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ABSTRACT

Our world is highly concerned about increasing energy demand and the disposal of solid wastes.
For instance, the advanced ceramics industry is one of the main energy-demanding sectors and
known for its expensive starting materials. Mullite ceramics are advanced ceramics and promising
materials for dielectric applications and energy storage applications. Traditional methods for the
formation of mullite ceramics from clay and kaolinite require above 1500°C temperatures to
become dense and form single phases. On the other hand, waste utilization as starting material
result in the formation of unnecessary phases above 1450°C and gives poor quality, but it is cost-
effective and environmentally sustainable. However, sol-gel methods offer lower temperature
synthesis and pure product, but are hindered by expensive precursors. In this study, mullite
ceramics were synthesized using a diphasic gel process employing waste-derived silica gel as the
silica precursor. The purity of the silica gel is evaluated using XRD, and FTIR characterization
techniques. Based on diphasic methods mullization temperature about 1350°C for two hours,
optimal conditions for mullite synthesis were achieved with 30 ml concentration of silica gel mixed
with 0.34M aluminum nitrate nonahydrate, resulting in homogeneous, stable, and pure-phase
mullite. Various characterization techniques used to characterize mullite phase formations and
transformation, including XRD, SEM/EDS, FTIR, and TGA/DTA. Mullite crystallization began at
1150°C and reach single mullite phase at 1250°C. The electrical properties of the synthesized
mullite ceramics were evaluated based on temperature variations at 1150, 1250, and 1350°C for
2 hrs, and the results were about 3 kV/mm, 6.4 kV/mm, and 10.2 kV/mm, respectively. The
synthesized mullite ceramics exhibited excellent electrical properties, reaching a maximum of 10.2
kV/mm. Although phase formation played a role in the performance of the mullite ceramics, the
electrical properties were found to depend on the degree of densification, which led to a reduction
in porosity and, thus, decreased sites for electrical breakdown. The SEM images confirmed the
formation of a dense body at 1350°C for 2 h. Additionally, densification proved by the physical
properties of the synthesized mullite ceramics were determined to be 0.89% water absorption, 3.02
g/cm® density, and 0.81% porosity, and the compression strength was found to be 420 MPa,
indicating that the material is strong enough to withstand loads. Therefore, these synthesized

mullite ceramics are suitable for dielectric applications.

Key words: Mullite, Diphasic, Aluminosilicate gels, Sol-gel, Silica gel, Dielectric
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INTRODUCTION

1.1 Background of the Study

Mullite (3AI203.2Si0y) is the only stable compound in the Al203-SiO; phase diagram at ambient
pressures. It occurs in a narrow, temperature-dependent, solid solution range between 58 and 63
mol% Al,O3 (Aksay et al., 1991; Biswal et al., 2021a; Johnson et al., 2001; Lee et al., 2003;
Yuvakkumar et al., 2014). This material is noteworthy because of its exceptional thermal stability,
high corrosion resistance, low thermal expansion, excellent thermal shock resistance, superior
creep resistance, and low thermal and electrical conductivity. Moreover, mullite ceramics exhibit
impressive mechanical properties including strength and fracture toughness, making them suitable
for a wide array of technical applications (Mahnicka-Goremikina et al., 2023; Xia et al., 2022).
These applications include traditional products, such as porcelain, tableware, and refractories, as
well as advanced materials, such as heat exchangers, filters, catalytic converters, substrates,
electronic packaging devices, components for optical systems and turbine engines, and heat shields
(Krenzel et al., 2019; Romero et al., 2021).

Technical mullite is synthesized through the decomposition of clays and kaolinite, which are
alumino-silicate minerals. These minerals, including kyanite, andalusite, and sillimanite, are
known to transform into mullite and silica upon thermal treatment (Bradt, 2008; Kim et al., 2003).
This process involves mullite precursors can be prepared by adding alumina in a wet medium and
firing at 1480°C (Sanchez-Soto et al., 2018). However, because of the high impurity oxide content
in natural starting materials such as Fe20s, TiOz, Na2O, and CaO, the resulting ceramics and
refractory products often contain glass phases, which can reduce their mechanical stability at high
temperatures (Romero et al., 2021; Sanchez-Soto et al., 2018). This makes them less desirable for
advanced ceramics and expensive in terms of energy consumption. Additionally, despite the
availability of the starting material, the final product contains inclusions that can negatively affect
its mechanical and electrical properties (Kim et al., 2003).

The mullite formation mechanism offers three ways to reduce the temperature based on at which
the reaction starts, making it economically viable and producing a pure product. First, the use of

more reactive and pure raw materials can facilitate the dissolution stage, as lower temperatures are
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required for sufficient quantities of AI** jons to diffuse through the silico-aluminous liquid
(Boccaccini et al., 1999). Second, using alumino-silico sources that bring AI** and Si** ions into
contact at the molecular level can accelerate the formation of the SiO2+2Al>03 compound, as it
only requires short-range diffusion (Johnson et al., 2001; Sahnoune et al., 2008). Finally, adding
special sintering additives or mineralizing agents, such as MoO3z, WO3, AlFs3, and V20s, can allow
AI** jons to precipitate in the previously formed mullite nuclei, enabling the mullite grains to grow

at low temperatures without the need for the liquid to be saturated by these ions (Gao et al., 2022).

Chemical methods for mullite synthesis have been developed based on chemical processes,
including the sol-gel (Roy et al., 2015), spray pyrolysis (Janackovic et al., 1998), and chemical
vapor deposition techniques (Haynes et al., 2004). These techniques produce fine-grained,
chemically pure, and homogeneous mullite powders that can be used to create ceramics with
improved high-temperature mechanical properties (L. Lima et al.,, 2022). While all these
techniques have their own advantages, the sol-gel method is particularly advantageous because of
its relatively low sintering temperature (980-1250°C), high purity, and homogeneity, which is the
result of molecular-level mixing of the starting materials (Lamara et al., 2022).

Based on the level of homogeneity, sol gel methods can be divided into two types: monophasic
and diphasic gels (Cividanes et al., 2010; L. Lima et al., 2022). Diphasic gel in mullite synthesis
refers to a gel precursor composed of two distinct phases, alumina (Al.Oz) and silica (SiO2), which
are homogeneously distributed or mixed at the nano level (D. W. Hoffman et al., 1984; Roy et al.,
2015). The use of diphasic gels is typically favored for the synthesis of mullite ceramics, as it
allows for precise control over the hydrolysis and condensation rates, which play a crucial role in
determining the properties of the final material (Cividanes et al., 2010). Moreover, the
incorporation of seeds into diphasic gels can promote the formation of mullite crystals, leading to
high-purity and high-activity mullite powders that can be sintered to achieve a high density and
strength (Hong et al., 1995).

The diphasic gels process for synthesizing mullite ceramics is recognized for its ability to produce
high-purity and homogenous materials; however, it can be economically challenging because it
often requires the use of expensive raw materials, such as tetraethyl orthosilicate and aluminum

nitrate nonahydrate, which can increase production costs (Song, 2011; Xu et al., 2021).



Nevertheless, there studies have suggested alternative approaches to reduce costs, such as using
waste as a source of silica and alumina for mullite formation. This not only lowers material costs
but also provides environmental benefits by utilizing waste materials (Chen et al., 2023; Romero
etal., 2021).

Mineral-rich solid wastes are among the many solid wastes that have received attention because
of their potential for resource recovery and environmental sustainability, and the reclamation of
minerals from solid waste aligns with the principles of the circular economy (Tejaswini et al.,
2022; Yu et al., 2024). Industrial waste, mining waste, and several agricultural wastes are among
these (Miao et al., 2022). Commonly known wastes include fly ash, red mud, blast furnace slag,
slag/sludge, rice husk ash, and bagasse ash. In the industrial sector, one factory that contributes to
solid waste in Ethiopia is Awash Melkasa Chemical Factory, in which producing 1,700 tons of
useful Aluminum sulphate chemical annually, and in the meantime filter-cake waste (name of by
product) is disposed of in landfills (Bereda et al., 2023). Therefore, several research have been
done to address these waste using as cement replacement (Bereda et al., 2023), and extract silica
using sol gel methods (Tesfaye et al., 2022).

The silica extraction process involves three primary chemical treatments: acid leaching, alkaline
treatment, and silica recovery. These treatments are used to effectively separate silica from other
substances (Razak et al., 2022). Acidic leaching in the context of silica extraction refers to a
process in which an acid solution is used to dissolve and remove impurities from a silica-containing
material, leaving behind a more purified form of silica (Pa et al., 2014). Alkaline treatment is a
process that produces a Na,SiOz solution from raw materials using a NaOH solution. The resulting
solution containing soluble silicates can then undergo further processing, such as precipitation or
crystallization, to recover pure silica (Park et al., 2021). Several methods are available for silica
recovery. Based on the simplicity and efficiency of the process, hydrothermal, coprecipitation, and
sol-gel techniques are the most widely used techniques for silica recovery (Razak et al., 2022).
However, the cost of silica production using the sol-gel method is lower than that of other methods.

Therefore, sol-gel is the most commonly used method for extracting silica (Milea et al., 2011).

In this study, silica derived from filter cake waste was used as the starting material and was

synthesized using the sol-gel method. Aluminosilicate gels were then synthesized using diphasic



gel methods, facilitating the interaction of aluminum and silicate at the nanoscale. Ultimately,
mullite ceramics are fabricated with a homogeneous phase, high purity, and low temperature, with

excellent electrical properties.

1.2 Statement of the Problem

Currently, the world is grappling with the issues of energy demand and solid waste disposal. The
ceramics industry has been a significant consumer of energy since the dawn of human civilization.
This industry encompasses a wide range of materials, from traditional to advanced ceramics.
Consequently, the demand for energy has risen in tandem with the development of these materials.
Among these materials, mullite has emerged as a promising engineering ceramic. Although mullite
can be produced using clay, it requires temperatures above 1450°C to form single mullite phase
and often results in a product of poor quality (Gao et al., 2023; Worrall, 1986). Similarly, mullite
fabricated by solid state reaction from silica and alumina-rich wastes such as red mud, fly ash, and
rice husk ash are cost-effective and environmentally sustainable; however, they contain trace
elements that affect their properties above 1400°C temperatures, besides their demand above
1450°C temperature to form single mullite phase (Romero et al., 2021). Over the last two decades,
chemical synthesis methods, such as sol-gel, chemical vapor deposition, and spray pyrolysis, have
been developed (L. Lima et al., 2022). These methods are effective for forming pure and
homogeneous products at low temperatures than conventional methods; however, the cost of the
precursors is too high. Among the chemical syntheses, the sol-gel method is more cost-effective
because it allows for the production of pure products at 980-1350°C (Roy et al., 2021). The
drawback of using an expensive precursor is improved using waste by synthesizing it at a level
that meets the desired criteria, such as purity. To the best of our knowledge, diphasic gels have not
been used for waste-driven aluminosilicate gel formation. Diphasic gels methods gives pure

mullite ceramics with low temperature mulllization temperature (1200-1350°C).

1.3  Objectives
1.3.1 General Objective

The general objective of this study is to synthesis and characterization of mullite from waste
derived aluminosilicate gels for dielectric application.



1.3.2 Specific Objectives

% To prepare silica gel from silica-rich filter Cake.

L)

X/
°e

To assess the purity of silica using XRD and FTIR.

e

*

To synthesis of aluminosilicate gels using diphasic gels.

X/
°e

Fabrication of mullite ceramics from aluminosilicate gels.

7
L X4

Characterize the mullite formation by using TGA/DTA, XRD, SEM/EDS, and FTIR.

X/
°e

To examine mechanical and physical properties and dielectric strength.
1.4 Significance of the Study

This study achieved several significant outcomes: The energy consumption was reduced as pure
and homogeneous mullite is formed at lower temperatures compared to conventional sintering
methods. In addition, pure mullite can be synthesized from waste materials using suitable
synthesis processes. Finally, the major drawback of chemical mullite synthesis, which is the high

cost of the precursors, can be addressed using waste-derived materials.

1.5 Scope of the research

This study covers the synthesis of mullite ceramics from waste-driven aluminosilicate gels for
dielectric applications. It started from preparing pure silica gel which used as starting material for
silicon. Subsequently, an aluminosilicate gel was synthesized from aluminum nitrate precursors
and a previously prepared silica gel via diphasic gels. Three different silica compositions were
utilized in the preparation of the aluminosilicate gels to determine the optimal conditions, and
determined using XRD. Subsequently, the optimal compositions underwent various
characterizations including TGA/DTA, XRD, FTIR, and SEM/EDS analyses. Finally, fabricated
mullite ceramics subjected to rigorous testing, including physical tests (linear shrinkage, water
absorption, porosity, and density), compression strength assessment, and dielectric strength

assessment.



CHAPTER 2

LITERATURE REVIEW
2.1 Overview on Mullite Ceramics

The origin of the term ceramic traces back to the Greek word “keramikos,” translating to “burnt
material, “indicating the crucial role of high-temperature firing in achieving desirable properties
(Callister Jr & Rethwisch, 2020). Ceramics have extensive applications in diverse fields, such as
construction, manufacturing, industries, aerospace, and biomedical engineering, owing to their
exceptional characteristics, such as robust mechanical strength, thermal and chemical stability, and
suitability for thermal, optical, electrical and magnetic functions (Chen et al., 2019).

There are two categories of ceramics: traditional and advanced ceramics. Traditional ceramics
consist of inorganic non-metallic solids, which can be either non-metallic or metallic compounds,
along with clay, silica, and feldspar (Otitoju et al., 2020). Traditional ceramics have been used for
centuries in a wide range of applications including pottery, bricks, tiles, sanitary ware, and
porcelain. They are valued for their durability, heat resistance, and aesthetic value. In contrast,
advanced ceramics are composed of oxides, nitrate compounds, carbides, and non-silicate glass.
Advanced ceramics are crystalline materials with meticulously controlled compositions that are
manufactured using the precise regulation of highly refined or characterized raw materials to
achieve specific attributes (Belmonte, 2006; Callister Jr & Rethwisch, 2020). Advanced ceramics
are commonly referred to as technical ceramics, high-tech ceramics, and high-performance
ceramics worldwide. These ceramics play a significant role in a wide range of industries, sectors,

and markets, and have a significant impact on them (Yan et al., 2023).

From a broad perspective, the advanced ceramic industry encompasses several categories,
including functional ceramics, structural ceramics, bioceramics, ceramic coatings, and special
glasses (Rodel et al., 2009; Yan et al., 2023). Functional ceramics are ceramic materials that
possess specific functional properties such as electrical and magnetic properties (e.g., dielectric,
piezoelectric, and ferromagnetic), ionic conductors, and superconductive ceramics. Structural
ceramics are ceramic materials used in structural applications such as monoliths and composites,

including oxides, nitrides, carbides, borides, and composite materials based on these materials.



Bio-ceramics, such as hydroxyapatite and alumina, are ceramic materials used in biomedical
applications. Ceramic coatings are thin films applied to surfaces using technologies such as
spraying, vapor deposition, and sol-gel coating, and include oxides, nitrides, carbides, borides, and
diamond-like coatings. Special glasses are processed flat glass, fire-resistant glazing, and glasses
for optoelectronics (Rddel et al., 2009; Yin et al., 2010).

Mullite is one of the most important oxide materials, and it conventional as well as advanced
ceramics (Roy et al., 2021). Approximately a century ago, the geologists Anderson, Wilson, and
Tait from the Scottish Branch of His Majesty’s Geological Survey stumbled upon the first known
natural occurrence of mullite while collecting mineral samples from ancient lava flows on Mull
Island, located off the west coast of Scotland. Initially misidentified as sillimanite, these specimens
were later recognized as mullite (Duval et al., 2008). The formation of natural mullite on the Isle
of Mull is due to volcanic activity through contact with superheated lava, which produces a high-
temperature mullite phase (L. Lima et al., 2022; Roy et al., 2021). Owing to its high temperature
and low-pressure production conditions, it is rare to find naturally (Schneider & Komarneni, 2006).

Despite their rarity in natural rocks, mullite is one of the most important ceramic phases. Thus, the
mullite phase has had a significant influence on the development of human civilization and culture,
since ceramic materials have reached far back in history. Mullite ceramics are not a recent
invention; in fact, they have a long history dating back to the Shang period (1500-1000 BC) in
China, where they were known as “white pottery”. However, the first piece of information on
porcelain fabrication was recognized during the Tsang dynasty (approximately 620 AD). This
early porcelain was produced from kaolin at a firing temperature of approximately 1300 C. In
Europe, the first successful porcelain production was performed in Saxony (Germany) at the
beginning of the eighteenth century. Mullite-bearing refractories and technical porcelains with a
wide variety of special products and uses have become particularly important since the nineteenth-

century industrial revolution (Schneider & Komarneni, 2006).

In addition to its significance in conventional ceramics, mullite is a strong candidate for use in
advanced structural and functional ceramics (Roy et al., 2021). However, the synthesis methods
also vary over time based on the application and desired properties. Previously, mullite was formed

from kaolin, sillimanite, and kyanite via high-temperature sintering (Holm & Kleppa, 1966).



Currently, a wide variety of synthesis methods have been developed to meet the desired process
and properties for advanced mullite ceramics. These methods include sol-gel, spray pyrolysis,

hydrothermal, and vapor state processes (Lamara et al., 2022).

2.2  Structure of Mullite

Four types of anhydrous aluminosilicates are found in nature. Three of these, namely, andalusite,
kyanite and sillimanite are only naturally occurring minerals and have general formula of
Al203 SiO2 (Al2SiOs) (Aksay et al., 1991; Bradt, 2008). The similarity in structure among the three
sillimanite minerals is noticeable, as their structures are closely related to that of mullite. Given
this relationship, all three minerals transform into mullite upon decomposition (Holm & Kleppa,
1966; Zhai et al., 2020).

The crystal structure of mullite can be described by sillimanite structure (Al2SiOs), as shown figure
2.1. The sillimanite structure consists of chains of octahedral groups of oxygen atoms around
aluminum and runs parallel to the c-axis at each corner (Sadanaga et al., 1962). The octahedral
chains in sillimanite are linked by tetrahedral T-Os di-cluster groups (T = AP* , Si**), forming
double chains with an ordered distribution of Al and Si atoms (Schneider et al., 2015).

Mullite has a crystalline structure closely related to that of sillimanite (Al203.SiO2) and both have
silicon and aluminum atoms located in tetrahedral sites. However, in the mullite structure, there is
no such regularity because Si** cations can be replaced by AI¥*, and the compensation of the charge
deficiency induced by this substitution is achieved by removing an oxygen atom that joins a
tetrahedral group (L. K. S. Lima et al., 2022). This produces oxygen vacancies, according to the

coupled substitution
2Si* + Og------2AI* + vacancy ([]).............. 2.1

This reaction involves the removal of oxygen atoms from the structure, leading to oxygen
vacancies and the rearrangement and disordering of tetrahedral cations. Improvements in the
structure revealed that the oxygen atoms connecting the two polyhedral in the tetrahedral double
chain of sillimanite (referred to as O(C) atoms) are eliminated in mullite (Fischer et al., 2012).
Simultaneously, the two tetrahedral cations originally linked to this O(C) site are displaced to a
new position, and O(C) becomes three-fold coordinated by cations forming T30 groups (so-called

tri-clusters). It is generally accepted that tri-clusters are preferentially occupied by Al.



The octahedral AlOs clusters, which form a columnar structure by sharing edges, and the center of

the orthorhombic unit cell does not change during this rearrangement (Schneider et al., 2008).
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Figure 2. 1: Crystal structure of (a, ¢) sillimanite and (b,d) mullite (Cui et al., 2020)
In general, the elemental composition of mullite in this well-accepted defect structure is expressed
as

ALY (A1 242% Si2-2¢) O10x «evvnevnnnn.. 2.2

Where x denotes the amount of missing oxygen from the formula VI and IV denote six-fold and
four-fold co-ordinations of aluminum, respectively, and silicon occupies the fourfold positions
(Aksay et al., 1991).



Schneider et al. (2015) provided an overview of the compositional series of mullite-type Al2(Al2+2x
Siz2x)O10x phases, highlighting distinct structural variations across different compositions.
Sillimanite (x=0) is characterized by ordered AlO4 and SiO4 tetrahedral diclusters linking AlOs
octahedral chains with on oxygen vacancies present. “Sillimullite” (0<x <0.2) exhibits similar
diclusters with some oxygen vacancies. However, the exact solid-solution range of these phases
remains ambiguous. Mullites with x values between 0.2 and 0.67 show di- and tri-clusters of
disordered AlO4 and SiOg4 tetrahedra linking AlOe octahedral chains, with increasing oxygen
vacancies as x increases. Mullites with high Al.O3 content (0.67 < x < 1) likely contain tri-and
tetra-clusters of disordered AlO4 and SiOs tetrahedra connecting AlOs ocahedral chains, with a
constant number of oxygen vacancies. However, the specific solid solution range for these phases
are not clearly defined t-alumnia (x=1) is proposed to have tetraclusters of AlO4 linking AlOe
octahedral chains, although detailed crystal structure information for t-alumina remains uncertain.

Crystallographically, sillimanite and mullite have different space groups and unit-cell parameters.
Sillimanite has a space group of Pbnm, whereas mullite has a space group of Pbam (Lenz et al.,
2020). Sillimanite has a space group of Pbnm, which is a primitive orthorhombic space group.
This space group has a fourfold axis of rotation perpendicular to the c-axis and a mirror plane
perpendicular to the b-axis. The primitive unit cell of sillimanite contains two formula units, with
lattice parameters of a=7.45 A, b =7.81 A, and ¢ = 5.68 A. In contrast, mullite has a space group
of Pbam, which is a primitive orthorhombic space group with a two-fold axis of rotation
perpendicular to the c-axis. The primitive unit cell of mullite contains four formula units, with
lattice parameters of a = 7.65 A, b = 7.99 A, and ¢ = 2.98 A (Burnham, 1963; Sadanaga et al.,
1962; Schneider et al., 2015). Additionally, the unit cell parameters, including the lengths of the
unit cell edges and the angles between them, are different for sillimanite and mullite, reflecting
their distinct crystal structures and symmetries (Burnham, 1963). These differences in symmetry
and crystal structure are related to the arrangement of atoms within the crystal lattice and the
specific bonding patterns that give rise to the unique properties and behavior of these materials
(Schneider et al., 2015). Additionally, the ordering of aluminum on the sillimanite-type (Al,Si)"
sites cannot be detected, and new (Al)V! sites can be detected by XRD and electron diffraction
analysis (Aksay et al., 1991).
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2.3 Synthesis Methods

Owing to its mineralogical rarity, natural mullite deposits are unable to meet the growing demand
for this material. Therefore, its synthesis has become increasingly important (L. Lima et al., 2022).
Furthermore, in advanced ceramics, the purity, homogeneity, mullization temperature,
densification, and other mechanical, electronic, and thermal properties depend mainly on the
synthesis method (Roy et al., 2021). The homogeneity of raw materials depends largely on the
processing and synthesis method used, that is, how to mix, precipitate, hydrolyze, or react with
SiO2 and Al,O3 components (Anggono, 2005). The mechanism of mullite formation depends on
the method of combining the alumina- and silica-containing reactants (Anggono, 2005). It is also
related to the temperature at which the reaction leads to the formation of mullite (mullitization
temperature). Mullitization temperatures have been reported to differ by up. to several hundred
degrees Celsius depending on the synthesis method used (Roy et al., 2021). The preparation
methods can be classified into three different routes: (1) sinter-mullite, (2) fused-mullite, and (3)
chemical-mullite (high-purity mullite). The three synthesis methods used to prepare mullite are
discussed in the following sections.

Mullite Synthesis Methods

Sintered Mullite Chemical Mullite Fused Mullite

Sol-gel Spray pyrolysis Chemical Vapor deposition

Monophasic gels

Diphasic gels

Figure 2. 2: Schematic descriptions of mullite synthesis methods
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2.3.1 Sintered Mullite

Sintered mullite refers to mullite synthesized though a solid-state diffusion-controlled reaction.
This process involves the diffusion of raw materials above 1450°C, but below their melting points,
resulting in the crystallization and densification of the phase (Roy et al., 2021). According to Gao
et al. (2023), the process of mullitization begin at 1320 °C and terminate around 1480 °C for rare
earth kaolin. Furthermore, the temperatures mentioned in (Dong, Diwu, et al., 2008) and Chen et
al. (2021) indicate that mullitization occurs at approximately 1400 °C(Gao et al., 2023). The
process of interdiffusion between ions commences at the interface between the alumina and silica
particles as they are heated. The ions from alumina primarily diffused into the silica particles,
resulting in the formation of a silico-aluminous liquid. As the temperature increases, the diffusion
of ions persists, and the liquid progressively becomes more enriched in aluminum ions until the
quantities of silicon and aluminum ions reach the stoichiometric proportion of the phase (L. Lima
et al., 2022). Pure alumina and silica are the most commonly used starting materials for the
synthesis of mullite ceramics. Clay minerals such as kaolin, pyrophyllite, polymorphs sillimanite,
andalusite, and kyanite can be used as starting materials to fabricate mullite (Roy et al., 2021).
Natural starting materials, particularly those rich in impurity oxides (such as Fe20s, TiO2, Na2O,
and Ca0), can lead to the formation of glass phases in ceramics and refractory products. These
glass phases significantly undermine the mechanical stability of these materials. This route is used
to synthesize mullite primarily for refractories, crucibles, plates, bushes, and tubes, which are used

in high-temperature applications (Krenzel et al., 2019).

2.3.2 Fused-Mullite

Fused-mullite refers to mullite that has been manufactured either by heating the raw materials in
an electric furnace above 2000 °C, resulting in the crystallization of mullite during the cooling of
the bath, or by using Czochralski crystal growth techniques (Anggono, 2005). The formation of
crystallized mullite from liquids is influenced by two main factors: the temperature at which it is
fired and the initial composition of the material (L. K. S. Lima et al., 2022). To attain a higher
Al>O3 content, rapid quenching, a lower, Al,O3 bulk composition, or alternatively, slower cooling
process can be employed (Anggono, 2005). According to Lima et al. (2022), the ratio of alumina
to silica influences the mullite microstructure. To obtain acicular mullite grains, the weight ratio

should be between 2.2 and 2.7. When the ratio is below 2.2, no mullite formation occurs, and when
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it is above 2.7, round grains are formed. For Al20s/SiO2, weight ratios greater than 3.3, a-Al203
precipitation occurs with mullite (L. K. S. Lima et al., 2022). The raw materials used for fused-
mullite ceramics and refractories are Bayer alumina, quartz sand, rock crystals, and fused silica.
Fused mullite is used in many applications, such as shell building, glass contact refractories, kiln
furniture, and composite (Roy et al., 2021). It also used to form composites with metals for better

corrosion resistance, wear resistance, and high-temperature stability (L. K. S. Lima et al., 2022).

2.3.3 Mullite Obtained by Chemical Methods

All chemical methods to obtain mullite consist of placing AI** and Si** ions in close contact. The
main methods used include: sol-gel, precipitation, chemical vapor deposition and hydrolysis
(Anggono, 2005; L. K. S. Lima et al., 2022; Roy et al., 2021).

These techniques yield fine-grained, chemically pure and homogeneous mullite powders (Krenzel
et al., 2019). Mullite coatings, films, and powders are prepared using this method, and are mostly
used for advanced applications (Roy et al., 2021). Chemical methods have several techniques for

mullite synthesis including:

2.3.3.1 Spray Pyrolysis

This method consists of ultrasonic atomization of starting solutions, sols, or suspensions, and the
introduction of the generated aerosols into the reactor (furnace) at elevated temperatures
(Janac¢kovi¢ et al., 1996). During spray pyrolysis, aerosol droplets are transformed into
microporous or dense particles by different processes, including solvent evaporation, precipitation
of dissolved precursors, drying, thermolysis of precipitated particles, and sintering. Because of the
high heating rates, the homogeneity of the initial solution remained in the obtained particles. The
advantage of this method is that all the processes mentioned above occur in one step, each
droplet/particle undergoes the same reaction conditions, and no subsequent milling is necessary
(Ma et al., 2014). Therefore, it is considered an appropriate preparation method for the synthesis

of mullite ceramics (Janackovic et al., 1998; Janackovi¢ et al., 1996).

2.3.3.2 Chemical Vapor Deposition Method

(CVD) is an essential method for the synthesis of mullite powder, films, and coatings. This method

uses a vapor phase process to fabricate mullite (Roy et al., 2021). CVD has several distinct
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advantages in the fabrication of protective mullite coatings. These include the capability to
fabricate dense, high-purity crystalline mullite coatings (Haynes et al., 2004). Furthermore, this
process generally results in dense coatings that can be synthesized well below the melting or
sintering temperatures of the material, with the possibility of microstructural and morphological
optimization through variations in the process parameters (Mulpuri & Sarin, 1996). The starting
precursor molecules are typically metal-organic compounds containing aluminum and silicon,
such as aluminum chloride (AICI3) or alkoxide (AI(OR)3) and silicon tetrachloride (SiCls) or
alkoxides (Si(OR)a).

2.3.3.3 Sol Gel Synthesis Methods

Since the 1970s, when the sol-gel method was developed, numerous studies have been conducted
on the raw materials used in ceramics (Won & Siffert, 1998a). Due to the significant interest among
researchers in preparing mullite from chemically synthesized precursors, sol-gel methods have
been widely utilized to create mullite powders, fibers, and bulk samples at relatively low
processing temperatures (Anggono, 2005). The sol-gel process for obtaining the mullite phase
consisted of a mixture of colloidal particles of alumina and silica, aiming for contact with the
species at the nanometric level. Colloidal particles or molecules in suspension (sol) are subjected
to chemical changes that cause them to unite in a continuous network, forming a homogeneous
and reactive gel (L. Lima et al., 2022). Employing the sol-gel method enables the production of
mullite with a homogeneous submicronic microstructure. The particles in this method are
measured in the nanometer range, whereas the particles in the sintered and fused synthesis method
are in the micrometer range (Roy et al., 2021). Since the 1980’s this technique has been used for
advanced ceramics because it allows the synthesis of mullite at low temperatures in the range of
1200- 1300°C (Pask et al., 1987).

In comparison, the sol-gel technique offers several benefits over alternative methods. First, it
yields high-purity ceramics due to prior purification steps such as distillation or recrystallization,
which are deemed crucial for liquids or alkoxides. Second, ceramics at relatively low energy and

synthesis temperatures.

Finally, the method allows for the preparation of diverse materials, such as thin films, coatings,
and fibers, as it offers precise control over reaction conditions (Cividanes et al., 2010; Won &

Siffert, 1998Db). In conclusion, using the sol gel process, products with better homogeneity and
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purity can be expected at relatively lower temperatures (between ~980 and 1350°C) than those

required for traditional processes (temperature 1450-1800°C) (Roy et al., 2015).

2.4  Sol Gel Methods

The term “sol-gel” was introduced by Graham in 1864 while he was conducting research on silica
sols. In 1640, va helmont had discovered “water glass” by dissolving silicate materials in alkali
and subsequently precipitating silica gel upon acidification (Ciriminna et al., 2013). In the mid19™
century, Ebelman reported the formation of a transparent substance through the gradual hydrolysis
of ester derived from silica acid (Dimitriev et al., 2008). ). In 1930, researchers Geffcen and Berger
from Shott company developed a sol-gel process for formation of oxide layers on industrial glasses
using precursors containing metals. They also created single oxide coatings using this method
(Dislich & Hinz, 1982). ).

This innovation open for pioneering research, such as creation of non-crystalline substances with
strong chemical bonds between organic and inorganic elements (Schmidt, 1985), incorporating
organic dye in oxide gels, which led to the development of nanocomposites (Avnir et al., 1984), ),
low temperature synthesis of ceramics material, and the first practical achievement associated with

preparation of fiber, coating and monolithic products as shown figure 2.3 (Dislich, 1971).
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Figure 2. 3: Representative image of different products obtained using sol-gel processing (
Adopted from (Catauro & Ciprioti, 2021))
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A sol is a suspension of solid particles in a liquid, and it can be transformed into a gel by
maintaining the appropriate reaction conditions. After drying and grinding, the resulting gel can
then be converted to powder. This type of powder preparation technique is termed as “sol-gel”
method (Roy et al., 2015). The sol-gel process encompasses various routes or pathways that can
be tailored to produce a wide range of materials with diverse properties and functionalities
(Ciriminna et al., 2013). These routes differ in the choice of the starting materials, reaction
conditions, and processing steps, allowing the flexibility in the material synthesis. Hydrolysis and
condensation of metal alkoxides , colloidal dispersion, non-hydrolic sol-gel reactions, pechini gel
methods(Chelate polystirication), polymer pyrolysis ,and inorganic-organic hybrid these are
several routes of sol-gel processing (Cassidy et al., 1997; Dimitriev et al., 2008). Metal alkoxoide
are popular metal oxides ceramic precursors because of the purity of the starting materials, low
temperature at which the reaction occur, the ease of the reactions, and their reactivity toward
water (Bokov et al., 2021).

Essentially, two governing reactions are involved in the metal alkoxide method: hydrolysis and
condensation (Bokov et al., 2021; Hu et al., 2000).In the first step of the sol-gel process, metal
alkoxides react with water (H-O) to undergo hydrolysis. This reaction involves the breaking of the
metal-oxygen bonds in the alkoxide group and the formation of metal hydroxide (M-OH) groups.
The formation of a sol, a stable suspension of colloidal particles in a liquid, in the initial stage

occurs as following equation (Catauro & Ciprioti, 2021)
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In the subsequent step, the metal hydroxide species formed via hydrolysis undergo condensation
reactions, leading to the formation of metal-oxygen-metal (M-O-M) linkages as shown in equation
2.4. These linkages result in the formation of a three-dimensional network structure, known as a
gel, composed of metal oxide (M-O-M) bonds (Schmidt & Scholze, 1985; Schmidt et al., 1984).
Gelation largely depends on factors such as (i) degree of homogeneity (ii) extent of hydrolysis and

condensation, and (iii) pH of the medium (Roy et al., 2015).

The sol-gel method is highly versatile due to its capacity to regulate the chemical composition,
structure, and properties of the final materials by precisely adjusting the synthesis parameters,
including precursor concentration, solvent blend, the addition of organic and inorganic additives,
pH, and temperature (Cividanes et al., 2010; Parashar et al., 2020). The use of this control
mechanism permits the customization of materials with specific functionalities and properties,
thereby establishing sol-gel synthesis as a vital technique for the development of advanced

ceramics (Innocenzi, 2023).

The sol-gel method has been widely used for mullite synthesis, generating products with high
purity and homogeneity. According to the gel homogeneity degree, sol-gel method is divided into
two types (Cividanes et al., 2010; L. K. S. Lima et al., 2022):

2.4.1 Monophasic gels

Monophasic gels are crucial in the sol-gel synthesis process of mullite, as they ensure a
homogeneous mixture of aluminum and silicon at the atomic level, resulting in uniform precursor
solutions. (Nair et al., 2024). Monophasic gels form through the substitution of silicon from the
three-dimensional silica network with atoms or hydrolyzed aluminum molecules. De Sola et al.
(2006) stated that there are two primary methods for preparing single phase gels. The first method,
known as all alkoxide, is based on the controlled hydrolysis of aluminum and silicon alkoxides.
The second method, named semi-alkoxide, utilizes a salt of aluminum, typically nitrate
nonahydrate. It is challenging to manage reactivity when using all-alkoxides because of the very
different hydrolysis rates of aluminum and silicon alkoxides, resulting in some heterogeneity.
However, the semi-alkoxide method achieves greater homogeneity, as demonstrated by the
formation of mullite at approximately 1000 C at a lower temperature (de Sola et al., 2006). This
process leads to the formation of Al-O-Si bonds, which are similar to those observed during mullite

crystallization. (Cividanes et al., 2010).
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Figure 2. 4: Schematic diagram of mullite synthesized from monophasic precursor(Kool et al.,
2016)

The formation of monophasic gels entails the controlled hydrolysis and condensation of metal
alkoxides like tetraethyl orthosilicate (TEOS) and aluminum nitrate nonahydrate (ANN) (Jaymes
et al., 1996). Notably, monophasic gels possess a unique characteristic that they have the ability to
directly crystallize orthorhombic mullite (the more stable phase of mullite) at relatively lower
temperatures bypassing the formation of intermediate phases. This specific crystallization
behavior simplifies the synthesis process and ensures the purity of the final mullite material by
eliminating unwanted intermediary phases (Li & Thomson, 1990).

2.4.2 Diphasic gels

It is a material forming process with two or more phases interactions, where the physical
dimensions of these phases are range from 1 to 100 nanometers. The two phases may differ in
either their composition or structure, or both. (D. Hoffman et al., 1984). Hoffman initiated the
synthesis of mullite diphasic gels, by sol-gel process in 1984, and used aqueous silica sol and
boehmite sol as starting materials. The reason behind mullite formation at low temperature is the
rate of mullite formation increases as the particle size of the sample mixture decreases (Li &
Thomson, 1990). Li and Thomson (1990) explained that mullite formation in diphasic gels usually
follows a nucleation and growth pattern, but this process is limited by diffusion mechanisms,

especially the transport of reactants to the growing interface of mullite particles. The authors
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suggested that if Al2Os and SiO2 could be combined at the molecular level, the temperature
required for mullite formation could be reduced, resulting in shorter diffusion paths and potentially
making the kinetics of mullite formation less dependent on diffusion.
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Figure 2. 5: Schematic plot of partially reacted Al,Os particles on the mullite/Al>0s/Si02
interface (WEI & Halloran, 1988b).

In 1988, wei and halloran (1988) examined phase transformation and mullite formation in
aluminosilicate gels (fig 2.5). The research of authors led to the development of a model for the
crystallization process, which is based on the formation of a mullite interface between the alumina
and silica grains. The growth mechanism of this process was controlled by the diffusion of silicon
and aluminum in this interface (WEI & Halloran, 1988b). The mullite formation mechanism, in
the case of diphasic precursors it has been found that the growth rate of the mullite grains is
controlled by dissolution of the alumina particles into the amorphous silica-rich phase (Sales &
Alarcén, 1996).

The primary benefit of employing diphasic gels lies in the potential to compact powder formations
by leveraging the flow properties of the amorphous silica at temperatures below -1250°C, prior to
the onset of mullitization. Subsequent heat treatment above 1250°C enables the formation of a
crystalline mullitic microstructure. Referred to as the transient-viscous-sintering or glass-ceramic
route, this method has been adopted by numerous researchers to produce mullite ceramics
characterized by fine, uniform, and isotropic microstructures (Boccaccini et al., 1999).
Furthermore, the main advantage of a diphasic gel system over a monophasic one is that the heat
generated by the reaction between the different phases helps to facilitate the densification process
(Roy et al., 2015).
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Table 2. 1: Summary on comparison between monophasic and diphasic gels

Parameter

Monophasic

Diphasic

Reference

Phase

* The phases of precursors

are single

* The phases of precursors are

two or more (ex. gel and sol)

(Cividanes et al.,
2010; L. Lima et
al., 2022; Roy et
al., 2015)

Homogeneity of

e Aluminum and silicon

*The  homogeneity  scale

(Cividanes et al.,

precursors are mixed at the atomic level | between aluminum and silicon | 2010; L. Lima et
is between 1 and 100 nm. al., 2022; Roy et
al., 2015)
Mullization * Mullite crystallization | « Mullite crystallization occurs | (Cividanes et al.,
temperature occurs at a temperature of | at temperatures close to 1300 | 2010; L. Lima et
approximately 980 °C °C al., 2022; Roy et
al., 2015)
Phase » Without formation of | « A transient phase formation | (Cividanes et al.,
transformation intermediate phases usually occurs before the | 2010; Huling &
mullite crystallization Messing, 1991;
+ At>1200°C from mixtures of | L. Lima et al.,
an amorphous silica-rich | 2022)

phase and a poorly crystalline
high-alumina (-6AI203. Si02)
phase commonly referred to as

spinel.

Activation Energy

* The activation energy of
crystallization process for
mullite varies from 300 to
400 kJ/ mol

» Higher activation energy
(~1000 kJ/mol) are required

for mullite crystallization

(Cividanes et al.,
2010; L. Lima et
al., 2022; Roy et
al., 2015)

Rate of hydrolysis

» Monophasic gels can be

formed through slow
hydrolysis of alkoxide and

saline solutions.

* Diphasic gels can be formed
through rapid hydrolysis of

alkoxide or saline solutions.

(Cividanes et al.,
2010; L. K. S.
Limaetal.,
2022)
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2.4.3 Commercial starting material for sol gel methods

Many researchers used diverse starting materials to synthesis mullite through sol gel methods. The
starting materials include Tetraethylorthosilicate (TEOS) and aluminum nitrate nonahydrate
(ANN) (Chen et al., 2022), TEOS and aluminum isopropoxide (AIP) (Jana & Ray, 2020), TEOS
and pseudoboehmite (WEI & Halloran, 1988a), TEOS and boehmite (Li & Thomson, 1990), ANN
and colloidal silica (Lee et al., 2002), fumed silica nanopowder and boehmite sol (Boccaccini et
al., 1999), commercial mullite powder (Johnson et al., 2001; D. Liu et al., 2020), aluminum
carboxylates and silica sol (Tan et al., 2010). However, ANN and TEOS have been found to be
the most popular precursors after Rustum Roy used these two for mullite synthesis first time in

1958 (Roy et al., 2015). Silica sources are one of main important factors for mullite synthesis.

Silicon is the most abundant element in the earth's crust after oxygen, and shows a rich variety of
chemical properties and it lies at the heart of much modern technology ("9 - Silicon,” 1997). Even
though it is abundant in nature as Quartz and elemental silicon, it is not ideal silica sources for sol-
gel methods due to low reactivity, insolubility in solvents, lack of control over hydrolysis and

condensation reactions, and processing challenges.

In contrast, tetraethyl orthosilicates are the preferred choice for sol-gel processes due to their
reactive alkoxide groups, solubility in solvents, and their well-defined molecular structure. These

characteristics make them ideal for use in sol-gel processes (Bokov et al., 2021).

The production of silica sources, including colloidal silica, sodium silicate, and tetramethyl-
orthosilicate, involves the use of quartz and sodium silicate at elevated temperatures. Common
methods such as Thermochemical or fusion methods (Vinai & Soutsos, 2019), direct oxidation
(Hyung Mi et al., 2010), alkaline fusion, and reactive distillation column (Sanchez-Ramirez et al.,
2018) have been utilized for this purpose. However, a significant drawback of existing methods is
the requirement of high-temperature calcination, reaching up to 1710°C, which poses challenges
in silica production. Additionally, the large-scale production of crystalline silica nanoparticles may
lead to the release of toxic substances into the working environment, creating unsafe conditions
that could result in occupational diseases such as lung cancer and pulmonary tuberculosis
(Tessema et al., 2023).
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In addition, another source of silica that has been used for the synthesis of mullite precursors is
silicic acid, or an aqueous silica suspension. This route allows lower costs compared to the one
that uses TEOS as a source of silica, however, it is not yet the most used (L. K. S. Lima et al.,
2022).

2.5 Wastes utilization as starting material for mullite synthesis

Numerous investigations have been conducted to develop mullite ceramics using various
precursors, ranging from naturally occurring aluminosilicate minerals to industrial/laboratory
grade chemicals (Romero et al., 2021). As a result of its scarcity in nature (L. Lima et al., 2022)
and the high cost of its starting materials, which are typically synthesized (de Brito et al., 2021),
researchers have been actively seeking cost-effective methods for the production of mullite
ceramics for several years. Hence, mining waste (Romero et al., 2021), industrial waste (Choo et
al., 2019), and agricultural waste (Hossain et al., 2020) have been investigated as potential starting

material for mullite.

Mining wastes, industrial wastes, and agricultural wastes are considered as starting materials for
mullite ceramics due to their rich content in silica (SiO2) and alumina (Al>O3), which are essential
compounds for manufacturing mullite (3Al203-2Si02) (Karhu et al., 2019) (Choo et al., 2019).
Additionally, the reasons mining wastes are considered as starting materials for mullite ceramics,
their availability and the presence of necessary oxides (Romero et al., 2021). However, mullite
formation temperature and purity or the formation of single mullite phase are one of challenge
faced every research which worked on waste derived mullite ceramics. According to Gao et al.
(2022), the cost of producing fly ash-derived mullite increases when aluminum sources and
sintering additives are added, along with a high synthesis temperature. Additionally, it is not
possible to completely avoid impurities during the synthesis process. On the other hand, the
authors described that adding special sintering additives or mineralizing agents, such as MoOs,
WOQO3, AlFs, and V20s, could solve the problems of high synthesis temperature and difficult mineral
phase transformation. While this approach was effective in achieving the desired phases, it was

not cost-effective and resulted in a product that was not highly pure (Gao et al., 2022).
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Table 2. 2: Summary of mullite synthesized from different waste via solid-state sintering

Starting Mullization | Secondary | Observation Reference
materials Temperature/ | Phase
Holding time
Red mud+ Kaolin | 1400-1500°C | Alumina The increase in temperature (da Silva et
for 60min caused an increase in the al., 2016)
intensity of the mullite peaks
and a decrease in the corundum
peaks, indicating an increase in
the solubility of mullite at high
temperatures.
Coal gangue + 1300-1400°C | Zirconiaand | There were also secondary (Y. Liuetal.,
high alumina for 3hrs impurity phases in the mullite powders, | 2020)
refractory solid substance due to the impurities in the coal
wastes gangue powder
Granitic sand + 1450-1600° for | Alumina As temperature rise to 1600, it | (Sanchez-Soto
Reactive alumina | 30min was evidenced the etal., 2018)
disappearance of residual
crystalline phases, mainly
quartz and cristobalite,
with relicts of a-alumina in a
single case.
Quartz waste 1100-1300°C | Alumina Corundum peaks were the (Karhu et al.,
+ Alumina for 3hrs highest for mixture of the 2019)
highest boehmite addition, thus
unreacted corundum was
retained in the structure.
Fly ash + 1200-1600°C | Corundum Mullite becomes the sole (Dong, Feng,
Alumina for 4hrs crystalline phase after samples | et al., 2008)

fired at 1400°C.
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Kaolin waste +

Alumina

1200-1600°C
for 2hrs

Alumina or

corundum

Complete mullitization (i.e.,
mullite as a single phase) was
not achieved under these

experimental conditions.

(Sanchez-Soto
etal., 2022)

Schists waste +

Alumina

1100-1200°C

Hercynite
and Hematite

The irreversible formation of
hercynite, mullite and
amorphous silica at above
1100°C. These happened due to
significant amount of iron
impurity, and Iron and alumina
present at close points of the

same "“phase"

(Vieiraetal.,
1999)

Slake waste +

Alumina

1250-1450°C
for 2hrs

Alumina and

hercynite

A trace amounts of wastes at
1450 C it changed into glass
phase and not detected under
XRD however above 1450°C
there is bubble formation due
to decomposition of volatile

components

(Oliveira et
al., 2008)

Rice husk ash +

Alumina

1200-1500°C
for 5hrs

Alumina

A higher Al,Os content with
the dissolution of amorphous
silica promotes the
crystallization of mullet at

higher temperature.

(Wahab et al.,
2017)

Sago waste +

Alumina

1100 — 1700°C
for 2hrs

Cristobalite

+ Alumina

The mullite phase can be
formed at a temperature as low
as 1100°C. It was found that a
complete mullitization takes
place for the composition of 40
mol% a-Al,Os sintered at 1600
oC.

(Aripin et al.,
2015)
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2.5.1 Different types of waste derived mullite synthesis methods

The method of synthesis plays a vital role in determining the extent to which raw materials, such
as alumina and silica, are mixed together (Hossain et al., 2018). The level of mixing can have a
significant impact on the nucleation kinetics of mullite, which influences the temperature at which
mullitization occurs and the properties of the final product (Aksay et al., 1991). For instance, in
minerals processing, relatively coarse (micrometer-range) powders are used; thus, high
temperatures (>1700°C) are required to complete the solid-state reactions. Despite the high
temperatures, most of solid wastes often contain high impurity levels (iron oxide, titanium oxide,
potassium oxide...etc.) that are unacceptable in advanced ceramic applications. Dong et al. (2008)
successfully synthesized mullite from natural mineral bauxite and industrial waste fly ash. The
process of mullite formation began at 1300°C, but secondary phases such as corundum and
cristobalite were also present. After a 4-hour treatment at 1500°C, a single phase of mullite was
formed. The process of mullization in this study involved the dissolution of waste-derived alumina
into a liquid glassy phase that was formed from the melted fly ash due to the action of different
metal oxide impurities (Krenzel et al., 2019). This process is referred to as secondary mullization.
Despite the formation of mullite, volume expansion occurred while the liquid glassy phase
promoted sintering (Dong, Feng, et al., 2008).

In contrast, in chemical processing, the intimacy of mixing dictates the mullitization temperature
and phase purity in the final product. If the homogeneity is at the atomic level (‘‘single phase’’),
as in chemical vapor deposition (CVD), spray pyrolysis, monophasic gels and polymer precursor
methods, direct mullitization can be observed at ~980°C (L. Lima et al., 2022). On other hand, if
the homogeneity is in the nanometer-to-micrometer range (‘‘colloidal’’ or ‘‘diphasic’’),
mullitization occurs through a transient Al>O3z phase and is often evidenced by a second exotherm
at atemperature >1200°C (Kansal et al., 1997). Hossain et al. (2020) managed to synthesize mullite
at a relatively low temperature, specifically above 1250 °C, using RHA derived sol through the
slip-casting process. The conversion occurred through the diffusion-reaction of Al3+ ions from
alumina to nano-silica, which increased the number of diffusion sites for the ions and reduced the
diffusion distance due to the low volume of silica particles. As a result, the activation energy for
mullite formation may have been decreased, facilitating the process at lower temperatures (Hossain

et al., 2020).The various types of synthesis methods are summarized in the table below.
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Table 2. 3: The review of different synthesis method for mullite from waste

Starting material | Synthesis Mullization Advantages of Reference
Methods Temperature and | synthesis methods
time
Industrial waste Transferred arc | 1400 °C for 4hrs It is an economic and (Yugeswaran et
silica + Alumina plasma (TAP) time saving processing al., 2011)
processing method
Rice husk ash + Slip- casting 1300 °C for 2hrs It is capable to produce (Hossain et al.,
active alumina low-temperature in-situ | 2020)
mullite foam without
generating the pollutants
(mainly CO21).
Slate wastes + Sintering 1300 °C for 30min | It is easy, but it is (Vieiraetal.,
aluminium-rich difficult to synthesis 2007)
sludges single phase mullite at
low temperature
Aluminous-rich Thermal treated in a It is cost effective and (Pani etal.,
mine waste + plasma high temperature | minimal time duration 2015)
Alumina process plasma furnace of
50 KW power for
5minutes duration.
Rice husk ash + Sol gel 1350°C for 6hr It is used to synthesis (Sembiring et
Aluminum nitrate single phase mullite at al., 2014)
nonahydrate low temperature.
Rice husk ash + 3D printing 1400°C It is a simple and (Hossain et al.,
alumina and firing effective way to 2022)

fabricate mullite foamy

structure
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2.6 Ceramics for Dielectric Material

Dielectric materials are insulating substances that exhibit the ability to be polarized by an electric
field, which means they can store electrical energy by aligning their dipoles in response to the
field. They are integral to the functioning of capacitors, where they are placed between conductive
plates, allowing the capacitor to store a greater amount of electrical charge for a given volume
without conducting electricity (McLean, 1967; Nketia-Yawson & Noh, 2018). The performance
of dielectric materials is not uniform across all applications; it varies with factors such as
mechanical flexibility, temperature stability, and energy density. For instance, polymer-based
dielectrics are being developed for their high capacitance and mechanical flexibility (Nketia-
Yawson & Noh, 2018), while ceramic-based dielectrics are favored in energy storage applications
due to their high power density and temperature stability (Pattipaka et al., 2024). Conventional
oxide based dielectrics, such as silicon dioxide, aluminum oxide, and hafnium oxide have been
widely used to achieve the desired functionality due to their high film density, relatively large

capacitance and low leakage current density (Nketia-Yawson & Noh, 2018).

Ceramic materials with high dielectric constants and low losses at high frequencies that are
electrically and thermally stable are suitable for applications in ceramic capacitors for energy
storage (da Silva et al., 2019). Mullite ceramics are utilized as dielectric ceramics, as evidenced
by the research findings across multiple studies. The dielectric properties of mullite ceramics are
a focal point of investigation due to their potential applications in electronic devices. For instance,
Fuertes et al. (2020) highlights that cordierite-mullite ceramics processed by Ceramic Injection
Moulding (CIM) exhibit improved dielectric behavior, which is crucial for electronic applications
(Fuertes et al., 2020). Similarly, USHIFUSA et al. (1990) and Ushifusa et al. (1992) discuss
mullite's low dielectric constant and thermal expansion coefficient, making it suitable for substrate
applications in electronics (USHIFUSA et al., 1990; Ushifusa et al., 1992). Zhang et al. (2019)
further supports this by demonstrating the stable dielectric constant and low dielectric loss of
porous mullite ceramics at elevated temperatures, suggesting their suitability for radome
applications (B. Zhang et al., 2019). Biswal et al. (2021) presents synthesized mullite materials
with high dielectric constants and low loss factors, indicating their appropriateness for electronic-

related applications (Biswal et al., 2021b).
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However, it is important to note that the dielectric properties of mullite ceramics can vary
significantly depending on the composition and processing methods. For example, Liu et al. (2020)
indicates that the sintering temperature can influence the microstructural and mechanical
properties of mullite ceramics, which may, in turn, affect their dielectric characteristics (D. Liu et
al., 2020).

The performance of mullite ceramics for dielectric and electronic application are mainly identified
by using AC impedance spectroscopy. The important parameter to calculate the dielectric materials
are dielectric constant, dissipation factor, volume resistivity and dielectric strength. The below
table is standard specification for Alumina ceramics for electrical and electronic applications.
Ceramics covered by this specification shall be classified by alumina content as follows: 82%
alumina (type 1), 93% alumina (type 1), 97% alumina (type 111), and 99% alumina (type 1V).

Table 2. 4: Electrical requirements for dielectric application

Property Type | Type | Type 1l Type IV
Dielectric consiant,
max 257C:
at 1 MHz 8.8 96 o8 10.1
at 10 GHz 8.7 9.6 98 10.1
Dissipation factor,
max 257C:
at 1 MHz 0.002 0.001 0.0005 0.0002
at 10 GHz 0.002 0.001 0.0005 0.0002
Volume resistivity,
min £1-cm:
at 25°C 0% 10'% 10™ 10™
at 300°C 1% 10 1 =107 1 = 107° T = 1010
at 500°C 4 107 2 107 8w 107 1 x 108
at 7T00°C 4 x 108 2 x 108 G x> 108 » 107
at 900 C 4 % 107 2 % 107 8 107 1= 10%
Dielectric
strength
3175 mm 9.85 g9.35 085 085
(0,125 in.) 250 Vimil) (250 Vimil) (250 Vimil) (250 Wmil)
min k\W/mm

Source: ASTM D 2442 — 75
2.7 Research Gap

Previous research has been conducted on the utilization of mineral-rich wastes, such as those
containing alumina and silica, as starting materials for the synthesis of mullites. These wastes can
be obtained from agriculture, mining, and industrial sources. Examples of such wastes include fly

ash, red mud, and slate wastes. While solid-state reactions are a common synthesis method for
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mullite, advanced techniques such as transfer arc plasma, slip casting, sol-gel method (monophasic
gels), thermal plasma process, and 3D printing and firing have also been employed. The
effectiveness of these methods is evaluated based on factors such as mullite formation temperature
and time, as well as purity. However, these methods have limitations such as poor quality,
prolonged sintering times, and high energy consumptiion. No research has been conducted on the
use of filter cake waste for mullite synthesis. Furthermore, although diphasic gels are commonly
used for synthesizing mullite from commercial starting materials, they have not been utilized for

synthesizing mullite from waste materials.
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CHAPTER 3

MATERIALS AND METHODS
2.8 Equipment and chemicals used throughout the research

In this research, mullite-based ceramics were successfully synthesized utilizing sol-gel techniques.
The raw materials used in this study were a combination of both commercial and waste-derived
sources. Aluminum nitrate nonahydrate (Alpha Chemica) was procured from commercial sources,
while silica was extracted from a solid waste material with high silica content, which was obtained

from Awash Melkasa Chemical Factory.

2.9 Preparation of silica gel

This study utilized high silica content solid waste derived from a nearby Awash Melkasa Chemical
Factory which is residue of aluminum sulfate product, which employs kaolin as a raw material
with sulfuric acid to produce aluminum sulfate. The waste is disposed in the surrounding
environment and cause problem to the ecosystem. In this research, the filter cake waste was
considering as a source of silica gel. The process began with the collection and drying in an oven,
then treated with HCI to remove impurity. Acid treatment is key step to purify the silica extraction.
The treated waste was washed and dried then followed by calcination at 850 °C for 2 hours.
Subsequently, the calcined product was ground using a mortar and pestle, yielding a fine powder
ready for the basic leaching steps. In this procedure, a 1:1 ratio of solid waste to NaOH was
prepared. Initially, NaOH was dissolved in distilled water, and it was uniformly mixed on a hot
plate using a stirrer bar. The ground powder was then added to the solution, and the mixture was
continuously stirred at 100 °C for 4 hours. During this extensive stirring process, sodium hydroxide
reacted with the silica present in the waste, forming sodium silicate solution in the form of a filtrate.
Then the residue was removed after filtration using filter paper. Silica recovery could be done by
using sol gel methods, and HCI used to condense silica gel. This silica recovery take place at the
value of 3 pH. Finally, the gel was washed several times to removes salt, and the wet gel is covered
and kept for later use.
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Figure 3. 1: The synthesis of silica gel from filter cake waste using sol gel methods

2.10 Synthesis of aluminosilicate gels

Using diphasic gels process by sol gel methods, aluminosilicate gels was successfully synthesized
(Lee et al., 2002). The pre-prepared silica gel, aluminum nitrate (nonahydrate), distilled water, and
sodium hydroxide was utilized as initial materials. Mass of the starting materials was measured
using a highly sensitive electronic balance with four-digit sensitivity. First of all, 30 g of aluminum
nitrate dissolved in 200 ml distilled water. The solution was stirred vigorously at room temperature
until it became transparent. Subsequently, the prepared silica gel was added into the aluminum
solution based on designed batch composition. Then it is stirred on hot plate for 24hr at 60°C. the
initial pH value of diphasic mixture is 2 and a 2M of sodium hydroxide solution added to form gel
at 9 pH. The solution was magnetically stirred for 40 minutes to allow complete evaporation and
the formation of a sol-gel solution (Mohammed et al., 2020). The mixture was centrifuged for 30-
40 minutes to wash and remove salts. Finally, the gel was put into oven to dry at 120°C for 12 hr,
and form aluminosilicate powder. The white powder was eventually collected and then ground
using a mortar and pestle, the powder sieved with 100 mesh size and calcine at 600°C (Keziz,
Rasheed, et al., 2023).
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Figure 3. 2: Synthesis of aluminosilicate gels powder

2.11 Fabrication of ceramics

Mullite are typically manufactured through a series of steps, beginning with the measurement of 2
grams of dried gel powder using an analytical scale. Next, the powders were compacted to disk
shapes with the pressure of 20 MPa in a steel pellet (11.6/20 mm in diameter). In ceramics, a green
body refers to the unfired, shaped object made from a mixture of ceramic powder and binder. It
represents the intermediate state of a ceramic component prior to sintering or firing, which results
in a dense, solid form (Gupta, 2016). The selection of heating or sintering schedules was based on
TGA/DTA results and aimed to ensure a solid-state reaction of a diphasic specimen. To achieve
this, the mixtures were sintered in air temperatures ranging from 1150°C to 1350°C with 10°C
heating rate (Schmidt et al., 2019; WEI & Halloran, 1988a).

Sleved with 100 mesh \f% — - ..

Green body

Sintered Pellets

Powder

Uniaxial pressing

Sintering

Figure 3. 3: Fabrication of mullite ceramics
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2.12 Characterization

The dried gels were characterized using differential thermal analysis (TGA/DTA). TGA/DTA of
mullite precursors were performed on thermos analyzer Netzsch Model 409 under the constant
synthetic air flow of 50 cm® min, at the heating rate of 15 °C min™. X-ray diffraction analysis
was done using Shimadzu XRD -7000 diffractometer. Diffraction patterns was determined with
Cu Ko (A=1.54056 A) at a scanning rate of 40/min over 20 of 10 to 80. The measurement condition
also runs with a voltage of 40kv, and 30mA. Field Emission Scanning electron microscopy
(FESEM, CZ/MIRA | LMH/HS) was used to observe the surface structure of sintered body, and
Energy Dispersive Spectroscopy (EDS) used to identify and quantify the elements present in a
sample. Fourier Transform Infrared Spectroscopy (FTIR) with Spectrum (NicoletTMiS50). It was

performed using KBr pellets for the chemical functional group analysis.

2.13 Physical properties test

The ASTM standard C 373-88 (1999) provides guidelines for determining the water absorption,
bulk density, and apparent porosity of fired unglazed white-ware products. To begin, the dried
weight of the sample was measured and recorded. Next, a water bath was filled with distilled water
and the sintered mullite sample was carefully placed within it. The system was then placed on a
heater for boiling, which was maintained for 4 hours. During this period, the sample was
completely submerged in water and was not allowed to come into contact with the heated bottom
of the container. If the water level decreased, more water could be added. After the boiling period,
the sample was cooled to room temperature, covered with water, and stored in water for 24 hours
before being weighed. The suspended weight of the sample was then measured and recorded. This
was achieved by suspending the sample in a wire loop in water and attaching the other end to a
balance. Finally, the saturated weight (soaked weight) was measured after removing all visible
water droplets from the surface of the sample using a wet cloth or moistened, lint-free linen or
cotton cloth. The sample was then weighed using a balance and the weight recorded. It is important

to perform weight measurements immediately to avoid errors.

Water Absorption= [(M — D)/D] x 100............... 3.1
Bulk density =D/ (M —=S)..................... 3.2
Apparent porosity = (M — D)/ (M -S)] x 100............... 3.3
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Where, M = Soaked weight, S = Suspended weight, D = Dry weight

Linear shrinkage in ceramics refers to the reduction in size of a ceramic body as it undergoes
drying and firing processes. This dimensional change is typically measured along a single axis
and is a critical factor in the manufacturing and design of ceramic products, as it can affect the

final size and shape of the piece (Tiffo et al., 2015b).
LS=Lo-La/L1.ccenneen...... 34

Where L1 = dimension of green body, L> = dimension of sintered body

2.14 Mechanical test

Samples were tested in accordance with the standard ASTM C773-88 at the Adama Science and
Technology University in the mechanical engineering laboratory using a universal testing
machine. The test specimens were right cylinders with dimensions of either 11.6 mm in diameter,
depending on their capacity level (for L0KN load the preferred sample size which have estimated
compression strength above 375). Prior to testing, the samples were cleaned. Then the samples
were carefully centered in the machine between the contact blocks, and the load was applied

continuously and without impact shock until ultimate failure.

2.15 Dielectric strength

Dielectric strength for insulator samples was computed by measuring their breakdown voltage
using a high voltage testing machine (model TERCO HV 1103), found at Addis Ababa University,
department of electrical engineering. Dielectric strength is measured by applying a voltage to a
material until breakdown occurs, which is the point at which the material can no longer resist the
electrical stress and becomes electrically conductive (Appelhans, 2013). The dielectric breakdown
strength is typically expressed in terms of voltage per unit thickness (kV/mm) and is determined

by the voltage at which a material fails electrically.

Dielectric strength = break down voltage (kV)/the thickness of the sample (mm)......... 3.5
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Results of Extracted Silica
3.1.1 XRD Results analysis

Figure 4.1 presents x-ray diffraction (XRD) patterns of pure silica phase formation. The only
observed major peak observed at 20=22.5°, corresponding to the silica matrix and indicate its
amorphous structure. The absence of sharp peak at room temperature indicates the absence of
crystallinity and the absence of any crystalline impurity (Dhaneswara et al., 2020; Vaibhav et al.,
2015; Yuvakkumar et al., 2014)
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Figure 4. 1: XRD pattern of extracted silica
3.1.2 FTIR Analysis

Figure 4.2 shows results of the FTIR spectra of silica. The formation of silica structure was
demonstrated by bands of Si-O symmetrical elongation vibration observed at 796 cm™ and 445
cmt. At 940 cm™ vibration mode of Si-O is revealed by a weak absorbance band (Dhaneswara et
al., 2020). Additionally, the asymmetric elongation of the siloxane framework, Si-O-Si vibration,

was at around 1057 cm™®. Whereas the peak at 3340 cm™ more likely to be related to Si-OH
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stretching mode in silica, instead of H-OH in water or both, and the peak at 1635cm™ is assigned

to H-O-H bending vibration (Vaibhav et al., 2015; Yuvakkumar et al., 2014).
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Figure 4. 2: FTIR spectra of extracted silica
3.2 Analysis of Synthesized Aluminosilicate Gels

3.2.1 XRD Analysis

Figure 4.3 shows the XRD patterns of the calcined mullite precursors after being heated for 2hrs
at a rate of 10 °C/min to 1350 °C. An alpha alumina (Al.O3) and cristobalite SiO, phases exist in
the MC1 and MC2 respectively. XRD results of the MC 3 show coexistence of mullite and
cristobalite phases, indicating that there is excess amount of silica gel precursors than that of the
optimum concentration. It would be presumed that excess silica gel were present in free state, then
during continued heating above 1200 C the amorphous silica transforms to cristobalite and appear
at peaks of 20 value of 21.8° (Lee et al., 2002). On the other hand, since the silica gel precursor is
below optimum condition, aluminosilicate gels contain excess aluminium hydroxide. Therefore,
up on heating above 1150 °C aluminium hydroxide which found in free state transform to alumina
(PDF Card No.# 00-046-1212) peak at 20 value of 26.67°, 37.78°, 43.25°, 52.47° 57.55° and 68.35°.
MC 2 composition shows the single phase mullite (PDF Card No.# 00-015-0776). The

crystallization of mullite without the individual crystallization of a-A1203 and/or cristobalite
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indicates that the mixing method employed provided a very good degree of mixing between

boehmite and silica particles.
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Figure 4. 3: XRD pattern of sintered aluminosilicate gel at 1350 °C for 2hrs

Batch Mark Amount of ANN taken | Amount of silica gel taken
(Molar) (ml)

MC 1 0.34 23

MC 2 0.34 30

MC 3 0.34 37

Table 4. 1: Batch composition of ANN and synthesized silica gel

3.2.2 Thermo-Gravimetric Analysis (TGA)

Figure 4.4 shows TG-DTA curves of the MC 2 sample heated from 25-C to 1300 C at 15 C/min.
The DTA curve revealed the existence of an endothermic peak and two exothermic peaks. The
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endothermic peak between 25°C and 650°C is due to water evaporation, the condensation of the
surface silanol groups and the dehydration of pseudo-boehmite (WEI & Halloran, 1988a). Due to the
intrinsic presence of crystal water, gels or powders that are prepared by using boehmite undergo
large weight losses due to the decomposition of boehmite above 400°C (Kara & Little, 1996). The
TG curve showed a mass loss of around 33wt%, in the temperature range 25° C—650°C. The first
exothermic peak at about 970°C is related to the formation of the spinel. Above 970°C the mass
gain occurred due to the transformation of dehydrated substances into spinel and crystallization of
mullite (Lamara et al., 2022). The second exothermic peak at 1147-C results from the
crystallization of mullite. Thus, mullization temperature is indicated by an exothermic at 1147 °C;

which is in accordance with the earlier report from the sol gel drived mullite (Keziz, Heraiz, et al.,

2023).
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Figure 4. 4: TGA/DTA curve of the aluminosilicate gels powder
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3.3  Mullite Formation

3.3.1 XRD Analysis
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Figure 4. 5: XRD pattern of firing aluminosilic gel for different temperature

Figure 4.4 illustrates the XRD pattern of 25°C, 970°C, 1150°C, 1200°C, 1250°C and 1350°C
sintered aluminosilicate gels formed from 30ml of silica gel and 0.34M of aluminum nitrate
solution. It can be clearly noticed that aluminosilicate gels is amorphous before calcination. This
is due to both precursors of silica and alumina found as amorphous below their phase
transformation temperature 1200 °C and 1150 °C, respectively (WEI & Halloran, 1988a). But,
upon heating the powders started to crystallize at 970 °C with the formation of spinel. These are
due to incorporation of some silica in y-Al203 phase forming Al-Si spinel at 970°C prior to mullite
formation process (Das, 2003). And the spinel phase could exist until 1200 °C. Then this spinel
phase undergoes a slow transformation into orthorhombic (stable) mullite as temperature increases
to 1250 °C. This is due to spinel converted into mullite through the diffusion-reaction from
activated alumina to the silica or by a gradual decrease in alumina content within the mullite solid
solution (Li & Thomson, 1991).
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However, upon heating until 1350°C the crystal growth continued and can influence the size and
refinement of crystals in a system, which could be extrapolated to the behavior of mullite (Eskin,
2000).

The mullite formation mechanism in the system of silica gels and aluminum nitrate solution is
schematically represented in Figure 4.6. A silica gel is a two phase system, a liquid and solid one
both continuous as fig (4.5). The solid phase results from the gellification of a sol (Bisson et al.,
2003). And aluminum solution is found as aluminum free ions at atomic levels after hydrolysis.
However, during gelation these aluminum ions transformed to activated alumina and surround the
silica gel, and causes them to unite in a continuous network, forming the gel that is homogeneous
and reactive (L. K. S. Lima et al., 2022). Therefore, the number of diffusion sites for activated
alumina into silica is increased due to the high surface area of silica and the shorter diffusion
distance. It is attributed to the mullitization at low temperature, i.e., 1150 °C and above by the
viscous flow (Kara & Little, 1996). And this idea have been proved by many researcher who works

with different precursors (Das, 2003)

———— liquid phase

——  solid phase

w—  typically 10 nm

Figure 4. 6: Schematic structure of the solid phase of a silica gel (Bisson et al., 2003)
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Figure 4. 7: Schematic representation of mullite formation reaction mechanism with reactive alumina
and gels containing silica.
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Figure 4. 8: XRD pattern of sintered aluminosilicate gel at 1350°C for 2hrs

Figure 4.7 demonstrates the orthorhombic mullite can be differentiated most readily from the
tetragonal mullite by observing the division of the single diffraction peak of 120 and 210, which
is also the predominant diffraction peak. Moreover, the mullite initially forms in the orthorhombic
structure, as evidenced by the separation of the 120 and 210 peaks (Li & Thomson, 1991). In the

case of 120 and 210 peaks overlapped it showed the phases of pseudotetragonal (Johnson et al.,
2001)

3.3.2 Fourier Transform Infrared Spectroscopy (FT-IR) Analysis

The composition and bonding status of functional groups are examined by Fourier transform
infrared spectroscopy (FTIR) analysis.
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Figure 4. 10: FTIR spectra of sintered aluminosilicate gel powder a) 25°C, b) 1150°C, ¢) 1250°C

and d) 1350°C

Figure 4.9 indicate the FTIR spectrum of aluminosilicate gels and mullite ceramics. For dried gel,

the peaks at 3483 cm™ and the one at 1633 cm™ are assigned, respectively, to the stretching and
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bending modes of adsorbed water since the precursor gel is prepared under basic condition (P
Padmaja et al., 2001). No characteristic peak corresponding to Al-O-Si linkage was observed in
the FTIR spectra of the dried gel, which means both the aluminum hydroxide, AI(OH)s and silicon
hydroxide, Si(OH)s formed under alkaline conditions precipitated simultaneously. So the
precursor gel was diphasic in nature (Roy & Maitra, 2014). The peaks 557 and 470 cm™ were
corresponded to the Si-O-Si groups in SiO, (Zhang et al., 2009). The peaks located in 1040 cm™
were assigned to bending modes of Si-O-Si (Okada & OTSUKA, 1986). Given that the starting
material was AI(NOs)s, and the peak at 1388 cm™ was attributed to the stretching of the entrapped
nitrate ions within the gel structure (JAGANNATH et al., 2011)

Upon heating at temperatures from 25-1150°C, a significant change in the spectra was observed
in the form of a peak shift from 787 cm™ to 803-806 cm. This shift was attributed to the symmetric
stretching vibration of Si-O-Al linkages, which suggested the initiation of Al-Si spinel formation
within gel structure, and the broad shoulder indicating an extensive formation of Al-Si spinel
(JAGANNATH et al., 2011).

Figure 4.10 shows the FT-IR spectra of samples sintered at temperatures 1150 °C, 1250 °C, and
1350 °C for 2hrs in wave number region 400-4000 cm™. The shoulder appeared on 1040 cm™ of
the 1150°C and 1250°C spectrum develops into a well assignment broad bands which frequencies
of stoichiometry defined band with components at 1163 cm™ at 1350 °C. These are revealed,
respectively, to the asymmetric stretching difference in the spectra of the gel and gel calcined at
vibrations of Si—O-Si and Si—O-Al networks (P. Padmaja et al., 2001). Additionally for the
orthorhombic (stable) mullite, the FT-IR band at 1,130 cm? is less intense than the band at 1,170
cm® (Campos et al., 2012; Cividanes et al., 2010). With increasing sintering temperature, the
absorption intensity of the peaks attributable to the Al-O bond vibration at 830 cm™ (AlO.), 740
cm™ (AlO4), and 570 cm™* (AlOg) gradually increased (Lee et al., 2004). Increased in AlOs suggest
a disordered distribution of octahedral sites (Li & Thomson, 1990). And weak band at 460 cm™
correspond to the O-Si-O (Cividanes et al., 2010). Based on the FTIR data, it was observed that as
the sintering temperature was increased up to 1350 °C, the aluminosilicate gels transformed into
crystalline mullite with both tetrahedral and octahedral coordination of AI** jons (Komarneni &
Rutiser, 1996; Zhao et al., 2002).
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3.3.3 Scanning Electron Microscope (SEM) and EDS Analysis

The mullite formation mechanism, in the case of diphasic precursors it has been found that the
growth rate of the mullite grains is controlled by dissolution of the alumina particles into the
amorphous silica-rich phase (Sales & Alarcén, 1996). Figure a exhibit interaction between silica
core and alumina layer in precipitation stage. However, during the sintering around 1150°C, the
Si-O-Al linkage could be formed in this interface. Thus, the mullite crystallization could be
evolved more easily. The mullite crystallization showed above 1250°C with the shapes of rod and
flakes (fig b), and equiaxed to elongated mullite grain structures was found within a narrow range
of composition which is agree with the nominal Al/Si ratio of 3/1 (Table 4.2). Figure ¢ showed

upon heating until 1350°C the crystal growth continued and can influence the size and refinement

of crystals in a system.
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Figure 4. 11: SEM images of mullite samples with different sintering temperature: a) 1150°C (b)
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Figure 4. 12: EDS analysis of sintered mullite a) 1150°C (region A) b) 1250°C (region B), and

¢)1350°C (region C)

Element Region C (Weight %) Nominal mullite composition
( weight %) (Schmidt et al.,
2019)

o) 49.9 61.9

Al 38.3 28.6

Si 11.8 9.5

Ratio Si/Al 0.308 0.332

Ratio Al/Si 3.24 3.01

Table 4. 2: Elemental analysis of spots located in the region C and nominal mullite composition

From the phase diagram of alumina-silica system, it is stated that single phase mullite solid

solution range consists of (71.8-74.3) wt% of alumina and (28.2-25.7) wt% of silica (Deng et al.,

2018). For this present work, mullite ceramic synthesized here, was gives 0.308 Si/Al ratio,

whereas the nominal mullite ceramics composition gives 0.332 Si/Al ratio. According to previous

studies mullite’s composition is found in stable region of solid solutions (70.5 to 74.0 wt% of
alumina, or Al/Si from 2.8/1 to 3.3/1) (Deng et al., 2018; Schmidt et al., 2019). In this work Al/Si

values of synthesized mullite is 3.24, so the required valued are met and confirmed its formation

in a given stable mullite range.
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3.4 Physical and Mechanical Properties, and Dielectric Strength of
Fabricated Ceramics

3.4.1 Physical Properties

The water absorption of the fired bodies is depicted in Figure 4.13(a). This measurement serves as
an indicator of the porosity of the fired body. It was observed that the sintered aluminosilicate gel
at 1150 exhibited a higher water absorption of approximately 8.26%, due to its 18.95% porosity,
which allowed water to penetrate the body. As the sintering temperature increases, the pores within
the material tend to close, reducing porosity and the capacity for water absorption. The presence
of porosity was further confirmed by the SEM images presented in Figure 4.11(a). Figure 4.11(c)
illustrates that as the sintering temperature rises from 1150°C to 1350°C, the material undergoes
densification due to the growth of grains and the elimination of pores, resulting in a decrease in
porosity to 0.81% and a corresponding reduction in water absorption to 0.89%. Additionally,
Figure 4.13(c) demonstrates that at a sintering temperature of 1350°C, a significant densification
occurs, resulting in a ceramic with a density of 2.71 g/cm3. The density of ceramics typically
increases with an increase in sintering temperature due to the diffusion of particles, which allows
them to move and fill, leading to a decrease in overall volume and an increase in density (He et
al., 2018; Wang et al., 2024). This decrease in volume is referred to as linear shrinkage. Figure
4.13(d) illustrates the shrinkage percentages at temperatures of 1150°C, 1250°C, and 1350°C,
resulting in 12%, 17%, and 18.5%, respectively. This indicates that during heating, while
densification occurs and pores are removed, particles are rearranged.

Generally, at 1350 °C synthesized mullite, showed 0.89% water absorption, 0.8% porosity, 3.02
g/lcm3 density, and 18.2% shrinkage. High density and low porosity contain mullite ceramics
exhibit higher dielectric strength compared to their porous counterparts due to the lack of voids
and discontinuities that can serve as pathways for electrical breakdown (Xia et al., 2022). The
presence of pores in mullite ceramics can interrupt the uniformity of the material, creating points
of weakness where electrical breakdown can initiate more easily. This is because air or other gases
trapped within the pores have lower dielectric strength than the solid ceramic matrix (Zhang et al.,
2020; T. Zhang et al., 2019).
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Table 4. 3: Physical properties sintered mullite ceramics at different temperature

Samples Sintered Water Porosity (%) Density Linear
temperature (°C) absorption (%) (g/cmd) Shrinkage (%)
Sample 1 | 1150 8.26 18.95 2.29 12
Sample 2 | 1250 1.69 4.7 2.71 16
Sample 3 | 1350 0.89 0.81 3.02 18.5
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3.4.2 Compression Strength

The compressive strength of mullite ceramics increases with the rise in sintering temperature
Figure 4.14, reaching a maximum value of 420 MPa at 1350°C after 2hrs duration. This
enhancement in strength is primarily due to the densification of the ceramic material, which occurs
as the temperature increases. During the densification process, pores within the ceramic body are
eliminated, and potential crack initiators are removed (Callister Jr & Rethwisch, 2020). This
reduction in porosity and the elimination of structural flaws contribute significantly to the overall
strength and durability of the mullite ceramics.
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Figure 4. 14 : Compression strength of sintered mullite ceramics at different temperature

3.4.3 Dielectric Strength

The dielectric strength values for the mullite ceramics sample, as determined at different sintering
temperatures of 1150°C, 1250°C, and 1350°C for a duration of 2 hours, are portrayed in Figures
4.15. It is evident that the dielectric strength displayed an upward trend as the temperature
increased, with the highest value of 10.2 KV/mm achieved at 1350°C. According to the research
conducted by Roy et al. (2021), mullite ceramics with a dielectric strength of 9.8 KV/mm and
above are employed as electrical insulators at room temperature, making them suitable for use in
electronic devices (Roy et al., 2021). Furthermore, these results meet the ASTM standard for
electronic applications. The rise in dielectric strength with increasing sintering temperature can be
attributed to several factors. As sintering temperature rises, the material typically undergoes

densification, which leads to a decrease in porosity and the elimination of voids that can act as
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sites for electrical breakdown (Al-Hilli & Al-Rasoul, 2010). Additionally, as the temperature
increases, the conversion of mullite phases progresses, and eventually, complete conversion to
mullite phases occurs. Consequently, since the dielectric strength depends on mullite phases, it
exhibits improved properties at 1350°C.
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Figure 4. 15: Dielectric strength of sintered mullite ceramics at different temperature

Sintering temperature (°C) | Dielectric Strength (KV/mm)
1150 3

1250 6.4

1350 10.2

Table 4. 5: Dielectric strength sintered mullite ceramics at different temperature
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATION

4.1 Conclusions
Pure silica was successfully synthesized from filter cake waste using sol gel methods. Therefore,

extracted silica achieved requirement of silica that needed for mullite ceramics. Then,
aluminosilicate gels was synthesized by using diphasic gels methods. XRD and FT-IR results
confirmed the formation of aluminosilicate gels by showing amorphous phases at lower

temperature and the absence of Al-O-Si linkage in the spectra of the dried gel, respectively.

Dried precursor was transformed into Al-Si spinel immediately after the crystallization at 970°C,
then a trace of crystalline mullite was produced at 1150°C. Consequently, the single phase of
mullite was obtained by sintering of the precursors at temperatures higher than 1250°C, and the
peak of the XRD and FTIR were sharpened with increasing temperature, and it forms rod like
morphology. Finally, the temperature above 1350°C the samples show densification and crystal
growth.

The electrical performance of synthesized mullite was evaluated at various temperatures of
1150°C, 1250°C, and 1350°C for a constant duration of 2 hours, resulting in 3 k\V/mm, 6.6 k\V/mm,
and 10.2 kV/mm, respectively. According to ASTM standards, the mullite ceramics synthesized
exhibited excellent electrical properties, with the highest value of 10.2 kV/mm achieved through
densification at 1350°C for 2 hours, as confirmed by SEM results. The physical properties of the
synthesized mullite, including 0.89% water absorption, 0.81% porosity, 3.02 g/cm?3 density, and
18.2% shrinkage, as well as a compression strength of 420 MPa, collectively suggest that it is
suitable for dielectric applications. The densification process was further confirmed by the physical

properties of the synthesized mullite.
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5.2 Recommendation

1. Optimization of ceramic fabrication based on particle size, sintering time and compaction

worked the performance should be updated.

2. Conduct AC impendences spectroscopy test to assess the dielectric constant, dielectric loss and

AC conductivity.
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Appendix A

PDF Card of Mullite
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Appendix B

The formation of soda silicate glass from silica extraction residue

In silica extraction process, after basic treatment there are residue which is by product of sodium

silicate solution. So, in this residue | perform some progress to characterize and unlock what

importance might it have. After XRD and TGA characterization, it revealed that this residue has

the capacity to form soda silicate glasses. And one of major advantage of it has less melting point

about 1200 C. for further clarification here has been presented some data. XRD data also showed

the formation of soda silicate glass which is similar with other worked research (Tiffo et al.,
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Figure A. 1: Shows TGA/DTA graph of Figure A. 2: XRD pattern of silica extraction

silica extraction residue i o
residue after 1250 °C firing
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Appendix C

Visual Documentation

Figure C.1: Visual documentation of a) Water bath b) Electronic balance c) Digital verner caliper
d) Compression strength testing machine e) Dielectric strength testing machine
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