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ABSTRACT

This work investigated the development of porous glasses by making additions of
zirconia (ZrO,) and zircon (ZrSiO4) to the sodium borosilicate glass system SiO,-B,05-
Na,O. Additions of Zr-based compounds were made in an attempt to yield more
alkaline durable porous glasses compared to the silica-rich porous glass structures
of the parent sodium borosilicate glass system. Glasses were fabricated using a
high-temperature fusion process. X-ray diffraction (XRD) was used to confirm that
the glasses were amorphous upon pouring from the melt. The glasses were
characterised using differential thermal analysis (DTA) to identify important thermal
events, including the glass transition temperature (Tg) and crystallisation
temperature (Ty). The occurrence of amorphous phase separation was key to the
formation of two-phase glasses and ultimately porous glasses. It was found that the
quantity of sodium oxide (Na,0) in the glass composition played an important role
in determining whether phase separation occurred via nucleation and growth or
spinodal decomposition. Based on the DTA data, a heat treatment temperature of
650 °C was selected for three different durations (14, 24 and 63 hours). The heat-
treatment caused the glasses to phase separate into two phases; a silica-rich phase
and a sodium borate phase. The sodium borate phase coarsened as a function of
heat-treatment time. Fourier transform infrared (FTIR) spectroscopy, together with
XRD, was found to be effective as a means of comparing the phase separation and
crystallisation characteristics. Glasses heat-treated for longer times showed some
evidence of crystal formation. Having formed two-phase glass, acid leaching was
used to remove the borate phase and create a porous structure. The leaching
process had to be carefully controlled in terms of acid type, acid concentration,
leaching time and leaching temperature. For all glasses, a post-leach alkali wash
step was needed to remove trapped silica gel. The porous glasses comprised a
silica-rich porous skeleton. Scanning electron microscopy (SEM) revealed classic
interconnected porous morphologies. The most consistent and best-defined
morphologies were observed for the zircon-containing glass. Energy dispersive X-
ray (EDX) analysis confirmed the presence of zirconium (Zr) in the porous silica-rich
skeleton. Mercury intrusion porosimetry (MIP) was used to characterise the pore
characteristics and measure pore volume, pore size, pore distribution, total pore
surface area, and bulk and apparent density. In general, the porous glasses
exhibited sharp, unimodal pore distributions, but there was also evidence of
micropores, believed due to residual silica gel. Mean pore size ranged from 40 nm
to 200 nm for the different porous glasses studied. It was observed that mean pore
size linearly increased with square root of the heat-treatment time. Total pore
surface area increased with decreasing size of pores and ranged from 5 to 35 m%/g
depending on glass composition and heat-treatment time. Alkaline resistance tests
were carried out. Zircon- and zirconia-containing porous glasses are 3-4 times more
alkali durable than the parent sodium borosilicate glass.
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CHAPTER ONE

GENERAL INTRODUCTION

1.1 MOTIVATION AND BACKGROUND

Controlled pore glass (CPG) has long been associated with the sodium borosilicate
glass system that was originally patented in 1938 by Hood and Nordberg of Corning
Glass Works [1]. The key to CPG is its interconnected porosity; this makes it
suitable for performing size exclusion and affinity chromatographic separations of
proteins, lectins, antibodies, enzymes, and more. CPG has a rigid glass structure, and
Is durable, incompressible and is an inert medium with narrow pore size distribution
for efficient purification, and a large internal surface area providing a high binding

capacity [2, 3].

The sodium borosilicate glass system is widely known to undergo Amorphous Phase
Separation (APS) by the spinodal decomposition mechanism [4]. Porous glass is
derived from glass that is heat-treated (HT) to form two interconnecting phases: a
silica-rich phase, and an alkali-rich borate phase. The heat-treated glass is then
leached selectively to remove one of the phases. The heat-treatment step and
leaching conditions can be adjusted to achieve the desired pore size, pore volume,
and surface area. Therefore, porous glass based on the sodium borosilicate system
can be tailor-made to required specifications with specific pore sizes over a wide
range, thus offering flexibility in terms of end applications, e.g. enzyme

immobilisation and side exclusion chromatography.

Sanitising by means of sodium hydroxide (NaOH) is almost always necessary for
chromatographic media used in industrial applications in the biopharmaceutical
industry [5]. Up to 1 N NaOH is desirable for cleaning and sanitisation of
chromatography columns. Unfortunately, silica is attacked by alkali. This results in

pore enlargement, leading to inaccurate separations and eventually to degradation of
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the silica support. For this reason, an alkali-resistant material containing
interconnected porosity that can survive NaOH sanitisation is highly desirable. This
challenge has been the focus of many research studies and patented work over the
course of the past two decades and will continue to be in the future.

Supports for size exclusion and affinity protein chromatography can be made using
porous glass. This glass has an interconnected pore structure with a uniform pore
distribution. Figure 1.1 shows a typical example of silica-rich interconnected pore
structure after phase separation and leaching.

foem—
700°Cx 6h  0.3um

Figure 1.1: Example of a silica-rich interconnected pore structure following phase
separation (heat-treated at 700 °C for 6 h) and leaching, from Nakashima [6].

Specification of what is needed:

Supports for size exclusion and affinity protein chromatography can be made using
porous glass. Media for protein chromatography have a typical pore size of 30 nm,
but can extend to much higher pore sizes than this [5]. What is needed is a porous
material with interconnected porosity. The material is required to have a narrow pore
size distribution coupled with a large internal surface area. The material must be

capable of being sanitised with NaOH.

Advantages of the current CPG porous silica system:

o The APS phenomenon in the sodium borosilicate system is kinetically driven,

which means that pore sizes can be controlled by using the appropriate heat-
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treatment (See Figure 1.2). Without the APS phenomenon this is difficult to

achieve.

o The APS in this system is via a spinodal decomposition mechanism, resulting
in the required interconnected structure, high pore volume, and high surface

area.

o The glass is made using traditional high-temperature glass processing. This
allows large quantities of glass to be made.

o The resulting structure is a silica glass, which is relatively well understood in

terms of affinity chromatography surface chemistry.
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Figure 1.2: Graph showing the relationship of the heat-treatment operation versus the
resultant pore diameter, from Haller [7].

Disadvantage:

The main disadvantage is the alkali solubility of silica in NaOH solution.
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Some approaches used by researchers to solve the problem:

o Addition of ZrO,, in an attempt to create an alkali-resistant SiO,-ZrO, CPG,
using traditional glass-making methods [6, 8-10].

o Coating porous silica with a ZrO,-containing precursor (chemical method) [11,
12].

o Making of SiO,-ZrO, porous glass using sol-gel [13].

o Making of SiO,-TiO; or SiO,-Al,O3 porous glass using traditional glass-
making methods [14, 15].

o Use of ZrO,-rich porous structures [16].
Research direction:

The approach of Eguchi et al. [8] uses traditional glass processing. It results in
porous glass containing 15.1 wt% zirconia. 6-8 mol% of CaO is used to control ZrO,
and retain it as part of the SiO, phase. But ZrO; is still being lost (approx 30 wt%). If
an alternative way of retaining the ZrO, in the SiO, skeleton could be found then this
30 wt% would not be needlessly lost. If this could be achieved, then it is also
possible that the 6-8 mol% CaO is unnecessary and could be replaced (or partially
replaced) by ZrO,. If the APS process is being hindered then glasses could be
subjected to longer heat-treatment times to develop the interconnected structures, if
this is necessary. A small quantity of TiO, may also need to be used as a flux, as per

Kawamoto, to promote APS [17].

Therefore it was felt that the best approach is to devise methods whereby ZrO, with
SiO; is structurally linked during firing of the glass. In doing so, it is anticipated that
little or no ZrO, will be lost. Zircon (ZrSiO,4) could be a possible candidate to replace
ZrO; as it is more likely to remain with silica. Clearly, compositions will have to be
carefully ‘tweaked.” Dramatic compositional changes may result in melts that will
not pour, or will crystallise on pouring. It is believed that increasing Na;O helps to

keep ZrO, in the silica rich phase during heat treatment [18].
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1.2 RESEARCH OBJECTIVES

The main objectives of the thesis are to investigate thermal behaviour of
zirconia/zircon added sodium borosilicate glass, and to develop alkali resistant
porous glass based on the sodium borosilicate glass system. To meet the main

objectives, the thesis addresses four separate goals:

l. To investigate the effect of introducing ZrO,/ZrSiO,4 into the sodium
borosilicate glass system and to characterise their thermal properties in

order to optimise heat-treatment conditions.

. To optimise leaching conditions that will lead to a porous glass with

interconnected structure.

I To produce porous glass with interconnected structures containing at

least > 15 wt% Zr, but preferably > 20 wt% Zr.

V. To obtain improved alkali-resistance.

1.3 THESIS OUTLINE

Chapter One: General Introduction

Chapter one presents a brief introduction and background on the development of
porous glass. The development of porous glass, and the major challenges it faces in

applications, are discussed. The motivation and research objectives are then outlined.

Chapter Two: Literature Review

The second chapter of this thesis reviews the traditional sodium borosilicate system,
including the phenomenon of amorphous phase separation that lies at the heart of
this system. Efforts to improve this system in terms of alkali resistance and
processing are then reviewed. The different approaches to improve the alkali
resistance of the glass are also presented. Most popular pore characterisation

techniques are discussed at the end of this section.
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Chapter Three: Experimental Procedure

Chapter Three details the experimental procedures that were followed in this work.

Chapter Four: Results and Discussion

This chapter begins with the results obtained from laser diffraction based particle
size analysis, and investigates the thermal behaviour of the glasses subjected to a
traditional high temperature fusion process. Porous glasses resulting from optimised
heat-treatments and appropriate leaching are characterised and the results are
comprehensively discussed. The effect of ZrO,/ZrSiO,4 additions on alkali resistance

is further examined and discussed.

Chapter Five: Conclusions and future work

Conclusions are drawn from the research findings. Finally, suggestions are made for

further research, as these could not be carried out due to limited availability of time.

Others: Appendices

Publication generated from this thesis is presented in Appendix 2. Parts of this thesis
is already published in Thermochimica Acta. A second article is submitted for
publication in the Ceramics International. A third article is accepted for publication
in a peer reviewed conference proceedings of 37th International Conference and
Expo on Advanced Ceramics and Composites (ICACC’13). Another article is
already published in the proceedings of 15" European Conference on Composite
Materials (ECCM15).
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CHAPTER TWO

LITERATURE REVIEW

2.1 DEFINITION OF GLASS

In everyday language the term glass designates a transparent substance, possessing
the properties of hardness, rigidity, and brittleness. Glass also possesses a number of
properties which are characteristic of the liquid state, and classification of glass as a
liquid of very high viscosity rather than a solid would be in accordance with modern
views [19]. Unlike crystals, glass does not have a sharp melting point, but like

crystalline solids, glass show elasticity [20].

Due to the complexity of the structure of glass, it is not altogether surprising that an
exact, all-encompassing definition for glass remains elusive, and instead a number of
definitions have been suggested over the years. A more generally accepted definition
is that offered by ASTM [21] which states “a glass is an inorganic product of fusion
which has cooled to a rigid condition without crystallisation.” However, the ASTM
definition limits the definition of glass to inorganic constituents, which fails to
explain organic and molecular glasses that now represent a rapidly growing area of
study [22, 23]. X-ray and electronic diffraction studies showed that glass lacks long-
range periodic atomic arrangement, and every type of glass exhibits time-dependent
glass transformation behaviour [20, 24]. Pointing this out, VVarshneya and Mauro [22]
suggest a scientific definition of glass as “a solid having a non-crystalline structure,
which continuously converts to a liquid upon heating.” Zarzycki [25] avoids the
debate about organic and inorganic trail, and suggests a more simplified definition:
“a glass is a non-crystalline solid exhibiting the phenomenon of glass transition”.
Thereby this definition also conveniently separates non-crystalline materials into the

categories of glass and amorphous materials.
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2.2 THE GLASS TRANSITION

Glass is usually formed on solidification from the melting stage. The cooling is so
rapid that crystallisation does not have the time to occur. With a further decrease in
temperature, viscosity continues to increase, resulting in a progressive freezing of the
liquid to its final solidification. The structure of glass can be easily distinguished
from that of a liquid, as the glass structure becomes independent of temperature. The
relationship between crystal, liquid, and glass can be explained by means of specific

volume as a function of temperature (see Figure 2.1).
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Figure 2.1: Schematic specific volume-temperature relationships for liquid, glass, and
crystals [26].

On cooling from an elevated temperature, at the point of solidification (or freezing),
two phenomena may occur. There is either a discontinuous change in volume at the
melting point if the liquid crystallises, or crystallisation is avoided and liquid passes
to a supercooled state. The volume of the liquid decreases steadily in this
supercooled state until there is a decrease in the expansion coefficient at a range in

temperature called the glass transformation range. Below this temperature range the
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glass structure does not relax and the expansion coefficient is usually same as that
for the crystalline solid. The intersection between the curve of the glassy state and
that for the supercooled liquid is known as the glass transition temperature, T4 [27].
This Ty varies with cooling rate (see Figure 2.1) and thus it is more accurate to call it
a transformation range rather than a fixed point [28]. The glass transition
temperature increases with increasing cooling rate. The specific volume of the
formed glass follows this same trend, increasing with increased cooling rate. With a
slower cooling rate the time available for the structure to relax increased and the

supercooled liquid persists to a lower temperature resulting a higher-density glass.

2.3 STRUCTURE OF GLASS

A number of models have been suggested to describe the structure of glass that
include a crystallite model, a random network model, as well as other structural
models. Here only a random network model will be discussed as it is widely
accepted model. Readers are referred to the following literature for further details of
other models [23, 25, 27, 29].

2.3.1 Random network model

Glass is viewed in the random network model as a three-dimensional network,
lacking symmetry and periodicity, in which no unit of the structure is repeated at
regular interval. For oxide glass, these networks are composed of oxygen polyhedra.
Assuming that a glass should have an energy content similar to that of the
corresponding crystal, Zachariasen [30] in 1932 suggested four rules for the

formation of an oxide glass:

1.  An oxygen atom should be linked to not more than two glass forming
atoms.

2. The coordination number of glass-forming atoms is small, 4 or less.

3. Oxygen polyhedra share corners, not edges or faces.

4.  For 3-D networks, at least three corners of each polydehron should be
shared.
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The bonding force responsible for the formation of the network structure in
crystalline silica (SiO) forms similar networks in glass (see Figure 2.2 a) and is
considered as network formers. Alkali silicates form glass easily and when alkali
oxides such as Na,O are added to silica glass, the sodium ions become part of the
structure and occupy random positions distributed throughout the structure to

provide charge neutrality (see Figure 2.2 b).
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Figure 2.2: Schematic glass networks: (a) SiO, network; (b) SiO, network modified through
addition of Na,O [26].

Since the major function of these alkali oxides (e.g.: Na.O, KO, Li,O, CaO, MgO,
and PbO) is believed to provide additional oxygen ions that modify the network
structure, they are known as network modifiers. With an increase in the amount of
modifiers, the ratio of oxygen to silicon also increases and breaks up the three-
dimensional network with the formation of singly bonded oxygen that do not
participate in the network, thus reducing the length of the chain. The principal effect
of these modifiers is a reduction in melting temperature and working temperature by
decreasing the viscosity. An excess of modifiers can make melting sufficiently
simple and mobile that crystallisation occurs in preference during the formation of

glass. Cations of higher valency and lower coordination number than the alkalis and
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alkali earth metals may act as both network formers and modifiers and are referred to
as intermediates; e.g. ZrO,, TiO,, Al,O3, ZnO.

2.4 AMORPHOUS PHASE SEPARATION

The phenomenon of amorphous phase separation (APS) in glasses has, for decades
now, been an important topic in glass research [31]. It has been the subject of many
investigations and there is an entire area of glass science devoted to this phenomenon

in different glass-forming systems.

A homogeneous single phase separates into two or more phases of different
compositions, if the free energy of the system with two or more distinct phases is
lower than that of the system with one single homogeneous phase [20]. Phase
separation that occurs above the liquidus is known as stable immiscibility, whereas
phase separation at temperatures below the liquidus is known as metastable
immiscibility. There are two routes to the formation of discrete phases by metastable
phase separation; these are either by spinodal decomposition or by nucleation and
growth process. The route taken is a function of the free energy of the mixing of the

system.

24.1 Spinodal decomposition

Figure 2.3 illustrates the curve for free energy versus composition for a hypothetical
mixture of two components X and Y at temperature T. The corresponding
immiscibility dome shows the binodal region (Region | within which nucleation and
growth will occur) and the spinodal region (Region Il within which APS proceeds by
spinodal decomposition). The line connecting phases a and b is known as a tie-line.
The tie-line will connect the compositions of the phases in equilibrium at a specified
temperature. A different tie-line exists for each temperature, with different

compositions for the two phases.
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Figure 2.3: Free energy versus composition curve for a hypothetical mixture of two
components X and Y at temperature T, and the corresponding immiscibility dome
illustrating the binodal (Region I) and spinodal (Region I1) [25].

Because phase separation into the binodal and spinodal regions are achieved by
means of different processes, the morphology of the separated phases in each region
are distinctly different. Phase separation in the spinodal region refers to a continuous
type of phase transformation in which the change begins as small fluctuations in
composition, and the compositional differences grow with time resulting in two
continuous interpenetrating phases. Since these changes occur spontaneously and as
apparently no energy barrier is present to hinder the separation, the region is
considered unstable. The system will lower its free energy by continuously changing
the composition of two phases until the equilibrium is reached. At this equilibrium,
the free energy is in the lowest state and compositions remain constant. Afterwards

the phase-separated regions will grow in size through diffusion. The boundary
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between phases is initially diffuse but sharpens with time. The phases formed in the

spinodal region show a high degree of connectivity [32].

2.4.2 Nucleation and growth

In the binodal region, large change in composition must occur to lower the free
energy of the system, and thus formation of nuclei. This region is referred as the
metastable region, as the system is unstable at small fluctuation in composition but
becomes stable at larger changes in composition. Once nucleated, the new phase will
grow in size through diffusion. During the growth stage, the composition of the
nucleated phase is unchanged with time, for a constant temperature. The phase
separation resulting from nucleation and growth is characterised by spherical
droplets, with low connectivity, of random size and distribution with a sharp
boundary existing between the two phases. Figure 2.4 shows etched surfaces of
sodium borate glass where the structures are formed by (a) nucleation and growth

and (b) spinodal decomposition.

Figure 2.4: Sodium borate glass showing (a) a droplet microstructure and (b) a connective
structure [31].

It is untrue to say that spinodal decomposition is mandatory for forming
interconnected microstructures. Droplet microstructures formed by nucleation and
growth can merge and ultimately form a connected structure. Haller [33] proposed
the intersecting growth theory, suggesting that spheres nucleate and grow but then
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agglomerate to form a connected structure as a result of their high volume fraction.
While many theories abound, what is known is that an interconnected structure is

required for a successful controlled pore glass.

2.5 COMMON GLASS SYSTEMS

The primary glass formers in commercial oxide glasses are silica (SiO), boron oxide
(B203), and phosphorus pentoxide (P.Os), all of which readily form single
component glasses [24]. Of these, other than silica (SiO;), only boron oxide has
some commercial importance and only when mixed with silica. Silica (SiO,) is the
most important glass former and representing more than 95% of industrial glass
production [25]. Silica based glass is technically important for its excellent chemical
resistance (except HF and alkali) and small expansion coefficient which make it a
very good candidate for thermal shock resistance [25]. Glass can be classified in
different groups according to their intended usage or by their chemical composition.
The following sections describe the most common types of glass according to their

chemical composition and how silica (SiO) acts as a glass former.

25.1 Soda-lime glass or commercial glass

Soda-lime glass is the most common commercial glass and is less expensive. A
typical composition of this glass is 70 — 75 wt% SiO,, 12 — 16 wt% of Na,0O, and 10
— 15 wt% CaO [34]. A small percentage of other materials can be added for specific
properties and application requirements. The principal addition in this type of glass,
other than silica (SiO,), is sodium oxide or soda (Na,O). Even though sodium oxide
contains oxygen atoms, it is held together by ionic rather than covalent bonds. The
sodium atoms in the mixture donate electrons to the oxygen atom, producing a
mixture of negatively charged oxygen ions and positively charged sodium ions. The
oxygen atom with an extra electron binds to one silicon atom and does not form a
bridge between pairs of silicon atoms (see Figure 2.5). Therefore, the melting
temperature of the mixture is considerably reduced [35]. Since sodium ions are so
soluble in aqueous solution, calcium oxide (CaO) is added to the mixture to make it

more durable in aqueous solution.
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Figure 2.5: lllustration of two-dimensional structures of (a) crystalline silica, (b) glassy
silica, and (c) glassy or vitreous silica containing sodium oxide [35].

Soda-lime glass is produced on a large scale and used for bottles, drinking glasses,
and windows. Its light transmission properties, as well as low melting temperature,
make it suitable for use as window glass. Its smooth and non-reactive surface makes
it excellent as containers for food and drinks. Nowadays recycled glass, also known
as cullet, is used to make green glass that contains 85 — 90 wt% of cullets and helps

to save energy and reduce emissions.

2.5.2 Lead glass

Lead glass is similar to soda-lime glass where lime is replaced by a larger part of
lead oxide (PbO). Lead glass typically contains 55 — 65 wt% SiO,, 18 — 38 wt% of
PbO, and 13 — 15 wt% Na,O or K,0 [34]. Lead glass is usually used for decorative
glassware [34]. It is also included in special optical glasses to increase their
refractive index. The networks in lead glass are more complete than those in soda-
lime glass and thus they are stronger and has less internal friction [35]. Lead oxide
also makes the glass dense, hard, and X-ray absorbing, and therefore suitable for use

in radiation shielding.

2.5.3 Aluminosilicate glass

Aluminosilicate glasses is usually prepared from a ternary system with a typical
composition 52 — 58 wt% SiO,, 15 — 25 wt% of Al,O3, and 4 — 18 wt% CaO [34].
With low thermal expansion and high softening temperature, this glass can tolerate
high temperature better than soda-lime glass and is used in thermometers,

combustion tubes, cookware, halogen lamps, furnaces, and fiberglass insulation.
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2.5.4 Borosilicate glass

Borosilicate glass contains substantial amounts of silica (SiO,) and boron oxide
(B203s> 8%) as glass network formers, and are typically composed of 70 — 80 wt%
Si0O,, 7 — 13 wt% of B,03, 4 — 8 wt% Na,O or K;0, and 2 — 8 wt% of Al,O3 [34].
This composition, which contains 7 — 13 wt% of B,03, is known as low-borate
borosilicate glass, and is mainly used to produce chemical apparatus, lamp, and tube
envelops. Glasses containing 15 —25% B,03, 65 —70% SiO,, and smaller amounts of
alkalis and Al,O3 as additional components is known as high-borate borosilicate
glass. High-borate borosilicate glass is also known as leachable alkali-borosilicate
glass with an optimum composition of 62.7 wt% SiO,, 26.9 wt% of B,03, 6.6 wt%
Na,O, and 3.5 wt% of Al,O3; [36]. This high-borate borosilicate glass is further
processed to produce Controlled Pore Glass (CPG) which is widely used as a
stationary media in chromatography and a clear impervious glass know as Vycor
brand 96% silica glass. The increase of B,Os; content reduces the chemical
resistance, and in this respect high-borate borosilicate glass differ widely from low-
borate borosilicate glass. Since the porous glasses in this study are synthesised using
the SiO,— B:03— Na,O system, further details on this glass composition are discussed

in the following sections.

2.6 POROUS GLASSES

A porous material is defined by IUPAC [37] as “Any solid material which contains
cavities, channels or interstices may be regarded as porous, though in a particular
context a more restrictive definition may be appropriate.” The physical properties of
a solid material, such as density, thermal conductivity, and strength depend largely
on pore structure. Therefore controlling the porosity is of great importance in
manipulating the properties of a solid material. It has drawn great interest in recent
years, both in industry and research, due to the influence of pores on controlling

chemical reactivity of solids and its physical interaction with gasses and liquids.
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2.6.1 Pore size classification

Pores can be classified according to their availability to an external fluid. A few
authors have also classified pores based on their accessibility to their surroundings in
general [38].Using this approach, pores can be categorised in two types — one that is
not accessible and totally isolated from its surroundings and termed as closed pores,
and pores that have a continuous channel and are accessible from the surface into the
body that are termed as open pores. It is important to mention that closed pores,
while not associated with adsorption or permeability, do influences macroscopic
properties such as bulk density, mechanical strength, and thermal conductivity.
Closed pores are shown in Figure 2.6 as region (a) and open pores in regions (b), (c),
(d), (e) and (f). Some open pores are described as blind pores which are open only at
one end, like (b) and (f), whereas others may be opened at two ends (through) pores,
like (e). Pores are also classified depending on their varied geometrical shape. The
common shaped pores are: (i) Cylindrical which can be either open (c) or blind (f),
(ii) Ink-bottle shaped (b), funnel shaped (d), and slit shaped. Roughness, represented
by area (g), of the external surface looks similar to porosity but differs from porosity

unless they are deeper compared to their width.

Figure 2.6: Schematic cross-section of porous solid [37].
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Details on pore classification and characterisation of pores are described in a classic
paper by Zdravkov et al. [38]. Despite the differences in pore size classifications,
most recent papers adopted the International Union of Pure and Applied Chemistry
(IUPAC) classification regarding the pore size, which is summarised in the Table
2.1.

Table 2.1: Classification of pore according to their pore-width® [37].

Pore type Pore-width (nm)
Microporous <2
Mesoporous 2-50
Macroporous > 50
2.6.2 Porous glasses in general

Porous glass has evoked new interest in recent years because of its importance in
chemical, pharmaceutical, and biological science. Two special features of porous
glass are its wide ranging geometric form, e.g.: beads, rods, fibers, hollow fibers, and
membranes, and its broad pore size range which can vary from 0.3 to 1000 nm with a
comparatively high surface area. Silica and polymers are used widely to prepare
porous media. Porous glass prepared with silica exhibits high tolerance to chemicals
and solvents, and combined with their mechanical and thermal stability, makes it
superior to other organic/inorganic or inorganic/inorganic composites [39]. An
increasing number of studies have been carried out in last decades using the alkali
borosilicate glass system [40-50]. Porous glass can be produced by leaching phase-
separated alkali borosilicate glass which results from proper sintering. Porous glass
can also be prepared by the sol-gel process, but the present review primarily covers
porous glass based on phase separation followed by leaching of the alkali
borosilicate glass system which results in pore sizes ranging from meso to macro

sizes.

! Diameter of a cylindrical shaped pore is referred here as pore-width.
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2.6.2.1 Porous glass based on alkali borosilicate

Porous glass based on the alkali borosilicate system (R,O-B,03-SiO,, where R =
Na, K, or Li) was originally patented in 1938 by Hood and Nordberg of Corning
Glass Works [1] which was later commercially available as Porous VYCOR Glass
(PVG) and Controlled Pore Glass (CPG). The key to this type of porous glass is its
interconnected porosity; this makes it suitable for performing size exclusion and
affinity chromatographic separations of proteins, lectins, antibodies, enzymes, and
more. In addition, this glass has a rigid glass structure and is durable, incompressible
and is an inert medium. It also has a narrow pore size distribution for efficient
purification, and a large internal surface area for high binding capacity [2, 3]. Porous
glass based on the sodium-borosilicate system can be tailor-made with specific pore
sizes over a wide range, thus offering flexibility in terms of end applications. The

sodium-borosilicate glass system is discussed in further detail in Section 2.7.
2.6.2.2 Other porous materials synthesised by the sol-gel and other process

Of the other porous materials, the microporous zeolites, which are members of the
aluminosilicate family, are most noteworthy. Many studies have been carried out in
order to increase the pore size of zeolite materials from the micro to the meso pore
range. Large pore sieves (> 1 nm), such as VPI-5 (1.2 — 1.3 nm) that were
constructed using zeolite material, have been reported [51, 52]. In 1992, researchers
at Mobil synthesised a new class of mesoporous silica nanoparticles which they
named as Mobil Crystalline Materials (MCM), and which is popularly known as
MCM-41 [53]. The pore size of this MCM-41 ranges from 1.5 to greater than 10 nm
with a large surface area greater than 700 m?/g. Six years later, similar nanoparticles
with larger pores (4.6 — 30 nm) and surface area between 630 to 1040 m?/g was
fabricated by Zhao and co-workers at University of California, Santa Barbara, and
the material was named as Santa Barbara Amorphous type material, or SBA-15.
[54]. Both of these materials exhibit a hexagonal array of pores where large
mesopores are accompanied by significantly smaller sized pores (< 3.4 nm) with
broad pore distribution [53, 55]. A hybrid material based on silica was also formed
using porous silica incorporated into aluminium oxide membrane, and which is

mostly used as a membrane [56]. A successful synthesis of mesoporous
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hydroxyapatite (HA) was reported by Yao et al. where nano-channels are formed
within the rod-like structure with pore size mostly around 3 nm [57]. A special
ceramic-based hydroxyapatite was also produced by Bio-Rad Laboratories, Inc. in
which the pores are narrowly distributed with a size ranges from 60 to 100 nm [58].

2.7 PREPARATION OF POROUS GLASS USING THE
SODIUM BOROSILICATE GLASS SYSTEM

Phase separation using the sodium borosilicate system (Na,O-B,03-SiO,) has long
been studied and considered as an important technical glass composition [29]. The
sodium borosilicate system is also a source material for porous glass and is used for
its superior usability in membrane technology, size exclusion, and affinity protein
chromatography (separation science) [2, 24, 59]. Increasing chemical durability is
one of the major challenges for borosilicate glass, in order to make it suitable and re-
usable for many other applications [60]. Sodium borosilicate glass system is well
known for its phase separation characteristics at higher temperature, which paved the
way for preparing Controlled Pore Glass (CPG) of pore size ranges between meso
and macro level depending primarily on the heating cycle [40]. The fabrication of
sodium borosilicate glass is examined, with special attention being paid to the heat-
treatment and leaching processes. The mechanism of phase separation in the Na,O-
B,03-SiO; glass system is briefly discussed. Finally, a number of relevant patents in

the field are reviewed.

2.7.1 Early development

In 1938, Hood and Nordberg’s pioneering work discovered that glass compositions
within a certain region of the ternary system R,0-B,03-SiO,, could be heat-treated
and leached in a controlled manner to yield a porous silica-rich structure [1]. Thirty
five years later, Wolfgang Haller invented controlled pore glass from the same
system, having a controllable pore size of narrow size distribution as described
earlier [7]. Around the same time in work patented by Hammel and Allersma, phase
separable borosilicate glass compositions produced microporous glass beads with
high crush strength and high thermal stability [41, 61, 62]. Applications requiring

dimensional stability at elevated temperatures and high crush strength include motor
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vehicle catalytic mufflers. The glass beads can be heat-treated such that they undergo
less than 25% volume shrinkage and lose less than 30% of its surface area, leading to
beads with typical crush strengths of at least 138 kPa. In the meantime, chemical
durability, especially resistance to alkali solution, of the porous glass became an
urgent issue as it restricts its usage in a number of possible applications. In 1977,
Paul [63] reviewed various hypotheses regarding the corrosion of glass surface by
aqueous solutions. The introduction of another oxide into the existing glass system
was proposed, such as CaO, ZnO, PbO, Al,O3, and ZrO,, to increase the chemical
durability. Use of ZrO, in the existing sodium borosilicate ternary system was
examined in a number of studies, as even a small amount of ZrO, (about 2 wt%)
significantly increases the acid and alkali durability of a glass. Later in 1988, Eguchi
et al. [8] patented their findings on chemically durable porous glass with ZrO,
content of 2 or more wt% in a sodium borosilicate system containing 40-75 wt% of
SiO,, 15-40 wt% of B,03, 5-30 wt% of alkali metal oxide and alkali earth metal
oxide. Attempts were made before this patent, where added ZrO, transferred into the
soluble phase during phase separation, but was subsequently removed in the leaching
treatment. However, presence of an alkali earth metal oxide was found to play a key
role in retaining ZrO; in the final skeleton of the porous glass. After almost ten
years, a more comprehensive insight towards the role of CaO on retaining ZrO, on
porous skeleton was reported by Nakashima et al. [6]. During this time some studies
were carried out to increase the alkali durability by adding ZrO, by the sol-gel
process [13, 64]. Yazawa et al. [9] using the RO-B,03-SiO; (R =Mg, Ca, Sr, Ba, and
Zn) system containing Al,O3, Na;O, and ZrO, noticed an increased alkali resistance
if the porous skeleton contained 2-3 wt% of ZrO,. However, the effect of RO on the
ZrO, content in porous glass was not fully clarified but were mentioned as

controlling components.

In the last decade most of the studies on the sodium borosilicate glass system
emphasise understanding the role of ZrO, and other elements (Ti, Hf, Bi, Nd) on
thermal and phase separation behaviour of the sodium borosilicate glass system. The
effect of the addition of 1 mol% Nd,O3 on phase separation with both compositions
(6.5 mol% of Na,0-35.5 mol% of B,03-58 mol% Si,O) was investigated by Bartl et
al. [65]. They found that doping levels larger than 0.1 mol% triggered
submicroscopic phase separation during quenching. Du et al. [10] used a typical
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composition of sodium borosilicate glass (9.4 mol% of Na,0-25.4 mol% of B,03-
65.2 mol% Si,0) and observed that ZrO, inhibited both initiation (at early stage) and
the coarsening process (in later stage) of spinodal phase separation. Pore volume was
found to be influenced by the amount of ZrO,, with a slight decrease initially, but
more dramatically when the addition of ZrO, content is more than 7 mol%. Pore size
also decreased by increasing the amount of ZrO,. In 2010, a number of
investigations have been made on the sodium borosilicate glass system. Saiki et al.
[66] studied the role of sulphur in phase separation of borosilicate glass. Spinodal
decomposition was observed after heat-treatment of the borosilicate glass system
containing 10 mol% of Na,S-30 mol% of B,03-60 mol% Si,O. The sulphur was
completely removed after acid treatment. The result of this phase separation can be
utilised in the recycling process of sulphur containing glass, such as waste glass,
radioactive waste, and furnace slug, from which high silica glass can be recovered.
Kukizaki [48] made a detailed investigation on the influence of ZrO, addition on
crystallisation and phase separation in Na,O-CaO-Al,03-B,03-SiO;, glass. They
found that the addition of ZrO, suppressed the devitrification and reduced the growth
rate of phase-separation due to an increase in viscosity or a decrease in ion mobility.
The alkali resistance also increased by 3.5 times compared to that of ZrO,-free
porous glass. Thermal characteristics of sodium borosilicate glass has been
investigated by various groups and are discussed below in the following sections [45,
49, 50, 67-70].

2.7.2 The ternary Na,0O-B,03;-SiO, system

The sodium borosilicate glass system has been well investigated and the existence of
the immiscibility region for forming porous glass is shown in Figure 2.7. The region,
known as Vycor™, is one of the most commercially successful industrial
exploitation of amorphous phase separation. This region was first identified by Hood
and Nordberg [1]. The composition in this Vycor'™ region can be separated into
phases when suitably heat treated. Pyrex glass (see Figure 2.7) is another
commercially successful glass system which benefits from the phase separation of
this system. Pyrex glass has a higher SiO, content than Vycor™ glass. At the high
Na,O corner, crystallisation interferes with glass formation, otherwise glasses could

be made in all conditions.
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Figure 2.7: Simplified ternary phase diagram for the Na,0-B,0s-SiO, system [65].

However, Hammel and Allersma [41] developed a low silica-high borate glass, with
SiO; in the preferred range 38-46 wt%, B,0O3; 40-52 wt%, R,0 8-12 wt%, and Al,O3
0-0.3 wt%. They suggested a trade-off in terms of alkali metal oxide content, since
this component plays an important part in phase separation and leaching. By keeping
the alkali metal oxide content down, the borate and silica phases are more soluble in
one another during phase separation. Consequently, the coefficients of thermal
expansion of these phases are better matched, and there is less shrinkage when the
glass is cooled after phase separation heat-treatment. It is claimed that the beads
made have excellent thermal stability and crush strength. This finding is of particular
interest as it used to be believed that lower silica content compositions do not yield a
sufficient amount of silica rich phase structure to have enough strength to hold

together after leaching [71].
2.7.3 Zr0O,-SiO, binary phase diagram

The uncertain thermal stability of ZrSiO,4 is reflected in the published phase
diagrams for the system ZrO,-SiO,. Curtis and Sowman [72] carried out one of the
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most detailed and widely accepted studies for the ZrO,-SiO, system in 1953 (see
Figure 2.8). They showed zircon as decomposing in the solid state at 1540 °C, some
135 degrees below the zirconia-silica eutectic. The diagrams of Zhirnowa (1934)
[73], Curtis and Sowman (1953) [72], and Toropov and Galakhov (1956) [74]
featured solid solution extending from pure zirconia to the extent of 3 to 10 percent
silica. This solid solution effect does not appear to have been founded very clear

evidence by following research, and therefore may be ignored.
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Figure 2.8: ZrO,-SiO, phase diagram [72].
2.7.4 Effect of composition on glass properties

The major compounds in borosilicate glass are silicon dioxide and boron trioxide.
Alkali metal oxides and alkali earth metal oxides are added to a certain level in order
to optimise the properties. Some other oxides, e.g.: Al,Os3, TiO,, ZrO,, are added to
achieve certain properties depending on end use requirements. In some cases
colouring and refining components are also added.

Page | 24



Silicon dioxide (SiO,)

Silicon dioxide (SiO,) is the glass former in borosilicate glass composition. Higher
level of SiO; increases the melting temperature as well as the working point, and
reduces the coefficient of thermal expansion. With lower levels of SiO, the

resistance to acids deteriorates [75].

Boron trioxide (B,03)

B,O3 reduces melting and working temperatures and improves hydrolytic stability
when used below 13% by weight in the composition [69]. Higher content of B,O3 in
borosilicate glass has an adverse effect on acid resistance and increases highly
volatile alkali metal borates. On the other hand lower B,O; content increases
susceptibility to crystallisation because of a higher melting point of the glass. B,O3,
like Al,O3, creates more secure bonds with alkali metal ions and effectively reduce
the susceptibility to crystallisation [75]. B,O3 also plays a major role in reducing the
dielectric constant of the glass [69].

Alkali metal oxides

Sodium dioxide (N,O) is widely used as a flux in borosilicate glass composition,
along with other alkali metal oxides like potassium dioxide (K,0), lithium dioxide
(Li,0), and lead oxide (PbO). Alkali metal oxide reduces the working temperature
but plays an important role in setting the thermal expansion. If the alkali metal
oxides content is above a certain limit, glasses exhibit a high coefficient of thermal
expansion [47]. A higher level of alkali oxide also causes an adverse effect on
hydrolytic stability [75]. Peuchert et al. [75] in their work also discussed the role of
alkali metal oxides in crystallisation. It was suggested to use at least two alkali metal
oxides, even in small amounts, to have a positive effect on resisting devitrification.
They also reported that beyond 1000 °C potassium borates evaporates more easily
than sodium borates, while lithium borates is by comparison more stable in terms of
evaporating from heated borosilicate glass [24]. Li* also forms strong bonds with
glass network and increases the acid resistance of the borosilicate glass composition
[47]. The use of PbO, which is an excellent flux, is becoming limited these days due to

concerns regarding toxicity of heavy metals.
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Alkali earth metal oxides

Calcium oxide (CaO) is most commonly used as a property modifier component in
borosilicate glass composition. Small amounts of magnesium oxide (MgO), zinc
oxide (ZnO), strontium oxide (SrO), and barium oxide (BaO) are also added
separately based on application requirements. CaO helps profoundly to accelerate the
phase separation [8, 9, 76]. CaO also has a stabilising action on acid resistance [77].
It has been found that limiting CaO to small amounts reduces the evaporation of
highly volatile sodium and potassium borate compounds during hot forming [75]. If
the amount of CaO exceeds certain limit, devitrification is likely to take place.
Moreover, heat resistance and alkali resistance also deteriorates with high content of
CaO [76]. The work done by Eguchi et al. has proposed to use alkaline earth metal
oxide, or ZnO, to transfer ZrO, towards the SiO, rich phase at a time of phase

separation, thereby confirming its presence in the leached and washed glass [8].

Other property modifying oxides

Zirconium dioxide (ZrO,), aluminium trioxide (Al,O3), and titanium dioxide (TiO,)
are most commonly used property modifying oxides in borosilicate glass system. It
has been shown in many studies that ZrO, greatly improves the alkali resistance of
the borosilicate glass without suffering in terms of the hydrolytic stability and
resistance to acids [20, 42, 47, 76]. However, higher content of ZrO, increases the
working point as well as flaws in the glass. With excessively high ZrO, content,
crystallisation is likely to occur [8]. Although small amounts of additional ZrO,
suppress devitrification, they reduce the growth rate of phase separation due to an
increase of glass viscosity [48]. There also remains the risk of passing the un-melted
ZrO, into the product [75]. Kord et al. [78] claimed in their study that addition of
ZrO, (6 mol%) increased the bending strength by almost double. Al,O3;, most
commonly used as a modifying oxide [8], has mixed effect on the property of the
borosilicate glass. It increases the aqueous durability as well as the resistance to
devitrification of the borosilicate glass, while inhibiting phase separation [23, 47,
70]. Fluidity of the glass decreases with the addition of Al,O3 in borosilicate glass
composition [47]. Al,O3 also acts as a balancing component to tolerate relatively
high levels of CaO in the borosilicate system. Al,O3 also acts as to prevent cracks

during leaching and improve moldability by minimising the viscosity change relative
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to the change in temperature [76]. TiO, is used in small quantities for special
applications where UV absorption is required [43, 75]. It is also believed that the

presence of TiO, suppresses crystallisation [79].

Refining component

Borosilicate glass can be refined with small amounts (< 1% by weight) of
conventional refining agents, such as chlorides, e.g.: NaCl, and sulphates, e.g.:
Na,SO, or BaSO,, fluorides and bromides. Amongst other refining agents CeO,,
As,03, Sh,03, and CaF are noteworthy [44, 75].

Colouring components

Fe,03, Cr,03, and CoO are the most commonly used colouring components in
borosilicate glass. Usually their proportion in borosilicate glass system is kept below

one percent by weight [24].

2.75 Porous glass preparation process using Na,O-B,0s;-SiO,

system

Porous glass is the leaching product of phase separated sodium borosilicate glass.
Proper heat-treatment, which is usually between glass transition and crystallisation
temperature, initiates phase separation in sodium borosilicate glass of suitable
composition [50, 66, 71]. Two distinct phases are obtained. One of which is an
alkali-rich borate phase and is soluble in acids, while another one is almost pure
silica and is insoluble in acids. After heat treatment, the glass is immersed in a hot
dilute acid solution. These solutions are characterised by the presence of H* or H30"
ions that react with the alkali-rich borate phase. The soluble phase is slowly leached
out, leaving behind a porous high silica skeleton (96 %) [40]. Commercial porous
Vycor™ glass (PVG) is produced in this way, although another step is required in
which the porous glass is slowly heated above 1200 °C whereby the porous structure
is consolidated into a clear impervious glass. Due to very low solubility of silica in
acidic media, finely dispersed colloidal silica precipitates, of which a greater portion
remains in the pores of the macroporous glass [33, 80]. This colloidal silica strongly

affects the pore structure and the properties of the resulting porous glass, by
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increasing the specific surface area and reducing the pore volume [81]. These
colloidal deposits can be removed with a dilute alkaline solution. This process is
used for the preparation of commercial Controlled Pore Glass (CPG). Figure 2.9
shows a schematic diagram of the typical process for making porous borosilicate

glass.
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Figure 2.9: Schematic preparation procedure of porous glass (modified from [82]).

2.7.6 Amorphous phase separation mechanism

The Na,0-B,03-SiO, system is perhaps the most well known system in terms of
Amorphous Phase Separation (APS) and the formation of interconnected
microstructures. The initial glass separates into two intimately mixed phases, one of
which is almost completely pure SiO; glass, the other one being sodium-borate glass
[25, 40, 71]. The sodium-borate phase can be leached away by dissolving it in acid,
leaving behind a porous silica matrix. The manufacture of Vycor relies on this
system, whereby glass objects are first formed, then heat-treated and leached, then

dried, and finally heated to approximately 1200 °C, yielding sintered, perfectly clear
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glass objects, with about 30% volume contraction [20, 31]. This process thus
circumvents the 2000 °C temperature range needed to form glass objects from a pure
quartz melt. Depending on the composition of the original glass, and on the heat
treatment temperature and its duration, the morphology of the phase separation can
either take the form of two interconnected, interpenetrating, networks which is know
as spinodal decomposition, or of droplets of one phase distributed within the other
phase, which is known as separation by nucleation and growth [40]. Figure 2.10
exhibits the critical temperatures in the ternary Na,O-B,03-SiO, system below which
phase separation occurs. Figure 2.10 also shows the tie-lines, essential to the
determination of the compositions and concentrations of the phases, at selected

temperatures which represent the chemical composition of the immiscible phases.

Figure 2.10: Phase separation in the sodium borosilicate glass system [83]. Dashed lines
represent uncertain.

The two mechanisms, referred as spinodal decomposition and nucleation and growth,
lead to very different microstructure and properties [32]. Identification of the
immiscibility boundary and the spinodal boundary can indicate by which mechanism
the phase separation will occur. The extent of the immiscibility region for the alkali
borosilicate glass system depends on the presence of alkali content and decreases
with an increasing number of alkali [23, 24]. Figure 2.11 shows the immiscibility
diagram, for the binary sodium silicate system with microstructure when heat
treated, for the different regions of the phase diagram. The dark phase in the figure
represents a sodium rich composition and light phase denotes a silica rich
composition. Phase separation in type A and type C (see Figure 2.11) are in a
binodal region and undergo APS only by nucleation process, whereas type B is in the
spinodal region and undergoes APS by spinodal decomposition.
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Figure 2.11: Metastable immiscibility diagram for the sodium silicate system showing
typical microstructures [24, 32].

A more comprehensive study was carried out by Wheaton and Clare [32] on binary
sodium silicate glass with a composition of 12.5 mol%Na,O and 87.5 mol% of SiO..
Atomic Force Microscopy (AFM) images were made after 15 min heat treatments at
temperature within the spinodal decomposition and the nucleation and growth region
of the immiscibility diagram (see Figure 2.12). The microstructure resulting from
heat treatment at 637 °C is in the early stages of spinodal decomposition and shows
two continuous phases. At 720 °C, which is just below the spinodal boundary, two
distinct phases appear. Whereas, microstructures at 778 °C and 791 °C show bright
droplets of the high silica phase and the separation is dominated by the nucleation
and growth mechanism. A secondary phase separation is observed with a three phase
microstructure at 778 °C. Secondary phase separation is likely to occur when heat
treatment is carried out just above the spinodal curve, and the heat treated glass

passes through the spinodal region during cooling.
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Figure 2.12: Immiscibility diagram for sodium silicate glass with corresponding AFM
images [24, 32].

Hill et al. [84] explained the metastable APS for a glass composition below the
liquidus in a classic way. They presented three scenarios that exist, which are shown
schematically in Figure 2.13. Glass composition 1, which represents the critical
composition stage where binodal and spinodal meet, enters directly into the spinodal
region without passing through the metastable regions where nucleation occurs. Only
spinodal decomposition occurs for this glass. Glass composition 2, will pass through
the binonal before entering the spinodal region and exhibits two characteristics of
phase separation. On the other hand, glass composition 3 will only enter the binodal
region on cooling and never pass through the spinodal region. This glass will
undergo APS by nucleation process. The effect of cooling rate also plays a key role
in APS. In glass compositions that undergo both nucleation and spinodal
decomposition, relatively slow cooling may result in phase separation by nucleation
only, as it gets time for completion and thus inhibits a further spinodal
decomposition process. Yazawa et al. [44] also investigated the effect of cooling rate
on rapidly quenched sodium borosilicate glass that exhibits spinodal phase
separation on heat treatment. They found that if the cooling rate is rapid enough it
can entirely avoid spinodal phase separation. Thus the pore volume and surface area
of the resulting porous glass decreased with increasing cooling rate.
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Figure 2.13: Schematic representation of possible cooling routes of glass undergoing
amorphous phase separation [84].

2.1.7 Influence of heat-treatment time and temperature on phase

separation

Porous glass is only useful if the size of the porosity can be closely controlled. The
extent of the phase separation process and other properties such as pore
interconnection, pore size distribution, and pore morphology is dependent on heat
treatment [4]. In the SiO,-B,03-Na,O system, size of pore is carefully controlled by
the heat-treatment to form the separated phases, which is later leached and washed to
form porous interconnected glass with narrowly distributed pores. Haller [3] devised

a heat treatment which is in accordance with the formula:

r" — kte_'% Equation 2.1

Where, r is desired pore radius (A), t is time (h), T is temperature (K), and m, n, and
k are experimentally determined constants. Figure 2.14 is a graph showing the

relationship of heat treatment temperature operation versus controlled pore diameter.
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Figure 2.14: Graph showing the relationship of heat-treatment operation versus controlled
pore diameter as a function of time, (modified from [7]).

Kukizaki [48] further deduced the following equation from the one which was first
proposed by Haller [33]:

E
InD, :_ZRF:I' +In(4K Y2V t1'?) Equation 2.2

Where, D, is the pore diameter, E, is the activation energy for diffusion in phase
separation, R is the gas constant, K is a constant dependent on the composition of the
parent glass, T is temperature, V, is pore volume per unit mass, and t is the time used
for the heat treatment. The Equation 2.2 shows that In D, linearly decreases with
increasing 1/T. They found the relationship In D, and 1/T valid for the glass they
prepared, both in the case of the parent glass with 3.5 mol% ZrO, and without ZrO,.
The degree of phase separation usually increases with increasing duration of heat
treatment [85]. A similar phenomenon was observed by Wheaton and Clare [9, 32]

where they found a consistent increase in the area of the silica phase with cube root
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of heat treatment time. Kukizaki [48] in his investigation of a sodium borosilicate
glass system with the composition 6.7Na,0-22.7B,03-70.6Si0,-3.5ZrO, (mol%),
found a relationship between mean pore diameter and time, where the mean diameter
linearly increased with the square root of the heat treatment time. The same
phenomenon was also found by Zhou [50] where pore size, pore volume, and porous
skeleton enhanced with heat treatment time. However they suggested that it was
necessary that an optimum duration of time at a fixed temperature be determined.
Otherwise, mixing and partial dissolution occurs with the silica rich and sodium rich
borate phase causing the pore size to decrease. Nakashima et al. [6] proposed the
Time-Temperature-Transformation (TTT) diagram to determine the optimum heat-
treatment temperature and the time. Figure 2.15 (after [6]) presents a TTT diagram
for a sodium borosilicate composition of 10Na,0-25B,03-65S10, (mol%), where the
C-shaped curves indicate the heat-treatment temperature and the time for the onset of

both phase separation and crystallisation.

1300
B 10Na,0-25B,0;-65510,
1200 = O Transparent glass
® Opalescent glass

1100 = W Crystallised glass T = 1040 °C
G ____________________________________
e 1000 =
e
> L __ﬁ-ll
= 900 I Crystallisation curve ) 00
= - o
) 800 |- op
- |
5
e 700 = Phase separation curve )

600 [~

SOO i lL[lJlll A L ll‘llll 1 lJLleLl A 2 A A L Ll

] 10 100 1000 10000
Time (min)

Figure 2.15: TTT diagram for sodium borosilicate glass composition 10Na,0-25B,05-
65Si0, [6].

2.7.8 Acid leaching and alkali washing

Following heat-treatment, a carefully controlled acid leaching process is required to

remove the sodium-borate phase. Various concentrated inorganic acids, such as
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hydrochloric acid (HCI), nitric acid (HNO3), sulphuric acid (H,SQO,), and phosphoric
acid (H3PQ,), are preferably used at elevated temperature to remove the acid soluble
phase from the heat-treated glass. It is also possible to use organic acid such as
oxalic acid, acetic acid, succinic acid, and citric acid [8]. The ratio of heat-treated
glass to acid is maintained [3]. Most of the studies mention a ratio 1 gm : 8-10
mililitres [3, 9, 41]. The concentration of acid is the main focus of many research
projects, as it plays a vital role in removing the soluble phase while keeping the
structure intact. For the parent sodium borosilicate glass composition the acid that is
usually used is HCI acid with a concentration varying from 0.5 N — 3 N in elevated
temperatures between 50 — 100 °C [3]. According to Hood and Nordberg [86] the
choice of leaching conditions should be governed by practical considerations. The
temperature should be as high as possible to insure rapid leaching, and an increase in
acid concentration within limits also increases the rate of leaching. Recently (2011),
Torque et al. [87] extensively studied the effect of leaching conditions on the sodium
borosilicate  glass composition  5Na,0-20B,03-75Si0,  (mol%). Varied
concentrations of HCI acid ranging from 0.1 to 3 N with treatment duration ranging
from 2 to 48 hours were used, while the leaching temperature (90 °C), and the ratio
between heat-treated glass powder and acid solution (1g : 10 ml), remained constant.
They found a non-linear effect of acid concentration on the porous structure. The
specific surface area and pore volume is low at lower acid concentrations. Increasing
acid concentrations to around 0.7 N strongly increases the surface area and pore
volume. However, further increases in acid concentration led to a decrease in both
the surface area and the pore volume. This behaviour can be attributed to the variable
content of colloidal silica which was produced and then remained in the pores of the
silica skeleton when the acid concentration increased. They also found that an
increase in leaching time with the same acid concentration does not affect pore
volume but the surface area decreased due to an increase in silica particles being
dissolved. A schematic view of the effect of different acid concentrations on pore

morphology in porous glass is shown in Figure 2.16.
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Figure 2.16: Schematic view of HCI acid concentration effects on the morphology of pores
depicted as: (a) initial glass; (b) Cxci = 0.1 N; (¢) Cpc between 0.3 and 0.7 N; (d) Cpyei = 1 N;
and (e) Chcr =3 N [87].

When ZrO, is present in the Na,0-B,03-SiO, glass system, a different route of acid
leaching steps is used. The ZrO, containing sodium borosilicate heat-treated glass is
first immersed in 0.25 N — 3 N HNOg (nitric acid) at 50 — 100 °C for 4 — 100 hours
[8]. In this initial step, where the sodium rich borate phase is removed, a gel forms
that is rich in zirconia and silica and that then remains in the silica rich structure [8].
To remove this zirconia gel, a further acid treatment with 2 — 3 N H,SO4 acid is used

[8, 9, 48]. Each step is followed by thorough washing with deionised water.

In the initial steps of the production process of porous glass, especially when
producing precisely controlled pore glass (CPG), hot water (80 — 100 °C) is used to
remove the soluble phase [41]. The solubility of the borate rich phase is very high at
90 — 100 °C with a duration of 6 — 8 hours [41]. The dissolved alkali-rich borate
phase in water can be recycled and used in subsequent melt, which is economical
from a commercial point of view [41]. A two-step water-acid treatment is proposed
by Hammel et al. [41], where the acid leaching step is followed by a shorter period
of hot water treatment, depending on the amount of alkali and borate remaining
within the silica skeleton after the leaching step. They found the two-step water-acid
leaching better than leaching with water only or acid only, and reported that this two-
step leaching process significantly improved the thermal stability of the leached
porous glass. However, most researchers avoid using hot water as a leaching medium
as solubility of silica increases in aqueous solution of pH 6-8 with increasing

temperature [88].

The rigid pores of the resultant silica-rich phase skeleton are substantially filled with
colloidal silica which is a decomposition product of the previous microphase [7, 80].
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To remove the colloidal silica, the skeleton is treated with a solvent, usually dilute
sodium hydroxide solution, ranging in concentration from 0.1 N - 0.5 N, for 1 to 5
hours at 25-30 °C [3, 6, 8, 9, 76]. The sodium hydroxide solution should be within
0.5 N as the concentration beyond 0.5 N doubled the rate of attack in some instances
[89]. Thereafter, the skeleton can be dried and the dried skeleton then is composed of
a rigid matrix of interconnected porosity, free of contaminants. However, it is
difficult to remove all the colloidal silica unless the washing with alkali solution is
strong. The addition of zircon or zirconia in the parent sodium borosilicate glass
increases the alkaline resistibility and thus makes the porous skeleton withstand
strong alkali washing [8].

2.7.9 Applications

Sodium borosilicate porous glass poses some unique properties, such as
interconnected pore structure, chemical inertness, high mechanical and thermal
stability, and high surface area, making it suitable for applications where these
special properties are required. In general sodium borosilicate porous glass can be

used for the following applications:

. Enzyme immobilisation and size exclusion chromatography [2, 4, 24,
59].

. Optical chemosensors [90, 91].

. Material for the encapsulation of nuclear waste [4, 92, 93].

. Gas separation membranes [94, 95].

. Catalyst supports [96].
. Microelectronic packaging [97, 98].

Large surface area with controlled pore diameter make porous sodium borosilicate
glass highly desirable as filtering material. The surface of glass has a high affinity
for certain molecules, thus making it possible to separate not only on the basis of
molecular size, but also on the basis of molecular type [41]. Controlled pore glass
has a very sharp pore distribution and has a wide application for size exclusion and
adsorptive chromatography of proteins, nucleic acids, viruses, and high polymers
[36]. The primary application is in permeation chromatography, where the chemical

resistance and mechanical stability of porous glass significantly exceeds that of
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polymeric materials used for the same purpose. The internal surface of the porous
glass can be modified due its organophilic nature. Surface treated controlled-pore
glass is used for the preparation of specialised diagnostic products and for the
immobilisation of enzymes? in fixed-bed reactors [4, 36, 99, 100].

Advantages of porous glass for filtration include rigidity, chemical inertness, high
temperature capability, superior thermal shock resistance, and controlled porosity.
These advantages allow higher processing temperature and pressure, back flushing
or burnout cleansing, and processing of most corrosive products. Eaton [101]
describes the use of porous glass as a chromatographic support medium, which
involves packing porous glass particles or beads into a column through which a
solvent is pumped. A mixture of compounds of different molecular weights is
injected into the solvent stream to pass over and around the particles. In this process,
the mixture tends to separate into different molecular size ranges due to the
controlled geometry of the support material, which hinders the passage of molecules
of varying molecular sizes. As the solution travels down the support column, smaller
particles enter into the pores. Larger particles cannot enter into as many pores and
are eluted. The larger the particles are, the faster the elution, thus providing a means
of separating molecules by size exclusion. A schematic example of how the sizes are

separated by size exclusion chromatography is shown in Figure 2.17.

2 Enzymes are biological catalysts capable of initiating and governing chemical reactions without
being used in the process or becoming a part of the product formed. Most enzymes are proteins and
water soluble. As enzymes are expensive to produce, some form of immobilization is essential to
reuse them and porous glass is found to retain proteins from solution due to strong protein-glass bonds
[4,99].
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Figure 2.17: A schematic illustration of the theory behind size exclusion chromatography
[102].
Porous sodium borosilicate glass systems can also be used for making optical fibre
sensors [103]. The sensor is made by using a sodium borosilicate composition. At
first the fibre is drawn and then heat-treated and leached. Thereafter, the porous
structure is soaked with chemical indicator based on the properties of the chemical
system to be detected. The interconnected pores allow the indicator and solvent to
permeate through the pores. The porous glass is then dried so the indicator coats the
pore surface and thus it can be used as sensor. The sensor is used in a vessel with a
light source, a light detector, and a means for measuring the change in light caused

by an agent (liquid or gas) to be tested within the porosity of the sensor [103].

2.8 ALKALI RESISTANCE

Porous silica glass with improved alkali-resistance has been the subject of many
investigations. The ordinary Vycor-type porous glass has relatively poor water and
alkali-resistance. The practical pore diameter is restricted from approx. 4-150 nm
[9]. During the acid leaching step, colloidal silica is deposited in the pores. This
colloidal silica is formed by the gelation of the SiO, component distributed during
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the acid-soluble borate-rich phase (due to secondary unmixing). Removal of gelated
SiO; is difficult because powerful washing can damage the porous glass itself as the
solubility of silica increases with increasing pH and beyond a pH level 10 it becomes
too drastic [104]. More strongly alkali-durable glass would be more capable of
withstanding powerful washing, leading to more economical formation of a porous
glass with a sharp pore-size distribution. Amorphous SiO, has a water solubility of
about 100 p.p.m. at room temperature [88]. Contact with aqueous solutions is
therefore restricted and this is a limitation when porous glass is to be used as a
membrane. Simhan [105] highlights the importance of glass composition, duration
and temperature of attack, the volume of the attacking solution, and glass surface
area on chemical durability. Controlled pore glass typically has a surface area of
several hundred meters squared per gram, making them especially vulnerable.

Sanitation by sodium hydroxide (NaOH) is almost mandatory for chromatographic
media used in industrial applications in the biopharmaceutical industry [5]. Up to 1
N NaOH is desirable for cleaning and sanitisation of chromatography columns.
Unfortunately, silica is attacked by alkali. This results in pore enlargement, leading
to inaccurate separations and eventually to degradation of the silica support. For this
reason, an alkali-resistant material containing interconnected porosity that can
survive NaOH sanitisation is high desirable. This challenge has been the focus of
many patented works over the course of the past two decades and beyond.

Alkali resistibility in sodium borosilicate glass is also desirable for high level nuclear

waste immobilisation [106].

2.8.1 Approaches for improving alkali resistance

The 1980’s saw a flurry of activity in the development of alkali-resistant porous
glass, much of which originated in Japan. Up to now, the addition of ZrO, to the
glass system has been the prime focus of all research to increase the alkali resistance
of porous glass, as a ZrO, surface is stable at all conceivable pH ranges of solution
and offers a high activation barrier for other ionic species to diffuse through it [63].
In 1986, Kokubu developed a porous titanate glass with a skeleton composed mainly
of TiO, and SiO,, in which the glass composition ratio (wt%) TiO,/SiO; is 0.8 to 1.7
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[14]. Starting materials also included Al,O3, B,O3; and CaO. This glass was prepared
using traditional glass melting technology, followed by phase separation and
leaching. Kokubu claimed to be able to produce pore structures with pore radius in
the range 2 nm to 50 nm. However, the pore distributions shown were not uniform.
Alkali resistance testing was carried out with 0.25 N NaOH at 40 °C. After 100
hours of leaching, the porous glasses lost 20-40% weight, compared to a
commercially available silica glass that had completely dissolved. One year later
Kokubu et al. filed a patent entitled: “Thermal and Chemical-Properties of TiO,-SiO,
Porous-Glass Ceramics” [107], where they added 0-10 wt% of ZrO;, and TiO, in
sodium borosilicate glass composition. They claimed that the leached porous glass
has a high flexural strength and excellent alkali resistance; though no data about
alkali resistance was provided, except that cracks and peeling appeared on the
surface layer after washing with 1 N NaOH at 40 °C for 10 hours.

Richard W. Stout of E.I. Du Pont de Nemours and Company filed a patent at around
the same time entitled: “Metal oxide stabilised chromatography packing” [11]. The
porous materials of this invention are surface-stabilised porous silica bodies with
uniform pore size, a particle diameter range of about 0.5 — 100 microns, and partial
surface coverage of metal oxide in quantities insufficient to form a continuous layer
over the silica, thereby providing a surface mosaic of metal oxide and silicon
dioxide. The stabilised bodies are prepared by heating chromatographic packings
(e.g. Zorbax® packings) with water soluble metal salts under reduced pressure and
subsequently heating at 600 °C — 1000 °C to achieve a dried reaction product. The
number of times samples may be successfully processed through a reusable column
is commonly referred to as the number of throughput fluid column volumes that can
be processed by a particular packing and still obtain separation of sample
components. The zirconium stabilised packings invented by Stout are capable of
processing a significantly larger number of throughput fluid column volumes and the
stabilised packing functions well in a wide pH range. Zorbax® (Stout et al) employs
this technology, thereby providing a surface mosaic of zirconia and silicon oxide.
However, according to Jungbauer [5], Zorbax can only withstand short term use at
pH 9.0.
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D. R. De Villiers and R. O. Heckroodt [108] tried to substitute silica by a
combination of Y,03 and ZrO, and used composition 12Na,0-64B,03-12Y,03—
12ZrO, (by wt%) for making porous glass. The resultant porous glass has average
pore diameter of 8 nm with high surface area and found the alkali resistance 0.0041
mg/dm? based on 1SO 695 [109]. However, they found the leached samples were

mechanically very weak and crumbled easily during drying and handling.

In 1987, Murakami filed a patent entitled: “Method of strengthening the alkali
resistance of a porous glass” [12]. With this method, porous glass is formed (by a
traditional glass-making route) and then immersed in a solution of zirconium
alcoholate to form a thin film of the zirconium salt on the surface of the porous glass.
Hydrolyzing, drying, and calcining forms ZrO, polymer on the surface of the porous
glass. Examples of zirconium alcoholate that can be used are zirconium n-propoxide,
zirconium iso-propoxide, and zirconium n-butoxide. A vacuum impregnation method
is used to permeate the solution through the pores. The dealcolation reaction between
the silanol groups on the surface of the porous glass and the alkyl groups in the
coating agent results in the zirconium alkoxide being covalently bonded to the glass
surface. Coating with zirconia in this way results in a slight decrease in pore
diameter/pore volume, as the inner pore walls are coated. The alkali resistance is
quoted as the reduced % of the sample when treated with zirconium tetra (n-
butoxide) (1% aqg. at 50 °C for 1 hour), and for the material in this case, this value
was 7.3 %, as compared to 28.4 % for the non-treated glass. This indicates only
modest alkaline durability, compared to materials prepared by other investigators. It
appears that coating techniques are only moderately successful in achieving alkaline

durability.

Eguchi et al. in 1988 filed a patent entitled: “Chemically durable porous glass and
process for the manufacture thereof” [8]. This patent continued the trend of using
zirconia to improve the alkali durability of silica-based glass systems. However,
rather than coating the glass surface, the approach of Eguchi et al. took involved
adding zirconia powder to the starting material composition. A typical starting glass
composition, as detailed in Example 2 of the aforementioned patent, is as follows:
49.2 wt% SiO,, 24.6 wt% B,03, 14.7 wt% ZrO,, 6.9 wt% CaO, 4.6 wt% Na,O. The

purpose of the alkali earth metal oxide, in this case CaO, is to cause a substantial
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quantity of ZrO; to enter the SiO, phase. It is believed that this is the key factor in
increasing the ZrO, content in the resultant porous glass. Without the use of an alkali
earth metal oxide, ZrO, enters the soluble phase and upon elution with an acid gets
washed away. Use of the composition detailed above resulted in a porous glass (of
average pore size 100 nm) comprising: 83.2 wt% SiO;, 15.1 wt% ZrO,, 1.1 wt%
B,03, 0.4 wt% Na,O, and 0.2 wt% CaO. Alkali durability is quoted in terms of
weight loss (in a 1 N NaOH solution maintained at 30 °C). In the patent by Eguchi,
no actual figures are quoted, but data taken from the patent (Figure 2.18) could be

interpreted as a weight loss of about 5 mg/cm? after about 50 hours.
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Figure 2.18: Alkali durability of Eguchi porous glass (open circle- o) compared with a
Vycor-type porous glass (filled circle- ) [8].

Eguchi points out that ZrO, contents of < 2wt% are insufficient in terms of forming
an alkali-resistant porous glass. While no upper limitation is placed on the ZrO,
content, it should preferably be 40 wt% at the greatest. However, as the ZrO, content
Is increased, crystallisation is likely to occur during glass formation and pouring, and

for this reason a practical limit of 20 wt% in the starting composition is preferred.

In 1990, Wada et al. of Mitsubishi Kasei Corporation, Japan filed a patent entitled:
“Porous glass and process for its production” [13]. Again, the emphasis of this work
centres around the addition of zirconia to silicate glass. However, in this case sol-
gel-based approaches are used compared to the traditional high-temperature glass-
forming route. Typical precursors include tetraethyl orthosilicate and zirconium n-

butoxide. The reader is referred to the patent for specific details of gel formation.
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After gel formation, calcination is required usually at temperatures less than 800 °C.
The invention provides porous glass consisting essentially of silica, zirconia, and an
alkali metal compound with a zirconia content of at least 5 wt%. However, based on
the examples given in the patent, the content of zirconia in the porous glass is
invariably > 15 wt%. An exception is Example 11, where the porous glass contained
82.5 wt% SiO,, 12.2 wt% ZrO,, and 4.4 wt% Na,O. Figure 2.19 (a) shows the pore
distribution curve for this glass. Figure 2.19 (b) shows the TEM micrograph. Alkali
durability of the glasses produced is measured in SiO, elution % per 100 mg of
sample immersed in a 0.1 N NaOH aqueous solution and left to stand at room
temperature for 24 hours. Elution rates measured were in the range 0 — 2.3%
compared to up to 92.7% for silica only samples. These conditions are very mild

relative to the conditions used by other researchers, yet 2.3% SiO, elution still

OocCcurs.
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Figure 2.19: (a) pore distribution curve for this glass and (b) pore structure [13].

Hosono reports in the literature on a similar system of Kokubu [14], but in his
system B,0s is replaced by Na,O [15]. The system is: Na,O-CaO-TiO,-P,0s-SiO,.
This porous glass contained TiO, (67 mol%) and SiO; (33 mol%). Brooks et al.
[110] at University of Sheffield have also investigated this composition. Hosono et
al. reported pores of approximately 1 micron diameter and an impressive uniform
distribution was observed from mercury porosimetry. However, when the porous
ceramic was immersed in 0.5 N NaOH for 10 hours at 70 °C it broke into pieces.

This contradicts the findings of Kokubu et al. [14], who reported modest alkali
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resistance. However, it is important to note that the alkali test used by Kokubu was
considerably milder than Hosono’s. It is difficult to compare the different approaches

as each investigator tends to use different alkaline test conditions.

Later in 1994, Yazawa along with Eguchi and Yokoyama [9] investigated an alkali
resistant porous glass prepared from SiO,-B,03;-RO (R = Ca, Mg, Sr, Ba, and Zn)
system containing 3.2 mol% ZrO,. They found the alkali resistance of the
composition with ZrO, to be far greater than ordinary Vycor type porous glass (see
Figure 2.20). Thirteen years later Arbab et al. [111] investigated the effect of RO
oxides (R = Ca, Mg, Ba, and Zn) on borosilicate glass without ZrO,, and found that

specimens containing ZnO showed least resistance to alkali attack.

Ordinary Porous IN NaOH Solution (80 °C)
Vycor glass P-Zn: 57.28i0,-22.8B,05-5.7N2,0-9.2Zn0-3.2Zr05-1.9A1,05
P-Ca: 57.25i0,-22.8B,05-5.7Na,0-9.2Ca0-3.2Zr0,-1.9A1,0;
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Figure 2.20: Relationship between weight I[%T and leaching time for various porous glass
In 1997, Nakashima and his co-workers [6] studied a basic composition of 65 mol%
SiOy, 25 mol% B,03, and 10 mol% Na,O, where CaO and ZrO;, were added in a
varied range, i.e.: 2-10 mol% and 2-8 mol% respectively. It has been claimed that
CaO represents “a convenient means of, and is the key factor in, increasing the ZrO,
content in the porous glass.” The alkali durability of Nakashima’s SiO,-ZrO; glass is
shown in Figure 2.21. Clearly, glass composition H is 8-10 times superior to
composition A (which contains no ZrO,). Although the composition used by
Nakashima differ from that of Euguchi et al. [8], but both of the study confirmed that

CaO is the key factor in retaining ZrO, content in the resulting porous glass.
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Figure 2.21: Relationship between weight loss and leaching time for various examples of
porous glasses heat-treated at 700 °C for 15 h [6].

More recently (2010), Kukizaki [48] investigated the influence of ZrO, addition in
Na,0-Ca0-Al,03-B,03-Si0, glass for large scale production of alkali-resistant
Shirasu porous glass (SPG). The composition used was 51.7Si0,-17.3B,03-
6.6Na,0-19.6Ca0-4.8Al,03 (mol%) where 1-5 mol% of ZrO, was added. The alkali
resistance of the SPG membrane containing 3.5 mol% of ZrO, was found to be about
3.5 times higher than the ZrO,-free membrane and much higher than the Vycor ™
(see Figure 2.22).
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Figure 2.22: Alkali resistance of SPG membranes with leaching time [48].
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2.8.2 Non-porous alkali-resistant glass

It is useful to consider non-porous glass systems that are designed specifically for
alkali durability. One application area that requires such glass is the glass fibre
industry. Glass fibres are used to reinforce cements, making them stronger. Different
criteria apply to glasses used to make fibres [112]. Since they have to be drawn,
parameters like viscosity and crystallisation suppression are critical. ZrO, is
frequently added to silica-based glasses to impart alkali durability. This addition can
be in large quantities since these glasses are not required to be porous and therefore
do not need to undergo the APS process (which is hindered by large amounts of

zirconia).

Kawamoto et al. [17] reported high-content ZrO, alkali-resistant glass. Typical wt%
of ZrO, in the Kawamoto compositions range from 19.5 to 21.5 wt% and with the
starting composition of 60.7 SiO,, 20.5 ZrO,, 1.5 Li,0O, 12.4 Na,0O, 2.4 K;0, 0.5
MgO, and 2.0 wt% TiO, (wt%). In a very stringent alkali resistance test conditions
(i.e.: 10% NaOH, 80 °C for 16 hours), the % weight loss recorded was 0.45 to 0.60.

Clearly, this composition exhibits excellent alkali resistance.

In older glass fibre work by Mohri [113] a typical composition was 58% SiO,, 21%
ZrO,, 16.5% Na,O, and 3% ZnO (wt%). In an alkali resistance test: 1 N NaOH
solution kept at 70°C for 90 minutes, wt% loss was 0.04, so clearly this is also a very
alkali-resistant glass composition. Kawamoto et al. [17] used TiO, in their
composition to lower the viscosity and suppress crystallisation, which is a clear

advantage over Mohri’s older approach.

In 2010, a detailed investigation of the influence of IVB elements (Ti, Zr, and Hf) on
chemical durability of soda lime borosilicate glasses was made by Bergeron et al.
[114]. The glasses were obtained from 18Na,0-17B,03-61Si,0-4Ca0 (mol%) glass
composition by replacing SiO, with ZrO,, TiO,, and HfO,. A further replacement of
Na,O by CaO was also made and found to be effective in long term durability. They
found that the initial dissolution rate decreases significantly with increasing ZrO;
and HfO, bearing glasses, where TiO, has a lower effect on glass dissolution rate

compared to glasses containing Zr and Hf.

Page | 47



2.9 PORE CHARACTERISATION TECHNIQUES

Of most interest as regards porous structure is their internal geometry, size, and
connectivity. The performance of any porous glass highly dependents on their
internal pore structure, rather than on the external surface. Different characterisation
techniques have been described in detail in the literature [115-122]. The purpose of
each characterisation is to characterise the pore size, their distribution, shape,
accessibility, and surface area. The most popular pore characterisation techniques,
such as using mercury porosimetry and nitrogen gas adsorption, are discussed in the

following sections.

2.9.1 Mercury porosimetry

29.1.1 Theory

The pore characteristics of a porous solid material can be determined by using
mercury intrusion porosimetry (MIP). The popularity of mercury porosimetry over
other measurement methods is due to the short time it takes. In a single measurement
it can quantify the pore opening size, size range, pore volume, surface area, bulk and

apparent density as well as other porosity-related characteristics of a material.

Mercury (Hg) is widely used in pore characteristics due to its hon-wetting behaviour
combined with its high surface tension. Mercury does not penetrate pores by
capillary action. It requires force to enter the pore spaces. Mercury also exhibits a
high contact angle against most solids (see Figure 2.23) with ranges from 112° to
142° [115, 123, 124]. For mercury on glass material, contact angles of 128° to 148°
have been identified [125]. The pressure that is required to make mercury entering
the space is inversely proportional to the pore opening size, and this can be used in
determining the pore diameter. When the force that is applied is resisted from
entering the pore, then it is equal to —zDy cos6, where D is the pore diameter, y the
surface tension and 0 the contact angle. The negative sign is due to the fact that 6 >
90 which makes the term intrinsically negative. The applied pressure acting over the

circle of contact can be expressed mathematically by = D? P/4, where P is the
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applied pressure. At equilibrium where the opposite forces equal can be expressed

as:

%P
4

—tDy cosb =

After rearranging,

_ —4ycoso
P

D Equation 2.3

The above equation is known as the Washburn equation and is used for calculating
pore diameter, with the equation being based on the behaviour of a non-wetting

liquid.

Mercury

Figure 2.23: Mercury in contact with a porous solid (modified from [115]).

29.1.2 Pore size and total pore volume

Intrusion pressure values are directly converted into pore size by using the Washburn
equation. The scanning speed that can be achieved during measurements using high-
pressure porosimetry depends on the pore size of the sample, as small pore sizes can
not be determined using fast scanning [115, 120]. Total pore volume, on the other
hand, is the total volume of mercury intruded at the maximum pressure applied and
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therefore does not require the Washburn equation. Dividing the total pore volume by
mass of the sample gives total specific pore volume. Median pore diameter is at the
50 percentile point on any volume, area, or length distribution curve, whereas mean
pore diameter depends on the model and is equal to 4V/A, where V represents pore
volume and A the surface area. It is assumed that the model is cylindrical in shape

and the pores are open at both ends [120, 126].
2.9.1.3 Density and porosity measurement

The bulk density, also known as envelope density, and the apparent density of a
sample can also be measured by using mercury porosimetry. The bulk density can be
determined by using a simple pycnometry-type calculation. The object’s volume is
determined by subtracting the volume of mercury in the sample from the total
volume and weight of the sample, which can be measured with a laboratory balance.
Being a non-wetting liquid, mercury does not enter small indentation, cracks and
voids on the surface or into the pores. Whereas, the skeletal density that includes
closed and inaccessible pores can be determined after maximum pressure is applied.
The volume of mercury intruded into the open pores at high pressure, subtracted
from the bulk volume of the sample gives the skeletal volume. Dividing the weight
of the sample by this skeletal volume gives the skeletal (absolute) density. The
volume measured is considered as true volume provided that the sample contains no
blind pores and all pore spaces are filled [127]. If the sample contains pores that are
smaller than the accessible limit at maximum pressure, then skeletal and true
volumes cannot be obtained accurately. Use of helium pycnometer is recommended
if the proportion of pores below the range of high pressure mercury porosimeter is

significant.

The percentage porosity of a sample can be determined by using the following

equation [115]:

Percentage porosity, € = [1 — &J x 100 Equation 2.4
Ps
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Where, pp is the bulk density and ps is the skeletal density. In some studies true
density measured by means of helium pycnometer is used instead of skeletal density
[120, 123]. Paul A. Webb [127] proposed another simple equation to measure
porosity which is:

: : : V .
Mercury intrusion porosity, € = (V—T) x 100%. Equation 2.5

B

Where V7 is the total volume of mercury intruded up to the maximum pressure and
Vg is the bulk volume. Kukizaki [48] in his study measured membrane porosity by
using the following equation:

VP

Porosity, e= ————
V,+@/ py)

Equation 2.6

Where Vp is the pore volume per unit sample mass that is determined by mercury
porosimeter. And, p,, is the true density of the sample measured by helium

pycnometer.
29.14 Pore size distribution

The accuracy of pore size and distribution measurements by means of mercury
porosimetry depends largely on the actual pore size, shape, and their accessibility
from the surface [128]. It is rare to encounter circular cross-sections of pores, or
pores that have a regular geometric shape. Pores are typically variable in shape, e.g.
slits, cracks, fissures, or highly irregular interstitial voids between particles. To make
the pore characterisation calculation manageable, the convenient way is to consider
complex pore shapes as a right cylinder and their opening as circular in cross-section
[115]. The applied pressure continuously increased in magnitude, and the
corresponding mercury volume intruded into the pores, provide the basic data for
pore size distribution. A typical pore size distribution of silica is shown in Figure
2.24, where the intrusion contact angle (8,) and the extrusion contact angle (6g) are
the same (140°). There is a hysteresis gap observed essentially in all mercury

porosimetric measurements. Several explanations have been proposed in relation to
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this hysteresis gap, among which three explanations are appeared to be favoured by
different groups in the literature: (i) contact angle hysteresis, (ii) the ink bottle theory

and (iii) network effect.
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Figure 2.24: Standard mercury intrusion/extrusion volumes, as a function of pore sizes of
silica calculated using a constant contact angle of (6, = 0g) 140° [123].

(i) Contact angle hysteresis

Detailed studies have already been made on the contact angle effect on the mercury
intrusion and extrusion gap, but no solid conclusion has as yet been reached [118,
122, 129]. During the extrusion stage, mercury is not fully expelled due to the
difference in receding and advancing contact angle [115]. This argument was
confirmed by a number of studies where the hysteresis gap is almost eliminated by
modifying the extrusion contact angle [123]. Usually the retraction angles are 20 to
40° less than the advancing ones [115, 130]. Surface roughness and impurities on the
sample or on the surface of the mercury can also be a reason for different values of
contact angle during the intrusion and extrusion stage [118]. Porcheron et al. [122]
investigated the relationship between entrapment and hysteresis. They performed an

additional intrusion/extrusion cycle immediately after the first one so that the second
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cycle begins with the mercury already entrapped in the pores. They found the
hysteresis loop to be present in the second cycle without additional entrapment
which indicates the different origin between hysteresis and entrapment. One possible
explanation could be that the entrapped mercury represents only 10% of the total

pore volume, which does not change the overall character of the pore network.

(i) Ink bottle theory

The pores in a sample are not all the same shape. Those pores that have cylindrical
symmetry, but with a neck narrower than inner cavity, are known as ink-bottle.
During intrusion, the larger cavity inside cannot be filled until the higher pressure is
reached which is required to fill the smaller entrance or neck. Therefore the filling
pressure for these ink-bottle shaped pores is determined by their smaller sized neck
and not by their actual size. At higher pressures when both the neck pore and the
larger cavity are filled with mercury, the total volume is attributed to the diameter of
the smaller neck of the pore. During extrusion when pressure is decreased, only the
space ahead of the neck empties, leaving the mercury trapped in the larger cavity
behind it (see Figure 2.25). However, surface tension allows mercury to be
withdrawn by a connecting column of mercury, if the neck and cavity are near equal
in size [115]. Thus, while the ink-bottle theory is clearly able to explain the reason
behind the hysteresis gap as being due to the trapped mercury, but is unable to

explain the size shift between intrusion and extrusion.

Figure 2.25: Mercury intrusion at pressure P, through a smaller opening (d;) into larger
diameter (d,) cavity. Total intrusion volume is associated with pore diameter d;.Extrusion at
P5 leaves mercury trapped in the cavity. Mercury remains trapped even when P; < P; [115].
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(iii) Pore network effect

The connectivity model is used to explain the network effect of pores in relation to
the hysteresis gap. As explained in the ink-bottle theory, a pore will fill with mercury
when the applied pressure is equal or larger than the pore-size. It also requires a
continuous path, so that mercury can follow the channel to the pore. Applied
pressure is determined by the opening diameter, when the larger voids are
surrounded by smaller openings. The reverse process occurs during the extrusion
process and the mercury remains trapped once the connecting column to the surface
breaks down. Therefore, intrusion of mercury into a cavity is controlled by pore
opening diameter while the pore connectivity/network controls the extrusion of
mercury from the cavity [127]. Salmas and Androutsopoulos [130] worked with
different models and explained hysteresis based on the combined effect of the pore

network and contact angle variation.

2.9.15 Advantages and limitations of mercury porosimetry

Mercury porosimetry is an extremely useful pore characterisation technique, in
which the measurement covers a wide size range in pores, from 500 um down to 3.5
nm, in a single analysis that usually takes between 30 to 45 minutes [115, 118]. The
derived values for pore size and pore volume measured by means of mercury
porosimetry are repeatable to better than 1% standard deviation, and the data are in
significant agreement with the results obtained by other methods [131]. Varying
contact angles of mercury and solid samples during the intrusion and extrusion stage,
entrapped mercury due to ink-bottle pores, and the pore connectivity effect (already
discussed in details in above sections), all need to be considered when interpreting
MIP results. Due to the fact that mercury porosimetry measures the largest
connection from the sample surface to the pore, it fails to measure the internal pore
size. This is the reason why mercury porosimetry shows smaller pore sizes when
compared with Scanning Electron Microscopy (SEM) [118]. However, total pore
volume and pore surface area results are not dependent on pore shape [127]. Samples
with a high surface area may require pre-treatment with heat and vacuum to drive of
air/water vapour that occupy small pores and prevent the mercury from entering even

at high pressure [115]. Diamond [128] in his study with a cement-based material
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found the air voids, which constituted a minor but significant portion of the total
pore volume, were mistakenly identified as small voids and were not intruded by
mercury until a threshold pressure was reached. These voids were thus considered as
pores in the size rage below the threshold diameter. A loosely packed powder might
become further packed under pressure and the mercury intruded into the pore voids
might be interpreted as porosity [118, 123]. The purity of already-used mercury also
influences the results, as contamination causes change in the contact angle between

the mercury and the sample [115].

2.9.2 Other methods for meso to macropore characterisation

Gas adsorption is another pore characterisation technique that can measure pores
from 300 nm down to 0.3 nm [115]. Nitrogen is usually considered as a standard
adsorptive for pore characterisation by means of the gas adsorption method. With
nitrogen adsorption, pores with diameter ranging from 3-200 nm can be recorded
[120]. For measuring microporosity, Nitrogen adsorption is not considered
satisfactory for quantitative assessment. Alternative gas pore molecules, e.g.: argon
and carbon dioxide, have been suggested for characterisation of microporous
material [132]. However, for textural analysis of macroporous material (pore width >
50 nm), mercury porosimetry is considered as the most useful and reliable [133].
Due to concern about health issues while using mercury in recent years, other non-
wetting metals that are liquids at room temperature are being considered in order to
replace mercury in the useful intrusion porosimetry technique. A few possible
replacements of liquid metals and alloys are Gallium, Indium, Galinstan, Wood’s
metal, and Fields metal. Unfortunately none of the alternative pure metal and alloys
are as suitable as mercury in porosimetry [133]. Other methods are discussed in
details by Rouquerol et al.; from which two popular methods are summarised below
[133]:

(i) Water intrusion-extrusion for hydrophobic material

This type of intrusion-extrusion method is used primarily for hydrophobic materials
in the mesopore range of 2-50 nm. This can also be extended to the macropore

range. Sample preparation is the major challenge with this method, as it required
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grafting of hydrophobic function in order to get a hydrophobic surface with a known

contact angle with water.

(i) Liquid porosimetry by wetting

Wetting-liquid porosimetry is the opposite of mercury porosimetry where the sample
is completely wetted by overpressure of air. The assessment range is limited to 10—

100 pm of pore sizes.

Methods other than liquid intrusion-extrusion are liquid permeametry, capillary
condensation, freezing-melting detected by Differential Scanning Calorimetry
(DSC), and Nuclear Magnetic Resonance (NMR). Imaging methods such as
magnetic resonance imaging, computerised X-ray tomography, and electron

microscopy are also used to visualise pore sizes.

29.3 Surface area determination

Specific surface area is defined by IUPAC [37] as “The accessible (or detectable)
area of solid surface per unit mass of a material.” Measurement of surface area
depends on the method and experimental conditions, and is influenced by particle
size, particle geometry, and particle porosity. The importance of surface area is so
pronounced that it is almost as important as the chemical composition of the
material. Surface area is one of the key parameters in porous material
characterisation and is especially important in applications where high specific
surface area is a requirement. No single experimental technique provides an absolute
measure of surface area due to the complex nature of mesoporous materials [132].
Surface area can be determined by both mercury porosimetry and gas adsorption
methods. Nitrogen adsorption is mostly used to calculate specific surface area using
Brunauer-Emmett-Teller (BET) equation. Both methods are briefly discussed in the

following sub-sections.

2.9.3.1 Using mercury porosimetry

As discussed earlier in the mercury porosimetry section, the Washburn model is

based on capillary forces acting on pores that are cylindrical in shape with a circular

Page | 56



opening. The total cumulative pore volume represents the total volume intruded into
the pores against the maximum applied pressure. The surface area of all pores and

voids filled up at pressure P can be calculated using the following equations [134]:

— 2711 y|cos 6] = PAV Equation 2.7

Where, P is the pressure, V is the intruded mercury volume, y is the surface tension,
@ is the contact angle of mercury.

Assuming cylindrical pores openings at each end, and recognising 2zr[ as the pore

surface area S, this gives
—Sy|cosé| = PAV Equation 2.8

Pores of radius dr that takes up volume dV, will exhibit a surface area, dS, which

leads to

S= Pdv Equation 2.9
7|cos6)|

Total pore surface area can be calculated by taking the cumulative area of pores that
are filled by mercury and by integrating the above equation (assuming constant

surface tension and contact angle) [120, 134]:

S= Pdv Equation 2.10
;/|c056?| j quation

Several publications [120, 121] have reported a good correlation between the surface
area measured by mercury porosimetry and nitrogen adsorption in the overlapping
pore size range. Large pores contribute relatively little to the measured surface area
compared with the volume they represent, as opposed to porous material with small
pores that have a greater surface area. On the other hand, surface area measured by
nitrogen adsorption shows a greater surface area than the same porous material if it

has significant numbers of pores below the range of mercury porosimetry. Thus it is
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best to compare the two techniques within the overlapping portion of their range, e.g.
3 to 300 nm [115].

2.9.3.2 Using gas adsorption

Gas adsorption on solid surfaces and in pore walls is a complex phenomenon that
involves mass and energy interaction and phase changes [115]. When a solid is
exposed to a gas, the gas molecules impinge upon the solid and may adhere to the
surface for a finite time. This phenomenon is termed adsorption, which is defined as
a concentration of gas at an interface with a solid, without actual penetration of the
gas into the solid [135]. The amount adsorbed depends on the nature of both the solid
(adsorbent) and the gas (adsorbate), and on the pressure at which adsorption takes
place [135]. Therefore one method that can be used (the volumetric method)
involves calculating the amount of gas removed from the gas phase due to adsorption

on the solid surface.

All adsorption processes can be divided into two categories of chemical and physical
adsorption depending on the strength of the interaction. Chemical adsorption or
chemisorption involves true chemical bonding of gas or vapour to the surface, and it
needs to be restricted to, at most, a single layer of chemically bound adsorbate on the
surface. With chemisorption, adsorbed molecules are localised on the surface, a
property that often enables the number of active sites on catalysts to be determined
by simply measuring the quantity of chemisorbed gas.

Reversible or physical adsorption exhibits characteristics that make it most suitable
for surface area determination. This process is accompanied by low heats of
adsorption with no violent or disruptive structural changes occurring to the surface
during the adsorption measurement. The physical adsorption of gases on a solid
surface increases with decreasing temperature and increasing pressure. Unlike
chemisorption, physical adsorption may lead to surface coverage by more than one
layer of adsorbate, meaning that pores can be filled by the adsorbate for pore volume
measurement. As physical adsorption is fully reversible, both the adsorption and

desorption processes can be studied. Physically adsorbed molecules are free to cover
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the entire surface, enabling the surface areas rather than the number of sites to be
calculated [136].

After Lowell [137], the amount adsorbed on a solid surface will depend on the
absolute temperature T, the pressure P, and the interaction potential E between the
vapour (adsorbate) and the surface (adsorbent). At a certain equilibrium pressure and

temperature, the weight W of gas adsorbed on a unit of adsorbent is given by

W=F (P, T,E) Equation 2.11

If the quantity adsorbed is measured at a constant temperature, Equation 2.11 can be

reduced to

W=F (P, E) Equation 2.12

If the temperature is below the critical temperature of the gas, the alternative form,

I.e.: the equation below, is considered more useful.

W =F (P/Py, E) Equation 2.13

Where Py is the saturated vapour pressure of the adsorbate. A plot of W (or volume
adsorbed, V) versus P/ Py, at constant T, is referred to as the adsorption isotherm of a
particular vapour-solid interface. The interaction potential E varies with the

properties of the vapour and the solid and also changes with the extent of adsorption.

There are many theories [138] for surface area calculation but the one most
commonly used is that of Brunauer, Emmet, and Teller [138], which is also known
as BET method. The BET method is based on the calculation of monolayer capacity
of a solid, Wy, which in turn can be used to calculate the specific surface of a solid.
The monolayer capacity is defined as the amount of adsorbate that can be
accommodated in a completely filled, single molecular layer (a monolayer) on the

surface of unit mass of the solid.
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The final form of the BET [137] equation is given below, where W is the weight
adsorbed, Wy, the monolayer weight, C a BET constant, P the adsorbate pressure,

and Py the adsorbate saturated equilibrium vapour pressure.

1 1 C-1P

= 4 — Equation 2.14
WI[(R,/P)-1] W,C W,CP,

The determination of surface areas from the BET theory is a straightforward
application of Equation 2.14. A plot of 1/W(Po/P-1) versus P/Po, will yield a straight
line usually in the range 0.05 < P/Py < 0.35 with slope s [137]:

s= 71 Equation 2.15
W,.C
And intercept, i
i=— Equation 2.16
w._C

Solving the preceding equation for W, gives

Equation 2.17

Having established Wy, the sample’s total surface area can be calculated from
Equation 2.18.

Si= 2 Equation 2.18

Where A is the cross-sectional area of a molecule of adsorbate, M is the molecular

weight of an adsorbate molecule, and N is Avogadro’s number. The specific surface

area can be determined by dividing S; by the sample weight.
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CHAPTER THREE

EXPERIMENTAL PROCEDURE

3.1 GLASS SYNTHESIS

The basic sodium borosilicate glass used in this study contained three components:
Si0O,, B,03, and Na,O. Zirconia (ZrO,) or zircon (ZrSiO4) was added to introduce
ZrO,/ZrSi0y4 into the glass. Calcium oxide (CaO) as CaCO3 was also added in one
glass composition to investigate the effect this would have on the properties of glass.
The compositions of glasses that were produced in this study are listed in Table 3.1.
Compositions of A and AA coincide with the metastable immiscibility dome of the
Si0,-B,03-Na,0O system, and is the most well known system associated with
Amorphous Phase Separation (APS) and the formation of an interconnected
microstructure. When ZrO, was added to the SiO,-B,03-Na,O system, the amount of
alkali oxide (Na;O) was varied between 6 wt% and 10 wt%. Compositions B to E
involved substitution of SiO, with gradually increasing amounts of ZrO,, while
keeping the content of Na,O at 10 wt%. Composition E-Il, on the other hand,
contained 6 wt% of Na,O, and the ZrO, content was the same as in composition E.
In compositions CC to EE, the addition of ZrSiO, was increased, while the amount
of alkali oxide (NayO) was fixed at 6 wt%. Composition E-1I was similar to

composition EE, except the ZrO, was used instead of ZrSiO,.

Special grades of SiO, (grade 18649), B,O3 (grade 11615), Na,CO3 (grade 223530),
CaCOg3 (grade C6763), ZrO, (grade 230693), and ZrSiO, (grade 383287) were
procured from Sigma-Aldrich, Ireland, for the preparation various types of glasses.
For comparative purposes, two additional macro porous powder packings were
procured. One was Controlled Pore Glass (CPG) of grade CPG 1000CL procured
from Merck Millipore, Ireland, and the other was CHT ceramic hydroxyapatite type

I1 which was procured from Bio-Rad Laboratories Ltd., UK.
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All types of glasses were prepared by weighing out the appropriate quantities of
glass reagents to make up batches of 500g. The glass components were mixed and
rolled on a ball-mill for 14 hours. The mixed batches were melted in a zirconia
crucible (Ref-TW78W, Almath Crucibles Ltd., UK) at 1450 °C for 2 h in a Carbolite
RHF 1600 high temperature electric furnace (Carbolite Limited, UK) [78]. A one
hour degassing plateau at 600 °C and 1200 °C was also carried out [33, 139]. Special
care was taken during the melting of the alkaline earth metal oxide (CaO) containing
glass F, where CaO was added as CaCOg. It was found that eutectic mixtures of
sodium and calcium carbonates, which melt at 775 °C, and sodium disilicate and
silica, which melt at around 800 °C, become very fluid. In these temperature ranges
the gasses develop rapidly which causes turbulence in the liquid and solid mixture.
With increasing temperature the other refractory compounds started to melt and the
release of the gasses decreased due to an increase of the viscosity of the mixture
[24]. Therefore, to avoid spillage, a slow ramp (1 °C/min) was employed in the 800
°C—980 °C range, as in this temperature range the turbulence was severe. The melts
were then water-quenched to produce frit. The glass frits were crushed and grounded
in a ball mill for 12 hours. The resultant powder then screened through 212 pm and

retained on a 45 pum sieve.

Table 3.1: Composition of Glasses in wt%.

Composition (wt%o)

Glass SiO, B,0O3 Na,O ZrO, ZrSiOy CaO
A 65 25 10

B 62 25 10 3

C 58 25 10 7

D 54 25 10 11

E 50 25 10 15

E-11 54 25 6 15

AA 69 25 6

CcC 62 25 6 7

DD 58 25 6 11

EE 54 25 6 15

F 50 25 4 15 6
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3.2 PARTICLE SIZE ANALYSIS

A laser diffraction-based particle size analysis of the different compositions of the
starting glasses were carried out using a Malvern Mastersizer S (Malvern Ltd., UK)
covering a size range of 0.05 pum to 880 pm. Glass powders retained on a 45 pum
sieve were used for the analysis. Each sample was prepared by adding glass powder
to water, which was used as a dispersant medium, and the mixture was then put in an
ultrasonic bath for five minutes. The mixture was then fed into the dispersant unit to
measure the particle size. The integrated software (Mastersizer-S, Version 2.19) was

used to convert the measurement results into a report containing the relevant data.

The distribution of the particles was characterised by the particle size dispersal
coefficient, & [140].

90~ _10
0= —Da= Dy Equation 3.1

50D
d

where ®Dyg, °Dy and *°Dy are the diameters corresponding to 90, 10, and 50% (V/v)
respectively on a relative cumulative size distribution curve. The particle size

dispersal coefficient is also known as span.

3.3 THERMAL ANALYSIS

Differential Thermal Analysis (DTA) (Stanton Redcroft, UK) was used to measure
the glass transition temperature (T4) and to investigate the crystallisation behaviour
of the glasses. Heating rates of 10, 15, and 20 °C/min were employed using 30 mg of

sample and alumina as a reference.

Dilatometry (Model 402 E, Netzsch Ltd., Germany) was used to determine the
dilatometric softening temperature (Tg), and the glass transition temperature (Tg), of
a bulk glass specimen consisting of a nominal cylinder of approximate dimensions
11.5 mm (L) x 3 mm (D). The specimen was heated in air, increasing by 10 °C/min

from room temperature to 1000 °C.
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3.4 HEAT-TREATMENT OF GLASSES

Thermal treatment to induce phase separation was carried out on glass powder (>45
pum <212 um particle size), using a horizontal tube furnace (Carbolite Ltd., Sheffield,
UK) at a heating rate of 10 °C/min. The dwell temperature ranged from 630-700 °C
and the dwell time was 14-63 h, depending on composition. The heat-treated glass
samples were then ground to powders of certain sizes (45 — 355 pum range) by using

a pestle and mortar for further characterisation and leaching purposes.

3.5 HEAT TREATED GLASS CHARACTERISATION

Figure 3.1 shows the characterisation techniques used for heat-treated glass samples.
The heat-treated glasses were characterised by X-ray diffraction analysis (XRD) and
Fourier Transform Infrared (FTIR) spectroscopy. XRD detects the phase change by
comparing it with the phase identified after quenching. XRD analysis was also
carried out to identify crystallisation if this occurred during heat-treatment. FTIR
was used to get a more comprehensive insight into the intensity of the phase
separation. Furthermore, FTIR also indicated if any crystallisation occurred during

the heat-treatment cycle.

HEAT TREATED GLASS CHARACTERISATION

TECHNIQUES

X-ray diffraction analysis Fourier transform infrared
(XRD) (FTIR) spectroscopy

Figure 3.1: Outline of characterisation techniques for heat-treated glasses.

351 X-ray diffraction analysis (XRD)

Quenched and heat-treated glass powders of sizes < 45 pm were checked at room

temperature by X-ray diffraction analysis to determine the crystallographic phases. A
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Bruker advanced D8 X-ray diffractometer, using Ni-filtered Cu Ka radiation of

wavelength 1.5406 A, was used for this purpose.

The diffractometer has integrated XRD software (DIFFRAC plus XRD Commander,
Version 2.6.0) that controls the power and scanning input parameters. The standard
setting for the X-ray generator was 40 kV and 40 mA. The X-ray source is aligned to
fall on the powder sample, which was positioned between the source and detector,
through a slit of size 0.6 mm. A Z-scan was performed to position the sample at the
correct height on the Z drive. A locked coupled scan was used to measure the XRD
patterns with a step size of 0.1° in a range of 26 values from 10 to 80° at a scanning
speed of 10 sec/step. The X-ray diffraction pattern displays the intensity as a
function of the detector angle, 26. A schematic diagram of the X-ray diffractometer

is shown in Figure 3.2.

Measuring circle

-~ =~
7’
/ . ;
¢ Focusing slit
/ I Detector slit

Detector

X-ray \
tube \

Figure 3.2: Schematic diagram of a powder X-ray diffractometer [141].

3.5.2 Fourier transform infrared (FTIR) spectroscopy

The infrared, IR, method was found to be a sensitive means to detect phase
separation in glasses [142-144]. The basic components of the FTIR spectrometer are

shown in Figure 3.3. The infrared source emits a broad band of radiation
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wavelengths within the infrared zone that goes through an interferometer. The
interferometer modulates the infrared radiation and allows it to pass through the
sample where it is absorbed to various extents at different wavelengths. Finally, the
intensity of the IR beam is detected by a detector and the detected signal is digitised

and Fourier transformed by the software to get the IR spectrum of the sample.

Interferometer |:>

ajdweg

== D

IR light source

Figure 3.3: Block diagram of FTIR spectrometer.

FTIR spectra were obtained using a Perkin-Elmer GX instrument with a resolution of
16 cm™ in the range 400 cm™ to 4000 cm™ at room temperature. Heat-treated glass
samples of < 45 pum size were used for the FTIR investigation. The data points were
averaged over 30 scans in absorbance mode and obtained at an interval of 1 cm™. A
linear baseline was fitted to the corrected IR spectra and the peak positions were

determined after a smoothening process using PE application spectrum software.
3.6 GLASS LEACHING

A heating bath, magnetic stirrer, and condenser were used to conduct the glass
leaching experiments. The heat-treated glasses were crushed using a pestle and
mortar, and sieved through 355 um and retained on 75 pum sieve. The glass powder
retained on 75 pum sieve was then immersed in 1 N HNO; for 24 h at 95-98 °C to
remove the boron phase, then in 3 N H,SO,4 for 24 hour at 95-98 °C to dissolve
colloidal zirconia, and finally 0.5 N NaOH for 5 h at 25 °C was used to wash out the
gelated SiO,. The H,SO, leaching step was found to be unnecessary for ZrO,/ZrSiO,
free compositions. The leaching mentioned above was conducted in a flask equipped
with a reflux condenser to prevent the acid solution from evaporating, and thus this
allowed leaching to be carried out over a long time period. A magnetic stirrer was

used to prevent the glass powder from settling on the bottom of the flask and to make
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leaching more efficient. Deionised water was used to wash the glass powders several
times after each acid leaching step. Following the leaching process, the resultant

glass powders were washed with water several times and dried for 12 h at 120 °C.

3.7 LEACHED GLASS CHARACTERISATION
TECHNIQUES

Figure 3.4 shows the characterisation techniques used for heat-treated glass samples.
Mercury porosimetry was used to characterise the pore size, its distribution, total
pore volume, surface area, and bulk and skeletal density. Nitrogen adsorption based
pore characterisation was carried out with different selected leached glasses to
compare the data with porosimetry. Scanning Electron Microscopy (SEM) is also
widely considered to be a unique method to investigate the pore morphology. Energy

Dispersive X-ray Spectroscopy (EDXS) was used for elemental analysis and made

qualitative comparisons among the leached glasses.

LEACHED GLASS CHARACTERISATION TECHNIQUES

Energy-Dispersive X-
ray Spectroscopy
(EDXS)

Scanning Electron

Mercury porosimetry Nitrogen adsorption Microscopy (SEM)

Figure 3.4: Outline of characterisation techniques for leached glasses.

3.7.1 Pore characterisation using mercury porosimetry

To characterise the pores of the leached glass compositions, experiments were
performed, using mercury (Hg) based porosimetry (Autoscan-33 Porosimeter,
Quantachrome, UK). Mercury intrusion and extrusion over a wide range of pressures
(0-33000 PSIA) were performed. The porosimetry consists of two units — one is a
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low pressure vessel for evacuation and preparing the sample, and the other is a high-
pressure unit with maximum attainable pressure of 33,000 PSIA. Autoscan

PORO2PC software, version 2.13, was used to analyse the recorded data.

Each leached glass sample was placed in the penetrometer (see Figure 3.5). After
proper assembly, the penetrometer was placed in the low-pressure vessel for sample
evacuation and mercury filling. The mercury was filled at around 100 kPa. The

mercury used was procured from Sigma-Aldrich, Ireland (grade 261017).

Cell contact assembly
Short sample cell Upper Cell Housing ;

\ .
/

O-ring
Figure 3.5: Penetrometer and closure components for short sample cell assembly [134].

The penetrometer with the filled mercury was then placed in the high-pressure vessel
with the stem upward. The vertically installed penetrometer was surrounded by
hydraulic fluid. The increasing pressure was transmitted by the fluid to the mercury
in the penetrometer through its open capillary stem. When the pressure reached its
maximum, reversing the hydraulic pressure then lowered the mercury pressure and
generated the extrusion data. Both intrusion and extrusion data were recorded by the

software and later converted for further analysis.

3.7.2 Pore characterisation by nitrogen adsorption

BET surface area, porosity, and average pore size of the selected leached glass
samples were measured using a Nova 4200e surface area and pore size analyser
using Nitrogen from Quantachrome Instruments (UK). The porous glass samples
were prepared by drying under vacuum at 200 °C for 2 hours to remove adsorbed

contaminants (especially water and carbon dioxide) which were acquired from
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atmospheric exposure. The porous glass samples were then cooled to -196 °C under
vacuum. Nitrogen was introduced to the samples in controlled increments and the
quantities adsorbed were calculated. The quantity of gas required to form a
monolayer on the external surface was identified from the adsorbed isotherm at a
particular pressure and temperature. A further increase of gas pressure would form a
multi layer coverage (see Figure 3.6). The specific surface area was calculated by
using the BET equation (see Equation 3.2) at relative nitrogen pressure range 0.05—

0.30 as the area covered by each adsorbed molecule is known.

V_N .
SgeT = — An Equation 3.2
I\/IV
Where
Vi is the volume of the monolayer

An is the cross-sectional area occupied by each adsorbate molecule

N is Avogadro’s number

My is the gram molecular volume

With increasing pressure, gas was first condensed on small pores (smallest diameter)
and then continued until saturation pressure was reached, at which all pores are filled
with liquid. The gas pressure was then reduced incrementally to allow evaporation of
the condensed gas. The Kelvin equation (see Equation 3.3) was used to calculate the
relative pressure of nitrogen in equilibrium with the porous glass. The pore size
distribution was determined from the desorption data using the Barrett, Joyner, and
Halenda (BJH) model [145]. A relative nitrogen pressure step, ranging from 0.98 to
0.37 was used.

InE = —%cose Equation 3.3
P, rRT
Where
P is the equilibrium vapor pressure of a liquid in a pore of radius r
Po is the equilibrium pressure of the same liquid on a plain surface
y Is surface tension of the liquid
Vi is the molar volume of the liquid
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0 is the contact angle with which the liquid meets the pore

R is the gas constant

T Is the absolute temperature
Stage 3 Stage 4
Further increasing gas pressure will A further increase in the gas pressure will cause
cause the beginning of multi-layer complete coverage of the sample and fill all the pores
coverage. Smaller pores in the sample The BJH calculation can be used to determine pore
will fill first. BET equation is used to diameter, volume and distribution.
calculate the surface area.

Stage 2

As gas pressure increases,

coverage of adsorbed molecules
increases to form a monolayer
(one molecule thick).

Stage 4

Isolated sites on the sample surface  “S

begin to adsorb gas molecules at
low pressure.

Stage 2
Increasing gas pressure

Stage 1

Figure 3.6: Gas adsorption data reduction methods [146].

Scanning Electron Microscopy (SEM)

The Scanning Electron Microscope (SEM) can generate various high magnification

images by high-energy electron bombardment, which causes signals to be emitted

from the surface of the sample. The intensities of the collected signals contain

information about the sample's surface topography, and are used to produce images

on the computer monitor.

The pore morphology of the leached glass samples was examined using an ‘EVO LS

15° scanning electron microscope developed by Carl Zeiss, Germany. No prior

coating was used.

Energy-Dispersive X-ray Spectroscopy (EDXS)

The SEM that was used was equipped with Energy-Dispersive X-ray Spectroscopy

(EDXS), which can determine the elemental composition of the sample from X-ray

spectra generated by high energy electron bombardment on the sample. EDXS is

efficacious as a rapid method for identifying elements present in a sample with

overall accuracy of about 1% and detection sensitivity down to 0.1% by weight
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The Oxford Instruments (Oxford INCA Energy 350) micro-analysis suit EDXS was
used to detect the elements present on the leached glass samples, and analysed the
data giving qualitative comparisons. The focusing distance was set at around 8.5 mm
to allow the EDXS detector to collect the information from the sample surface.
Rectangular acquisition with 180 sec live time in 0 — 10 KeV of spectrum range was
used for the quantitative measurement. An acceleration voltage of 10 keV and beam
current of around 100 pA was used for analysing of all leached glass samples. The
integrated software (INCA suite, version 4.09) was used for quantification and
identification of the spectrum, and it also processed the spectral data into MS word

file format.
3.8 DENSITY MEASUREMENT BY PYCNOMETRY

A small volume helium pycnometer (Accupyc 1330, Micromeritics Ltd., UK) was
used to measure the density of the leached glass samples at room temperature. Mean

value and standard deviation was determined from five successive measurements.
3.9 ALKALI RESISTANCE TEST

The alkaline resistance of leached glass samples was determined from its resistance
to aqueous solution of sodium hydroxide (NaOH) solution. The resistance was
measured inversely from percentage loss in mass per unite surface area of the
leached glass [109]. The alkali resistance was measured by incubating a 1 ml volume
of leached glass sample in 10 ml of an aqueous sodium hydroxide solution (0.5 N)
for 24 h. Following this, the leachant was neutralised with 1 N HCI acid and then
washed in deionised water and dried at 100 °C for 18 h. After drying, each sample
was weighed to an accuracy of 0.1 mg. The weight loss was then calculated in

milligrams per square decimetre (mg/dm?) by using the following equation [109]:

_ 100 x (m, —m,)

Wa A

Equation 3.4
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Where

m; is the initial mass, in milligrams, of the sample
m, is the final mass, in milligrams, of the sample
A iIs the total surface area, in square centimetres, of the sample

Two samples were tested for each composition of glass and the arithmetic mean of
the values was used in measuring the weight loss. For each glass composition the
experiment was repeated if the values differed by more than 10% from the arithmetic

mean.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 INTRODUCTION

An outline of the thermal behaviour study and characterisation of resultant porous
glass after heat-treatment and leaching is presented in Figure 4.1. In this study,
zircon and zirconia was added separately to the sodium borosilicate glass system.
The thermal behaviour characteristics of a range of glass compositions were
investigated thoroughly. The phase separation heat-treatment is the main determining
factor that controls the formation of the desired pore size. Based on the thermal
characteristics of different compositions, heat-treatment times and temperatures were
optimised to achieve interconnecting porous morphologies. Another major challenge
was to retain ZrO, in the porous glass as it plays a major role in increasing the alkali
resistance of the porous glass. To achieve this objective, the primary consideration
was to choose the most suitable sodium borosilicate glass composition which can
phase separate readily and at the same time able to retain the ZrO, in the porous
glass. ZrO, was added to the SiO,-B,03-Na,O system, with the content of alkali
oxide (NayO) varying between 6 wt% and 10 wt%. For addition of ZrSiO,, the
amount of alkali oxide (Na,O) was fixed at 6 wt%. Higher alkali metal oxide (e.g.
Na,O) content in the glass composition is believed to increase the solubility of ZrO,,
and so does a higher CaO content [148]. On the other hand, considering the
compositional effect, alkali metal oxide of 6 wt% is positioned in the optimum zone
on the phase diagram of sodium borosilicate glass system for phase separation. Two
commercial porous glass samples were also procured and characterised in order to

carry out a comparison with the porous glasses prepared in this study.
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Mixing of compositions
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(65-x)Si0,-25B,0:-10N2,0-xZr0;

X=[0, 3,7, 11, 15]=[A, B, C, D, E|

548i0,-25B,03-6Na,0-15Zr0; [E-11]

508i0,-25B,05-4Na,0-6Ca0-15Zr0; [F]

(69-x)Si0;-25B,03-6Na,0-xZrSiOy

X=[0,7, 11, 15]=[AA, CC, DD, EE]

!
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1. Melting and quenching to achieve glass frit
2. Ball milling the frits to produce powder
3. Glass powder are sieved through 212 pm and retained on 45 pm sieve
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1. Heat-treated the glasses for phase separation
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Figure 4.1: Outline of the order of results presented in this chapter.
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4.2 PARTICLE SIZE ANALYSIS OF THE PARENTAL
GLASS AND OF THE ZIRCON/ ZIRCONIA
CONTAINING GLASS COMPOSITIONS

The glass frits produced after water quenching were ball milled for 12 h and
screened through 212 um and retained on a 45 um sieve. The particle size of these
glass powders were analysed by a light scattering particle size analyser to examine
further details of particle size and its distribution. The results of the mean particle
size (D[4,3]) and span analysis are summarised in Table 4.1. The span mentioned in
Table 4.1 is a dimensionless number that illustrates whether the distribution spread is
narrow or wide. The smaller the span, the narrower is the distribution. Even though
the glass powders were retained on 45 pm sieve, the particle size analysis showed
them to be smaller taking consideration of the mean size. From particle size
distribution patterns, as shown in Figure 4.2 and Figure 4.3, it can also be noticed
that particles were widely distributed, with a tendency towards particles with a larger
diameter range. Glass F had the lowest mean particle size, with 41% below 14 pm in
size. Glass DD and EE seemed to have a better particle size distribution compared to

the other glass compositions.

Table 4.1: Mean particle size and size distribution measure of the glass powders after
grinding and sieving.

Mean particle size Span

Glass
pm 0

A 19 5.36
B 57 10.1
C 121 5.77
D 41 9.89
E 61 8.58
E-1l 27 3.52
AA 77 3.89
CC 23 5.40
DD 173 1.43
EE 102 2.06
F 11 3.31
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Figure 4.2: Particle size distribution pattern of glass A, B, C, D, E, and E-II.
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Figure 4.3: Particle size distribution pattern of glass AA, CC, DD, EE, and F.
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4.3 THERMAL PROPERTY OF THE GLASS
COMPOSITIONS

4.3.1 XRD analysis

The glass frits of all compositions were found to be visually clear after water
qguenching. XRD analysis was performed on all glass compositions and the results
are shown in Figure 4.4 and Figure 4.5. The peaks at 20 = 21.8°, 28.5°, 31.3°, 36°
[JCPDS 01-0438, 03-0267] were assigned for cristobalite; whereas peaks at 26 =30°,
51°, 60° [JCPDS 02-0733] were assigned for tetragonal ZrO, [64]. In contrast to
fully amorphous glass, a possible phase separation occurred during quenching which
is revealed by the mesomorphic helical segments around 15.5° and 22.4° in Figure
4.4 and Figure 4.5. These broad peaks are more pronounced in the XRD analysis of
glass series AA-EE (see Figure 4.5). The mesophase may act as a precursor to
crystallization [149]. Yazawa et al. [44] in their study with similar sodium
borosilicate system 9.4Na,0-25.4B,03-65.2Si0, (mol%) found the glass phase
separated by spinodal decomposition during quenching if the rate of cooling is
between 10 to 10° K/sec.

Intensity (a.u.)

20

Figure 4.4: XRD patterns of glass composition A, B, C, D, E, and E-II before heat-
treatment.
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Figure 4.5: XRD patterns of glass of composition AA, CC, DD, EE, and F before heat-
treatment.

4.3.2 DTA analysis

The results of the DTA analysis for all compositions are listed in Table 4.2 where T
is denoted as the onset glass transition temperature (T), and Tr, as the maximum of
the endothermic inflection. T¢ is generally accepted as T4 for most applications and
in this study we considered Tr as Ty [69]. Some authors found that T4 depends on
heating rate, and shifts towards a higher temperature with increased heating rate [24,
48, 150]. Dodd [151] argued that increasing heating rate decreases the resolution
between the adjacent peaks, hence slower heating rates are preferable. In this study
heating rates of 10, 15, and 20 °C/min were employed for all glass compositions to
investigate the difference in thermal behaviour while keeping the sample size
constant (30 mg). No significant changes were observed in Ty by increasing the
heating rate for glass compositions as shown in Table 4.2. The DTA curves obtained
from heating rates of 10, 15, and 20 °C/min of all glass compositions are shown in
Appendix 1. It is evident that Ty increased incrementally with increasing ZrO;
content from 515 °C to 522 °C for glass series A-E. A similar tendency was

apparent for glass series AA-EE, where T, increased from 478 °C to 509 °C with
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increasing ZrSiO, content. Addition of ZrO, increased the number of bridging
oxygens per silicon atom and the presence of Zr** ions imparted a higher packing
density and higher T4. This behaviour is consistent with the theory that ZrO; is
believed to act both as an intermediate and a network glass former [152]. It can be
seen from Table 4.2 that glass A, which contained more Na,O (10 wt%) compared to
AA (6 wt%), shows a higher Ty value. A similar trend is also observed when
comparing glass E (10 wt% Na,O, 15 wt% ZrO,) and glass E-Il (6 wt% Na,O, 15
wt% ZrO,), which differed in Na,O content. In sodium silicate glasses, increasing
the alkali content breaks up the three-dimensional network with the formation of
singly-bonded oxygens that do not participates in the network, thus reducing the
length of the chain. The principal effect of increased alkali content is to reduce the
melting temperature by decreasing the viscosity, which would indicate a lower Tg.
However, variations are observed for glass compositions containing B,O3, which is
known as the boric oxide anomaly. Increasing alkali content in sodium borate glass
compositions converts BO; triangles to BO, tetrahedra, thereby increasing the
network connectivity. Therefore, the glass transition temperature increases. Non-
bridging oxygen (NBO) sites do not become apparent until the alkali content is
increased to approximately 30 mol% [31]. In other studies with borosilicate glass, it
was mentioned that NBO is not produced in glasses with a Na,O/B,03 ratio <0.5
[66, 68]. The T, of glass composition F was measured as 575 °C, which is
significantly higher compared to other glass compositions. This huge shift in T4 can
be attributed to the addition of 6 wt% of CaO, which replaced part of the alkali oxide
(Na;0) in glass E, and therefore the Na,O content of glass F became 4 wt%.
Replacement of alkali oxide (Na,O) by alkaline earth oxide (CaO), while
maintaining a constant silica concentration, strengthens the network by replacement
of the low field strength sodium ion by the higher field strength divalent alkaline
earth ions and thus increases the Ty [24]. Glass E-1I (6 wt% Na,O, 15 wt% ZrO,) and
EE (6 wt% NayO, 15 wt% ZrSiO4) showed almost similar T4 values indicating that

the presence of zircon or zirconia in the glass has a similar impact on Ty.
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Table 4.2: DTA results in three different heating rates (10 °C/min, 15 °C/min, 20 °C/min).

10 °C/min 15 °C/min 20 °C/min
Glass Tf Tm Tf Tm Tf Tm
A 515 567 514 562 510 567
B 508 568 514 588 520 577
C 518 575 524 588 532 593
D 520 577 517 589 520 590
E 522 576 528 586 528 594
E-11 511 563 503 577 504 597
AA 478 520 472 522 468 522
CccC 501 541 505 535 494 542
DD 504 548 513 556 518 570
EE 509 550 497 560 492 566
F 575 621 564 625 588 635

The DTA analysis for all glass compositions are discussed in the following sub-
sections. The shape of the exothermic peak on DTA curve indicates whether bulk or
surface crystallisation is predominant. Augis and Bennett [153] proposed an equation
(see Equation 4.1) to calculate the Avrami parameter (n). This Avrami parameter is
related to crystallisation behaviour and first described by Avrami [154-156]. A value
of n close to 1 indicates surface crystallisation, and an n value greater than 3

indicates bulk crystallisation [157].

T 2
n= (%J{ = ’; R] Equation 4.1

Where AT is the full width of the exothermic crystallisation peak taken at half of the

maximum intensity; T, is the peak crystallisation temperature; Ec is the activation
energy for crystallisation; and R is the gas constant. Equation 4.1 indicates that a
broad exothermic peak means a large AT value, which implies a small n value,
resulting in surface crystallisation. On the other hand, a sharp peak corresponds to a
small AT value, which implies a large n value, resulting in bulk crystallisation [24,
48].
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43.2.1 Glass series A-E, (65—x)Si0,-25B,03-10Na,O-xZrO;

In this series of glass compositions, the content of ZrO, increased from 0 to 15 wt%.
The objective of the thermal behaviour study of this group was to investigate the
influence of ZrO, content while keeping the alkali oxide (10 wt%) and boron oxide
(25 wt%) constant.

(I) Glass A (65Si02-258203-10N820)

The DTA curve of glass A at a heating rate of 10 °C/min is shown in Figure 4.6. The
slope indicates an endothermic onset at around 515 °C. Two characteristic
temperatures are used to define this endothermic gradient, which is attributed to the
glass transformation range. T; is denoted as the onset of the glass transformation
temperature and T, is the maximum of the endothermic inflection. An exothermic
event is noticed at around 800 °C—900 °C which is possibly due to the crystallisation
of cristobalite. No sharp exothermic peak was observed on the DTA curve of glass A
at a heating rate of 10 °C/min, nor for heating rates of 15 and 20 °C/min (see
Appendix 1a). Therefore, it is presumed that surface crystallisation is the dominant

mechanism.

XRD analysis was carried out on glass A, as shown in Figure 4.7, to check for
crystallisation when heat-treated for 14 h, 24 h, and 63 h at 650 °C. Peaks attributed
to cristobalite at 20 = 21.8°, 28.5°, 31.3°, 36° [JCPDS 01-0438, 03-0267] were
identified for the sample heated at 650 °C for 14 h, 24 h, and 63 h. Cristobalite was
just starting to precipitate when the sample was heat-treated for 14 h at 650 °C. The
intensity of the cristobalite peak increased with increasing heat-treatment dwell time.
However, no cristobalite peak was observed when heat-treatment was conducted at
600 °C for 48 h. For long heat-treatment, the crystallisation event, as shown in

Figure 4.6, shifted and occurred at lower temperatures than 650 °C.
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Figure 4.6: DTA curve of glass A at a heating rate of 10 °C/min.
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Figure 4.7: XRD patterns of glass A heat-treated for: (i) 48 h at 600 °C; (ii) 14 h at 650 °C;
(iii) 24 h at 650 °C; (iv) 63 h at 650 °C.
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(i) GlassB, C,and D

The DTA curves of glass B (62Si0,-25B,03-10Na,0-3Zr0O,), C (58Si0O,-25B,03-
10Na,0O-7Zr0,), and D (54Si0,-25B,03-10Na,0-11Zr0O,) are shown in Figure 4.8.
As was expected, it was observed that the Ty temperature increased with increasing
ZrO, content. No exothermic peak was observed in any of the B, C, and D glass
samples. However, a small exothermic bulge was noticed centred around 850 °C for
glass B. There are successive changes in slope observed in the DTA curve for glass
D.

10 "C/min

Tg = 520 "C/min

Tg=518 C/min 10 °Chmins

DTA (uV) EXO.

Tg =508 C/min 10 °C/min

ENDO.

B

400 500 600 700 800 900
Temperature ('C)

Figure 4.8: DTA curves of glass B, C, and D at a heating rate of 10 °C/min.

(iif) Glass E (50Si02-25B,03-10Na;0-15Zr0,)

The DTA curve of glass E is shown in Figure 4.9 for a heating rate of 10 °C/min. No
well-defined exothermic peak was exhibited by the curve. Onset of a broad

exothermic bulge was observed at approximately 650 °C. Another broad exothermic
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event can be seen in the range 800-900 °C. These broad exotherms indicate that

surface crystallisation is the dominant mechanism for crystallisation.

°C 10 °C/min

(89
]
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Figure 4.9: DTA curve of glass E at a heating rate of 10 °C/min.

43.2.2 Glass E-11 (54Si0,-25B,03-6Na,0-15Zr05)

Figure 4.10 shows the DTA analysis of the glass powder sample E-II for a heating
rate of 10 °C/min. A change in slope is observed at about 511 °C (T¢) and continues
until it reaches a plateau at 563 °C (Tr,). Onset of a broad exothermic event occurs at
approximately 650 °C, and is likely associated with surface crystallisation [45, 157-
159].
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Figure 4.10: DTA curve of glass E-II at a heating rate of 10 °C/min.

43.2.3 Glass F (50Si0,-25B,03-4Na,0-6Ca0-15Zr0,)

The DTA curves of glass F is shown in Figure 4.11 for heating rates of 10, 15, and
20 °C/min. The Ty for glass F was found to be significantly higher compared to other
glass compositions due to the replacement of Na,O by CaO, which contributes to
strengthening the network and thus increasing the Ty With increasing CaO content,
the fraction of four-coordinate boron, denoted as BO,, increased dramatically [160].
As BO, increases network connectivity, this in turn significantly increases the Ty. A
broad exothermic peak is observed with an onset at approximately 740 °C, and
centred at around 820 °C in the case of a heating rate of 10 °C/min. The broad peak
indicates that surface crystallisation is the dominant mechanism for crystallisation in
glass F. At a heating rate of 20 °C/min, a small exotherm at approximately 530 °C
may represent the leading exotherm which is usually seen in highly quenched glasses
just below the T, [24].
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Figure 4.11: DTA curve of glass F at heating rates of 10 °C/min, 15 °C/min, and 20 °C/min.

4.3.2.4 Glass series AA-EE, (69-x)SiO,-25B,03-6Na,O-xZrSiO,

In this series of glass compositions the content of ZrSiO, was increased from 0 to 15
wt%. The objective of the thermal behaviour study of this group was to investigate
the influence of ZrSiO,4 content while keeping the alkali oxide (6 wt%) and boron
oxide (25 wt%) constant.

(i) Glass AA (69Si0,-25B,05-6Na,0)

Figure 4.12 shows the DTA curve of glass AA at a heating rate of 10 °C/min. No
specific information other than Ty was obtained. A broad exothermic event is
observed in the range 740-900 °C. Surface crystallisation is considered the dominant
mechanism, since no sharp exothermic peak was observed, even for DTA analysis of

finer particle sizes, i.e. < 45um.
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Figure 4.12: DTA curve of glass AA at a heating rate of 10 °C/min.

(ii) Glass CC (62Si0,-25B,05-6Na,0-7ZrSiOq)

No sharp exothermic peak was observed in any heating rate. However, an onset of
small exothermic bulge was noticed at around 640 °C at a heating rate of 10 °C/min
followed by subsequent successive slope changes as shown in Figure 4.13. This
exothermic bulge was not prominent for the heating rates of 15 and 20 °C/min. Small
details may be lost with rapid heating rates [161]. No crystallisation occurred with
the base glass AA even when heat-treated < 6 h at 650 °C (see Figure 4.21). Addition
of ZrO,/ ZrSiO, suppresses crystallisation [48]. Therefore the small exothermic

event observed at around 640 °C may occur due to the formation of tetragonal

zirconia.
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Figure 4.13: DTA curve of glass CC at heating rates of 10 °C/min, 15 °C/min, and 20
°C/min.

(iif) Glass DD (58Si0;-25B,03-6Na,0-11ZrSiOy)

A broad exothermic peak was observed on glass DD in the range 680-800 °C as

shown in Figure 4.14. This small exothermic event may be due to the formation of

tetragonal zirconia. When the heating rate was increased, this exothermic event

broadened. This onset of a second exothermic event at about 840 °C is attributed to

the precipitation of cristobalite. The broad exothermic events are indicative of

surface crystallisation being the dominant mechanism.
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Figure 4.14: DTA curve of glass DD at heating rates of 10 °C/min, 15 °C/min, and 20
°C/min.

(iv) Glass EE (54Si0,-25B,03-6Na,0-15ZrSiO4)

Figure 4.15 presents the DTA analysis for glass EE at a heating rate of 10, 15, and 20
°C/min. DTA analysis for the same sample at a heating rate of 15 °C/min is shown in
Figure 4.16. The changes in the curve are more conspicuous and increasing heating
rate seems to broaden the changes in the curve. One cannot generalise from this
trend as DTA curves vary with compositional changes. For the heating rate of 15
°C/min, a change in slope was observed at about 497 °C (Ts) and continued until it
reached a plateau at approximately 600 °C. A sharp exothermic peak was observed
at 667 °C and was attributed to crystallisation. The sharp nature of this peak, denoted
as maximum crystallisation temperature (T,), is indicative of bulk crystallisation [48,
157, 158]. In contrast, a broad peak was observed at around 650 °C on glass E-1l (6
wit% Na,O, 15 wt% ZrO,). Therefore, it can be concluded that ZrSiO, promotes bulk

crystallisation.
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Figure 4.15: DTA curves of glass EE at heating rates of 10 °C/min, 15 °C/min, and 20
°C/min.
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Figure 4.16: DTA curve of glass EE at a heating rate of 15 °C/min.
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Using the sharp peaks that are apparent in the case of heating rates 10 °C/min, 15
°C/min, 20 °C/min, the Avrami number (n) can be calculated using Equation 4.1.
This is the proven method used to indicate the occurrence of the crystallisation
mechanism. In order to calculate the Avrami number, the activation energy for
crystallisation was calculated by using the Kissinger equation [162] which is based

on the crystallisation peak temperature at DTA heating rate, ¢ :

In= =— E +const Equation 4.2
RT

The activation energy can be obtained from the slope of In($/T,) versus 1/T, as
shown in Figure 4.17. The data in Table 4.3 are presented in graphic form in Figure
4.17. It can be seen from Figure 4.17 that a linear relationship exists between
In(p/Tp) and 1/T,. The activation energy (Ec) is calculated as 253 kJ/mol. Kukizaki
[48] reported the E. value as 215 kJ/mol for the 70SiO,-8.5B,03-7.3Na,0-3Ca0O-
8Al,03 glass system.

Table 4.3: The results of DTA measurements for glass EE.

Heating rate, ¢ Crystallisation peak AT
temperature, T,

°C/min °C °C

10 657 15

15 667 17

20 676 19
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Figure 4.17: Determination of E./R for glass EE using the Kissinger method.

The Avrami number, n, calculated from Equation 4.1 are listed in Table 4.4. The n
values of glass EE were found to be greater than 3 for all heating rates, which
indicates that crystallisation was caused by bulk crystallisation. Kukizaki [48]
obtained the n values of 4.2, 3.8, and 3.7 for heating rates of 10, 15, and 20 °C/min
respectively using the 70Si0,-8.5B,03-7.3Na,0-3Ca0-8Al,03 glass system.

Table 4.4: The calculated values the Avrami parameter as a function of DTA heating rates.

Heating rate, ¢ Avrami parameter, n

°C/min
10 4.74
15 4.28
20 3.90

XRD analysis was performed on glass composition EE to identify the crystallisation
phases associated with the exothermic peak observed in Figure 4.16. The samples

were heat-treated at 650 °C, which is the onset of T, for various durations (1 h, 14 h,
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24 h, and 63 h). Peaks attributed to tetragonal ZrO, (26 = 30°, 51°, 60°) [JCPDS 02-
0733] were identified for composition EE heated at 650 °C for 1 h, 14 h, 24 h, and
63 h (see Figure 4.18). The peaks at 20 =21.8°, 36° [JCPDS 01-0438, 03-0267] were
attributed to cristobalite. For heat-treatment dwell time < 24 h, the cristobalite peak
exhibited low intensities compared with the tetragonal ZrO, peaks. For heat-
treatment duration of > 24 h < 63 h, the intensity of the peaks relating to cristobalite
increases. Crystallisation of cristobalite predominates over crystallisation of
tetragonal ZrO, for heat-treatment times > 24 h. The XRD finding suggested that the

T, observed in Figure 4.16 is due to crystallisation of tetragonal zirconia.

® Cristobalite

' m -Z10,
_.—-—J\——k.-.m " L] (63 h)
® .

Intensity (a.u.)
-
tu

20

Figure 4.18: XRD patterns of glass sample EE heat-treated at 650 °C for different times (1
h, 14 h, 24 h, and 63 h).

4.3.3 Dilatometry analysis
(i) Glass AA (69Si0O,-25B,03-6Na,0)
Figure 4.19 shows the linear thermal expansion curve of a bulk sample of glass AA

heated at 10 °C/min. The glass expands until 305 °C, above which the glass contracts
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suddenly up to about 425 °C, before expanding again. This sudden expansion in the
temperature range 430 °C to 520 °C is referred to as the transformation range and
indicates the onset of viscoelastic behaviour, where bond breaking is predominant.
The onset temperature of the transformation range at 430 °C is attributed to Tg. The
DTA curve (see Figure 4.12) shows the glass transformation temperature of same
sample (glass AA) at about 478 °C (T,) with the same heating rate. The temperature
of maximum expansion is identified at 550 °C and can be referred to as the
dilatometric softening temperature (T4). A sharp decrease in sample dimension is
noticed at about 560 °C after the dilatometric softening temperature which
corresponds to viscous flow of the sample under stresses imposed by the dilatometric
push rod. Shelby [24] and Kingery [27] revealed a dramatic distinction in thermal
expansion behaviour between quenched glasses and glasses which had been annealed
prior to dilatometric characterisation. The quenched glasses showed very prominent
contraction-expansion characteristics. For annealed glasses the expansion-
contraction was minimal and to a large extent ‘washed out’ as a result of annealing
the glass above T4 The expansion behaviour of glass AA (quenched) is in good
agreement with the findings of Shelby and Kingery. From the dilatometric data, the
linear thermal expansion coefficient (o) of glass AA was measured as 4.77 x 10°®
°C in the temperature range between room temperature and 300 °C, which is in
good agreement with the measured linear thermal expansion coefficient of similar

borosilicate glass compositions reported in the literature [163].

Figure 4.20 illustrates the linear shrinkage behaviour of a bulk sample of glass AA
heated at 10 °C/min. As can be seen in Figure 4.20, the bulk sample begins to shrink
at about 560 °C and continues with a sharp fall upon reaching about 660 °C. Beyond
660 °C, there is no significant shrinkage observed. A total linear shrinkage of around
1.7% is observed. This shrinkage is attributed to viscous flow and continues until
660 °C.
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Figure 4.19: Linear thermal expansion curve of bulk glass AA obtained at 10 °C/min.
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Figure 4.20: Linear shrinkage curve of bulk glass AA obtained at 10 °C/min.
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Figure 4.21 presents XRD patterns for powdered samples of glass AA which was
heat-treated at 650 °C for different time periods (1 h, 3 h, 6 h, and 14 h). Cristobalite
peaks are observed in the sample heat-treated for 14 h. However, no crystallisation
peaks appeared for the bulk sample of glass AA heat-treated under similar condition
for 14 h. Other studies have shown that powder samples are more prone to surface

crystallisation than bulk samples due to their higher surface area [45, 157, 158].
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Figure 4.21: XRD patterns of glass AA heat-treated at 650 °C for: (i) powder sample, 1 h;
(ii) powder sample, 3 h; (iii) powder sample, 6 h; (iv) powder sample, 14 h; (v) bulk sample,
14 h.

(i) Glass EE (54Si0,-25B,03-6Na,0-15ZrSiO4)

Figure 4.22 shows the linear thermal expansion curve of a bulk sample of glass EE
heated at 10 °C/min. A negative thermal expansion coefficient was noticed initially
in the range 60 — 130 °C. This negative thermal expansion coefficient is believed to
result from the ability of the fully linked network to absorb lattice expansion through

bending of bonds [24]. This behaviour is in good agreement with the findings of

Page | 97



Shelby [24], where he showed that vitreous silica glass displays a negative thermal
expansion coefficient over a temperature range of 50 — 180 °C. Addition of ZrSiQy,
which also acts as and intermediate and network glass former, decreased the number
of non-bridging oxygens in glass EE compared to glass AA. The glass then expanded
until 350 °C, above which the glass suddenly contracted up to about 470 °C, before
expanding again. This sudden expansion in the temperature range 470 °C to 515 °C
is referred as the transformation range and indicates the onset of viscoelastic
behaviour, where bond breaking is predominant. The onset temperature of the
transformation range at 470 °C is attributed as Tg. In contrast, the DTA curve (see
Figure 4.15) shows the glass transformation temperature of the same sample (glass
EE) at about 509 °C (Tg) with the same heating rate. The temperature of maximum
expansion is identified at 515 °C and can be referred as the dilatometric softening
temperature (Tq4). A sharp decrease in sample dimension was noticed at about 520 °C
after the dilatometric softening temperature which corresponded to viscous flow of
the sample under stresses imposed by the dilatometer push rod. The expansion
behaviour of glass EE was similar to glass AA, except for the initial negative thermal
expansion coefficient. The linear thermal expansion coefficient (o) of glass EE was
measured as 3.37 x 10° °C™ in the temperature range between room temperature and
300 °C. The decrease in the linear thermal expansion coefficient in glass EE, in
contrast to glass AA, is due to the addition of intermediate oxides (ZrSiO,) that
reduces the concentration of non-bridging oxygen and thus reduces the asymmetry of
the bonds.

Figure 4.23 illustrates the linear shrinkage behaviour of a bulk sample of glass EE
heated at 10 °C/min. The bulk sample began to shrink at about 520 °C and continued
with a sharp fall until reaching about 590 °C. Beyond 590 °C, no significant
shrinkage was observed in the curve. A total linear shrinkage of around 3.7 % was

observed. This shrinkage is attributed to the viscous flow and continued until 590 °C.
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Figure 4.22: Linear thermal expansion curve of bulk glass EE obtained at 10 °C/min.
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Figure 4.23: Linear shrinkage curve of bulk glass EE obtained at 10 °C/min.
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4.3.4 TTT diagram

Visual examination was carried out to monitor phase separation in the samples
subjected to different heat-treatment times and temperatures. Figure 4.24 shows the
Time Temperature Transformation (TTT) diagram for composition AA. The glass
frit was visually clear initially and remained clear within certain temperature ranges,
which suggests no phase separation. Faint opalescence increased as a function of
both time and temperature. This is in accordance with another study where phase
separation was defined by the visual appearance of glass exhibiting opalescence [6].
As can be seen from Figure 4.24, the minimum time required for crystallisation onset
is at about 800 °C. With decreasing temperature, the time required for crystallisation
onset increased. The TTT curve located below the crystallisation curve indicated the
initiation of phase separation. At higher temperature (> 650 °C) and time (>350
min), the glass will experience phase separation coupled with crystallisation, and the
crystallisation increases with further extension of the heat treatment time. The TTT
diagram also indicates that 630 °C would be an appropriate temperature for glass AA

to initiate phase separation without crystallisation even for extended times.
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Figure 4.24: TTT diagram for Glass AA.
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4.4 HEAT-TREATMENT FOR PHASE SEPARATION

The extent of phase separation depends on heat-treatment temperature and time as
well as glass composition. The heat-treatment temperatures and times in this study
were selected based on the thermal and crystallisation behaviour of the glass
compositions. In general, the heat-treatment temperatures were selected between
glass transition and crystallisation temperature. TTT diagram was also used as a
guide in selecting heat-treatment temperature and time. For most of the glasses the
heat-treatment temperature was selected near the crystallisation temperature. Near
crystallisation temperature is possibly the optimum heat-treatment temperature, as
phase separation often promotes the crystallisation process in glass [27]. Hijiya et al.
[164] in their study also found that crystallisation occurred in phase separated glasses
as the boundary of two glass phases acted as heterogeneous nucleation point. Heat-
treatments were performed at dwell temperatures between 630 — 700 °C and dwell
times between 14 — 63 h, depending on the composition. The effect of heat-treatment
temperatures and times on phase separation and pore characteristics of the glass

compositions is discussed in the following sections.

4.5 CHARACTERISATION OF HEAT-TREATED
GLASSES

Heat-treated glass samples were characterised using XRD and FTIR to investigate
the effect of the addition of ZrO,/ZrSiO, on devitrification and phase separation.
Attempts were also made to correlate the thermal behaviour characteristics of the

glass samples after heat-treatment was carried out at various temperatures and times.

45.1 X-ray diffraction analysis (XRD)

The diffraction pattern and peak analysis of the powder glasses are shown in Figure
4.26, Figure 4.27, and Figure 4.28. The peaks at 20 = 21.8°, 28.5°, 31.3°, 36°
[JCPDS 01-0438, 03-0267] were attributed to cristobalite and peaks at 26 = 30°, 51°,
60° [JCPDS 02-0733] were ascribed to tetragonal ZrO,. Tsurita and Nogami [60] in
their study on the preparation of porous support using the SiO,-Na,O-ZrO, system,
identified a cristobalite peak around 20 = 21° and tetragonal ZrO, peaks at 26 = 30°,
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35, 50° and 60°. Further findings by Arbab et al. [111] indentified cristobalite peaks
at 20 =21.8°,31.2°, and 36°.

45.1.1 Glass series A-E, (65—x)Si02-25B,03-10Na,O-xZrO,

Figure 4.26 presents the XRD diffraction pattern obtained from glass A, B, C, and D,
and Figure 4.27 shows the XRD pattern of glass E. All the glass samples were heat-
treated at temperature 650 °C for three different dwell times of 14 h, 24 h, and 63 h.
A cristobalite peak was identified (26 = 21.8°) even at 14 h of heat-treatment on
glass A. The intensity of the peak at 26 = 21.8° increased with increasing dwell time,
with other cristobalite peaks also being apparent at 26 = 28.5°, 31.3°, and 36°. It is
evident from the XRD analysis of glass A that cristobolite precipitates at 650 °C
with long heat-treatment dwell time. With increasing zirconia content in glass B (3
wt% ZrO,) the peak intensity at 20 = 21.8° decreased compared to glass A.
Eventually no peak at 26 = 21.8° was observed for glass D (11 wt% ZrO;) and glass
E (15 wt% ZrO,). It is therefore apparent that increasing ZrO, content suppresses
crystallisation. This trend is consistent with the findings of Takahashi et al. [165]
who found the thermal stability of silica improved by the addition of zirconia, as
crystallisation temperature increases with incremental zirconia content. Tsurita and
Nogami [60] also found that increasing zirconia content suppressed crystallisation.
Figure 4.27 shows that it is possible to obtain a completely amorphous glassy system
in glass E even after heat-treated for 24 h at 650 °C. It is interesting to note here that
no tetragonal zirconia peak was detected in glass B and glass C even at longer
periods of heat-treatment dwell time.

451.2 Glass E-11 (54Si0,-25B,03-6Na;0-15Zr0,)

A clear difference in XRD diffraction patterns was evident between glass E-Il (6
wt% Na,O, 15 wt% ZrO,) and glass E (10 wt% NayO, 15 wt% ZrO,) as shown in
Figure 4.27. Glass E-11 was more prone to crystallisation compared to glass E. This
result correlates with the DTA findings of glass E-Il (see Figure 4.10) and glass E
(see Figure 4.9), where the exothermic bulge of glass E-1l1 is more pronounced at
around 650 °C. Phase separation often promotes the crystallisation process in the

glass [27]. With 6 wt% Na,O content, the composition of glass E-11 is more likely to
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lie within the metastable immiscibility dome compare to glass E (10 wt% NayO).
From the SEM images as shown in Figure 4.25, phase separation is more
pronounced in glass E-Il1 compared to glass E. Due to the superior degree of phase
separation, glass E-Il is more prone to crystallisation as the interface between the

two separated phases acted as a nucleation site. This result is consistent with the
findings of Hijiya et al. [164].

(@) (b)

Figure 4.25: SEM photograph of phase separated glasses of composition (a) E-Il (650 °C x
14 h) and (b) E (650 °C x 14 h).

45.1.3 Glass F (50Si0,-25B,03-4Na,0-6Ca0-15Zr05)

Figure 4.27 shows the XRD diffraction patterns of glass F heat-treated at 700 °C for
14 h and 24 h. There was no peak observed even when heat-treated at 700 °C for 14
h. The small peak at 26 = 22.2° was attributed to the mesomorphic helical segments.
This result is in accord with earlier DTA observation of glass F (see Figure 4.11),
which showed that Ty increased significantly when 6wt% of CaO substituted part of
Na,O in glass E. It is interesting to see that increasing heat-treatment dwell time
from 14 h to 24 h resulted in a substantial change in crystallisation behaviour of

glass F.
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45.1.4 Glass series AA-EE, (69-x)SiO,-25B,03-6Na,O-xZrSiO,

Figure 4.28 presents the XRD diffraction pattern obtained from glass AA, CC, DD,
and EE. All the glasses were heat-treated at temperature 650 °C for three different
dwell times of 14 h, 24 h, and 63 h. Cristobalite peaks were indentified (20 = 21.8°,
31.3°, 36°) even at 14 h of heat-treatment on glass AA. The intensity of the peak at
20 = 21.8° was increased with increasing dwell time and other cristobalite peaks
were also apparent (20 = 28.5°, 31.3°, 36°). It is evident from the XRD analysis of
glass AA that cristobalite began to precipitate nearing 650 °C when a long heat-
treatment dwell time was applied. With increasing zircon content in glass CC (7 wt%
ZrSi0y), the peak intensity at 20 = 21.8° decreased and peaks at 26 = 31.3° and 36°
disappeared as was seen in the case of glass AA. A similar trend of decreasing
crystallisation is observed on glass DD (11 wt% ZrSiO,4) compared with glass CC. It
is therefore apparent that increasing ZrSiO,4 content suppresses crystallisation. This
finding corroborates the previous results where increasing ZrO, content suppressed
the crystallisation in glass series A—E. A significant difference is observed on the
XRD pattern of glass EE (15 wt% ZrSiO,). For heat-treatments < 24 h, the
cristobalite peaks exhibit low intensities compared with the tetragonal ZrO, peaks.
For heat-treatment durations of > 24 h < 63 h, the intensity of the peaks relating to
cristobalite increased. This finding is consistent with the DTA curve (see Figure

4.15), where the T, observed was due to crystallisation of tetragonal zirconia.
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Figure 4.26: XRD patterns of glass A, B, C, and D heat-treated at 650 °C for 14 h, 24 h, and 63 h.
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Figure 4.27: XRD patterns of glass E and E-Il heat-treated at 650 °C for 14 h, 24 h, and 63 h. Glass F heat treated at 700 °C for 14 h and 24 h.
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Figure 4.28: XRD patterns of glass AA, CC, DD, and EE heat-treated at 650 °C for 14 h, 24 h, and 63 h.
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4.5.2 Fourier transform infrared (FTIR) spectroscopy

FTIR is widely used to interpret the structural modifications that occur during heat-
treatment [142, 143, 166]. The FTIR spectrum of amorphous silica was reported on
in other studies and the major peak corresponding to the asymmetric Si—O-Si
stretching vibration has been recorded at approximately 1100 cm™ [69, 142, 144].
The position of the Si—O-Si band changes depending on the type and amount of
modifier cations introduced to the system [143, 167]. The increasing wavenumber
with an increase of heat-treatment temperature or time in the structural band 1000—
1100 cm™ indicates a higher degree of phase separation and can be attributed to the
increasing number of Si—O-Si bridging bonds [142, 143]. In the present study, it was

found that the presence of a peak in the 610-627 cm™ band indicates crystallisation.
4521 Glass series A-E, (65—x)Si0,-25B,03-10Na,O-xZrO;

The FTIR absorbance spectra of glass series A—E are shown in Figure 4.31 and
Figure 4.32. With higher alkali content (10 wt%) in glass series A-E, the spectra
near 1100 cm™ become broader. The major absorption peak at around 1035 cm™
observed in the band 1000 — 1100 cm™ may be attributed to asymmetric Si-O-Si
stretching vibrations of the Si—O functional group present in glass A after heat-
treated for 14 h at 650 °C. The broad peak shifts significantly towards the structural
band near 1068 cm™ as the heat-treatment dwell time was increased to 63 h. A peak
at 610-627 cm™ appears in the sample that was heat-treated for 63 h. The XRD study
also identified the higher degree of crystallisation of cristobalite in this sample when
heat-treated for 63 h (see Figure 4.26). Therefore, the presence of the peak at 610
627 cm™ can be correlated with the crystallisation process. A decreasing trend was
observed in the case of glass B where the broad peak shifted from 1057 cm™ to 1050
cm™ with increasing heat-treatment dwell time from 14 h to 63 h at 650 °C. An
increasing trend in peak wavenumber, 1063 cm™ to 1074 cm™, was observed in case
of glass C when heat-treatment dwell time was increased from 14 h to 63 h at 650
°C. Figure 4.29 shows the FTIR spectra of as-quenched and heat-treated samples of
Glass C, where heat-treatment was carried out for 24 h at varied temperatures

between 630 and 700 °C. XRD analysis was also seen to correlate with these
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findings (see Figure 4.30). It was noticed from the FTIR spectrum that the as-
quenched non-heat-treated glass had a major peak at 1051 cm™. The peak started
shifting towards a higher wave number as the heat-treatment temperature was
increased to 680 °C. The peak shift then reversed towards a lower wavenumber at a
heat-treatment temperature of 700 °C, while keeping heat-treatment duration (24 h)
constant. The decrease in the IR peak wavenumber at 700 °C may be due to a
decrease in the extent of phase separation. At a lower temperature, e.g. 630 °C, the
immiscibility boundary was wide, but at a higher temperature it was near the edges
and thus the extent of phase separation could decrease. The increasing wavenumber
that corresponds to the incremental heat-treatment temperature rise in the range 630
— 680 °C, indicates a higher degree of phase separation and can be attributed to the
increasing number of Si—O-Si bridging bonds [142, 143]. The broad band at about
680 cm™ can be ascribed to BO, tetrahedrons [168]. A peak at 610-627 cm™ appears
in samples that were heat-treated at comparatively high temperatures (680 °C and
700 °C). The XRD study also identified the existence of cristobalite in these two

samples.
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Figure 4.29: FTIR absorbance spectra for glass C as a function of heat-treatment: (i) before
heat-treatment, (ii) 630 °C x 24 h, (iii) 650 °C x 24 h, (iv) 680 °C x 24 h, (v) 700 °C x 24 h.
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Figure 4.30: XRD patterns showing crystal formation before and after heat-treatment for 24
h at varied temperature (630—700 °C).

For glass D, a significant change in absorption peak shift from 1023 cm™ to 1064
cm™ was observed with increasing heat-treatment dwell time (14-64 h) at 650 °C.
On the other hand, spectra for glass E show a peak at 991 cm™ when heat-treated for
14 h at 650 °C, with the peak shifting to approximately 984 cm™ with increasing
heat-treatment dwell time (14-63 h). There was no peak observed in band 610-627
cm™. The XRD diffraction pattern indicated crystallisation of cristobalite when heat-
treated for 63 h at 650 °C (see Figure 4.27).

4522 Glass E-11 (54Si0,-25B,03-6Na,0-15Zr0O;)

An interesting absorbance peak spectrum was noticed in glass E-IlI as shown in
Figure 4.32, where the strong peak at 1063 cm™ shifted towards a lower
wavenumber at around 1051 cm™ with increasing heat-treatment dwell time (14-63
h) at 650 °C. The major peak observed in glass E-Il was sharper compared to glass

series A—E. A peak at 613 cm™, which is in 610-627 cm™ band, was observed when
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heat-treated for 63 h at 650 °C. This is consistent with the XRD pattern of glass E-II

(see Figure 4.27) which shows crystallisation peaks.
45.2.3 Glass F (50Si0;,-25B,03-4Na,0-6Ca0-15Zr0)

The shape of the absorbance peak in the 1000-1100 cm™ band is broader in glass F
as compared to glass series A—E as shown in Figure 4.32. With increasing heat-
treatment dwell time from 14 h to 24 h at 700 °C, no shift was observed in the Si-O—
Si stretching band. The peak appeared at 616 cm™, which is in the 610-627 cm™
band, when heat-treated for 24 h. This is coherent with the XRD pattern of glass F
(see Figure 4.27) where a strong cristobalite crystallisation peak was observed. There
is a correlation between crystallisation and major peak wavenumber, with increasing
crystallisation the major peak wavenumber also increased [144]. Therefore, it may
be concluded that the extent of phase separation is higher when the heat-treatment
dwell time is 14 h compare to 24 h at 700 °C even though the major peak observed

was in the same wavenumber.
4524 Glass series AA-EE, (69-x)SiO,-25B,03-6Na,O-xZrSiO,

A common trend was observed in the shifting of the major peak towards lower
wavenumber, indicating Si—O-Si stretching, in glass series AA-EE when heat-
treated at 650 °C for varied dwell times (14-63 h), as shown in Figure 4.33. For glass
AA, the spectra look broader in the 1000-1100 cm™ band compared to the rest of the
glass compositions (CC—EE) in this series. The broad peak shifted slightly from
1068 cm™ to near 1073 cm™ as the heat-treatment dwell time was increased from 14
h to 63 h. A small peak was observed in band 610-627 cm™ for heat-treatment dwell
times of 24 h and 63 h. With glass CC, the peak remains at 1078 cm™ with
increasing heat-treatment dwell time from 14-24 h at 650 °C. A significant decrease,
from 1078 cm™ to 1065 cm™, was observed with further increased heat-treatment
dwell times (24-63 h). A small peak was observed in band 610-627 cm™ when heat-
treated for 63 h. The shifting trend of the major peak associated with a small peak in
610-627 cm™ band when heat-treated for 63 h suggests that phase separation
decreased with increasing dwell time for glass CC. No major peak shift was

observed between 14 h to 24 h at 650 °C on glass DD. However, a significant move
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from 1064 cm™ to 1085 cm™ was observed with further increments of heat-treatment
dwell time (24-63 h). The presence of a small peak in band 610-627 cm™ was
observed when heat-treated for 63 h. Spectra for glass EE show that the peak shift
from 1057 cm™ to 1051 cm™ when the heat-treatment dwell time was increased (14—
24 h). With further increases in dwell time (24-63 h), the peak shifted towards the
higher wavenumber of 1070 cm™, which is probably due to crystallisation as a small
peak was present in band 610-627 cm™ when heat-treated for 63 h. The presence of
a small peak in the 610-627 cm™ band indicating crystallisation is consistent with
the XRD findings where crystallisation is detected in glass EE with the same heat-

treatment as shown in Figure 4.28.
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Figure 4.31: FTIR absorbance spectra for glass A, B, C, and D heat-treated at 650 °C for 14 h, 24 h, and 63 h.
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Figure 4.32: FTIR absorbance spectra for glass E and E-I1 heat-treated at 650 °C for 14 h, 24 h, and 63 h. Glass F heat-treated at 700 °C for 14 h and 24 h.
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Figure 4.33: FTIR absorbance spectra for glass AA, CC, DD, and EE heat-treated at 650 °C for 14 h, 24 h, and 63 h.
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4.6 ACID LEACHING FOLLOWED BY ALKALI
WASHING

Porous glass can be derived from heat-treated glass that has been separated into two-
phases by heat-treatment; i.e.: a silica-rich phase, and an alkali-rich borate phase.
The heat-treated glass is then leached selectively to remove one of these phases. An
extensive literature review was conducted to adopt the proper leaching procedure.
When ZrO, is present in the sodium borosilicate glass system, a different sequence
of acid leaching steps should be followed. Heat-treated glass of composition C and D
were selected for determining the most suitable common leaching steps. Based on
information from the literature, glass C (7 wt% ZrO,), which had been heat-treated at
700 °C for 14 h, was first immersed in 0.25 N — 3 N HNO; at 95-98 °C for 24 h. In
this initial step in which the sodium rich borate phase was removed, a gel rich in
zirconia and silica formed and remained in the silica rich structure [8]. To remove
the zirconia gel, a further acid treatment with 3 N H,SO, acid was then carried out,
as suggested in the literature [8, 9, 48]. The rigid pores of the resulting silica-rich
phase skeleton were substantially filled with colloidal silica, which as suggested in
the literature is a decomposition product of the removed microphase [7, 80]. To
remove the colloidal silica, the silica skeleton was treated with a solvent of dilute
NaOH solution of 0.5 N concentration, for 1 to 5 hours at 25 °C [3, 6, 8, 9, 76]. As
suggested by Smith and Paul [89] the NaOH solution should be within the range of
0.5 N as concentrations beyond 0.5 N doubled the rate of attack in some instances.
Table 4.5 compares the effect of varied leaching steps with pore characteristics data
obtained from mercury porosimetry. It is interesting to see that the weak
concentration of 0.25 N HNOj; alone, without any gel removing steps, shows a
higher surface area and pore volume compare to when it is followed by silica gel
washing. Because of the use of acid with a lower concentration, there is less silica
gel formation and the washing step of 0.5 N NaOH for 5 h may possibly destroy the
silica skeleton. As a result pore volume is significantly reduced. Whilst keeping the
leaching step constant (1 N HNOg3 for 24 h), the gel removing steps were varied to
check their effect on pore characteristics. It is clear from the pore characterisation
data that leaching did not work properly without the washing steps. Increasing the

concentration of HNOgs, from 0.25 N to 1 N, increased the colloidal silica gel
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formation, which then needed to be washed. With extending the duration of the gel

removing steps, both surface area and pore volume increased.

Table 4.5: Different leaching steps and their impact on pore characteristics for glass C (700

°C x 14 h).
Leaching steps Total Pore
surface
volume
area

Step 1 Step 2 Step 3 (m?/g) (cm*/g)
0.25 N HNO;3 (24 h) - - 3.46 0.127
0.25 N HNO; (24 h) - 0.5 N NaOH (5 h) 2.39 0.075
1 N HNO; (24 h) 3N H,SO, (6 h) - 0.01 0.050
1 N HNO; (24 h) 3N H,SO, (6h) 0.5N NaOH (2 h) 5.53 0.166
1 N HNO; (24 h) 3N H,SO, (6h) 0.5N NaOH (5 h) 0.83 0.189
1 N HNO; (24 h) 3N H,SO, (24 h) 0.5N NaOH (5 h) 3.44 0.355

The effect of different leaching steps on the pore characteristics of glass D heat-
treated at 650 °C for 24 h is shown in Table 4.6. Increasing acid concentration, from
0.25 N HNO3 to 1 N HNOs, led to a decrease in both the surface area and the pore
volume. Increasing the leaching duration with the same acid concentration increased

the surface area and pore volume.

Table 4.6: Different leaching steps and their impact on pore characteristics for glass D (650

°C x 24 h).

Leaching steps s:Jrl(')ft:cle Pore

area volume

Step 1 Step 2 Step 3 (m?g)  (cm*/g)
0.25 N HNO; (7 h) - - 3.04 0.078
1 N HNO; (5 h) 3N H,SO,(2h) 0.5N NaOH (1 h) 0.06 0.053
1 N HNO; (18 h) 3N H,SO, (6h) 0.5N NaOH (2 h) 2.69 0.033
1 N HNO; (24 h) 3NH,S0,(24h) 0.5NNaOH (5h)  7.97 0.440

From the results outlined in Table 4.6 and Table 4.7, it is evident that the leaching
steps of 1 N HNO3 (24 h) followed by 3 N H,SO,4 (24 h) and 0.5 N NaOH (5 h) led
to high surface area with larger pore volume. Therefore, this sequence of leaching
steps was carried out in this study for glasses containing ZrO,/ZrSiO4. An H,SO,
leaching step was found to be unnecessary for ZrO,/ZrSiO, free compositions. This
step (H.SO,4 leaching) was not carried out for CaO containing glass (glass F), as the

whole sample eluted when 3 N H,SO,4 was used.
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4.7 LEACHED GLASS CHARACTERISATION

Pore characterisation of leached glasses was conducted by using mercury-based
porosimetry. Nitrogen based adsorption analysis was also carried out on selected
leached glasses to measure specific surface area and compare the pore volume and
average pore size with mercury based porosimetry. The Scanning Electron
Microscopy (SEM) was used to identify the mechanism by which the phase
separation occurred. Pore morphology was also studied with SEM. Energy
Dispersive X-ray Spectroscopy (EDXS) was employed to identify the elemental

composition of porous glasses.

4.7.1 Pore characterisation by mercury porosimetry

The pore characteristics of heat-treated and leached glasses were measured by using
mercury intrusion porosimetry (MIP). In a single measurement it can quantify the
pore size, size range, pore volume, surface area, bulk and apparent density, and other
porosity-related information of porous glasses.

4.7.1.1 Glass series A-E, (65—x)Si0,-25B,03-10Na,O-xZr0O;

The most basic graph representing mercury intrusion analysis data is a plot of pore
diameter (nm) on a logarithmic scale vs. the corresponding cumulative intrusion
volume (cc/g). The log differential intrusion superimposed on a plot of cumulative
intrusion volume vs. diameter can identify the pore-size distribution as well as pore
volume. Since larger pores are filled first at lower pressures in mercury porosimetry,
the abscissa in the figures are plotted in reverse order. The effect of thermal
treatment on the pore characteristics of glass series A—E are presented in Table 4.7.
The pore-size distribution characteristics for each glass composition in this glass

series are described in the following sections.
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Table 4.7: Effect of thermal treatment on pore characteristics for the glass series A—E, (65—x)Si0,-25B,03-10Na,0-xZrO,, measured by porosimetry.

Thermal treatment Mean pore Total Pore pore volume Porosity Porosity
diameter surface area  volume <1000 nm <1000 nm

Glass Temperature (°C) Period (h) (hm) (m?g) (cm*/g) % % %

A 650 14 122 2.35 0.204 36 5.78 2.07
A 650 24 240 2.90 0.596 19 15.00 2.80
A 650 63 1495 1.26 1.030 18 19.49 3.59
B 650 14 67 6.37 0.267 47 7.62 3.60
B 650 24 58 8.32 0.296 59 7.53 4.42
B 650 63 642 1.53 0.650 35 13.77 4.77
C 650 14 74 2.42 0.109 25 2.68 0.68
C 650 24 61 1.56 0.066 32 2.17 0.68
C 650 63 232 2.13 0.336 46 9.35 4.26
C 700 14 186 3.44 0.355 46 9.39 4.35
D 650 14 466 1.53 0.531 9 11.60 0.99
D 650 24 85 7.97 0.440 27 11.85 3.16
D 650 63 642 3.05 1.148 27 23.59 6.47
D 700 14 222 9.65 1.246 32 21.65 6.84
E 650 14 92 2.36 0.200 11 5.93 0.65
E 650 24 41 6.10 0.192 21 7.37 1.55
E 650 63 283 1.83 0.419 17 11.76 1.99
E 700 14 805 1.45 0.827 16 19.64 3.18

Page | 119



(I) Glass A (65Si02-258203-10N820)

The pore size distribution for glass A, as obtained from mercury porosimetry, is
presented in Figure 4.34. The glass was heat-treated for 14 h, 24 h, and 63 h at 650
°C. Distributions showing multiple peaks were observed below 500 nm. However,
the major mercury intrusion occurred in the range 140 — 340 nm. The multiple peaks
correspond to varied pore-size distributions that were developed during heat-
treatment and leaching. Small peaks that appeared in the lower pore-size range may
be attributed to the gels that formed during leaching and were trapped inside the
pores. From Figure 4.34, it is apparent that the multiple peaks which appeared in
lower pore-size range, disappeared with increasing heat-treatment dwell time. It was
also observed that the pore volume increased, while surface area decreased, as a
result of increasing heat-treatment dwell time. The increasing heat-treatment dwell
time coarsens the phase separated structure and thus led to a reduction in surface area
and an increase of the pore volume after leaching. It is interesting to note that the
pore volume below 1000 nm dramatically reduced when dwell time was increased
from 24 to 63 h. Mean pore diameter also increased from 240 to 1495 nm with this

increment in dwell time.

(i) Glass B, C,and D

Glass B shows a similar trend in pore distribution as glass A (see Figure 4.35).
However, the distribution is narrower and average pore size is smaller compared to
glass A. The pore volume increased with increasing heat-treatment dwell time, while
surface area decreased. No mercury intrusion is noticed < 100 nm with dwell time
increasing from 24 h to 63 h. The coarsening effect is more apparent here as the pore
distribution peak shifted towards a broader distribution with a range of 200 — 1100
nm. The multiple pore distribution peaks in the lower pore-sizes changed to a
broader pore distribution peak with increasing heat-treatment dwell time at 650 °C,
as shown in Figure 4.36. A dramatic increase in pore volume is observed when dwell
time was increased from 24 h to 63 h. Pore volume was found to be similar when
glass C was heat-treated either at 650 °C for 63 h or at 700 °C for 14 h. However, the
pore-size distribution curve is moved towards a larger size of pore when heat-
treatment temperatures were increased from 650 °C to 700 °C, as shown in Figure

4.37.
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Figure 4.34: Pore-size distribution curves of porous Glass A determined by mercury
intrusion.
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Figure 4.36: Pore-size distribution curves of porous Glass C determined by mercury
intrusion.
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Figure 4.37: Pore-size distribution curves of porous Glass C determined by mercury
intrusion after heat-treatment at 700 °C for 14 h.
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Figure 4.38: Pore-size distribution curves of porous Glass D determined by mercury
intrusion after heat-treatment at 700 °C for 14 h.

No mercury intruded below 700 nm in glass D, which was heat-treated at 650 °C for
14 h, as shown in Figure 4.39. The pore-size distribution moved towards a smaller
size with increased heat-treatment dwell time. Pore volume < 1000 nm also
increased with increasing heat-treatment dwell time. Like glass C, pore volume in
glass D was found to be similar when glass D was heat-treated either at 650 °C for

63 h or at 700 °C for 14 h (see Figure 4.38).
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Figure 4.39: Pore-size distribution curves of porous Glass D determined by mercury
intrusion.
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(i) Glass E (50Si0,-25B,03-10Na;0-15Zr0,)

Figure 4.40 and Figure 4.41 show the pore-size distribution of glass E, heat-treated at
700 °C and 650 °C respectively for various dwell times (14-63 h). The pore volume
below 300 nm decreased with increasing heat-treatment dwell time. It is evident that
increasing ZrO, content in glass series A—E impacted on pore-size below 300 nm.
Introducing ZrO, <7 wit%, the pore volume decreased slightly but the mean pore-size
decreased dramatically. This trend is consistent with the findings of Du et al. [10].
With a similar sodium borosilicate system containing > 12 wt% of ZrO,, Du et al.
found no peaks in the pore distribution pattern, and pore volume and surface area
approached zero. In the present study pore volume below 1000 nm was increased
with increasing heat-treatment dwell time at 650 °C when ZrO, content is < 11 wt%.
When ZrO, content increased to 15 wt% (glass E), the pore volume below 1000 nm
dramatically decreased even at extended heat-treatment times. This result indicates
that ZrO, has an inhibiting effect on phase separation. Initially the surface area
increased significantly when ZrO, content in the sodium borosilicate glass being < 3
wt%. Subsequently, the surface area was more likely to vary with varying heat-
treatment conditions. However, Du et al. [10] reported a dramatic decrease in surface

area when ZrO, content is > 7 wt%.
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Figure 4.40: Pore-size distribution curves of porous Glass E determined by mercury
intrusion after heat-treatment at 700 °C for 14 h.
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Figure 4.41: Pore-size distribution curves of porous Glass E determined by mercury

intrusion.

Page | 127




The results presented in Table 4.7 show that ZrO, has an inhibiting effect on pore
size growth. The mean pore size reduced dramatically when ZrO, was added.
However, no further significant change in mean pore size was observed when ZrO,
content was > 3 wt%. Figure 4.42 shows the relationship between the mean pore
diameter and the square root of heat-treatment dwell time at 650 °C for glass series
A-E. It is evident that mean pore diameter is linearly related to the square root of the
heat-treatment dwell time. Kukizaki [48] and Yazawa et al. [9] also found a linear

relationship between mean pore diameter and heat-treatment time.
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Figure 4.42: Relationship between heat-treatment dwell time and pore diameter for glass
series A—E after heat-treatment at 650 °C.

4.7.1.2 Glass E-11 (54Si0,-25B,03-6Na,O-15Zr0Oy)

A significant change is observed in the pore characteristics between glass E-Il (6
wt% Na,O, 15 wt% ZrO,) and E (10 wt% Na,O, 15 wt% ZrO,). Figure 4.43 shows
the pore-size distribution curve of glass E-1l which shift towards larger pore size
with increasing heat-treatment dwell time at 650 °C. The distribution peak also
becomes broader with increasing dwell time. Considering the logarithmic scale in
abscissa, the pore size distribution is narrower compare to any glass in glass series
A-E.
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Figure 4.43: Pore-size distribution curves of porous Glass E-1I determined by mercury
intrusion.
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Table 4.8 shows the effect of thermal treatment on pore characteristics of glass E-I11.
The pore volume decreased significantly when dwell time increased initially (1424
h). However the percent of porosity < 1000 nm showed a decreasing trend with
increasing heat-treatment dwell time. Surface area was measured ~ 35 m?/g for the
glass E-1l when heat-treated for 14 h at 650 °C. The surface area is significantly
higher compare to any of the glass compositions in glass series A—E. Figure 4.44
shows the relationship between the mean pore diameter and the square root of heat-
treatment dwell time at 650 °C. It is evident that mean pore diameter is linearly

related to square root of heat-treatment dwell time.
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Figure 4.44: Relationship between heat-treatment dwell time and pore diameter for glass
series E-II after heat-treatment at 650 °C.

4.7.1.3 Glass F (50Si0,-25B,03-4Na,0-6Ca0-15Zr0O,)

Figure 4.45 shows the pore-size distribution curve of glass F heat-treated at 700 °C
for 14 h. The pore-size distribution is narrower compare to any glass composition in
glass series A-E and encompasses pores of 22 — 60 nm. Due to narrow distribution
of pore-size, the major contribution in total pore volume came from the pores size of
22 — 60 nm. As can be seen from the pore characterisation data in Table 4.8, the
surface area of this glass is ~ 34 m?g. This surface area of glass F is almost the same

as E-11 when heat-treated for 14 h at 650 °C. However, the mean pore size of glass F
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is 28 nm, which is smaller than mean pore size of glass E-11 when heat-treated for 14
h at 650 °C. Formation of the Si-O Ca?*O—B structure is one of the reason for
reduced phase separation leading to smaller pores in glass F with added CaO [160].
A substantial increase in pore size and pore volume is noticed with increasing heat-
treatment dwell time (14 h to 24 h), whilst the surface area decreased to ~ 6 m%/g
(see Figure 4.46). Although the total pore volume increased, the pore volume < 1000

nm decreased with increasing heat-treatment dwell time.
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Figure 4.45: Pore-size distribution curves of porous Glass F determined by mercury
intrusion after heat-treatment at 700 °C for 14 h.
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Figure 4.46: Pore-size distribution curves of porous Glass F determined by mercury
intrusion after heat-treatment at 700 °C for 24 h.
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Table 4.8: Effect of thermal treatment on pore characteristics of glass E-11 (54Si0,-25B,05-6Na,0-15Zr0O,) and glass F (50Si0,-25B,0;-4Na,0-6Ca0-
15Zr0O,) measured by mercury porosimetry.

Thermal treatment Mean pore Total Pore pore volume Porosity Porosity
diameter surface area  volume <1000 nm <1000 nm
Glass Temperature (°C) Period (h) (nm) (m?/g) (cm*/g) % % %
E-1I 650 14 41 34.88 1.096 44 21.10 9.27
E-1I 650 24 58 18.23 0.678 55 16.02 8.84
E-1I 650 63 139 7.96 0.896 24 17.58 4.18
F 700 14 28 33.98 0.454 86 10.32 8.86
F 700 24 188 6.27 1.241 28 25.67 7.09
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4.7.1.4 Glass series AA-EE, (69-x)SiO,-25B,03-6Na,O-xZrSiO,

The effect of thermal treatment on pore characteristics of glass series AA-EE are
presented in Table 4.9. The pore-size distribution characteristics of each glass of this

glass series are described in the following sections.

(i) Glass AA (69Si0,-25B,05-6Na,0)

As can be seen from Figure 4.47, the pore-size distribution is narrow and
encompasses pores of 45 — 95 nm when heat-treatment dwell time is 14 h. With
increasing heat-treatment dwell time the pore-size distribution became broader and
shifted towards a larger pore size range. Although the total pore volume remained
almost same, the pore volume < 1000 nm and the surface area decreased with
increasing heat-treatment dwell time (14-63 h).

(ii) Glass CC (62Si0,-25B,05-6Na,0-7ZrSiOq)

Dual peaks are observed in pore-size distribution range ~ 40-140 nm when heat-
treated at 650 °C for 14h as shown in Figure 4.48. A similar trend as glass AA was
noticed, where the pore-size distribution became broader and shifted towards a larger
pore size range with increased heat-treatment dwell time. The surface area as well as
the percentage of porosity < 1000 nm decreased with increasing heat-treatment dwell
time. However, the total pore volume increased initially (14-24 h). With further
increases in heat-treatment dwell time (24-63 h) at 650 °C, the total pore volume

then decreased significantly.

(iif) Glass DD (58Si0,-25B,03-6Na,0-11ZrSiOy)

Similar to glass CC, in glass DD dual peaks were observed in pore-size distribution
range ~ 25-115 nm when heat-treated at 650 °C for 14 h, as shown in Figure 4.49.
The pore-size distribution became broader and shifted towards a larger pore size
range with increasing heat-treatment dwell time. Surface area decreased with
increasing heat-treatment dwell time at 650 °C and 680 °C. The total pore volume
decreased initially (14-24 h) and then increased again with a further extension of
heat-treatment dwell time (24-63 h), whilst a significant increase in pore size was

also noticed (from 56 to 100 nm).
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Table 4.9: Effect of thermal treatment on pore characteristics of different glass series AA-EE, (69-x)SiO,-25B,05-6Na,0-xZrSi0,, measured by mercury
porosimetry.

Thermal treatment Mean pore Total Pore pore volume Porosity Porosity
diameter surface area  volume <1000 nm <1000 nm
Glass Temperature (°C) Period (h) (hm) (m?g) (cm*/g) % % %
AA 650 14 80 12.37 0.553 66 12.35 8.11
AA 650 24 115 8.35 0.678 44 15.63 6.87
AA 650 63 139 5.17 0.566 39 13.44 5.24
CcC 650 14 112 25.15 1.537 55 23.99 13.17
CccC 650 24 151 16.87 1.605 41 26.59 10.92
CccC 650 63 173 7.59 0.719 52 14.13 7.33
DD 650 14 57 28.32 0.814 77 15.00 11.48
DD 650 24 56 22.08 0.580 88 13.60 12.02
DD 650 63 100 15.13 0.823 69 17.73 12.17
DD 680 14 86 19.57 0.839 82 18.14 14.84
DD 680 24 85 15.15 0.641 84 14.77 12.47
EE 650 14 52 31.44 0.407 93 23.02 21.44
EE 650 24 65 28.65 0.964 69 21.49 14.78
EE 650 63 115 12.79 1.024 38 18.26 6.96
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Figure 4.47: Pore-size distribution curves of porous Glass AA determined by mercury
intrusion.
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Figure 4.48: Pore-size distribution curves of porous Glass CC determined by mercury
intrusion.
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Glass DD (650 °C x 14 h)
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Figure 4.49: Pore-size distribution curves of porous Glass DD determined by mercury
intrusion.
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Dual peaks remained in glass DD when heat-treated at 680 °C for 14 h and 24 h (see
Figure 4.50). The pore-size distribution changed slightly with increasing heat-
treatment dwell time. The mean pore size remained constant with increasing heat-

treatment dwell time (14-24 h), whilst the surface area decreased.
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Figure 4.50: Pore-size distribution curves of porous Glass DD determined by mercury
intrusion after heat-treatment at 680 °C for (a) 14 h and (b) 24 h.

(iv) Glass EE (54Si0,-25B,03-6Na,0-15ZrSiO4)

A single sharp peak was observed for glass EE when heat-treated at 650 °C for 14 h,
with a narrow pore-size distribution encompassing pores of ~ 50 — 100 nm. The

pore-size distribution became broader with increasing heat-treatment dwell time.
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Figure 4.51: Pore-size distribution curves of porous Glass EE determined by mercury
intrusion.
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The total pore volume increased with increasing heat-treatment dwell time, whilst

the surface area decreased as well as percent pore volume < 1000 nm.

The mean pore size decreased when ZrSiO, added > 11 wt% in sodium borosilicate
glass system. Kukizaki [48] found in his study with a similar glass system that
addition of ZrO, increases the activation energy for diffusion in phase separation at a
given heat-treatment time. Thus addition of ZrO, reduced the mean pore diameter of
the resultant glass. Figure 4.52 shows the relationship between the mean pore
diameter and the square root of heat-treatment dwell time at 650 °C for glass series
AA-EE. It is evident that for each glass in glass series AA-EE, the mean pore

diameter is linearly related to square root of heat-treatment dwell time.
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Figure 4.52: Relationship between heat-treatment dwell time and pore diameter for glass
series AA—EE after heat-treatment at 650 °C.

4.7.1.5 Commercially available porous glass and hydroxyapatitie

Figure 4.53 shows the pore-size distribution of commercially available Controlled
Pore Glass (CPG) of grade CPG 1000CL from Merck Millipore, Ireland, and CHT
ceramic hydroxyapatite type Il from Bio-Rad Laboratories Ltd., UK. The pore
characteristics data of CPG 1000CL and Bio-Rad CHT type Il are presented in Table
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4.10. The pore-size distribution of CPG 1000 CL was found to be narrow,
encompassing pore sizes of ~ 110 — 160 nm. The total pore volume and surface area
were measured as 1.58 cm®/g and ~ 24 m%/g respectively. The Bio-Rad CHT type Il
also shows a narrow distribution of pores ranged from 70 to 130 nm. Both the mean
pore size and surface area were found to be smaller for Bio-Rad CHT type Il
compared to CPG 1000 CL. The results obtained by mercury porosimetry were
consistent with specifications listed in the data sheet for both materials.
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Figure 4.53: Pore-size distribution curves of (a) CPG 1000CL and (b) BIO-RAD CHT
Type-Il, determined by mercury intrusion.

Page | 141



Table 4.10

: Pore characteristics data of as received porous glasses by mercury porosimetry.

Mean pore Specific surface Pore volume pore volume Porosity Porosity

diameter area <1000 nm <1000 nm
Glass (nm) (m?/g) (cm*/g) % % %
CPG 1000CL 141 23.65 1.582 89 27.16 24.11
BIO-RAD CHT Type-II 100 15.01 0.673 95 17.23 16.41

Page | 142



4.7.2 Pore analysis by Nitrogen gas adsorption

With the nitrogen adsorption analysis, pores with a diameter range of 3-200 nm can
be measured [120]. For textural analysis of macroporous material (pore width > 50
nm), mercury porosimetry is considered as most useful and reliable [133]. However,
nitrogen adsorption porosimetry was conducted on selective glasses, e.g. base
glasses (glass A and glass AA) and glasses containing 6 wt% of Na,O and 15 wt%
ZrO,/ZrSi04 (Glass E-Il and Glass EE), to compare it to the results that were
obtained using the mercury porosimetry method. Table 4.11 shows the textural data

of different porous glass compositions as determined by nitrogen adsorption.

Table 4.11: Effect of thermal treatment on pore characteristics of different glass
compositions measured by nitrogen adsorption.

Thermal treatment - Pore volume
Mean pore Specific
diameter surface area < 14.0 nm pore
diameter
Glass Temperature  Period (nm) (m?/g) (cm*/qg)
(°C) (h)
A 650 14 5 47.25 0.058
A 650 24 16 3.57 0.014
AA 650 14 8 27.87 0.058
AA 650 24 9 21.81 0.048
AA 650 63 10 18.39 0.045
E-Il 650 14 10 97.74 0.253
E-II 650 24 10 81.52 0.205
E-Il 650 63 17 13.96 0.060
EE 650 14 22 29.66 0.165
EE 680 24 7 168.06 0.310
EE 680 63 22 22.03 0.122

The total pore volumes measured by mercury porosimetry are significantly higher
compare to those measured by nitrogen adsorption. Since mercury porosimetry
covers a wide range of pores, including the larger ones that have a relatively greater
contribution towards the total pore volume. However, pores > 150 nm are not within
the detection range of nitrogen adsorption. On the other hand nitrogen adsorption
porosimetry can detect the smallest pores that contribute more to the total surface
area. Table 4.12 compares the data obtained from nitrogen gas adsorption and
mercury porosimetry in the overlapping pore region. The specific surface area
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measured by nitrogen adsorption is far higher in those glass compositions with a
pore number fraction < 10 nm. The pore-size distribution curve demonstrates the
presence of this small pore number fraction, which is illustrated by a number of
small peaks of < 10 nm in pore size. The proportion of pore volume below 140 nm
of pores are similar according to both porosimetry measurement. It is difficult to
make a direct comparison of both methods of porosimetry as they follow different
principles and techniques. Nevertheless, an attempt was made to compare the results

in the overlapping pore size region.

Table 4.12: Specific surface area and pore volume < 140 nm pore diameter obtained by
nitrogen adsorption and mercury porosimetry.

Nitrogen adsorption Mercury porosimetry
. Pore - Pore
Thermal treatment Specific  volume Specific volume
surface <140 nm surface < 140 nm pore
area pore area )
diameter diameter
Glass Temperature Period  (m%g) (cm®lg) (m%g) (cm®g)
(°C) (h)
A 650 14 47.25 0.058 2.35 0.031
A 650 24 3.57 0.014 2.90 0.030
AA 650 14 27.87 0.058 12.37 0.337
AA 650 24 21.81 0.048 8.35 0.269
AA 650 63 18.39 0.045 5.17 0.050
E-lI 650 14 97.74 0.252 34.88 0.361
E-1I 650 24 81.52 0.205 18.23 0.243
E-l 650 63 13.96 0.060 7.96 0.127
EE 650 14 29.66 0.165 31.44 0.372
EE 680 24 168.06 0.310 28.65 0.517
EE 680 63 22.03 0.122 12.79 0.241

4.7.3 Scanning Electron Microscopy (SEM)

SEM was conducted on porous glasses after heat-treatment and leaching. A clear
distinction in morphology between glass series A-E (10 wt% Na,O) and other
glasses (6 wt% Na,O) was revealed. Spherical droplets with low connectivity were
observed in glass series A-E (see Figure 4.54, Figure 4.55 and Figure 4.56) which
are believed to be due to nucleation and growth process [32]. The percentage of
porosity below 1000 nm was found much lower in glass series A—E compare to glass

series AA-EE. The porosity is likely to decrease with an increasing ZrO, content up
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to 11 wt%. When ZrO, > 11 wt% in the glass, the porosity begins to increase in the
droplets. Figure 4.54 and Figure 4.55 present the SEM micrograph of leached glasses
of composition C (7wt% ZrO,), heat-treated at various temperatures and times. The
formation of columnar cristobalite crystals was observed (see Figure 4.55) when the
heat-treatment temperature is increased from 650 °C to 700 °C. A more pronounced
columnar cristobalite crystals was observed in glass D (11 wt% ZrO;) when the heat-
treatment temperature increased from 650 °C to 700 °C. Small pores are found in
abundance within large droplets in glass E (15 wt% ZrO,). This finding is in good
agreement with the pore-size distribution curve as shown in Figure 4.41, where small

peaks are observed in the lower pore-size range.

A dramatic change is observed in pore structure when the Na,O content in sodium
borosilicate glass system was reduced in glass E-1l (6 wt% Na,O, 15 wt% ZrO,) as
compare to glass E (10 wt% Na,O, 15 wt% ZrO,) (see Figure 4.55, Figure 4.56, and
Figure 4.57). An interconnected structure consisting of two mutually penetrating
interconnected phases was observed in glass E-Il (see Figure 4.57). The extent of
phase separation is more pronounced in porous glass F. It is well-established that

CaO accelerates phase separation [8, 9, 76].

Classical skeleton-like microstructures with highly connected pores are observed for
porous glass compositions of glass series AA-EE (see Figure 4.58 and Figure 4.59).
These spherical droplet-like pores with a high degree of connectivity are usually
formed by spinodal decomposition [6, 32]. It is evident that a high degree of phase
separation occurred in this glass series. Pore size was also found to increase with
increasing heat-treatment dwell time, which is consistent with the mercury

porosimetry findings (see Table 4.9).

SEM photographs of commercially available Controlled Pore Glass (CPG) of grade
CPG 1000CL and porous CHT ceramic hydroxyapatite type Il are shown in Figure
4.60. The morphology of CPG 1000CL is more or less identical to glass series AA—
EE as it is based on the sodium borosilicate glass system. However, the morphology
of CHT ceramic hydroxyapatite type Il is different, with a smaller degree of

interconnection.
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Glass C (650 °C x 24 h)

Figure 4.54: SEM photographs of glass series A—E after leaching (continued).
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Figure 4.55: SEM photographs of glass series A—E after leaching (continued).
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Glass F (700 °C x 14 h)

Glass F (700 °Cx 24 h)

Figure 4.57: SEM photographs of glass E-Il and glass F after leaching.
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Figure 4.58: SEM photographs of glass series AA—EE after leaching (continued).
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Figure 4.60: SEM photographs of commercially available (a) CPG 1000CL and (b) BIO-
RAD CHT Type-II.
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4.7.4 Energy Dispersive X-ray Spectroscopy (EDXS)

Table 4.13 summarises the EDXS elemental analysis of the porous glass
compositions after heat-treatment and leaching. Unfortunately the EDXS system can
not detect boron. However, it was expected that all boron content would be eluted
during leaching. Increasing alkali content in sodium borate glass compositions
converts BOj triangles to four-coordinated BO, tetrahedra. The bond valence model
studied by Connelly et al. [148] showed that BO3; bonds are more likely to form Zr—
O-B than that of four-coordinated BO4. With a high Na,O to B,O; ratio in glass
series A—E (Na,0/B,05=0.4), the fraction of BO; available for forming Zr-O-""B is
significantly smaller than in glass series AA-EE (Na,O/B,03=0.24). Therefore, in
glass series A-E, Zr formed the bond Si—O-Zr, going to the non-leachable silicon-
rich phase and finally remaining in the porous glass. EDXS analysis also identified
the presence of Zr in glasses B-E. While in glass series AA-DD, Zr formed Zr—O-
"B with BOs, which then completely eluted during leaching. No trace of Zr was
detected by EDXS for the glass compositions CC and DD. An exception was
observed for glass EE and E-11, where the presence of Zr was found to be optimum
by EDXS. A possible explanation for this might be the content of ZrO, or ZrSiO,4 (15
wit%) used in the sodium borosilicate glass system. Beyond a certain content of
Zr0,/ZrSi04 in sodium borosilicate glass systems, which in this study was >11 wt%,
possibly no more BOg is available to form bonds with Zr. As a result, Zr moves to
the silica-rich phase by forming the Si—-O-Zr bond and remains in the porous glass
after leaching. The fraction of BO4 showed a sharp increase when CaO was added up
to 3.3 wt% [160]. In glass F the EDXS results showed a dramatic reduction in Zr
compared to glass EE and E-Il. This dramatic fall in Zr is possibly due the content of
CaO (6 wt%) used in glass F. Miyoshi et al. [160] in their study with similar sodium
borosilicate glass compositions found that the addition of > 5.3 wt% of CaO resulted
in a saturated concentration of BO,. Therefore, a possible explanation for this
observation is that with a saturated BO,4 concentration in glass F, a major fraction of
ZrO, preferentially moves to the boron rich phase and is ultimately eluted during

leaching.
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Table 4.13: Elemental analysis of porous glass compositions by means of EDXS.

Thermal treatment Si Na Zr @)

Glass Temperature Period
(°C) (h) (Wt%0) (Wt%0o) (Wt%0o) (Wt%)

A 650 14 43 5 - 52
A 650 24 44 2 - 54
A 650 63 49 1 - 50
B 650 14 43 5 2 50
B 650 24 48 2 1 49
B 650 63 44 3 - 54
C 650 14 35 7 8 51
C 650 24 35 5 7 54
C 650 63 39 5 5 50
C 700 14 49 1 - 50
D 650 14 34 6 9 51
D 650 24 44 2 - 53
D 650 63 39 1 19 42
D 700 14 31 1 28 40
E 650 14 33 7 11 49
E 650 24 44 3 5 48
E 650 63 34 6 14 47
E 700 14 32 7 13 48
E-Il 650 14 29 1 23 48
E-II 650 24 34 - 18 49
E-Il 650 63 38 - 20 42
F 700 14 39 3 3 55
F 700 24 42 4 3 52
AA 650 14 47 1 - 53
AA 650 24 45 1 - 54
AA 650 63 47 1 - 52
CC 650 14 43 2 - 55
CcC 650 24 55 1 - 44
CC 650 63 43 1 - 56
DD 650 14 44 1 - 55
DD 650 24 43 - - 57
DD 650 63 41 1 - 58
DD 680 14 42 1 - 57
DD 680 24 39 1 - 60
EE 650 14 32 - 22 46
EE 650 24 26 2 24 48
EE 650 63 24 1 28 47
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4.8 DENSITY MEASUREMENT BY PYCNOMETRY

The density measured by helium gas pycnometry is often considered as “true
density”, provided that the gas is not absorbed and the sample does not contain
closed pores [37]. Table 4.14 presents density values of selected porous glass

compositions obtained by helium gas pycnometry.

Table 4.14: Density measured by helium pycnometry.

Thermal treatment Density (pn)

Glass Temperature (°C) Period (h) (g/cc)
AA 650 14 2.2282+0.0014
AA 650 24 2.2640+0.0059
AA 650 63 2.2722+0.0048
cC 700 14 2.3038+0.0068
CcC 650 24 2.3247+0.0045
D 650 63 2.6474+0.0046
D 700 14 2.6911+0.0066
DD 650 14 2.2392+0.0015
DD 650 24 2.2132+0.0033
DD 650 63 2.2646+0.0019
DD 680 14 2.2537+0.0031
DD 680 24 2.2297+0.0030
E-II 650 14 2.7028+0.0078
E-II 650 24 2.5838+0.0040
EE 650 14 2.7543+0.0119
EE 650 24 2.6665+0.0034
EE 650 63 3.3779+0.0637
F 700 14 2.2587+0.0034
F 700 24 3.0843+0.0369
CPG 1000CL - - 2.3228+0.0093
BIO-RAD

CI-(I)T Type-I1l ) - 3.4502+0.0315

The percentage porosity of the leached glass compositions in present study was

determined by using the following equation [115]:

Percent porosity, € = [1— &j x100 Equation 4.3
Ps
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Where, py is bulk density and ps is skeletal density. These values were obtained from
mercury porosimetry results. In some studies true density, measured by helium
pycnometer, is used instead of skeletal density [120, 123]. Kukizaki [48], in his
study, measured membrane porosity by using the following equation:

VP

Porosity, e= ———
V, + (U py)

Equation 4.4

Where, Vp is the pore volume per unit sample mass as determined by mercury
porosimetry. And, p,, is the true density of the sample measured by helium

pycnometry. A comparison of the percentage porosity using both equations for
selected porous glass compositions is presented in Table 4.15.

Table 4.15: Comparison of % porosity using different equations.

Thermal treatment Porosity Porosity
using Equation 4.1  using Equation 4.2
Glass Temperature Period
°C) (h) % %

AA 650 14 12.35 55.22
AA 650 24 15.63 60.56
AA 650 63 13.44 56.25
CC 700 14 23.99 77.97
clc 650 24 26.59 78.86
D 650 63 23.59 75.25
D 700 14 21.65 77.03
DD 650 14 15.00 64.57
DD 650 24 13.60 56.22
DD 650 63 17.73 65.08
DD 680 14 18.14 65.41
DD 680 24 14.77 58.85
E-1I 650 14 21.10 74.77
E-I 650 24 16.02 63.66
EE 650 14 23.02 52.66
EE 650 24 21.49 71.98
EE 650 63 18.26 77.57
F 700 14 10.32 50.62
F 700 24 25.67 79.29
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4.9 ALKALI RESISTANCE TEST

The alkali resistance of different porous glass series are shown in Table 4.16, Table
4.17 and Table 4.18. There are many factors that influence the alkali resistance,
especially the surface area. The surface area is used in calculating the weight loss in
accordance with standard procedure 1SO 695 [109]. High surface area and
interconnected structures can be achieved where glass composition is properly
selected and optimum heat-treatments are applied. In the present study, glass
compositions with higher surface area and interconnected pore structures were
achieved in the glass series AA-EE and E-Il, which had lower amounts of alkali
oxide (6 wt% Nay0). Alkali resistance of the porous glasses was improved by the
addition of ZrO; or ZrSiOs.

The alkali resistance remains almost constant for the glass series A—E, which
contained a higher amount of alkali oxide (10 wt% Na,O) (see Table 4.16). For these
glasses the phase separation process is believed to be dominated by nucleation and
growth, as opposed to spinodal decomposition. An exception was identified in the
case of glass D when heat-treated at 700 °C for 14h. In this treatment condition
crystallisation was predominant, as confirmed by SEM (Figure 4.55). As can be seen
from data presented in Table 4.16, the glasses that had crystallised with longer
duration of heat-treatment, lost less weight in alkali resistance compared to those
without crystallisation. But, when surface area was taken into account in the alkali
resistance calculation, the results showed a low resistance to alkali solution because
the surface area decreased with increasing heat-treatment dwell time. However, the
percentage of weight loss decreased with increasing ZrO, content in glass series A—
E. On the other hand, the phase separation process in glass E-II, glass F, and glass
series AA-EE, is believed to have been dominated by spinodal decomposition.
These glasses have a higher surface area and interconnected silica skeleton compare
to glass series A—E. Even though percent weight loss is higher in glass E-11 and glass
F (see Table 4.17), the weight loss per unit surface area shows more resistance when

compared to glasses of glass series A—E.
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Table 4.16: ZrO, content and alkali resistance of glass series A-E.

Glass Thermal treatment ZrO, Weight Weight loss per
content loss total surface area
Temperature (°C)  Period (h) (Wt%) % (mg/dm?)
A 650 14 0 9 0.36
A 650 24 0 9 0.30
A 650 63 0 7 0.59
B 650 14 3 18 0.29
B 650 24 3 25 0.30
B 650 63 3 10 0.67
C 650 14 7 11 0.46
C 650 24 7 10 0.65
C 650 63 7 9 0.41
C 700 14 7 11 0.31
D 650 14 11 10 0.67
D 650 24 11 25 0.31
D 650 63 11 4 0.13
D 700 14 11 6 0.06
E 650 14 15 9 0.39
E 650 24 15 19 0.31
E 650 63 15 8 0.42
E 700 14 15 6 0.41

Table 4.17: ZrO, content and alkali resistance of glass E-1l and F.

Glass Thermal treatment ZrO, Weight  Weight loss per
content loss total surface area
Temperature (°C) Period (h) (Wt%o) % (mg/dm?)
E-lI 650 14 15 65 0.19
E-lI 650 24 15 60 0.33
E-lI 650 63 15 18 0.23
F 700 14 15 51 0.15
F 700 24 15 32 0.50

The alkali resistance remains almost constant for glass AA-DD. From the EDXS
results (see Table 4.13), no Zr was detected in these glasses. It is therefore presumed
that Zr moved to the boron rich phase and eluted in the leaching stages. Therefore,
the glass samples AA-DD showed similar result with respect to alkali resistance.
The small difference which was identified was due to their textural properties, i.e.
surface area. Presence of Zr was detected in glass EE by EDXS and it showed

significant improvement in terms of alkali resistance, as shown in Table 4.18. The
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alkali resistance of the porous glass of composition EE is 3—4 times superior to that
of porous glass obtained from composition AA without ZrO, or ZrSiO,. At the same
time, porous glass (EE) containing ZrSiO4 was found to be more alkali resistant than
that of glass (E-11) containing ZrO, with the same composition.

Table 4.18: ZrSiO,4 content and alkali resistance of glass series AA-EE.

Glass Thermal treatment ZrSiO, Weight Weight loss per
content loss total surface area
Temperature (°C) Period (h) (Wt%) % (mg/dm?)
AA 650 14 0 43 0.35
AA 650 24 0 24 0.28
AA 650 63 0 12 0.24
cC 650 14 7 73 0.29
CC 650 24 7 40 0.24
CcC 650 63 7 37 0.49
DD 650 14 11 84 0.30
DD 650 24 11 59 0.27
DD 650 63 11 71 0.47
DD 680 14 11 70 0.36
DD 680 24 11 59 0.39
EE 650 14 15 27 0.09
EE 650 24 15 52 0.18
EE 650 63 15 27 0.21

Table 4.19 shows the alkali resistance of commercially available Controlled Pore
Glass (CPG) of grade CPG 1000CL and of CHT ceramic hydroxyapatite type II. It
was found that CPG 1000 CL, which is produced from a sodium borosilicate glass
system, shows identical results as regards alkali resistance as glass AA. Whereas
CHT type-11 shows a much superior alkali resistance compare to glass AA. However,

the CHT type-Il is stable only in pH range 6.5-14.

Table 4.19: Alkali resistance of commercial porous glass types.

Glass Weight loss Weight loss per total
surface area
% (mg/dm?)
CPG 1000CL 75 0.32
BIO-RAD CHT Type-II 14 0.09
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CHAPTER FIVE

CONCLUSIONS AND FUTURE WORK

5.1 CONCLUSIONS

The findings of this thesis are presented in the following main points:

(@) Thermal behaviour analysis of the glass compositions

DTA and dilatometry can be used to determine basic thermal properties such as glass
transition temperature, dilatometric softening temperature, and the linear thermal
expansion coefficient of sodium borosilicate glass. Since the Na,O/B,0;3 ratio was
<0.5 for all the glass compositions used, the boric oxide anomaly played a major role
in the Ty shift. Increasing alkali content in sodium borosilicate glass compositions
converted BOj triangles to BO, tetrahedra, thereby increasing the network
connectivity. Therefore, the glass transition temperature value was higher in glass
series A-E (10 wt% Na,O) compared to glass series AA-EE (6 wt% Na,0).
Additions of ZrO,/ZrSiO, also increased the glass transition temperature. A sharp
exothermic peak was observed in the DTA curve for the glass compositions
containing 15 wt% of ZrSiO4. This sharp peak suggests bulk crystallisation. A
similar glass composition (glass E-Il) with ZrO, replacing ZrSiO, showed a broad
exothermic effect that is likely associated with surface crystallisation. A TTT
diagram indicated the ranges of onset crystallisation temperature and time, and the
heat-treatment temperature and time needed to achieve phase separation without

crystallisation.

(b) Heat-treatment and phase separation

Based on the findings of the thermal behaviour of glasses, controlled heat-treatments
were implemented to separate the glass into two-phases; a silica-rich phase, and an
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alkali-rich borate phase. X-ray diffraction (XRD) was used to identify any crystal
phases present in the as-quenched and heat-treated glasses. FTIR analysis is found to
be effective in investigating phase separation. A combination of FTIR and XRD
analysis was used to compare the extent of phase separation and crystallisation

behaviour.

(c) Leaching of phase separated glasses

The effect of the concentration of acid and the duration of leaching, as well as the
duration of alkali washing, on the morphology of the pores was studied. It was found
that leaching does not work properly without using washing step with NaOH. A non-
linear effect of HNOj3 concentration was observed on total pore volume and surface
area. This behaviour can be attributed to the formation of silica and zirconia gel
within the pores. Removing the gel by means of washing increased the total pore
volume and surface area. A combination of leaching and washing steps using 1 N
HNO;3 (24 h) followed by 3 N H,SO,4 (24 h) and 0.5 N NaOH (5 h) led to a higher
surface area with larger pore volume. However, with CaO containing glass (glass F),
implementing the zirconia gel removing step was difficult, as the heat-treated glass
wholly moved into solution during second stage of leaching (3 N H,SQOy). Therefore,
this second step in leaching was completely avoided and therefore the resultant
porous glass (leached glass) still had the zirconia gel remaining inside the pores,
which affected the pore volume and surface area.

(d) Leached glass characterisation

Using optimised leaching steps separated the boron rich phase from silica and left a
skeletal structure consisting mostly of silica and zirconia. This final silica structure
had finely distributed nano-sized pores. Porosimetry was used to study the structure
of pores resulting from leached glass. Additions of ZrO,/ZrSiO4 to the sodium
borosilicate glass system reduced the growth rate of phase separation. As a result,
mean pore size of the porous glass decreased with addition of ZrO,/ZrSiO,. A linear
relationship implied between mean pore size and the square root of heat-treatment
dwell time. For longer heat-treatment times, mean pore size increased.

Morphological examination using SEM also indicated that the glass containing 6wt%
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Na,O resulted in a narrowly distributed pores. Alkali oxide content in the glass
composition was found to play an important role in the phase separation mechanism.
Where 6 wt% of alkali oxide (Na,O) was used, interconnected pore structures with
higher pore volumes were achieved, whereas glasses with 10 wt% of Na,O yielded
spherical droplets with low pore connectivity. Glass compositions containing higher
alkali oxide (10 wt% Na,O) were found to retain more Zr in the porous glass when
ZrO; is < 11 wt%. Whereas, no traces of Zr was detected by EDXS in the case of
glasses containing lower alkali oxide (6 wt% Na,O) and with a ZrSiO, content of <
15 wt%. However, a dramatic reduction in Zr content in porous glass was detected in
CaO containing glass as compared to other glasses containing 15 wt% ZrO,/ZrSiO,.
This decrease in Zr retention in glass containing CaO is believed to be due to the
saturation of BO,4 concentration, which led the major fraction of ZrO, preferentially

moved to boron rich phase and ultimately being eluted during leaching.

(e) Alkali resistance test

The alkali resistance remained almost constant for the porous glasses in glass series
A-E, which contained a greater amount of alkali oxide (10 wt% NayO). For these
glass compositions the phase separation process is believed to be dominated by
nucleation and growth, as opposed to spinodal decomposition. A significant
improvement was observed when the amount of alkali oxide (Na;O) was reduced to
6 wt% in glass E-Il, and in glass series AA-EE, in which the phase separation
process is believed to have been dominated by spinodal decomposition. Zr was
found to be present in porous glass skeletons when 15 wt% of ZrO,/ZrSiO, was
added in glass series AA-EE and glass E-Il. These porous glasses containing Zr

were 3-4 times more alkali resistant than the basic sodium borosilicate glass.

5.2 FUTURE WORK

Leaching was found to be one of the important determining factors in preparing
porous glass with specific characteristics. In this study, optimising leaching
condition was found to be effective. A further investigation could be carried out
considering the leaching duration as well as outcome efficiency based on individual

glass compositions.
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It was observed that particle size significantly influenced the optimal heat-treatment
conditions. The smaller the particles, the greater are the chances that crystallisation
will occur. Therefore, a detailed study on the effect of particle size on heat-treatment
and phase separation will be useful to fine tune heat-treatment temperatures and

times to insure optimal results.

Ca0, added as CaCOj in glass compositions, has been widely used in last two
decades to retain zirconia in silica skeleton after leaching, while at the same time
enhancing phase separation during heat-treatment. It was found difficult to leach
glasses containing CaO. Thus, TiO, might be a good alternative choice to enhance
phase separation in zirconia/zircon containing glass and experimentally testing this

alternative could prove beneficial.
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APPENDICES

Appendix 1: DTA curves of the glasses in heating rates of 10 °C/min, 15 °C/min
and 20 °C/min.

Tg =510 "C/min
\ 20 "C/min

Tg=514"C/min

15 °C/min

DTA (V) EXO.

Tg =515 "C/min
10 "C/min

ENDO.

400 500 600 700 800 900
Temperature ("C)

(a) Composition A

Page | 174



20 "C/min

Te =520 "C/min

O
<
84
; Tg =514 "C/min
=
-
< 15 °C/min
o
=
8 10 °C/min
&
400 500 600 700 800 900
Temperature ('C)
(b) Composition B
e 20 °C/min
f
_—
>
=
« 15 °C/min
-
= i
; s i o 10 "C/min
o Tg =518 C/min
a
Z
4

400 500 600 700 800 900
Temperature ("C)

(c) Composition C

Page | 175




Tg =520 "C/min

20 "C/min

=517 °C/min

15 °C/min

10 "C/min

Tg =520 "C/min

ENDO.IYEA(H\U EXO.

400 500 600 700 800 900
Temperature ("C)

(d) Composition D

Tg =528 "C/min

20 "C/min

EXO.

=528 "C/min

15 °C/min

DTA (nV)

Tg = 522 °C/min

10 °C/min

ENDO.

400 500 600 700 800 900
Temperature ("C)

(e) Composition E

Page | 176




Tg = 504 °C/min 20 °C/min

@)
e
0

; 15 °C/min

3

-’

<«

e

e

. 10 °C/min
8 Tg =511 "C/min
Z
R

400 500 600 700 800 900

Temperature ("C)

(f) Composition E-11

Tg =468 “C/min

20 °C/min

EXO.

Tg =472 °C/min CR
15 'C/min

DTA (nV)

Tg =478 "C/min

10 “C/min

ENDO.

400 500 600 700 800 900
Temperature ('C)

(g) Composition AA

Page | 177




Appendix 2: List of Publications

A) Peer reviewed journal

M. Hasanuzzman, M. Sajjia, A. Rafferty, A. G. Olabi, “Thermal behaviour of
zircon/zirconia-added chemically durable borosilicate porous glass”, Thermochimica
Acta, 2013, 555, 81— 88.

M. Hasanuzzman, A. Rafferty, A. G. Olabi, “Effects of zircon addition on porous
structure and alkali durability of borosilicate glasses”, under review, Ceramics

International, 2013.
B) Peer reviewed conference paper

M. Hasanuzzman, A. G. Olabi, “Development of alkali-resistant porous glass based
on (69-x)Si0,-25B,03-6Na,0-xZrSi0, system”, 37th Int'l Conf & Expo on
Advanced Ceramics & Composites (ICACC 2013) proceedings, accepted for
publication, 2013.

C) Others

M. Hasanuzzman, A. G. Olabi, “Effect of nucleation temperature and time on
crystallization behaviour of zirconia/ zircon added borosilicate glass”, 15th European
Conference on Composite Materials (ECCM15), Venice, Italy, 24th-28th June 2012,
ECCM15 Conference Proceedings, file 2155.

Page | 178



