIR spectra of as prepared (UTNP), thermally treated (CTNP) and
surface modified titania particles (FTNP)

Figure 3.1 shows the IR spectra of as prepared (UTNP), thermally treated (CTNP) and
surface modified titania particles (FTNP). Three main peaks were observed for as-
prepared titania nanoparticles (UTNP) corresponding to the vibration of Ti-O bond
around 419 cm™, the bending vibration of O-H bond around 1625 cm™', and to stretching
vibration of O-H bond at 3213 cm™' (broad) attributed to the surface hydroxyl groups
and adsorbed water molecule. Thermally treated titania particles (CTNP) lack O-H
peaks at 1625 and 3213 cm’!, which indicated the absence of hydroxyl groups and

formation of crystalline titania particles obtained after thermal treatment.
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IR spectra of surface modified TiO; particles (FTNP) showed several peaks of variable
intensities corresponding to O-Ti at 419 cm!, carbonyl at 1735 cm™', C-O at 1336 cm™!
and C-F at 1222 cm™' which indicated the surface functionalization of titania particles

with perfluoroheptanoic acid.

Perfluoroheptanoic acid was used as capping agent. The surfactant perfluoroheptanoic
acid has two functionalities; the carboxylic group and C-F. The acid can either be
adsorbed physically on titania particles surface or by chemical adsorption through the
formation of ester linkage, by reaction between acid group of PFHA and surface

129

hydroxyl of titania particles'?’. The appearance of carbonyl signal at 1735 cm’

indicated formation of ester linkage with acid.

Table 3.1 IR data of TiO; particles (TNP) and surface modified TiO> particles

(FTNP)
Sr# Wavenumber cm™! Functional groups
1 419 -O-Ti
2 1626, 3215 -O-H
3 1326 -C-0
4 1222 -C-F
5 1735 Carbonyl of ester

3.1.2 X-ray diffraction analysis (XRD):

The XRD analysis was carried out to study the crystalline structure, purity and phase
characteristics of TiO: particles. The XRD diffractograms of titania particles and
reference are shown in figure 3.2 and 3.3. The sharp and intense peaks showed the
presence of crystallinity of anatase phase of titania. Characteristics peaks corresponding
to 25.5°, 38.2°, 48° and 58° was observed. Which were assigned to the crystalline
anatase phase of titania. It should be noted that there is slight difference between the
unmodified and modified titania particles at 20 = 25.5°. This might be due to

functionalization that caused a shift in crystalline structure'*®.
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Figure 3.2 XRD diffractograms of TiO2 nano particles (TNP), surface modified TiO>
nanopaiticles (FTNP), mesoporous titania particles (MTN) and surface modified

mesoporous titania particles (FMTN)
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Figure 3.3 Standard spectrum for anatase phase of titania'®’
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3.1.3 Thermogravimetric analysis:

Thermogravimetric analysis were carried out to investigate the difference between

thermal stability of surface modified and unmodified titania particles.

Thermograms for titania particles are shown in figure 3.4. The observed weight loss
around 380 °C during heating was due to the loss of adsorbed water molecule or
condensation of Ti-OH species, while the weight loss in the case of surface modified
titania particles (FTNP, FMT) around 250 °C was attributed to the organic moieties
present on the surface that are more sensitive to high temperature and decrease the
initial decomposition temperature'*®. The % char yield of TNP and MT at 800 °C was
89 and 90 % respectively. While % char yield of FTNP and FMT was found to be 87.8

and 88 %. This decrease in % char yield was due to functionalization of particles.

100 -
98 -
96 -

94 -

Mass%

92 -
90

200 400 600 800
Temperature (°C)

Figure 3.4 Thermograms of surface modified and unmodified titania nanoparticles

(FTNP, TNP) and mesoporous titania particles (MT, FMT)
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3.1.4 Scanning electron microscopy of titania particles (SEM):

The surface morphology of TiO2 nanoparticles and mesoporous titania were examined
by SEM. The SEM images shown in figure 3.5, showed that thermally treated TiO:
nanoparticles have sintered powdered morphology. However due to aggregation it is
difficult to perceive individual TiO2 nanoparticle'*®. The mesoporous titania particles
have rounded sponge like morphology due to the addition of surfactant during its

synthesis'!”.

(b)

Figure 3.5 SEM images of (a) TiO2 nanoparticles (TNP) (b) mesoporous titania (MT)
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From this part of results and discussion it is concluded that titania particles have anatase
phase and surface modification of titania particles decrease its initial decomposition
temperature due to presence of organic moieties that are present on the surface of
particles. From SEM images it was observed that mesoporous titania have spherical

morphology while titania nanoparticles have sintered powdered morphology.
3.2 Curing kinetics of epoxy resins and its composites:

The synthesized titania particles were used as filler for epoxy amine system and the
curing kinetics of neat epoxy-amine, surface unmodified titania epoxy and surface
modified titania epoxy systems with different wt. % were carried out to study the effect

of titania particles on activation energy of epoxy-amine matrix.
The results of different system will be discussed as follows:

1) Neat system
2) Unmodified titania based composites (5-TENC and 7.5-TENC)
3) Surface modified titania based composites (5-FTENC and 7.5-FTENC)
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3.2.1 Neat system:

Neat system consisted of the epoxy resin (DGEBA) and hardener (MACM). The
stoichiometric amount of DGEBA and MACM was mixed for kinetic studies.

3.2.1.1 Dynamic differential scanning calorimetry of neat system:

Dynamic DSC for the curing reaction of neat system was carried out at three different
heating rates (figure 3.6). All thermograms showed exothermic peak which
corresponded to the curing reaction of oxirane ring and diamine. The thermograms
showed that the initial curing temperature (T), peak curing temperature (T)) and the
final curing temperature (Ty) increased with increase in heating rate. The reason behind
this is that the sample did not have enough time to cure at low temperature when heating

rate is increased.
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Figure 3.6 DSC thermograms for neat system
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3.2.1.2 Curing cycle of neat system:

The curing cycle of neat epoxy resin system was assessed by extrapolation of straight
lines from graph between temperatures (°C) versus heating rates. Curing of neat system
started from 68 °C, maximum reaction took place at 133 °C and ended at 213 °C as

shown in figure 3.7.
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Figure 3.7 Curing cycle of neat system

3.2.1.3 Curing kinetics of neat system:
Kissinger and Ozawa methods were used to find the activation energy and the pre-
exponential factor. Different parameters, In (5/T;?), 1/T,%, and Inf were calculated from

Kissinger and Ozawa method as shown in table 3.2.

Table 3.2 Kinetic parameters from Kissinger and Ozawa methods for neat system

P (°C/min) | Tp(°C) | Tp(K) | Tp? 1/Tp x103 (k') | -In(p/Tp?») | Inp
5 124 397 | 157609 2.51 9.66 1
10 135 406 | 165649 2.45 9.30 1.176
15 141 414 | 173056 2.40 9 1.301
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The activation energy (Ea) and Arrhenius constant (4) of neat system was found to be

49.8 KJ/mol and 1.8 s™! calculated from the slope of linear fit and intercept of Kissinger

graph (figure 3.8).
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Figure 3.8 Kissinger linear fit graph for neat system

Activation energy Ea. from Ozawa method was 49.9KJ/mol calculated from slope of

linear fit Graph (figure 3.9).
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Figure 3.9 Ozawa linear fit graph for neat system
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3.2.2 Epoxy —titania composites:
Epoxy-titania system consisted of epoxy resin (DGEBA), hardener (MACM) and
titania particles as filler. The stoichiometric amount of DGEBA, MACM and particles

with 5 % and 7.5 % were mixed for kinetic studies.

3.2.2.1 Dynamic differential scanning calorimetry of 5-TENC system:
Dynamic DSC for the curing reaction of 5-TENC system was carried out at three
different heating rates (figure3.10). All three thermograms showed single exothermic
peak which corresponded to the curing reaction of oxirane ring and diamine. The
thermograms showed that the initial curing temperature (Tj), peak curing temperature
(Tp) and the final curing temperature (T) increased with an increase in heating rate.
The reason behind this is that the sample did not have enough time to cure at low
temperature. Initial, peak and final temperatures of 5-TENC were lower than that of
neat system due to catalytic effect of TiOz particles. It is reported by
Parameswaranpillai and his coworker that T of DDS/epoxy titania system is lower
than its neat system due to catalytic effect of TiO2'*. So the decrease in T, of 5-TENC

than neat system was assumed due to catalytic activity of TiO;.
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Figure 3.10 DSC thermograms for 5-TENC system
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3.2.2.2 Curing cycle of 5-TENC:
The curing cycle of 5-TENC was assessed by extrapolation of straight lines from

graph between temperatures versus heating rates. Curing of 5-TENC system started

from 86 °C, maximum reaction occurred at 102 °C and ended at 120 °C as shown in

figure 3.11.
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Figure 3.11 Curing cycle of 5-TENC System

3.2.2.3 Curing kinetics of 5-TENC:
Kissinger and Ozawa methods were used to find the activation energy and the pre-

exponential factor. Different parameters, In (8/T?), 1/T,%, and Inf were calculated from

the DSC thermograms by using Kissinger and Ozawa method (table 3.3)

Table 3.3 Kinetic parameters from Kissinger and Ozawa methods for 5-TENC

B (C/min) | TpC°C) [ To(K) | T2 | UTpx103 (k') [ -In(f/Tpd) | Inp
5 113 | 386 | 148996 2.59 9.6 1
10 123 | 396 | 156816 2.52 9.2 1.176
15 138 | 407 | 165649 2.45 9 1.301
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The activation energy (Ex) and Arrhenius constant (4) of 5-TENC were found to be
37.69 KJ/mol and 1.3 s calculated from the slope of linear fit and intercept of Kissinger

graph (figure 3.12).
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Figure 3.12 Kissinger linear fit graph for S-TENC

Activation energy (Eo) from Ozawa method was 40.01 KJ/mol calculated from slope
of linear fit graph. Activation energies calculated from Kissinger and Ozawa methods
for 5-TENC were less than that of neat system due to catalytic activity of TiO>
nanoparticles (figure 3.13).
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Figure 3.13 Ozawa linear fit for 5-TENC
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3.2.3.1 Dynamic differential scanning calorimetry of 7.5-TENC:

Dynamic DSC for the curing reaction of 7.5-TENC system was carried out at three
different heating rates (figure3.14). All thermograms showed single exothermic peak
which corresponded to the curing reaction of oxirane ring and diamine. The
thermograms showed that the initial curing temperature (T;), peak curing temperature
(Tp) and the final curing temperature (Ty) increased with increase in heating rate. The
reason behind this is that the sample did not have enough time to cure at low
temperature. Initial, peak and final temperature of 7.5-TENC were also lower than that
of neat system and 5-TENC due to catalytic effect of particles. Thus an increase in

particles wt.% further decreased these temperatures'*,
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Figure 3.14 DSC thermograms for 7.5-TENC
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3.2.3.2 Curing cycle of 7.5-TENC:

The curing cycle of 7.5-TENC was assessed by extrapolation of straight
lines from graph between temperatures versus heating rates. Curing of 7.5-TENC
system started from 65°C, maximum reaction occurred at 84°C and ended at 131°C as

shown in figure 3.15.
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Figure 3.15 Curing cycle of 7.5-TENC

3.2.3.3 Curing kinetics of 7.5-TENC:
Kissinger and Ozawa methods were used to find the activation energy and the pre-
exponential factor. Different parameters, In (8/Ty?), 1/T,%, and Inf were calculated from

Kissinger and Ozawa method as shown in table 3.4.

Table 3.4 Kinetic parameters from Kissinger and Ozawa methods for 7.5-TENC

B(CC/min) |TpCC) [ To(K) | Tp? | UTp x10° k") [ -In(f/Tp?) | Inp
5 76 349 | 121801 2.865 9.4 1
10 85 | 358 | 128164 2.793 9.0 1.176
15 94 367 | 134689 2.724 8.8 1.301
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The activation energy (Ex) and Arrhenius constant (4) of 7.5-TENC were found to be
34.91 KJ/mol and 1.03 s calculated from the slope of linear fit and intercept of
Kissinger graph (figure 3.16).
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Figure 3.16 Kissinger linear fit graph for 7.5-TENC

Activation energy (E,) from Ozawa method was 34.4 KJ/mol calculated from slope of
linear fit graph (figure 3.17). Activation energies (Ex, E,) for 7.5-TENC were less than
that of 5-TENC due to catalytic effect of TiO2 nanoparticles an increase in wt.% of

nanoparticles leads to increase in catalytic activity and decrease in activation energy.
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Figure 3.17 Ozawa linear fit graph for 7.5-TENC
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3.2.4.1 Dynamic differential scanning calorimetry of 5-FTENC:

Dynamic DSC for the curing reaction of 5-FTENC system was carried out at three
different heating rates (figure 3.18). All thermograms showed single exothermic peak
which corresponded to the curing reaction of oxirane ring and diamine. The
thermograms showed that the initial curing temperature (T;), peak curing temperature
(Tp) and the final curing temperature (Ty) increased with increase in heating rate. The
reason behind this is that the sample did not have enough time to cure at low
temperature. Initial, peak and final temperatures of 5-FTENC were higher than 5-TENC
because when the surface of TiO2 was modified the surface hydroxyl groups that are
responsible for catalytic activity are consumed resulting in an increase in Tp. Peak
temperature (Tp) of 5S-FTENC was similar to neat system at low heating rates but higher
at 20°C/min. This increase might be due to hindrance in curing caused by particles

agglomeration or surface interaction of diamine with particles.
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Figure 3.18 DSC thermograms for 5-FTENC
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3.2.4.2 Curing cycle of S-FTENC

The curing cycle of 5-FTENC was assessed by extrapolation of straight lines
from graph between temperatures versus heating rates. Curing of 5-FTENC system
started from 93 °C, maximum reaction occurred at 148 °C and ended at 213 °C as shown

in figure 3.19.
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Figure 3.19 Curing cycle of 5S-FTENC

3.2.4.3 Curing kinetics of 5-FTENC:
Kissinger and Ozawa methods were used to find the activation energy and the pre-
exponential factor. Different parameters, In (8/T,?), 1/T,?, and Inf were calculated from

using Kissinger and Ozawa method as shown in table 3.5.

Table 3.5 Kinetic parameters from Kissinger and Ozawa methods for 5-FTENC

A (°C/min) | Tp(°C) | To(K) | Tp?* | UTpx10? (k) | -In(f/Tp? | Inp

5 149 422 | 178084 2.36 9.78 1
10 159 432 | 186624 2.31 9.42 117
15 169 442 | 195364 2.26 9.18 1.30
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The activation energy (Ex) and Arrhenius constant (4) of S-FTENC were found to be
49.48 KJ/mol and 1.8 s' as calculated from the slope of linear fit and intercept of

Kissinger graph (figure 3.20).
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Figure 3.20 Kissinger linear fit graph for 5-FTENC

Activation energy (E,) from Ozawa method was 50.06 KJ/mol calculated from slope of
linear fit graph (figure 3.21). Surface modification of TiO> nanoparticles retards its
catalytic activity which results in activation energy for 5-FTEN almost similar to neat

system.
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Figure 3.21 Ozawa linear fit graph for 5-FTENC
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3.2.5.1 Dynamic differential scanning calorimetry of 7.5-FTENC:

Dynamic DSC for the curing reaction of 7.5-FTENC system was carried out at three
different heating rates (figure 3.22). All thermograms show single exothermic peak
which corresponded to the curing reaction of oxirane ring and diamine. The
thermograms showed that the initial curing temperature (Ti), peak curing temperature
(Tp) and the final curing temperature (Ty) increased with increase in heating rate. The
reason behind this is that the sample did not have enough time to cure at low
temperature. Peak temperature of 7.5-FTENC are higher than that of 7.5TENC because
when the surface of titania particles are modified hydroxyl group that are responsible
for catalytic activity are consumed and result in an increase in activation energy.
Activation energy of 7.5-TENC are almost similar to that of neat which showed that

surface modification retard the catalytic activity of titania particles.
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Figure 3.22 DSC thermograms for 7.5-FTENC
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3.2.5.2 Curing cycle of 7.5-FTENC:

The curing cycle of 7.5-FTENC was assessed by extrapolation of straight lines from

graph between temperatures versus heating rates. Curing of 7.5-FTENC system started

from 96.3 °C, maximum reaction occurred place at 152 °C and ended at 211 °C as

shown in figure 3.23.
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Figure 3.23 Curing cycle of 7.5-FTENC

3.2.5.3 Curing kinetics of 7.5-FTENC:

Kissinger and Ozawa methods were used to find the activation energy and the pre-

exponential factor. Different parameters, In (8/Ty?), 1/Tp%, and InB were calculated from

the DSC thermograms by using Kissinger and Ozawa method table 3.6.

Table 3.6 Kinetic parameters from Kissinger and Ozawa methods for 7.5-FTENC

p(CCmin) [TpCC) [ To ) | Tp* [ UTpx10%(k?) [ -In(f/Tp») | Inp
5 144 | 417 |[173889 2.39 9.76 1
10 152 | 425 | 180625 235 9.39 1.17
15 163 | 436 | 190096 2.29 9.15 1.30
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The activation energy (Ex) and Arrhenius constant (4) of 7.5-FTENC were found to be
49.5 KJ/mol and 1.745 s calculated from the slope of linear fit and intercept of

Kissinger graph (figure 3.24).
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Figure 3.24 Kissinger linear fit graph for 7.5-FTENC

Activation energy (E,) from Ozawa method was 52.44 KJ/mol calculated from slope
of linear fit graph (figure 3.25). Activation energy similar to neat system indicate that

surface modification of titania particles retard the catalytic activity of titania.
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Figure 3.25 Ozawa linear fit graph for 7.5-FTENC
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Table 3.7 Kinetic parameters for different epoxy —titania systems

Sr# Codes E (Kissinger E, (Ozawa activation Arrhenius
activation energy) factor

energy) KJ/mol s
KJ/mol

| Neat 49.8 49 1.8

2 5-TENC 37.61 40.01 1.3

3 7.5-TENC 3491 34.46 1

4 5-FTENC 49.56 50.06 1.8

5 | 7.5-FTENC 49.5 52.44 1.745

From table 3.7 it is observed that activation energies calculated from

Kissinger and Ozawa methods for S-TENC and 7.5-TENC was less than that of neat

system, 5S-FTENC and 7.5-FTENC. This decrease in activation ener

¢ energy is due to the
catalytic effect of TiO2 nanoparticles on curing reaction. Activation energy for 7.5-
TENC was less than 5-TENC due to increase in wt% of TiO2 nanoparticles. The
activation energies for 5-FTENC and 7.5-TENC were similar to neat system. Because
when the surface of TiO2 nanoparticles modified, the surface hydroxyl group that are
responsible for catalytic activity of TiO2 form ester linkage with the capping agent
(perfluoroheptanoic acid). From this it is concluded that in epoxy titania system TiO2
nanoparticles have catalytic activity on curing of epoxy amine (5-TENC, 7.5-TENC)
matrix while in surface modified titania epoxy system (5-FTENC, 7.5-TENC) surface

modification of TiO2 nanoparticles retards its catalytic activity.
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3.3 Characterization of titania epoxy-amine composites:

TiO, is a versatile semi-conducting material which shows high thermal stability,
chemical stability, and heat resistance. Two types of TiO, based composites were

synthesized;

Unmodified titania based composites (using TNP and MT)
Modified titania based composites (using FTNP and FMT)
and characterized using XRD, TGA, DSC and FTIR.

3.3.1 Fourier transform infrared spectroscopy (FTIR):

FTIR spectrum of three dimensional network of epoxy-amine is shown in figure 3.26.
Neat system consisted of two constituents, diamine (MACM) and epoxy (DGEBA).
The amino (NH2) functionality of diamine acted as nucleophile and opened the oxirane
ring of epoxy, to give C-N functionality, which appeared at 1245 ¢cm™ and strong
absorption band at 3448 cm™' due to stretching mode of hydroxyl group which formed
after opening of oxirane ring. The characieristics streiching vibration of O-Ti bond was
detected in the region of 462-510 cm™ which indicated the presence of titania network
in composite, this peak was not shown in case of reference epoxy amine system (Neat).
While the appearance of carbonyl peak at 1746 cm™ showed the surface modified titania
particles in epoxy amine matrix (5-FTENC).
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Figure 3.26 FTIR spectra of reference Neat and 5-TENC
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Table 3.8 IR data of neat system and composites

Wavenumber (1; em™!)

Sr# | Codes | OH Cip-H | Carbonyl | C-N | C= Ph-O | Ti-O-Ti
Stretching (Ar)
1 Neat | 3448 2918 - 1245 | 1605 | 1179 -
2850 1507
2 5- 3363 2918 - 1294 | 1606 | 1180 462-
TENC 2868 1507 560
3 7.5- 3380 2918 - 1293 | 1606 | 1180 462-
TENC 2850 1507 560
-+ 5- 3363 2918 1746 1294 | 1606 | 1180 462-
FTEN 2850 1507 560
C
5 7.5- 3350 2918 1746 1294 | 1606 | 1180 462-
FTEN 2850 1507 560
€
6 5- 3363 2918 - 1295 | 1606 | 1180 462-
MTEC 2850 1507 560
7 7.5- 3386 2918 - 1294 | 1606 | 1180 462-
MTEC 2850 1507 560
8 5- 3350 2918 1746 1293 | 1606 | 1180 462-
FMTE 1850 1507 560
C
9 7.5- 2918 1746 1294 | 1606 | 1180 462-
FMTE 2850 1507 560
C

69



Chapter 3 Results & Discussions

3.3.2 X-ray diffraction analysis (XRD):

Incorporation of Titania particles into polymer matrix was confirmed by the appearance

of sharp peaks corresponding to TiO: particles as shown in figure 3.27(a). In neat

system these sharp peaks were not present and only amorphous structure was observed.

The appearance of sharp peak showed the successful dispersion of TiO> particles in

epoxy amine matrix as shown in figure 3.27(b).
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Figure 3.27 XRD pattern (a) comparison between particles and composites

(b)composites
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3.3.3 Thermal analysis

To investigate the thermal stability of the polymeric materials DSC and TGA were
carried out. DSC was used to measure the glass transition temperature (Tg) of polymer.

The cured sample in sealed aluminum pan is heated under nitrogen at rate of 10°C/min
from 50-300°C.

Thermal behaviors of titania composites were investigated to see the effect of titania

particles on thermal properties of polymeric material.
3.3.3.1 Differential scanning calorimetry (DSC) of TiO2 composites:

DSC results for both surface modified and unmodified titania based composites are
presented below in figure 3.28. Tables 3.9 and 3.10 show that glass transition
temperature of titania based composites are higher than that of neat system. The
increase in Ty is due to strong interfacial interaction between TiO: particles and

polymeric material.
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Figure 3.28 DSC scan of composites
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In case of functionalized TiO; composites, the glass transition temperature are lower
than that of functionalized TiO2 composites. This decrease is due to presence of fluoro
moiety that were introduced on the surface of particles in the form of
perfluoroheptanoic acid which provide more free volume. Although the transition

temperatures are still greater than that of neat epoxy amine system.

Table 3.9 Glass transition temperature for unmodified titania based composites

Srno | % of TiO; particles Samples codes Tg(°C)
1 0 Neat 67
2 5 5-TENC 130
3 7.5 7.5TENC 126
4 5 5-MTEC 116
5 7.5 7.5-MTEC 120

Table 3.10 Glass transition temperature for surface modified titania based composites

Srno | % of TiO: particles Samples codes Tg (°C)
1 0 Neat 67
2 5 5-FTENC 101
3 7.5 7.5-FTENC 70
4 5 5-FMTEC 96
5 7.5 7.5-FMTEC 89

3.3.3.2 Thermogravimetric analysis (TGA) of TiO2 composites:

Figure 3.29 shows thermogravimetric (TG) curves of titania epoxy composites recorded
under nitrogen atmosphere at 10 °C/min. For both surface modified and unmodified
titania based composites no weight loss was observed before 300 °C. Thermal
decomposition temperatures such as initial decomposition temperature (IDT),
temperature at 10 % weight loss (Ta10), temperature at 50 % weight loss (Taso0) , and
temperature at maximum weight loss (Tmax) of titania-epoxy composites are shown in

table 3.11 along with % char yield.
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It can be observed that the thermal stability of composites increased with an increase in
TiO; content. However the thermal stability of unmodified titania based composites
(TENC, MTEC) is higher than that of modified titania based composites (FTENC,
FMTEC). The surface modified titania particles have organic moieties attached to the
surface which are more sensitive to high temperature and degrade into carbonaceous

solids, CO; and H»O.

— Neat

—«=- B-TENC
--+ 5-FTENC
-+« 5-FMTEC
—=-- 7.5-FMTEC

Mass%

T +— +

E [ T 1] L] Y. 1
200 400 600 800 1000

Temperature (°C)

Figure 3.29 Thermograms of reference epoxy amine (Neat), unmodified titania
composites (STENC) and surface modified titania based composites (5-FTENC, 7.5-
MTEC, 5-FMTEC)

After maximum degradation has occurred the composites containing TiO, particles
shows more char yield than neat system. The % char yield for titania composites was
higher due to slower release of volatile substances. The surface modified particles based
composites also showed high thermal decomposition temperatures as compared to neat
system. Thermal decomposition parameters along with % char yield are shown in table
3.11.
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Table 3.11 Thermal decomposition parameters of reference epoxy-amine system

and composites

Samples IDT (Ta10) (Tas0) (Tmax) Char yield
codes (°C) (°C) (°C) (°C) (Wt. %)
Neat 271 353 394 984 7.5

5-TENC 352 393 433 985 21.5

7.5-TENC 353 393 437 985 22

5-FTENC 311 352 393 985 12
7.5- 317 364 397 985 7

FTENC

5-MTEC 352 394 425 984 20

7.5-MTEC 352 390 430 984 21
5-FMTEC 302 353 394 983 15.42
7.5- 300 312 394 984 16.62
FMTEC | |

3.3.4 Wettability and contact angle:

Contact angle measurements were carried out to analyze the surface wettability of
composites. Figure 3.30 shows that contact angle for the surface modified particles
based composites (FTENC, FMTEC) is greater than that of unmodified particles based
composites (FTENC, FMTEC). The increase in contact angle is due to incorporation of
fluorinated alkyl chain as perfluoroheptanoic acid on the surface of particles.
Fluorinated compounds have low surface energy due to small size and low
polarizability of C-F bond. Which results in low dense interactions on the surface and

an increase in hydrophobic character'’.
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(a)
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Figure 3.30 Contact angle results for (a) titania nanoparticles based composites and

(b) mesoporous titania based composites
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Results & Discussions

Table 3.12 Contact angle of epoxy-titania composites

Sr# Codes Contact angle (6)
1 Neat 88
2 5-TENC 90
3 7.5-TENC 93
4 5-MTEC 89
5 7.5-MTEC 90
6 5-FTENC 94
7 7.5-FTENC 102
8 5-FMTEC 95
9 7.5-FMTEC 99
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Conclusions

The present work has led to following conclusions

o
' g

Titania nanoparticles and mesoporous titania were successfully synthesized by
sol gel method.

Surface of particles was modified using perflouroheptanoic acid.

The synthesized nanostructures were characterized by FTIR, XRD, SEM, and
TGA.

From SEM image it was observed that mesoporous titania particles have round
sponge like morphology while titania nanoparticles have sintered powdered
morphology.

XRD pattern showed the presence of anatase phase of titania.

Curing kinetics of epoxy titania composites were carried out to study the effect
of titania particles on activation energy. Activation energy (Ey, E,) for epoxy
titania composites (5-TENC, 7.5-TENC) was lower than neat and surface
modified titania epoxy composites (5-FTENC, 7.5-FTENC) due to catalytic
effect of titania on curing reaction. While activation energy (Ex, Eo) for 7.5-
TENC was lower than 5-TENC, due to increase in wt % of particles its
catalytic activity increase. For 5-FTENC & 7.5-FTENC activation energy was
almost similar to neat system because surface modification of titania particles
retards its catalytic activity.

Contact angle measurement was carried out to examine the hydrophobic
character of composites. Contact angle for unmodified titania based
composites (TENC, MTEC) was greater than that of neat system due to
surface roughness. While contact angle for surface modified titania based
composites (FTENC, FMTEC) was higher than that of neat system and surface
unmodified titania composites (TENC, MTEC). The increased in contact angle
was due to incorporation of fluoro moiety in epoxy amine matrix in the form
of capping agent for titania particles.

Thermal stability of composites increased with an increase in TiO, content due
to crystalline nature of particles. Epoxy-titania systems showed onset of
thermal degradation above 300°C while for neat system onset degradation

temperature was 271°C.
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Conclusions

» The glass transition temperatures (T,) of composites were greater than that of
neat system due to reinforcement. In case of functionalized titania-epoxy
systems the glass transition temperature (T,) was lower than that of non-
functionalized titania-epoxy system due to fluoro moiety which provide more

free volume.
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Future plans

The future plans include:

A4

Curing kinetics of mesoporous titania-epoxy systems.
Synthesis of epoxy titania composites with higher filler loadings like 8%, 9%,
and 10%.

Conductivity of epoxy-titania composites.
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