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Abstract
Hollow silica nano spheres (HSNS) were synthesised with the use of polystyrene
templates. Based on the polystyrene templates, tetraethyl orthosilicate (TEOS)
was hydrolysed and attached on the surface, in either an acidic or basic environ-
ment. The acidic catalyst, HCl and the basic catalyst, NH4OH were investig-
ated to determine the reaction yield and morphology generation. By repetitive
experiments a hypothesis was developed. The morphology outcome is valid for
an ammonia solution with a m% of NH3 between 10 % to 30 %. The morpho-
logy of the attached silica and agglomeration of spheres were determined not to
correspond directly with the pH, but rather the addition of ammonia solution.
Moreover, the as - synthesised HSNS were modified by three separate surface
modifications, to increase the hydrophobicity and reduce the brittleness. A hy-
droxylation process was necessary to re - attach hydroxide molecules, removed
during heat treatment, for further modification. The hydroxylated HSNS exhib-
ited moderate re - attachment of hydroxide molecules in basic water, providing
that the required surface conditions. To increase the hydrophobicity a hydro-
phobisation process was attempted. HSNS were submerged in 20 % to 30 %
hexamethyldisiloxane (HMDS), to attach large organic molecules on to the silica
surface. The surface modification did not alter the hydrophobicity, nor did it ef-
fect the composition and morphology of the as - synthesised HSNS samples. To
reduce the brittleness, a functionalisation process was developed. Vinyltrimeth-
oxysilane (VMOS) was investigated, to analyse what effects, the attachment of
C = C bonds with large organic molecules on the silica surface, had on the hy-
drophobicity and thermal conductivity. For all functionalised HSNS, successful
attachment of C = C bonds was confirmed, along with a drastic transformation
of hydrophobicity. A super hydrophobic material was created, with respect to
a contact angle (θ) > 150 ◦ measured for all functionalised HSNS samples. The
attachment of organic molecules and C = C bonds did not alter the thermal
conductivity and the C = C bonds provides possibilities for continued modific-
ation of the material, reducing the brittleness.

The as - synthesised and surface modified HSNS were characterised with respect
to their morphology (SEM) and composition (FTIR). The functionalised HSNS,
along with their corresponding hydroxylated precursor, were characterised with
respect to their hydrophobicity (contact angle). Selected as - synthesised and
functionalised HSNS were characterised with respect to their thermal conduct-
ivity (Hot disk).
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Sammendrag
Hule silika nano sfærer (HSNS) har blitt syntetisert ved bruk av polystyren
templater. Basert på disse polystyren templatene, ble tetraethyl orthosilicate
(TEOS) hydrolysert og tilkoblet til overflaten, i enten et surt eller basisk miljø.
Syre katalysatoren HCl og base katalysatoren NH4OH har blitt undersøkt for å
avgjøre reaksjonsutbyttet og morfologien av sfærene og silika nano - partiklene.
Ved gjentatte eksperiment har en hypotese blitt utviklet, angående struktur gen-
erasjonen. Hypotesen som ble utformet er gyldig med en m% av NH3 mellom
10 % til 30 % i en ammoniakk løsning. Morfologien til de tilkoblede silika nano -
partiklene og aggregering av sfærene var ikke direkte knyttet til pH, men heller
mengden ammoniakk - løsning tilsatt. I tillegg ble de syntetiserte HSNS modi-
fisert av tre ulike overflate modifikasjoner, for å øke hydrofobisiteten og redusere
skjørheten til materialet. En hydroksylerings prosess var nødvendig for å koble
hydroksyl grupper til silika overflaten, basert på forbrenningen av disse mole-
kylene under varmebehandlingen. De hydroksylerte HSNS erfarte en moderat
tilknytning av hydroksyl grupper i basisk vann og genererte den nødvendige
overflate strukturen for videre modifikasjoner. For øking av hydrofobisiteten
ble en hydrofobiserings prosess forsøkt. Hydroksylerte HSNS ble integrert i en
løsning av 20 % - 30 % hexamethoxysilane (HMDS), for å tilkoble store or-
ganiske molekyler på silika overflaten. Overflate modifikasjonen forandret ikke
hydrofobisiteten, morfologien eller komposisjonen til hydroksylerte HSNS. For å
redusere skjørheten, ble en funksjonaliserings prosess utviklet. Kjemikalet vinyl-
trimethoxysilane (VMOS) ble undersøkt, for å analysere hvordan tilkoblingen
av C = C bindinger med store organiske grupper på silika overflaten, påvirket
den termiske konduktiviteten og hydrofobisiteten. Alle funksjonaliserte HSNS
materialer hadde en suksessfull tilkobling av C = C bindinger og i tillegg en
drastisk forandring i hydrofobisitet. Et super hydrofobt material ble laget, i
tilknytning til en kontakt vinkelen (θ) > 150 ◦, målt for alle funksjonaliserte
HSNS materialer. Tilkoblingen av organiske grupper samt C = C bindinger,
påvirket ikke den termiske konduktiviteten og C = C bindingene genererer mu-
ligheter for videre modifikasjon og dermed redusere skjørheten til materialet.

Syntetiserte og overflate modifiserte HSNS ble karakterisert basert på deres
morfologi (SEM) og komposisjon (FTIR). De funksjonaliserte HSNS, sammen
med deres respektive forløpere, ble karakterisert basert på deres hydrofobisitet
(kontakt vinkel). Valgte syntetiserte og funksjonaliserte HSNS ble karakterisert
basert på deres termiske konduktivitet.
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Chapter 1

Introduction

1.1 Motivation

The earliest accounts for employing insulation was done by the ancient Egypt
(3000 BC), constructing buildings out of mud bricks for their ability to keep
cool. The ancient greeks (900 BC - 600 AD) provided the next advancement
integrating asbestos in fabrics and buildings based on their "mythical powers"
concerning fire resistance. Further advances did not arrive before after the in-
dustrial revolution when Games Slayter invented a method for production of
glass wool (a type of mineral wool) in 1933 [1]. Asbestos was at a large scale
used until 1990s before it was banned in most western countries due to its health
hazards [2]. The late ban is considered ironic since the ancient greeks noticed
and documented the health effects it had on workers [3]. Games Slayter’s glass
wool and other types of mineral wool are the most employed insulation material
today. However, research the last three decades has developed new materials
with an extremely low heat conduction. Some of these super insulation mater-
ials (SIM) have already been used in applications requiring an extremely low
thermal conductivity. These materials are normally only used for special ap-
plications, requiring high thermal insulation in a restricted space, due to high
costs and durability issues.

In the EU, based on statistics from Eurostat in 2016, 65 % [4] of the energy
consumption in residential sector goes towards space heating (Figure 1.1). Em-
ploying insulation materials with an extremely low thermal conductivity com-
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2 CHAPTER 1. INTRODUCTION

pared to conventional insulation materials would not only reduce the energy
requirements, but also reduce the space required of the insulation materials.

Figure 1.1: Pie-chart illustrating the energy consumption in the residential sec-
tor in Europe 2016 based in the statistical data from Eurostat[4].

A promising nano material, exhibiting a very low thermal conductivity has
been under the microscope for the last 10 years. This nano - material, hollow
silica nano spheres (HSNS) when synthesised, exhibits properties not suitable
for insulation proposes. Adsorption of water and brittleness are the two key
disadvantages. Modifying these properties, would produce a nano - insulation
material that can revolutionise insulation used in the residential sector.
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1.2 Aim of the work

The aim of this Master’s thesis was to synthesise hollow silica nano-spheres
(HSNS) for deployment in thermal insulation. Furthermore the surface of hol-
low silica nano-spheres should be modified to provide hydrophobic properties
along with a less brittle structure more suitable for insulation applications. The
synthesised HSNS should be characterised with respect to their morphology,
size, chemical composition, hydrophobicity and thermal conductivity. The sur-
face modified HSNS should be characterised with respect to their composition,
hydrophobicity and thermal conductivity compared to their as - synthesised
precursor.



Chapter 2

Background

2.1 Thermal conductivity

Thermal conduction
Particle collisions and electron movement are the main contributors to thermal
conduction. Above absolute zero (-273.15 ◦C) molecules/atoms vibrate depend-
ing on internal energy. At elevated temperatures these particles would have a
rapid vibration, increasing the amounts of collisions per unit time. Each colli-
sion results in a transfer of kinetic and potential energy generating a flow of heat
between the particles. Figure 2.1 illustrates a material effected by an external
source of energy at one part of the surface. The microscopic particles closest,
quickly increase their internal energy. The enhanced internal energy promotes a
rapid vibration, increasing the amount of collisions with neighbouring particles.
These collisions transfer the newly acquired internal energy in terms of kinetic
and potential energy from the closest particles to particles further away from the
heat source. In other words a flow of heat is generated throughout the material.
The thermal conductivity of a material is highly dependent on its density. Gen-
erally solids conduct heat better than liquids and gases with respect to their
closely packed structure of atoms. Atoms with small distances between each
other have a larger possibility of colliding, transferring kinetic and potential
energy at a higher magnitude. The freedom of movement of electrons also pro-
motes thermal conductance. Metallic bonds consisting of a "sea" of electrons
has a large degree of freedom and can move with relative ease throughout the
material, while covalent and ionic bonds promote localised electrons [5].

4



2.1. THERMAL CONDUCTIVITY 5

Figure 2.1: Illustration of heat propagation throughout a material affected by
an external source of energy.

Figure 2.2 illustrates the general density difference between solids (a), liquids
(b) and gases (c). Assuming identical conditions, the molecules exhibit a similar
vibration. Hence the amount of collisions and movements of electrons between
particles would be large for solids compared to gases with respect to the large
volumetric space each molecule/atom in a gas can occupy.

Figure 2.2: Illustration of structural differences between solids (a), liquids (b)
and gases (c).

Generally the thermal conductivity (κ) of a material is treated as a constant,
changing only based on the temperature. Still in many materials the thermal
conductivity is relatively unchanged over a significant temperature range. The
structure throughout the materials also affects the thermal conductivity. E.g. a
non-uniform material would have variations in thermal conductivity at spatial
locations while an anisotropic material has a variation of thermal conductivity
based on orientation.
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Law of heat conduction

Fourier’s law, also known as the law of heat conduction, describes the rate of
heat transfer [6]. The differential form (Equation 2.1), describes flow rates of
energy locally based on fluxes, while the integration form (Equation 2.2), de-
scribes the complete flow of energy in and out of an object.

−→q = −κ∇T (2.1)

Where −→q is the local heat flux density [Wm−2], κ is the thermal conductivity
of the material [Wm−1K−1], treated as a constant and ∇T is the temperature
gradient [Km−1].

By integrating the differential form (Equation 2.1) over the total surface area
of the object, the integration form of Fourier’s law is achieved.

δQ

δt
= −κ

‹
S

∇T × dS (2.2)

Where Q is the overall heat [W ], δQδt is the heat transferred per unit time [Ws−1]
and dS is the surface area [m2].

For many applications a one-dimensional form of Fourier’s law is sufficient treat-
ing both the differential Equation (2.1) and the integration equation (2.2) in only
the x-direction.

qx = −κdT
dx

(2.3)

Where dT
dx is the temperature difference in x-direction.

The one - dimensional integration form of Fourier’s law is derived by integrating
the one - dimensional differential Equation (2.3) over a homogenous material
with a constant temperature.
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Q

∆t
= −κA× ∆T

∆x
(2.4)

Where ∆T is the temperature difference between xstart and xend, ∆x is the
distance between xstart and xend and A is the surface area of the object.

A common term describing heat transfer in a material or a binding element with
a specific thickness in one - dimension is the thermal conductance U , defined as
the thermal conductivity (κ) of the material divided by the thickness (∆x) of
the material:

U =
κ

∆x
(2.5)

Adjusting the one - dimensional integration Equation (2.4) of Fourier’s law to:

Q

∆t
= −UA×∆T (2.6)

Thermal conductance (U) describes how effective a material transfers heat,
thermal resistance (R) , the reciprocal, describes how a material resists heat
flow.

R =
1

U
=

κ

∆x
(2.7)

Where R is the thermal resistance (m2KW−1).

For many applications especially in the building sector a high resistance to-
wards heat flow is required. In most cases an object would consist of more than
one layer of materials, each exhibiting an individual thermal conductance (U).
The total thermal resistance (RT ) can be defined as the addition of individual
thermal resistances (Equation (2.8)) or the addition of the reverse individual
thermal conductances (Equation (2.9)).

RT = R1 +R2 + ...+Rn (2.8)

RT =
1

U1
+

1

U2
+ ...+

1

Un
(2.9)

Where n is the amount of layers in the object.
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Both Equations 2.8 and 2.9 are based on the assumption that the energy moves
as a straight line, perpendicular to each layer and that the energy is not diverted
when in contact with a new material.

2.2 Thermal insulation

Insulating materials

Insulating materials exhibit a thermal conductivity below 0.065 [Wm−1K−1] at
regular conditions [7]. Table 2.1 lists common construction materials for differ-
ent applications and their thermal conductivities.

Aluminium and iron are classic ex-
amples of metals with a closely packed
structure and metallic bonds, promot-
ing a large thermal conductivity. These
materials are essential to construct ob-
jects exhibiting the required mechan-
ical strength. E.g. aluminium produces
light and mechanical strong objects.
Mineral wool and expanded polystyrene
(EPS) exhibit a thermal conductivity
below 0.065 [Wm−1K−1] and are by
definition insulating materials. These
materials lack the mechanical strength
compared to aluminium and iron. How-
ever, these materials are currently, the
most used insulation materials and
called conventional insulation in most
sectors.

Table 2.1: Thermal conductivity’s
of different materials commonly
used for construction [8].

Material κ [Wm−1K−1]
Aluminum 210
Iron 80.5
Wood 0.21
Mineral wool 0.035
EPS 0.035

Insulation in wet conditions

In wet conditions, insulation materials are effected by water. The materials
exhibit either hydrophobic (e.g EPS) or hydrophilic (e.g Sheepswool) properties.
A hydrophobic insulation material does not adsorb water and would generate
droplets on the surface in case of condensation. A hydrophilic material either
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adsorbs water or forms a film of water on the surface. For hydrophilic materials,
water adsorbed or deposited on the surface has the potential to be released once
the humidity levels drops [9].

Constructions

Generally the construction pattern concerning walls in buildings consist of com-
bining different layers of materials. The construction process should produce
a wall both mechanically strong and with a low rate of heat flow. The heat
flow through a wall is described by the total thermal conductance (UT ), also
called the U − value [10] and is the reverse of the total thermal resistance (RT )
(Equation 2.8 and 2.9).

Figure 2.3 illustrates a wall consisting of different layers of materials, each with
different thickness and thermal conductivity. Based on the definition of U ,
Equation( 2.5) and utilising Equation (2.9), a mathematical description for the
total thermal resistance of the wall (RWall

T ) can be estimated.

RWall
T =

1

UOS
+

L1

κWood
+

L2

κMW
+

L3

κAir
+

1

UIS
(2.10)

Where UOS and UIS are the thermal conductance for the outer surface and
the inner surface, κWood, κMW and κAir is the thermal conductivity for wood,
mineral wool and air and L1, L2 and L3 is the thickness of wood, mineral wool
and air, respectively.

The U − value of the wall can then be expressed as the reverse of the total
thermal resistance:

U − value = 1

RWall
T

(2.11)
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Figure 2.3: Schematics of a wall with different layers of materials. The outer
surface, wood, mineral wool, air and the inner surface, each with an individual
thickness (L1, L2, L3) and thermal conductivity (κOS , κWood, κMW , κAir, κIS).
Notice that the outer and inner surfaces have thicknesses of one unit length
making the thermal conductance equal to the thermal conductivity.

Super insulating materials (SIMs)

There is no exact definition concerning super insulating materials (SIMs) that
is agreed upon. However, an often used definition for a SIM, is a material exhib-
iting a thermal conductivity below 0.025 [Wm−1K−1] at ambient conditions.
Table 2.2 lists three materials fulfilling the definition of SIMs along with air.

Table 2.2: Thermal conductivity’s of selected super insulation materials
(SIM)[11][12][13].

Material: Thermal conductivity (κ)
[Wm−1K−1]

Air 0.026
Vacuum insulation panels (VIP) 0.004-0.007
Silica aerogles 0.015-0.020
Hollow silica nano-spheres (HSNS) 0.015-0.020
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Vacuum insulation panels (VIP)
Vacuum insulation panels (VIP) consist of membrane walls preventing air or
other gases to penetrate the wall (Figure 2.4) [13]. The heat flow through va-
cuum is extremely low and the thermal conductivity (Table 2.2) of VIP shows
how effective this structure resists the flow of heat.

VIP is costly to construct since it
needs to perfectly fit the area it in-
sulates and cannot be manually mod-
ified without disrupting the mem-
brane. Thus they must be custom
made for each project. Furthermore,
mechanical stress may damage the
membrane wall destroying the va-
cuum inside the panel. The diffu-
sion of gases through the membrane
causes the thermal conductivity (κ)
to increase with time. Currently,
VIPs are rarely used due to the high
cost, need for customisation and the
skills required for installation.

Figure 2.4: Structural illustration of va-
cuum insulating panels (VIP) [13].

Silica aerogels
Aerogels are porous materials generated from a gel, where the original liquid
component has been replaced with a gas making them extremely light with a
very low density. Silica aerogels (Table 2.2) consist of 90 vol% air and 10 vol%
silica and the low thermal conductivity exhibited by the material is based on
Knudsen diffusion as described later in section 2.4 [11].
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2.3 Hollow silica nano spheres (HSNS)

Figure 2.5 illustrates the structure of
the HSNS, where both the coating
thickness and pore size varies greatly
depending on synthesis method, con-
centration parameters and environ-
mental conditions [14]. Similar to
silica aerogels, HSNS exploit Knudsen
diffusion as discussed later in section
2.4. In short, nano porosity combined
with the low thermal conductivity of
the silica network gives super insulat-
ing properties.

Figure 2.5: Cross - sectional illustration
of a hollow silica nano-sphere

A disadvantage with HSNS is that the synthesised material are hydrophilic.
Under wet conditions the HSNS would adsorb water, filling the hollow pores.
Thus the low thermal conductivity with respect to diffusion of gases are replaced
by water, considerably increasing the thermal conductivity. Originally, As - syn-
thesised HSNS is a powder and would require a container or modifications to be
integrated into a wall. Integrating a powder produces air holes and promotes a
variation of density throughout the material. Modifications done on the HSNS
to generate a more suitable insulation material would include integrating other
components, altering the thermal conductivity. Ideally the spheres should be
grafted together with flexible bonds without impairing the thermal properties.

2.4 Knudsen diffusion

Molecular diffusion

All particles above absolute zero (-273.15 ◦C) contain an internal energy res-
ulting in thermal motion. This motion is the foundation of molecular diffusion
which describes the net movement of particles from high to low concentrated
areas [15]. Molecular diffusion is dependent on the density, temperature and
the mass of the particles and are described using Fick’s law of diffusion:

Ji = −Di∇ϕi (2.12)
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Where Ji is the diffusion flux [molm−2s−1], describing the amount of sub-
stance moving through a unit area over a unit time, Di is the diffusion coef-
ficient [m2s−1] depending on the substance, ∇ϕi is the concentration gradient
[molm−3] and i is the species of the substance.

Particles (molecules/atoms) will always strive to achieve the lowest possible
energy state, prompting the flow of particles towards low concentration regions.
Over time the concentration gradient goes towards zero as the particle flow gen-
erates a more uniform distribution.

Self - diffusion
Despite being in equilibrium the particles still contain thermal movement. This
type of diffusion is described as self - diffusion and a substance in equilibrium
has an altered molecular diffusion coefficient called the self - diffusion coefficient
(D∗).

D∗
i = Di

δlnci
δlnai

(2.13)

Where ci is the concentration and ai is the activity of the species i.

Molecular diffusion has a directional particle flow based on the concentration
gradient . For self - diffusion the particle flow is described as random.

Kinetic theory of gases
The kinetic theory of gases describes gases as a large number of molecules with
a constant motion. Each particle has a random movement direction occurring
based on collisions with other particles along with the walls containing the gas.
To describe this phenomenon the theory is based on the assumptions of ideal
gases [16]:

1. The particles in the gas have identical mass and the total volume occu-
pied by these particles is negligible. Stating that the distance between each
particle is large compared to their size.
2. The particles are in constant, random movement and the particles are
treated as perfectly elastic, indicating that structural changes based on colli-
sions between them and the container walls are negligible.
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3. Particle interactions are negligible except for collisions and the average kin-
etic energy depends only on the absolute temperature of the system.

Based on these assumptions a mathematical description of the self - diffusion
coefficient for gases is given by.

D∗
AA =

λ

3

√
8RT

πMA
(2.14)

Where D∗
AA is the self - diffusion coefficient between the species A [m2s−1], λ is

the mean free path between collisions [m−1], R is the gas constant [Jmol−1K−1]
and T is the temperature [K].

Mean free path

The mean free path (λ)in gases is the average distance a particle moves before
it collides with another particle. The distance is dependent on the species, the
pressure and the temperature of the system. Table 2.3 shows the pressure de-
pendency of the mean free path of air at room temperature.

Table 2.3: Mean free path of air (λair) for different pressure conditions at room
temperature.

Conditions Pressure
(mbar) Molecules per m3 Mean free path

(λair)
Ambient Pressure 1013 2.7× 1025 68 nm [17]

Low vacuum 300-1 1025 - 1022 0.1 - 100 µm
High vacuum 10−3 -10−7 1019 - 1015 10 cm - 1 km

Knudsen diffusion

Gases contained in large pores would have self-diffusion dominated by gas particle
collisions. A pore size similar or smaller than the mean free path of the gas
would result in a larger probability for a gas particle to collide with the pore
wall rather than another gas particle. This phenomenon is called Knudsen dif-
fusion and makes the diffusion dependent on the pore diameter rather than the
mean free path.
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D∗
KA =

d

3

√
8RT

πMA
(2.15)

Where D∗
KA is the Knudsen diffusion coefficient [m2s−1] and d is the pore dia-

meter [m].

The thermal conductivity drop achieved in Knudsen diffusion is related to the
energy transfer between a gas molecule colliding with another gas molecules in
contrast to a gas molecule colliding with a solid pore wall. The energy trans-
ferred in a gas/pore wall collision is considerably less efficient than a gas/gas
collision, especially with a pore wall consisting of a nano-porous silica network.
Scientific experiments done by Malek et al.[18], Johansson et al.[19] and Jelle
et al.[20] have shown that achieving Knudsen diffusion drastically reduces the
thermal conductivity of materials. Jelle et al.[20] demonstrated that the con-
ductivity decreases for hollow silica nano-spheres with a pore diameter smaller
than the mean free path of air λair [17].

2.5 Sample preparation

Polymerisation of templates

Nano-spherical polystyrene templates are the foundation for producing hollow
silica nano spheres. These polystyrene templates are synthesised via emulsion
polymerisation which branches from radical polymerisation [21]. Radical poly-
merisation is based on free radicals, acting as the initiators for the reaction.
Styrene, the main reactant and monomer of the polymerisation of polystyrene,
contains a vinyl group which can be broken by radicals. Potassium persulfate
(KPS) is a common free radical generator and often used for radical polymerisa-
tions, including polymerisation of polystyrene. Dissolved KPS generates radicals
with enough energy to break the π - bond in the vinyl group of styrene. Figure
2.6 illustrates the chemical dissolution of KPS. Notice that the reaction requires
an aqueous solution and temperature above 50 ◦C.
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Figure 2.6: Reaction mechanism of the dissolution of potassium persulfate
(KPS), in an aqueous solution at an elevated temperature [22].

Figure 2.7 illustrates the breaking of the π - bond in the vinyl group of
styrene. R symbolises dissolved KPS acting as the free radical, initiating the
process. Once the π - bond is broken the styrene molecule becomes unbalanced
and the molecule immediately searches for possibilities to neutralise itself.

Figure 2.7: Illustration of free radicals breaking the π- bond in the vinyl-group
of styrene. R symbolises dissolved KPS. [21]

When the propagation step of the polymerisation process is initiated, the
unbalanced styrene molecule reacts with a styrene molecule attaching itself on
the vinyl group by breaking it. The newly generated molecule would still be
unbalanced and will continue reacting with styrene molecules in the same way.
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Figure 2.8 illustrates the propagation processes occurring during the radical
polymerisation of polystyrene.

Figure 2.8: Illustration of the propagation process of radical polymerisation of
polystyrene [21].

A radical polymerisation of polystyrene does not generate the necessary nano
- spherical structure for further synthesis of hollow silica nano spheres. Emul-
sion polymerisation applies the same concept during polymerisation. The only
key difference is the use of a surfactant [23]. During the polymerisation of poly-
styrene the surfactant functions as a dispersant, limiting the propagation of
polystyrene.

A common surfactant for emulsion polymerisation of polystyrene is polyvinyl
- pyrrolidone (PVP) illustrated in Figure 2.9. The surfactant generates nano-
spherical polystyrene with a uniform distribution. Table 2.4 lists experimental
results achieved by Sandberg et al.[24] relating the ratio between styrene, PVP
and the diameter of the polystyrene particles synthesised.
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Figure 2.9: Chemical structure of
polyvinylpyrrolidone (PVP) [25].

Table 2.4: Average diameter of the
polystyrene spheres based on the ra-
tio between PVP and styrene [24].

PVP-styrene
ratio

Average diameter
(nm)

0.0050 900 ± 30
0.0075 475 ± 4
0.010 355 ± 6
0.050 281 ± 1
0.10 228 ± 1
0.15 178 ± 1

Attaching silica nano particles on the template surface

An alkoxysilane, tetraethyl ortho-
silicate (TEOS) (Figure 2.10) is one
possible precursor to produce silica
nano particles suitable to attach them-
selves to the surface of the polystyrene
templates. The compound undergoes
a hydrolysis process, but generates
a immiscible solution, which would
produce a non- uniform coating profile.

Adding a homogenising agent such
as 96 % ethanol would greatly enhance
the miscibility of TEOS, providing a
uniform coating profile [22]. Figure 2.10: Chemical structure of

tetraethyl orthosilicate (TEOS) [26].

Figure 2.11 is a miscibility diagram between TEOS, water and ethanol indicating
that the solution during the coating process should consist of 80 % or more
ethanol. Combined, TEOS and water should make up less than 20 % of the
solution with a preferred ratio of 1:1.
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Figure 2.11: Diagram illustrating the miscibility between tetraethyl orthosilicate
(TEOS), ethanol and water. The red area symbolises the concentration profile
for an optimal synthesis of HSNS [22].

The coating process consists of two main reactions. A hydrolysis reaction
and a condensation reaction.

Figure 2.12 is an illustration representing the hydrolysis of the TEOS molecules.
One or more of the oxygen - silicon bonds in the TEOS molecule reacts with
water producing a hydrolysed TEOS molecule and ethanol as a by - product.
Once a hydrolysed TEOS molecule is produced, two different condensation re-
actions are possible. The two condensation reactions represented in Figure 2.13
and 2.14, attach two TEOS molecules, but produce two different by - products
(ethanol and water, respectively).
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Figure 2.12: Hydrolysis reaction between TEOS and water [27].

Figure 2.13: TEOS-condensation reaction binding two TEOS molecules together
and forming ethanol as a by-product [27].

Figure 2.14: TEOS-condensation reaction between two hydrolysed TEOS mo-
lecules attaching them, forming water as a by-product [27].
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The use of either acidic or basic catalysts would greatly enhance the reac-
tion rate of the hydrolysis reaction. However, the use will affect the structural
outcome of the silica particles. Table 2.5 lists the gelation time using either no,
a basic or an acidic catalyst Table 2.6 shows the structural dependency based
on the catalyst and concentration.

Table 2.5: Gelation time of silica with no catalyst, HCl and NH4OH [22].

Catalyst TEOS (mol/L) pH Time (h)
HCl 0.05 0.05 92

NH4OH 0.05 9.95 107
No catalyst 0.05 5 1000

Table 2.6: Sol compositions for different silica - structures [22].

Silica - structures TEOS
(mol%)

EtOH
(mol%)

H2O
(mol%)

HCl
(mol%)

NH3
(mol%)

Fibers 11.4 77 11.4 0.2 -
Films 5.5 36 58 0.5 -

Mono dispersed spheres 4 86-87 4 - 5-6

After condensation the generated silica particles attach themselves on to the
polystyrene surface, producing a coating thickness between 20 and 80 nm [14].

Heat treatment

A large difference in decomposition temperatures between silica and polystyrene,
prompts the removal of polystyrene templates by heat treatment. Annealing at
500 ◦C for five hours decomposes and removes the polystyrene templates, pro-
ducing the characteristic hollow structure. A side effect caused by the heat
treatment is the removal of hydroxide groups from the surface of the silica
particles. It has also been documented that heat treatment of silica above 400
◦C modifies the surface reducing its abilities to rehydrate in water vapour [28].
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2.6 Surface modification

The brittle and hydrophilic properties of as - synthesised HSNS are not practical
for insulation materials. Modifying the silica surface to alter its properties is
one solution to produce a material suitable for insulation. One of the surface
modifications, hydrophobisation, focus on generating a hydrophobic material,
while functionalisation, attaches functional groups that can be further used to
connect the particles together into a monolith. Both processes produce a non -
reversible surface alteration indicating that only one processes can be preformed.

Based on the removal of hydroxides and the reduced rehydration rate in wa-
ter vapour after heat treatment. The silica surface needs to be hydroxylated
before either functionalisation or hydrophobisation can occur.

Hydroxylation

By submerging the as - synthesised HSNS in an aqueous solution with a basic
environment, the rate of hydroxylation would increase compared to hydroxyla-
tion of water vapour in air. A basic environment is preferred with respect to the
increase of hydroxide formation on the surface. Figure 2.15 illustrates the hy-
droxylation processes on the heat treated silica surface, in an aqueous solution
with a basic catalyst.

Figure 2.15: Hydroxylation of a silica surface, previously heat treated above 400
◦C.

Hydrophobisation

Silica’s ability to adsorb water has a negative impact on the thermal resistance
(R), under wet conditions [29]. A HSNS material exhibiting hydrophobic prop-
erties would remove the increase in thermal conductivity under wet conditions.
A surface modification route developed by A. Hoseini et al. [30] has shown
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that the use of 20 % - 30 % hexamethyldisiloxane (HMDS)(Figure 2.16) in n
- heptane on silica aerogels, modifies the surface of the silica by increasing the
hydrophobicity.

Figure 2.16: Chemical structure of hexamethyldisiloxane (HMDS) [31].

Figure 2.17 illustrates a unwanted reaction with HMDS, occurring with the
presence of water. Air - dried hydroxylated HSNS consists of small amounts of
water and these contaminants need to be removed. Washing the hydroxylated
HSNS first in 100 % ethanol and then in n -heptane at an elevated temperat-
ure, the remaining water are completely removed [30]. Submerging the washed
HSNS material in 20 % - 30 % HMDS at an elevated temperature the surface
is modified.

Figure 2.17: Unwanted chemical reaction between HMDS and water [30].

Illustrated in Figure 2.18 are the chemical reactions occurring during hy-
drophobisation. (a) represents the as - synthesised HSNS surface, (b) is an
intermediate step and (c) represents the silica surface after hydrophobisation.
The methyl groups from HMDS attaches itself to the silica surface, increasing
the hydrophobicity.
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Figure 2.18: Illustration of the surface interaction occurring during hydro-
phobisation.

Functionalisation

The brittle structure of as - synthesised HSNS makes it less suitable for in-
sulation purposes and combining the spheres through bridging organic groups
will reduce the brittleness of the final insulation material. The use of vinyltri-
methoxysilane (VMOS) (Figure 2.19) is one option in modifying the surface and
connecting the separate spheres. The functionalisation process consists of two
steps.
1. Grafting C = C bonds to the surface of the silica.
2. Breaking the double bonds connecting the spheres.

Figure 2.19: Chemical structure of vinyltrimethoxysilane (VMOS) [32].

Similar to the hydrophobisation process, the functionalisation process changes
the hydrophobicity of the HSNS. VMOS consists of organic groups with a higher
hydrophobicity than that of hydroxyl groups enhancing hydrophobic properties.
Figure 2.20 illustrates the surface modification. VMOS reacts with the hydrox-
ide - groups on the surface of the silica (b), attaching the VMOS molecule with a
silica - oxygen bond. The surface modification generates two possible outcomes:
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1. The remaining organic groups undergoes a reaction, bridging the VMOS
molecules along with having C = C bonds sticking out of the surface (c) .
2. The remaining organic groups undergoes no further reaction, producing a
surface with C = C bonds and large organic groups (d).

Figure 2.20: Illustration of the surface interactions occurring during function-
alisation. Where (a) is the surface after hydroxylation, (b) is an intermediate
step of the functionalisation and (c) and (d) are two possible outcomes of the
functionalisation, where (d) produces a more hydrophobic surface.

2.7 Contact angle (θ)

The contact angle measured when a solid surface meets the liquid interface is
called the contact angle (θ) . The θ quantifies the wettability of the solid ma-
terial via the Young Equation 2.16 assuming an ideal surface [33]:

γSG = γSL + γLGcos(θ) (2.16)

Where γSG, γSL and γLG are the surface energies of the three phases, respect-
ively, SL represents the surface in contact with the liquid and SG represents
the surface in contact with gas, LG represents the line between the liquid and
gas interface and θ represents the angle between LG and SL (contact angle).
Based on the assumption of an ideal surface both the surfaces (SL and SG)
are completely smooth. Listed in Table 2.7 is the wettability of a solid material
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with respect to the contact angle (θ) and Figure 2.21 illustrates the apparatus
for a contact angle measurement device.

Table 2.7: Wettability of a material with respect to the contact angle (θ) [33].

Contact angle (θ) Wetabillity

0◦ Complete wetting
Super hydrophilic

0◦ < θ < 90◦ High wettability
Hydrophilic

90◦ < θ < 150◦ Low wettability
Hydrophobic

150◦ < θ < 180◦ Extremely low wettability
Super hydrophobic

180◦ Non-wetting

Figure 2.21: Illustration of a contact angle measurement apparatus: It consists
of a high powered camera, a sample carrier, a syringe for deposition of liquids
and a background [33].

An ideal surface is hard to achieve and deviations would generate an error
on the contact angle. The error occurring can be measured by comparing both
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connection points. Figure 2.22 illustrates a case where the surface of the solid
material has been tilted, producing a non - ideal surface. This generates two
different contact angles θmax and θmin, where θmax > θmin since gravity drags
the droplet in one direction. When measuring non-wetting (super hydrophobic)
materials (Table 2.7) an ideal surface is essential to avoid the droplet to roll of
the solid surface [34].

Figure 2.22: Illustration of a contact angle measurement done on a tilted surface,
generating a un - symmetrical droplet of the liquid [34].

2.8 Thermal conductivity (Hot disk)

Thermal conductivity measurements done with a Hot disk transient plane source
(TPS) are able to determine conductivities of insulation materials with a ac-
ceptable uncertainty. Figure 2.23 illustrates the apparatus of a TPS, consisting
of a Hot disk sensor (a), a top and bottom sample holder with a specific cross
- sectional area (b), a top and bottom stainless steel plate (c), a compressive
load holding the cell together (d) and a cover (e). Figure 2.24 illustrates the
heat flow occurring during the measurement, where the material measured ex-
periences energy from an applied heat source. Dependent on the measurement
parameters the amount of energy applied during a unit time ( Q∆t

) and the cross
- sectional area (A) of the material is specified [35].The analysing program of the
hot disk apparatus determines the temperature difference (∆T ) between xstart
(a point on the top sample compartment) and xend (a point on the bottom
sample compartment) by using the hot disk sensor positioned between the two
points. Rearranging the Equation 2.4 with respect to the thermal conductivity
(κ), provides the following expression.

κ =
Q∆x

A∆t∆T
(2.17)
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All variables are either defined or determined by the Hot disk transient plane
source (TPS) analysing program except for the thermal conductivity (κ). Hence
the thermal conductivity of the material measured can be calculated.

Figure 2.23: Illustration of a Hot disk transient plane source (TPS) apparatus
[36].

Figure 2.24: Illustration of the heat flow during a Hot disk TPS measurement.
The energy applied increases the internal energy of the sample, dependent on
its thermal conductivity [35].



Chapter 3

Experimental work

3.1 Sample nomenclature

Figure 3.1 illustrates the nomenclature of the hollow silica nano sphere samples
after synthesis and surface modifications. This nomenclature is used throughout
the text.

Figure 3.1: Nomenclature of the hollow silica nano spheres samples.

29
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3.2 Chemicals

Listed in Table 3.1 are all chemicals used during preparation and surface modi-
fications of HSNS.

Table 3.1: Chemicals used during preparation and surface modification of HSNS.

Chemical: Abbreviation: State: Cons:
(%) Producer:

Styrene - (l) 99 Sigma Aldrich
Polyvinylpyrrolidone PVP (s) - Sigma Aldrich
Potassium persulfate KPS (s) - Sigma Aldrich

Ethanol EtOH (l) 96 Sigma Aldrich
Ethanol EtOH (l) 99.8 Sigma Aldrich

Tetraethyl orthosilicate TEOS (l) 99 Sigma Aldrich
Ammonium hydroxide NH4OH (l) 25-30 Sigma Aldrich

n -heptane - (l) 99 Sigma Aldrich
Hexamethyldisiloxane HDMS (l) 99 Sigma Aldrich
Vinyltrimethoxysilane VMOS (l) 99 Sigma Aldrich

Distilled water - (l) 100 NTNU
Hydrochloric acid HCl (l) 25 Sigma Aldrich

3.3 Preparation of hollow silica nano-spheres

Emulsion polymerisation of polystyrene nano particles and coating of silica nano
particles were conducted based on the experimental procedure developed by
Sandberg et al. [24].

Nano - spherical polystyrene templates
PVP (1.5 g) was dissolved in distilled water (100 g) in a 250 mL beaker using
magnetic stirring. Styrene (10 g) was added and stirred at 500 rpm for 15 min.
Thereafter potassium persulfate (KPS) (0.16 g) was dissolved in distilled water
(10 g) and added drop wise to the main solution. The solution was submerged
into a oil bath at 70 ◦C for 24 hours under constant stirring. Provided in Ap-
pendix B is a detailed experimental overview over each polymerisation, listed in
Table B.2.
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Coating of silica nano particles

Polystyrene templates were uniformly distributed by magnetic stirring for 15
min at 500 rpm in 96 % EtOH. Thereafter the basic catalyst, concentrated
ammonia solution (NH4OH) or acidic catalyst (HCl), was added via titration,
where the amounts (1-10 mL) depended on the desired pH in each synthesis.
Tetraethyl ortosilicate (TEOS) was then physically mixed with distilled water
at a 1:1 ratio and drop wise deposited to the main solution. Afterwards the
solution was magnetically stirred at 500 rpm in ambient temperature for 24 h,
before the sample was centrifuged (8000 rpm, 10 min) and the decanted. The
solid material was dried in room temperature for 24 h before further processing.
Table 3.2 lists an experimental overview of all synthesised HSNS, catalysed with
a basic catalyst. All synthesised HSNS catalysed with an acidic catalyst is given
by Table B.3 in Appendix B.

Heat treatment

The polystyrene was removed from the as - synthesised HSNS by heating the
material to 500 ◦C and keeping the temperature constant for 5 h.

3.4 Surface modification

Hydroxylation

Heat treated HSNS was submerged in distilled water (20 mL) and concentrated
ammonia solution (NH4OH) (15 drops). To avoid evaporation the beaker was
covered with a lid to generate a semi-closed container and the material was left
to hydroxylate for three days.

Hydrophobisation

The hydrophobisation process was conducted based on the experimental pro-
cedure developed by Einarsrud et al.[30]. Hydroxylated HSNS were washed with
100 % EtOH four times over 24 h at 60 ◦C and then n - heptane four times over
24 h at 60 ◦C . After each washing process the remaining n -heptane/EtOH was
extracted by a pipette. Thereafter the HSNS were dispersed in 30 % HMDS in
n -heptane (10 mL) at 60 ◦C. To avoid evaporation the suspension was covered
with a plastic lid and left to react for 24 h. The liquid was extracted by a pipette
and the material was washed four times over 24 h with n - heptane at 60 ◦C.
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Functionalisation

Hydroxylated HSNS were dispersed by magnetic stirring in 96 % EtOH (50
- 100 mL). A basic environment similar to the coating process was generated
by addition of concentrated ammonia solution (NH4OH) (1 - 4 mL). Thereafter
VMOS ( 1 - 3 mL) was deposited drop wise to the mixture and left to react for 24
h with constant magnetic stirring at 500 rpm. The solution was then centrifuged
(8000 rpm, 20 min) and the solid material was left to dry in air for 24 h. The
amounts of chemicals necessary in the functionalisation process is dependent on
the yield and the pH of the coating process. Table 3.3 lists the experimental
overview of all functionalised HSNS samples. The volumetric parameters vary
greatly between the functionalised HSNS samples. E.g HSNSf(140)11.462 vs
HSNSfpP(140)11.501.

3.5 Sample characterisation

After each processing step, an small amount of the HSNS materials was put
aside to characterise the samples.

Structural characterisation

Sample morphology was analysed using a Hitachi FlexSEM 1000 scanning elec-
tron microscope (SEM) at an electron voltage of keV [37]. The microscope
produced topographical micrographs with an acceptable resolution at a magni-
fication of ×50. Before each scan the samples were dispersed in 96 % EtOH and
dropped on to an aluminium sample carrier. The material was coated with gold
(Au) using a Cressington sputter coater 108auto.

Component characterisation

To analyse the presence of chemical components Fourier - transform infrared
spectroscopy (FTIR) was used (Nicolet 8700 with an ATR measuring diamond).
For each measurement the sample powder was added on the diamond surface,
completely covering it. The material was then pressed on to the ATR diamond
by using the blunt arrowhead attached to the device.
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Hydrophobicity analysis
The hydrophobicity of hydroxylated and functionalised HSNS samples were ana-
lysed using the drop shape analyser DSA 1000. Each sample was placed in a
sample holder with a diameter of 2 cm and a hight of 2 mm. Furthermore the
material was pressed together to generate an ideal surface using an aluminium
plate.

Thermal conductivity analysis
The Hot disk transient plane source TPS 2500 instrument was used to measure
and compare the thermal conductivity of the heat treated and functionalised
HSNS samples. The sample was deposited into two sample holders with a
diameter of 1 cm and a height of 1 cm. Furthermore the material was pressed
with an equal amount of pressure on both sample holders to generate equal
surfaces and densities.
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Results

4.1 Polystyrene

Morphology
The SEM micrographs in Figure 4.1 display two polystyrene batches used for
further preparation of hollow silica nano-spheres. Both batches exhibit the
wanted nano-spherical structure with a uniform size distribution throughout the
material. Sphere size measurements done on the SEM micrographs in Figure 4.1
and Figure C.1 in Appendix C, provided an average diameter of the polystyrene
batches. The average diameter of P(140) was measured to 140 ± 12.5 nm
and P(160), 160 ± 15 nm. Table 4.1 lists size measurements done on different
spheres throughout all four SEM micrographs.

Composition
The FTIR spectra of the polystyrene batches P(140) and P(160) are illustrated
in Figure 4.2 a and b respectively. Both FTIR spectra exhibit a strong band
at 700 cm−1 representing mono-substituted benzene. The three smaller bands
between 1400 - 1750 cm−1 are attributed to aromatic C = C bonds while the
two bands between 2900-3100 cm−1 represents C − H stretching vibrations.
Comparing the two FTIR spectra with a reference spectrum of polystyrene
(Figure A.1, Appendix [38]), the spectra resemble the reference spectrum.

36
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Table 4.1: Sphere size measurements of the polystyrene batches P(140) and
P(160), based on the SEM micrographs in Figure 4.1 and C.1. The variation in
uncertainty is based on the magnification difference in the SEM micrographs.

Diameter:
(Figure 4.1, (a))

(nm)

Diameter:
(Figure C.1, (a))

(nm)

Diameter:
(Figure 4.1,(b))

(nm)

Diameter:
(Figure C.1, (b))

(nm)
140 ± 10 140 ± 15 170 ± 10 160 ± 20
130 ± 10 140 ± 15 160 ± 10 150 ± 20
150 ± 10 150 ± 15 150 ± 10 160 ± 20
140 ± 10 150 ± 15 170 ± 10 170 ± 20
140 ± 10 160 ± 15 150 ± 10 160 ± 20
150 ± 10 130 ± 15 140 ± 10 160 ± 20
130 ± 10 150 ± 15 150 ± 10 150 ± 20
130 ± 10 130 ± 15 160 ± 10 170 ± 20
140 ± 10 150 ± 15 170 ± 10 170 ± 20
Average: Average: Average: Average:

138.8 ± 10 144.4 ± 15 157.7 ± 10 161.1 ± 20
Combined average: Combined average
141.6 ≈ 140 ± 12.5 159.4 ≈ 160 ± 15

Figure 4.1: SEM micrographs of the polystyrene batches P(140) (a) and P(160)
(b). Exhibiting a uniform distribution, a nano - spherical structure and an
average diameter of 140 ± 12.5 nm and 160 ± 15 nm, respectively.
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Figure 4.2: FTIR spectra of the two polystyrene batches P(140) (a) and P(160)
(b).
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4.2 Hollow silica nano- pheres

Overview
Silica coated polystyrene, as - synthesised and surface modified HSNS were char-
acterised with respect to morphology, composition and hydrophobicity. The
results are presented and compared in this chapter. Furthermore the thermal
conductivity of HSNS before and after functionalisation is presented at the end
of this chapter. Table 4.2 gives an overview of the layout of the results in regards
to HSNS.

Table 4.2: Layout of the results describing HSNS.

Section: Property described: Preparation step:

4.2.1 Morphology
Silica coated polystyrene
As - synthesised HSNS

Hydroxylated, hydrophobisated
and functionalised HSNS

4.2.2 Composition

Silica coated polystyrene
As - synthesised HSNS
Hydroxylated HSNS
Functionalised HSNS

4.2.3 Hydrophobicity
Silica coated polystyrene, as - synthesised

and hydroxylated HSNS
Hydrophobisated HSNS
Functionalised HSNS

4.4.4 Thermal conductivity Functionalised and as - synthesised HSNS
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4.2.1 Morphology

Silica coated polystyrene

Figure 4.3 represents SEM micrographs of the two silica coated polystyrene
samples, HSNSpP(160)11.301 (Figure 4.3 (a)) and HSNSpP(160)11.302 (Figure
4.3 (b)). These two samples generated an unwanted morphology where the ma-
terial produced large blocks rather than separate spheres. Figure 4.5 represents
SEMmicrographs of four silica coated polystyrene samples. HSNSpP(160)11.303
(Figure 4.5 (a)) has an average diameter of 220 nm with a silica coating of 40
nm around the 160 nm polystyrene templates. The coating consists of nano -
particles of silica resulting in a porous surface layer. HSNSpP(160)11.501 (Fig-
ure 4.5 (b)) has an average diameter of 200 nm with a silica coating of 30 nm.
HSNSpP(160)11.501 has a similar structure to that of HSNSP(160)11.303 con-
sisting of nano - particles of silica covering the surface of the polystyrene. But
comparing the agglomeration, these silica nano - particles are larger, resulting in
a less porous surface of HSNSpP(160)11.501. HSNSpP(140)12.001 (Figure 4.5
(c)) has an average diameter of 180 nm with a silica coating of 35 nm. The coat-
ing consists of film of silica on the surface and the spheres are slightly agglom-
erated. Compared to HSNSpP(160)11.303 and HSNSpP(160)11.501, HSNSpP
- (160)12.001 exhibits a less porous surface coverage. HSNSP(160)11.901 (Fig-
ure 4.5 (d)) shows a highly agglomerated HSNS sample with a particle size of
around 600 nm and a film of silica covering the surface.

In regards to Knudsen diffusion, the morphology of HSNSpP(160)11.303 and
HSNSpP(160)11.501 (a porous silica surface coverage), is the most suitable mor-
phology to achieve the lowest thermal conductivity.

These samples have identical synthesis parameters except for the amount of
ammonia solution added during the coating process (Table 3.2). Dependent on
the amount of ammonia solution, the morphology of the HSNS materials changes
drastically. Table 4.3 lists the morphology of the six silica coated polystyrene
samples in terms of sphere diameter, silica coating thickness, porosity and ag-
glomeration. Both HSNSpP(160)11.301 and HSNSpP(160)11.302 have an very
small amount of ammonia solution added during the coating process (1.45 mL
and 1.50 mL, respectively), while HSNSpP(160)11.303 and HSNSpP(160)11.501
have a moderate amount of ammonia solution (2.6 mL and 3.1 mL, respectively)
added. HSNSpP(140)12.001 on the other hand, has a higher pH than all other
five HSNS samples. However, only an amount of 3.4 mL of ammonia solution is
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added. Lastly HSNSP(160)11.901 has the largest amount of ammonia solution
(7.2 mL), but a lower coating pH than HSNSpP(140)12.001. Hence the micro-
structures of the silica coated polystyrene are not directly related to the pH
of the coating solution, but rather to the amount of ammonia solution added.
NH3 evaporates in contact with air and repetitive use of the same bottle during
each synthesis would result in the reduction of the NH3 concentration and a
relative increase of water. Based on a hypothesis developed, the same amount
of a less concentrated solution of ammonia would still have the same reaction
effect. However, the pH of the coating - solution would be lower.

Repetitive preparations in a pH range of 11 - 12, resulted in a structural outcome
overview. Below 1.5 mL of NH4OH - solution the coating synthesis generates
large blocks rather than nano - particles. The most suitable morphology gener-
ation in regards to insulation was achieved by an addition of 1.5 - 3.0 ± 0.5 mL
of NH4OH - solution, producing silica nano - particles covering the surface of
polystyrene templates. An addition of 3.5 - 5.0 ± 0.5 mL of NH4OH - solution
generates a film of silica on the surface. The spheres also have small tendency of
agglomeration. An addition of ≥ 5.5 ± 0.5 mL of ammonia - solution produces
agglomerated spheres with multiple polystyrene templates and a film of silica
on the surface. Figure 4.4 illustrates the yield for as - synthesised HSNS with
respect to the amount of ammonia - solution. The colour codes represented on
each data point symbolise the pH of the coating process, explained in the top
right corner of the figure. The plot is divided into three separate areas (a, b
and c) representing the morphology change based on the amount of ammonia -
solution added.

Table 4.3: Structural overview of the silica coated polystyrene
samples: HSNSpP(140)11.301, HSNSpP(140)11.302, HSNSpP(160)11.303,
HSNSpP(160)11.501, HSNSpP(140)12.001 and HSNSpP(160)11.901.

Sample: Diameter
(nm)

Silica
(nm) Porosity Agglomeration

HSNSpP(140)11.301 Blocks - - Extreme
HSNSpP(140)11.302 Blocks - - Extreme
HSNSpP(160)11.303 220 40 High None
HSNSpP(160)11.501 200 30 Moderate None
HSNSpP(140)12.001 180 35 Low Slight
HSNSpP(160)11.901 600 Variable Low High
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Figure 4.3: SEM micrographs of the silica coated polystyrene samples:
HSNSP(140)11.301 (a) and HSNSP(140)11.302 (b). Notice the change in mag-
nification.

Figure 4.4: Yield and structural overview of HSNS materials prepared during
this work. Area (a) represents the formation of a porous silica surface coverage
with no agglomeration, (b) represents formation of a film of silica on the surface,
along with a small tendency of agglomeration and (c) represents formation of
highly agglomerated spheres, along with a film of silica covering the surface.
The data points are sorted in different colours, where each colour represents a
coating pH showed in the top right corner.
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Figure 4.5: SEM micrographs of the silica coated polystyrene samples:
HSNSpP(160)11.303 (a), HSNSpP(160)11.501 (b),HSNSpP(140)12.001 (c) and
HSNSpP(160)11.901 (d)

Provided in Appendix C.1 are additional SEM micrographs in Figure C.2
and C.3 for silica coated polystyrene samples.
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As - synthesised hollow silica nano spheres

The SEM micrographs in Figure 4.6 represent the same samples shown in Fig-
ure 4.5 after heat treatment. The morphology of the samples remains the
same after heat treatment in terms of average diameter and silica coating
thickness. The structural changes occurring are the silica surface coverage
and the inner structure of the sphere. Table 4.4 lists the structural changes
occurring during heat treatment. The two SEM micrographs of the HSNS
samples: HSNSaP(140)12.001 (Figure 4.6 (c)) and HSNSP(160)11.901 (Figure
4.6 (d)) produced holes in the surface of the spheres during heat treatment.
HSNSP(140)12.001 has one hole in each sphere, while HSNSP(160)11.901 has
multiple holes in each agglomerated sphere. The porous HSNS samples: HSNS
- P(160)11.303 (Figure 4.6 (a)) and HSNSP(160)11.501, (Figure 4.6 (b)) were
not affected by heat treatment in regards to the silica surface coverage.

During heat treatment all HSNS samples prepared, generated the character-
istic hollow structure. With respect to the SEM micrographs, confirmation of
the hollow structure was only possible with HSNS samples with a film of silica
covering the surface, e.g HSNSP(140)12.001 (c) and HSNSP(160)11.901 (d).

Hydroxylated, hydrophobisated and functionalised HSNS

The SEM micrographs in Figure 4.7 represent the hydroxylated HSNS sample,
HSNShP(160)11.501 (Figure 4.7 (a)), the hydrophobisated HSNS sample, HSN-
ShfP(140)12.001 (Figure 4.7 (b)) and the functionalised HSNS sample HSNSf
- P(140)11.501 (Figure 4.7 (c)). The microstructure of all HSNS samples after
hydroxylation, hydrophobisation and functionalisation remains unchanged com-
pared to as -synthesised HSNS.

Table 4.4: Structural overview of the as - synthesised HSNS samples,
HSNSP(160)11.303, HSNSP(160)11.501, HSNSP(140)12.001 and
HSNSP(160)11.901.

Sample: Generation of holes:
HSNSP(160)11.303 None
HSNSP(160)11.501 None
HSNSP(140)12.001 One hole in each sphere
HSNSP(160)11.901 Multiple holes in each agglomerated sphere
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Figure 4.6: SEM micrographs of as - synthesised HSNS samples,
HSNSP(160)11.303 (a), HSNSP(160)11.501 (b) ,HSNSP(140)12.001 (c) and
HSNSP(160)11.901 (d)

Provided in Appendix C.1 are additional SEM micrographs in Figure C.4
and C.5 for as - synthesised HSNS samples.
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Figure 4.7: SEM micrographs of the hydroxylated HSNS sample, HSN-
ShP(160)11.501(a), the hydrophobisated HSNS sample, HSNShfP(140)12.001
(b) and the functionalised HSNS sample, HSNSfP(160)11.501 (c).

Provided in Appendix C.1 are additional SEM micrographs for hydroxylated
(Figure C.6 and C.7) and functionalised (Figure C.8) HSNS samples.
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4.2.2 Composition

Silica coated polystyrene

FTIR spectra of the polystyrene spheres P(160) and the silica coated poly-
styrene sample HSNSpP(160)11.501 are displayed in Figure 4.8. During the
coating process of HSNSpP(160)11.501, polystyrene templates of the batch
P(160) were used, making it suitable to compare these two FTIR spectra. As
previously mentioned in section 4.1 the polystyrene batch P(160) contains all
three characteristics polystyrene IR - bands. By comparing the FTIR spectrum
of HSNSpP(160)11.501 the characteristic polystyrene bands are also present,
but with a lower intensity. The mono - distributed benzene band (700 cm−1)
and the aromatic C = C bonds bands (1400-1750 cm−1) are both highly notice-
able, while the C −H stretching vibration bands (2900-3100 cm−1) are almost
unidentifiable based on the presence of H − O bonds dominating this part of
the FTIR spectrum.

The attachment of silica nano - particles on to the polystyrene templates have
been successful with respect to the characteristic silica bands in the FTIR spec-
trum of HSNSpP(160)11.501 (Figure 4.8, b). The three bands at 450, 800 and
1100 cm−1 represents Si−O−Si bonds and the band at 900 cm−1 is attributed
to Si − OH bonds. Table 4.5 lists functional groups identified by comparing
the two FTIR spectra with the polystyrene reference spectrum (Figure A.1,
Appendix A) and the silica reference spectrum (Figure A.2, Appendix).

Table 4.5: Functional groups identified by a FTIR measurement of the two
samples P(160) and HSNSpP(160)11.501.

Sample: Functional groups identified
(FTIR):

P(160)
Mono-substituted benzene (700 cm−1)

Aromatic C=C (1400-1750 cm−1)
C-H (2900-3100 cm−1)

HSNSpP(160)11.501

Si-O-Si (450, 800, 1100 cm−1)
Mono-substituted benzene (700 cm−1)

Si-OH (900 cm−1)
Aromatic C=C (1400-1750 cm−1)

C-H (2900-3100 cm−1)
O-H (3000-3600 cm−1, broad)
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Figure 4.8: FTIR spectrum of the polystyrene nano - particles, P(160) (a) and
the silica coated polystyrene sample, HSNSpP(160)11.501 (b).

Provided in Appendix C.2 are the FTIR spectra for all silica coated poly-
styrene samples in Figure C.10 and C.12. The composition change occurring
during the preparation of the silica coated polystyrene sample HSNSpP(160) -
11.501, is a general occurrence for all silica coated polystyrene samples.
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As - synthesised hollow silica nano spheres

The FTIR spectra of the silica coated polystyrene sample HSNSpP(160)11.501
and the as - synthesised HSNS sample HSNSP(160)11.501 are displayed in Fig-
ure 4.9. As mentioned previously, the FTIR spectrum of HSNSpP(160)11.501
shows the characteristic polystyrene IR bands along with Si − O − Si bonds,
Si−OH bonds andH−O bonds . For the FTIR spectrum of HSNSP(160)11.501,
only the presence of Si−O−Si bonds can be identified. This provides a strong
indication that the polystyrene has been completely removed during heat treat-
ment along with the hydroxide groups attached to the silica surface. The re-
moval of polystyrene along with hydroxide groups is a general occurrence for all
as - synthesised HSNS.

Table 4.6 lists the functional groups identified for four as - synthesised HSNS
samples along with the weight and mass change (∆M (%)) of the samples
before and after heat treatment. Provided in Appendix C are all the FTIR
spectra of as - synthesised HSNS samples in Figure C.11 and C.13, including
HSNSP(160)11.461, HSNSP(160)11.491 and HSNSP(160)11.902.

Table 4.6: Main components identified and weight before and after heat
treatment for the four as - synthesised HSNS samples: HSNSP(160)11.461,
HSNSP(160)11.491, HSNSP(160)11.501 and HSNSP(160)11.902.

Sample: Groups identified:
(FTIR)

Before
(g)

After
(g)

∆M
(%)

HSNSP(160)11.461 Si-O-Si
(450, 800, 1100 cm−1) 2.316 1.125 -51.4

HSNSP(160)11.491 Si-O-Si
(450, 800, 1100 cm−1) 6.838 1.879 -72.3

HSNSP(160)11.501 Si-O-Si
(450, 800, 1100 cm−1) 2.281 1.470 -35.6

HSNSP(160)11.902 Si-O-Si
(450, 800, 1100 cm−1) 2.391 1.448 -39.4
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Figure 4.9: FTIR spectrum of the HSNS samples: HSNSpP(160)11.501 (a) and
HSNSP(160)11.501 (b).
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Hydroxylated hollow silica nano spheres

The hydroxide groups are to a large extent removed from the silica surface during
the heat treatment. The FTIR spectra shown in Figure 4.10 represent the silica
coated polystyrene sample HSNSpP(160)11.501 (a), the as - synthesised sample
HSNSP(160)11.501 (b) and the hydroxylated sample, HSNShP(160)11.501 (c).
H − O bonds have a dominating vibration between 2900 and 3600 cm−1 and
therefore the effectiveness of the hydroxylation process are determined in this
region.

In the silica coated polystyrene sample the hydroxide groups are highly notice-
able. However, for the as - synthesised HSNS sample the hydroxide groups have
been removed to such an extent that it is not possible to confirm their presence
from the spectrum. The hydroxylated sample has gained a moderate amount
of hydroxide groups during the surface modification with respect to the broad
band on HSNShP(160)11.501 compared to HSNSP(160)11.501. The addition of
hydroxide groups on the silica surface during hydroxylation is a general occur-
rence for all hydroxylated HSNS samples. The only deviations are cases where
as - synthesised HSNS samples exhibit a hydrophobic property instead of a hy-
drophilic property. This phenomenon is described more in detail in section 4.2.3.

Table 4.7 lists the extent of presence of hydroxide groups for five HSNS samples.
Provided in Appendix C are all the FTIR spectra of hydroxylated HSNS in Fig-
ure C.14 and C.15.

Table 4.7: Presence of hydroxide groups in the HSNS samples
HSNSpP(160)11.501, HSNSP(160)11.501, HSNShP(160)11.501, HSN-
ShP(160)11.901 and HSNShP(160)11.902, , due to FTIR investigations.

Sample: Presence of hydroxide molecules:
HSNSpP(160)11.501 Large extent
HSNSP(160)11.501 Un - identifiable
HSNShP(160)11.501 Moderate extent
HSNShP(160)11.901 Moderate extent
HSNShP(160)11.902 Un-identifiable
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Figure 4.10: FTIR spectra of the HSNS samples: HSNSpP(160)11.501 (a),
HSNSP(160)11.501 (b) and HSNShP(160)11.501 (c). Notice that the FTIR
spectra are only displayed in for wavelengths between 2900 and 3600 cm−1.
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Functionalised hollow silica nano spheres

The FTIR spectra of the hydroxylated sample, HSNShP(160)11.551 (a) and the
functionalised HSNS sample, HSNSfP(160)11.551 (b) are shown in the wavelength
region 400 - 2000 cm−1, in Figure 4.11. The hydroxylated HSNS sample, HSN-
ShP(160)11.551 (a) only contains the three characteristic bands for Si−O−Si
bonds in this wavelength region. The FTIR spectrum of the functionalised
HSNS sample, HSNSfP(160)11.551 provides a strong indication that the VMOS
molecules (Figure 2.19) have successfully been attached to the surface of the
silica. Based on the small amount of VMOS compared to the bulk of the ma-
terial, the FTIR spectra of all the functionalised HSNS samples only contains
bands with a low intensity, but large enough to confirm their presence.

At 950 cm−1 the presence of C = C − H2 is identifiable. Additionally two
smaller bands at 1400 cm−1 and 1580 cm−1 confirms the presence of C − H
bonds and C = C bonds, respectively. Table 4.8 lists the functional groups
identified for the functionalised HSNS sample HSNSf - P(160)11.551. After
functionalisation all functionalised HSNS samples contained the bands previ-
ously described. Hence the attachment of carbon double bonds was successful
on the silica surface, providing possibilities for further modification.

Provided in Appendix C are FTIR spectra of all functionalised HSNS samples
in Figure C.16.

Table 4.8: Functional identified of the functionalised HSNS sample
HSNSfP(160)11.551.

Sample: Functional groups identified
(FTIR):

HSNSfP(160)11.551

Si-O-Si
(450, 800, 1100 cm−1)

C=C-H2

(950 cm−1)
C-H

(1400 cm−1)
C=C

(1580 cm−1)
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Figure 4.11: FTIR spectra of the HSNS samples: HSNShP(160)11.551 (a) and
HSNSfP(160)11.551 (b).
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4.2.3 Hydrophobicity

Silica coated polystyrene, as - synthesised and hydroxylated HSNS

90 % of all silica coated polystyrene, as - synthesised and hydroxylated HSNS
samples prepared, generated hydrophilic (high wettability) properties. Only
samples with a morphology of agglomerated spheres and a film of silica did in
some rare cases generate hydrophobic (low wettability) properties. Table 4.9
lists the samples that exhibit hydrophobic properties before functionalisation.

The cases where hydrophobic properties occurred after the coating process
were analysed to determine the deviations leading to this phenomenon. The
HSNS sample HSNSP(140)11.902 which exhibited hydrophobic properties dir-
ectly after the coating, was studied in detail along with its parallel: HSNSP(140)
- 11.901, exhibiting hydrophilic properties after coating. The synthesis paramet-
ers and heating profile for the preparation of these two samples are identical,
with only a slight difference in addition of ammonia - solution (∆ 0.3 ml, Table
3.2).

The SEM micrographs shown in Figure 4.12 illustrate the morphology of the
as - synthesised HSNS samples, HSNSP(160)11.901 (a) and HSNSP(160)11.902
(b). Both samples are highly agglomerated producing spheres with an average
diameter above 600 nm. The samples also exhibit a film of silica and multiple
holes on each agglomerated sphere. Hence, the samples have an almost identical
morphology which should promote a similar hydrophobicity. The FTIR spectra
shown in Figure 4.13 were analysed to determine if contaminants were intro-
duced to the samples during the synthesis. But in comparison the two FTIR
spectra are identical.

Table 4.9: HSNS samples exhibiting hydrophobic properties before functional-
isation.

Sample: Morphology: Heat treated: Hydroxylated:

HSNSP(160)11.702 Agglomerated spheres
500 nm diameter Hydrophobic Hydrophobic

Un-reactive

HSNSP(160)11.902 Agglomerated spheres
620 nm diameter Hydrophobic Hydrophobic

Un-reactive
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Figure 4.12: SEM micrographs of the as - synthesised HSNS samples:
HSNSP(160)11.901 (a) and HSNSP(160)11.902 (b).

Figure 4.13: FTIR spectra of the as - synthesised HSNS samples:
HSNSP(160)11.901 (a) and HSNSP(160)11.902 (b).
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Hydrophobisated hollow silica nano spheres

All HSNS samples which were hydrophobisated did not exhibit any change in hy-
drophobicity, morphology or composition compared to their precursors. Figure
4.14 and Figure 4.15 illustrate SEM micrographs and FTIR spectra, respect-
ively, of the modified HSNS sample HSNShfP(140)12.002 (a) and its precursor
HSNShP(140)12.002 (b). Both the morphology from the SEM micrographs and
the composition from the FTIR spectra, indicate that the organic groups from
HMDS molecule, has not been successfully attached to the surface.

Figure 4.16 illustrates the deposition of water on the surface of the hydro-
phobisated HSNS sample, HSNShP(140)12.002. Based on small yields during
the hydrophobisation process, a sufficiently large pellet for contact angle meas-
urements was not achievable. However, based on the formation of a water layer
on the surface in Figure 4.16, the hydrophobisation process did not altered the
hydrophobicity of HSNS material. The formation of a water layer was a general
occurrences for all hydrophobisated samples.

Figure 4.14: SEM micrographs of the modified HSNS sample HSN-
ShfP(140)12.002 (a) and its precursor HSNShP(140)12.002 (b).
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Figure 4.15: FTIR spectra of the modified HSNS sample HSNShfP(140)12.002
(a) and its precursor HSNShP(140)12.002 (b).

Figure 4.16: Observation image of the hydrophilic properties of the hydro-
phobisated HSNS sample, HSNShfP(140)12.002.



4.2. HOLLOW SILICA NANO- PHERES 59

Functionalised hollow silica nano spheres

All functionalised HSNS samples prepared, produced materials with super hy-
drophobic properties. Table 4.10 lists the morphology along with the hydro-
phobicity after functionalisation of five HSNS samples. Figure 4.17 illustrates
contact angle measurements done on the hydroxylated HSNS sample HSN-
ShP(160) - 11.551 and the functionalised HSNS sample HSNSfP(160)11.551.
The hydroxylated HSNS sample interacted with the water droplet generating
a wet layer on the surface. The wet layer produced during the contact angle
measurement is a general occurrence for a super hydrophilic (complete wetting)
material and provides a contact angle equal to zero on the interface between the
solid surface and the water droplet. After functionalisation the HSNS sample’s
hydrophobicity was significantly altered. In Figure 4.17, (b), the blue line rep-
resents the baseline (the interface between the solid material and the water
droplet), the red line is the curvature of the droplet and the two green angles
is the contact angle based on the baseline. The baseline, curvature and angles
were generated from the analysing program of DSA 1000. The contact angle
measured for the functionalised HSNS sample HSNSfP(160)11.551 (b) was 153.5
◦.
Hence a drastic alteration compared to the hydroxylated HSNS sample occurred.
The functionalised HSNS samples became a super hydrophobic (non - wetting)
material with a contact angle > 150 ◦.

Table 4.10: Morphology and hydrophobicity after functionalisation of five HSNS
samples.

Sample: Morphology: Functionalisation:

HSNSfP(160)11.401 Porous silica coating (40 nm)
220 nm diameter Super hydrophobic

HSNSfP(160)11.461 Film silica (30 nm)
190 nm diameter

Super hydrophobic
(Contact angle)

HSNSfP(160)11.501 Porous silica coating (30 nm)
200 nm diameter Super hydrophobic

HSNSfP(160)11.551 Film silica coating (40 nm)
210 nm diameter

Super hydrophobic
(Contact angle)

HSNSfP(160)11.651 Film silica, moderate ag
400 nm diameter Super hydrophobic

HSNSfP(160)11.761 Film silica, high ag
500 nm diameter

Super hydrophobic
(Contact angle)
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Figure 4.17: Contact angle measurement of the HSNS samples, HSN-
ShP(160)11.551 (a) (super hydrophilic) and HSNSfP(160)11.551 (b) (super hy-
drophobic). Notice the difference in magnification between (a) and (b).
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Figure 4.18 illustrates six additional contact angle measurements for the
functionalised HSNS samples, HSNSfP(160)11.461 and HSNSfP(160)11.761.
Where (a), (c) and (e) are parallel measurements done at different positions
on the surface of HSNSfP(160)11.461 and (b), (d) and (f), respectively, on
HSNSfP(160)11.761. All contact measurements done on functionalised HSNS
samples produced a contact angle > 150 ◦.

4.2.4 Thermal conductivity

The thermal conductivities of the as - synthesised sample, HSNSP(160)11.491
and the functionalised sample, HSNSfP(160)11.461 were measured and are rep-
resented by the two equations (4.1) and (4.2):

κHSNS(P160)11.491 = 0.0651± 0.005 [mWm−1K−1] (4.1)

κHSNSfP (160)11.461 = 0.0643± 0.005 [mWm−1K−1] (4.2)

The thermal conductivity measured for the two HSNS materials is high with
respect to super insulating materials (SIM) (> 25 (Wm−1K−1). Table 4.11
lists the morphology and hydrophobicity of the two HSNS materials.

Based on the structure of the samples, the large thermal conductivity is reason-
able. The hollow inside has a diameter similar to the polystyrene templates used
during preparation (≈ 160 nm). The mean free path of air at regular conditions
is significantly smaller than the pore diameter for both the HSNS materials.
Hence gas - gas collisions will be dominating and self - diffusion occurs rather
than the wanted Knudsen diffusion. The silica surface of both HSNS materials
exhibit a film of silica rather than the wanted coverage of silica nano particles.
and the pellet produced for the thermal conductivity measurements, varies in
density along with containing possible air holes.
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Figure 4.18: Contact angle measurement of the functionalised HSNS samples:
HSNShP(160)11.461 and HSNSfP(160)11.651. (a), (c) and (e) are parallel meas-
urements done on HSNSfP(160)11.461 at different locations on the surface, while
(b), (d) and (f) are parallel measurements done on HSNSfP(160)11.651 at dif-
ferent locations on the surface.
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When comparing the thermal conductivity of the two materials, there is only
a slight difference (∆ ± 0.0008 [mWm−1K−1]) between them and the uncer-
tainty of the measurement (∆ ± 0.005 [mWm−1K−1]) is significantly higher
than than the difference between them. With respect to the uncertainty, the
difference between thermal conductivity of the functionalised HSNS material
compared to the heat treated HSNS material is negligible.

Summarised, the functionalised material has produced a super hydrophobic
surface, along with possibilities for further modifications without altering the
thermal conductivity.

Table 4.11: Morphology and hydrophobicity of the two HSNS samples,
HSNSP(160)11.491 and HSNSfP(160)11.461.

Sample: Morphology: Hydrophobicity:

HSNSP(160)11.491 Film silica coating (30 nm)
200 nm sphere diameter Super hydrophilic

HSNSfP(160)11.461 Film silica coating (30 nm)
200 nm sphere diameter Super hydrophobic



Chapter 5

Discussion

5.1 Polystyrene

During further preparation of HSNS, the polystyrene templates are in a solu-
tion containing contaminants such as water. The polystyrene SEM micrographs
(Figure 4.1) and FTIR spectra (Figure 4.2) were measured after air drying the
polystyrene templates. Provided in Appendix C are a FTIR measurement of
the polystyrene batch P(140) in solution in Figure C.9.

The experimental procedure based on Sandberg et al. [24], is a simple synthesis
method producing polystyrene templates with a average diameter between 120
and 200 nm. On all successful polystyrene batches synthesised (Appendix B,
Table B.2), the sphere diameter varied by less than 15 nm. In order to obtain
Knudsen diffusion the nano - spherical polystyrene templates need to exhibit a
diameter below the mean free path of air (64 nm at regular conditions). Prefer-
ably a diameter between 20 to 40 nm would generate a dominating Knudsen
diffusion, based on the increase in probability for a gas - pore wall collision
occurring, compared to a gas - gas collision. The surfactant (PVP) used during
polymerisation, is not able to generate enough surface tension to produce poly-
styrene with a diameter below 100 nm. The polystyrene templates are removed
during heat treatment and based on the chemical components of polystyrene,
both producing and burning this material away is not environmentally friendly.
Hence the synthesis method needs to be modified or replaced with an alternative
method such as a Sol - gel process [39].
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Based on the simplicity of the experimental procedure and the uniformity pro-
duced, the method is acceptable for a low scale production to analyse the prop-
erties. In a large scale production both large diameter and the environmental
impact polystyrene causes would not produce the wanted commercial product.

5.2 Hollow Silica nano spheres

Low concentration of ammonia (low pH)

The unwanted morphology produced by the addition of ammonia solution > 1.5
mL, was further investigated to characterise the occurrence. The low concentra-
tion of ammonia results in a low rate of hydrolysation (Figure 2.12). One theory
concerning the generation of blocks is that the coating duration (24 h) with a
low ammonia concentration is not long enough to properly initiate the hydro-
lysation reaction. After centrifugation, the silica coated polystyrene are air -
dried. During this period the main reaction occurred with the small amount of
remaining liquid. This forms a silica - polystyrene network rather than seperate
polystyrene spheres coated with silica. A second theory is that a lack of hydro-
lysed TEOS molecules, promotes attachment of the polystyrene spheres with
each other, also leading to a formation of a silica - polystyrene network.

The heat treatment of the HSNS samples, HSNSpP(110)11.301 (Figure 4.3,
(a)) and HSNSpP(110)11.301 (Figure 4.3, (b)) promotes these theories based
on the significant alteration occurring, compared to HSNS samples synthesised
with a higher concentration of ammonia. After heat treatment the samples do
not exhibit the same white colour as before. However, a brownish colour char-
acteristic for an incomplete decomposition of carbon is generated.

Acidic catalyst

With the use of an acidic catalyst, hydrochloric acid (HCl) was attempted to
produce HSNS similar to HSNS prepared with a basic catalyst. Four prepara-
tions were attempted and each synthesis resulted in a extremely low yield along
with unwanted structural generation. Table B.3 in Appendix B lists the exper-
imental values of each synthesis.
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All acid based preparations were significantly altered during the removal of
polystyrene. Similar to basic catalysed HSNS samples with a low concentra-
tion of ammonia, the acidic catalysed HSNS samples generated a brown colour
characteristic of the incomplete decomposition of carbon carbon. Based on the
progression with the use of basic catalyst, further investigations of acidic cata-
lysis and catalyst materials was not a priority.

Morphology generation with respect to basic catalyst
The credibility of the hypothesis, concerning the structural outcome of the hol-
low silica nano spheres with respect to the use of ammonia solution as a basic
catalyst is still to be determined. Preparations of basic catalysed HSNS has
only been done in the pH range from 11 to 12. Based on these preparations the
amount of ammonia solution needed to achieve seperate spheres lies above 1.5
mL and producing spheres with no/slight agglomeration, required less than 5.5
± 0.5 mL ammonia solution (Figure 4.4).

The initial ammonia solution had a concentration between 25 - 30 m% NH3. The
as - synthesised HSNS samples HSNSP(140)11.301 and HSNSP(140)11.302 were
one of the first preparations, requiring an amount of 1.45 and 1.50 mL, respect-
ively, of the ammonia solution to generate a pH of 11.30. HSNSP(160)11.303
and HSNSP(160)11.304 were done at a later point during this work, requiring
2.6 mL, to generate the same pH.

Assuming that the concentration of the ammonia solution was 25 m% during
the preparation of HSNSP(140)11.301 the amount of NH3 required to achieve
a pH of 11.30 was calculated based on Equation 5.1:

pammonia ×m%NH3
× Vsolution = mNH3

(5.1)

Knowing the density of NH3, the volume added and the concentration of NH3 in
the solution, the amount of ammonia added during coating of the HSNS sample,
HSNSP(140)11.301 was calculated to:

mNH3 = 0.8 [gcm−3]× 0.25× 1.45 [cm3] = 0.29 [g] (5.2)

Based on the identical concentration parameters of HSNSP(140)11.301 and
HSNSP(160)11.303, the amount of NH3 corresponds directly to the pH of the
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solution. Rearranging Equation 5.1 and assuming that an amount of 0.29 g of
NH3 corresponds to a pH of 11.30, the m% of NH3 in the ammonia solution
during the preparation of HSNSP(160)11.303 was calculated to:

0.29 [g]

0.8 [gcm−3]× 2.6 [cm3]
= m%NH3

= 14% (5.3)

These calculations are approximations and 14 m% of NH3 is the lower limit in
the ammonia solution, when HSNSP(160)11.303 was synthesised. The addition
of ammonia solution during the coating process provides a dilution of the basic
catalyst, with respect to water from the polystyrene - solution, 96 % EtOH and
the TEOS solution. Hence the ammonia solution is more concentrated than the
calculations predict.

After preparation of HSNSP(160)11.303, additional seven HSNS samples were
prepared, indicating a further decrease in concentration of NH3 during coating
on the very last HSNS samples. With respect to the calculations, the hypo-
thesis of the morphology outcome based on the addition of ammonia solution
is only valid for a concentration of NH3 above 10 %. Ammonia solutions with
a concentration of NH3 below 10 % have not been used during this work and
what effect a further decrease would promote is undetermined.

Hydrophobicity of as - synthesised HSNS samples
The two as - synthesised HSNS sample HSNSP(160)11.702 and HSNSP(160)11.
- 902 exhibiting hydrophobic properties, consist of large agglomerated spheres
with multiple holes. The increase in hydrophobicity only occurs in samples
with a similar morphology. However, the generally hydrophobicity for HSNS
samples produced with this morphology is hydrophilic. During heat treatment
above 400 ◦C silica becomes modified and based on the preparation method,
all HSNS samples undergo this modification during the removal of polystyrene.
The combination of agglomeration and modification of the silica surface might
be the reason behind the generation of hydrophobic properties. The two HSNS
samples HSNSP(160)11.901 and HSNSP(160)11.902 illustrated by SEM micro-
graphs in Figure 4.12 have identical synthesis parameters and heating profiles,
but HSNSP(160)11.901 exhibits hydrophilic properties while HSNSP(160)11.902
exhibits hydrophobic properties. Why this drastic difference in hydrophobicity
occurs seems highly random and the phenomenon is not reproducible.
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Hydrophobisation

The surface modification process hydrophobisation, did not alter the hydrophilic
properties of silica coated polystyrene, as - synthesised and hydroxylated HSNS.
The procedure has not been done previously on HSNS, but on the similar ma-
terial, silica aerogels.

The structural properties between these materials are very similar, both con-
sist of silica nano - particles with an extremely low density. On silica aerogels
this surface modification was successful [30]. The reason why, the HSNS do
not exhibit any morphology (Figure 4.14), composition (Figure 4.15) or hydro-
phobicity (Figure 4.16) change is uncertain. One possible explanation is the
modification of silica occurring during the removal of polystyrene. The silica
surface becomes less reactive compared to silica aerogels, but HMDS (Figure
2.16) is a highly reactive compound. The successful attachment of hydroxide
groups during hydroxylation and attachment of C = C bonds during function-
alisation, provides a further uncertainty in regards to why the hydrophobisation
process did not alter the silica surface. Hence the modification of silica during
heat treatment is an unlikely explanation.

Determining the hydrophobicity

When determining the hydrophobicity of the functionalised HSNS samples us-
ing contact angle measurements the main issue was gravity. All functionalised
samples exhibit super hydrophobic properties, indicating that the droplet depos-
ited on the surface did not interact with the solid material. The pellet produced
from the functionalised samples before the contact angle measurement does not
exhibit an ideal surface. In both Figure 4.17 and 4.18 the surface on all meas-
urements consists of small particles sticking out of the surface and in Figure
4.18 on HSNSfP(160)11.651, (b) and (f) the surface is slightly tilted.

When depositing the water droplet the main issue was that the droplet stays
on the solid material. On all contact angle measurements a water droplet with
the same volume was deposited on average, three times before it stayed on the
material rather than rolling of, onto the sample carrier. The tendency for the
water droplet to roll off is a clear indication that the interaction between the
functionalised sample and water is weak. When further analysing the parallel
measurements in Figure 4.18, the curvature generated from the analysing pro-
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gram is not completely accurate. The occurrence can be noticed especially on
HSNSfP(160)11.461 (c) and (e), where the curvatures on the lower right part
of the water droplet are missing. For all contact angle measurements the meas-
ured contact angle is located slightly below the actual curvature. This error
promotes that the contact angles measured, are lower than the actual contact
angles between the interface, since the base - lines are in reality further upwards.

Figure 5.1 illustrates a contact angle measurement on HSNSfP(160)11.551, where
the water droplet was deposited in the center of the surface and rolled until it
stopped due to a cavity on the surface.

Figure 5.1: Contact angle measurement of the functionalised sample
HSNSfP(160)11.551. Notice that the water droplet is not in the center of the
solid material.



Chapter 6

Concluding remarks and
future work

With the use of an ammonia solution varying between 10 - 30 m% NH3, a struc-
tural outcome overview was accomplished. The morphology of the attached
silica and the agglomeration of spheres was determined to be correlated with
the addition of ammonia solution, rather than the pH of the coating solution. A
porous silica coating with no agglomeration of spheres is the optimal morpho-
logy for insulation applications and Table 6.1 displays the relation between the
amount of ammonia solution and the morphology of the attached silica, along
with the agglomeration tendency of the spheres.

Table 6.1: Relation between the addition of ammonia solution and the morpho-
logy of the attached silica, along with agglomeration tendency of the spheres.

Amount of ammonia solution
(10-30 m% NH3) (mL)

Morphology Agglomeration

<1.5 ± 0.5 Silica - polystyrene
network Blocks

1.5 - 3.0 ± 0.5 Porous silica coating None
3.0 - 5.5 ± 0.5 Film of silica Slight
>5.5 ± 0.5 Film of silica High
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The use of an acidic catalyst in all attempted preparations generated a silica
- polystyrene network, rather than the wanted morphology of separate nano
spheres.

The modification of the silica surface with the use of HMDS was attempted,
to increase the hydrophobicity of the material. All modifications resulted in no
variations in morphology, composition or hydrophobicity.

A surface modification process, functionalising the HSNS surface has been de-
veloped, producing a HSNS material with super hydrophobic properties (θ >
150◦) along with C = C bonds attached to the surface. The components in-
tegrated during the functionalisation did not provide a negative impact on the
thermal conductivity, compared the as - synthesised HSNS material.

The attached C = C bonds provide promising possibilities for further research.
With the use of a radical initiator or other polymerisation techniques, the C = C
bonds can be broken and attached to each other. Hence the connected spheres
would exhibit a enhanced flexibility, reducing the brittleness of the material.

A radical initiator suitable could be, 2,2 - Azobis(2-methylpropionitrile) (ABIN)
illustrated in Figure 6.1. The radicals generated by ABIN have the required en-
ergy to break the C = C bonds and should not hinder the broken bonds to react
with each other.

Figure 6.1: Chemical structure of the radical initiator 2,2 - Azobis(2-
methylpropionitrile) (ABIN).
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Lastly a modified method of template production or a different synthesis
procedure, is essential to reduce the pore diameter below the average mean free
path of air, along with reducing the negative environmental impact polystyrene
causes. A Sol - gel process [39] would replace the solid template method, by
a water - in - oil micro - emulsion. Hence the necessary heat treatment and
the thereby occurring modification of the silica surface is removed. The sol -
gel method has certain implications in regards to generating a uniform size dis-
tribution of the spheres throughout the material. This implication is the main
reason why a solid template method (polystyrene) was used for preparing HSNS
in this work. Without a uniform size distribution, analysing the HSNS materials
with respect to the thermal conductivity and the morphology would be an issue.

Despite the use of a new template method for preparation of HSNS, the surface
modification developed during this work is still applicable. The attachment of
functional groups during functionalisation would not be affected by the use of
a different template method.
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Appendix A

Reference spectra

Figure A.1: FTIR reference spectrum of nano - particles of polystyrene, along
with polyethylene, polypropylene and polytetrafluoroethylene[38]. Notice that
the FTIR spectrum starts from a high wavelength.
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Figure A.2: Reference FTIR spectrum of silica nano - particles [40].
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Appendix B

Additional experimental data

Table B.1: pH and the amount of basic/acidic catalyst in each coating synthesis.

Sample: NH4OH (mL) pH
HSNSpP(160)11.191 3.35 11.19
HSNSpP(160)11.261 4.00 11.26
HSNSpP(140)11.301 1.45 11.30
HSNSpP(140)11.302 1.50 11.30
HSNSpP(160)11.303 2.6 11.30
HSNSpP(160)11.304 2.6 11.30
HSNSpP(160)11.401 2.5 11.40
HSNSpP(160)11.461 7.0 11.46
HSNSpP(160)11.491 6.0 11.49
HSNSpP(160)11.501 3.1 11.50
HSNSpP(160)11.502 3.5 11.50
HSNSpP(160)11.551 4.0 11.55
HSNSpP(200)11.601 9.8 11.60
HSNSpP(160)11.651 6.0 11.65
HSNSpP(160)11.701 4.7 11.70
HSNSpP(160)11.702 5.8 11.70
HSNSpP(160)11.761 8.0 11.76
HSNSpP(160)11.901 7.2 11.90
HSNSpP(160)11.902 7.5 11.92
HSNSpP(140)12.001 3.4 12.00
HSNSpP(140)12.002 3.4 12.00

Sample: HCl (mL) pH
HSNSpP(160)1.001 2.6 1.00
HSNSpP(160)1.002 2.6 0.99
HSNSpP(160)1.951 1.6 1.95
HSNSpP(160)2.001 1.5 2.00
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Appendix C

Additional results

SEM micrographs

Figure C.1: Additional SEM micrographs of the polystyrene batches, P(140)
and P(160). Notice the difference in magnification.
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Figure C.2: SEM micrographs of the silica coated polystyrene samples,
HSNSpP(160)11.502 (a), HSNSpP(200)11.601 (b), HSNSpP(160)11.701 (c) and
HSNSpP(160)11.702 (d).
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Figure C.3: SEM micrographs of the silica coated polystyrene samples,
HSNSpP(160)11.902 (a) and HSNSpP(140)12.002 (b)

Figure C.4: SEM micrographs of the as - synthesised HSNS samples,
HSNSP(160)11.902 (a) and HSNSP(140)12.002 (b).



87

Figure C.5: SEM micrographs of the as - synthesised HSNS samples,
HSNSP(160)11.502 (a), HSNSP(200)11.601 (b), HSNSP(160)11.701 (c) and
HSNSP(160)11.702 (d).
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Figure C.6: SEM micrographs of the hydroxylated HSNS samples, HSN-
ShP(160)11.502 (a), HSNShP(160)11.551 (b), HSNSP(160)11.651 (c) and
HSNSP(160)11.701 (d).
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Figure C.7: SEM micrographs of the hydroxylated HSNS samples, HSN-
ShP(160)11.702 (a), HSNShP(160)11.761 (b), HSNShP(160)11.902 (c) and
HSNShP(140)12.002 (d)
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Figure C.8: SEM micrographs of the functionalised HSNS samples,
HSNSfP(160)11.461 (a), HSNSfP(160)11.491 (b) and HSNSfP(160)11.502 (c).
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FTIR spectra

Figure C.9: FTIR spectra of the polystyrene batch P(140) in a solution (a)
containing contaminants such as water. This solution of polystyrene are used
for further preparation of HSNS.



92 APPENDIX C. ADDITIONAL RESULTS

Figure C.10: FTIR spectra of eight silica coated polystyrene samples in a order
based on the coating pH (low to high).
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Figure C.11: FTIR spectra of eight as - synthesised HSNS samples in a order
based on the coating pH (low to high).
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Figure C.12: FTIR spectra of three silica coated polystyrene samples in a order
based on the coating pH (low to high).

Figure C.13: FTIR spectra of three as - synthesised HSNS samples in a order
based on the coating pH (low to high).
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Figure C.14: FTIR spectra of eight hydroxylated HSNS samples in a order based
on the coating pH (low to high).



96 APPENDIX C. ADDITIONAL RESULTS

Figure C.15: FTIR spectra of six hydroxylated HSNS samples in a order based
on the coating pH (low to high).
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Figure C.16: FTIR spectra of six functionalised HSNS samples in a order based
on the coating pH (low to high).
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Thermal conductivity (Hot disk)

Sample: Th.Conductivity (WmK−1) Disk Res. (Ω)
HSNSfP(160)11.461 (1) 0.06425 12.4256
HSNSfP(160)11.461 (2) 0.06407 12.4251
HSNSfP(160)11.461 (3) 0.06408 12.4273
HSNSP(160)11.491 (1) 0.06544 12.4731
HSNSP(160)11.491 (2) 0.06497 12.4647
HSNSP(160)11.491 (3) 0.06497 12.4646

Table C.1: Thermal conductivity measurements and their respective disk res-
istances (Ω) for the functionalised HSNS sample, HSNSfP(140)11.461 and the
as - synthesised HSNS sample, HSNShP(140)11.491. The thermal conductiv-
ity was tested three times for each material and the average value of these are
represented in the Equations 4.2 and 4.1.

Overview (Tables)
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104 APPENDIX D. DOCUMENTATION

Appendix D

Documentation

Figure D.1: Documentation for dyslexia, page one.
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Figure D.2: Documentation for dyslexia, page two.


