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ABSTRACT

Clay pottery, originating at dawn in civilization, is a fundamental village industry
primarily used as eco-friendly and health safe cookware. Currently, nonstick metal
cookware is popular for convenience but poses health risks from toxic compound
releasing to food. Despite its traditional use, clay cookware tends to stick food to the
inner surface of pottery during cooking, limiting its functionality. Thus, this study aims
to develop a proper mineral nano material to improve the nonstick properties of clay
cookware, addressing a key industrial gap. Sri Lankan industrial clays, minerals and
their physiochemical properties were identified through the primary data and
secondary data from an industrial survey and literature review. Using Gaussian
Software under computational chemistry, suitable mineral type was identified through
molecular modeling and binding energy calculation to combine with the most common
clay. The nonstick performance of clay and mineral combination was assessed via
binding energy analysis with fat/oil molecules. Red clay is the most used material for
cooking pottery, predominantly utilized by small-scale domestic manufacturers. This
sector surpasses medium-scale and government supporting units in usage. Male
participation is highest compared to female and both gender involvement. BE
calculations show Red clay and Apatite combination has the highest stability with the
highest negative BE —3177 kcal/mol. Red clay with fats/oils mixtures have negative
BEs of —1552,-2142,-2117, and —1522 kcal/mol, indicating strong interactions, while
the Red clay and Apatite mixture shows the positive BEs of 3212, 2376, 2450, and
3903 kcal/mol with fat/oils indicating weaker interactions with less stable systems.
The Red clay and Apatite blend reduces fat/oil adhesion and enhances nonstick
properties by making Apatite is the ideal mineral to collaborate with Red clay to make
pottery. When considering the applying of nanotechnology, using nanoscale particles
increases binding energy making the Red clay and Apatite system more stable and
nonstick.

Keywords: Nonstick Cooking Pottery, Clay and Mineral, Computational Chemistry,
Binding Energy, Nanotechnology
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CHAPTER 1
INTRODUCTION

1.1 Background of The Study

Along with the emergence of civilization the clay pottery industry has an immemorial
antiquity as a basic village industry. Mostly these clay potteries are used as cookware
and there are advantages in using them for cuisine purposes as clay is an
environmentally friendly and eco-friendly material with minimum harm to the
environment. Other special characteristics of clay pottery are antibacterial properties,
consisting of natural minerals, non-flammable, resistant to heat, mould and rusts and
it has artistic and functional value (Amboro et al., 2023). With the increased use of
clay potteries for cooking purpose, the advancements are required by consumers for
the user-friendly purpose due to it should prevent the food stickiness, easy to wash and
clean, resistance to scratch, cost effective ,even distribution of heat and save on fuel
,reduces the cooking time, cooks tasty meals without using oil or with less oil, suitable
to modern kitchens and satisfy the new generation than the existing clay potteries
(Ruengcharungpong et al., 2019).

Various types of materials are used to manufacture cookware, and they are different
types of metal materials, plastics, Teflon (PTFE), clay, stones and glass (Shamloo et
al., 2023). Metals are the widely used material type to produce cookware and utensils
for cuisine purposes among the above materials and aluminum, iron, stainless steel,
silver, brass, gold and copper are some of the metal constituents used for preparing
those cuisine utensils. Anodized or non-anodized metal cookware are consumed for
cuisine purposes and however, this is not a long-term solution, as over time the
anodized or coated layers are scratched due to abrasion, potentially leading to food
contamination and various health issues (Alabi and Adeoluwa, 2020).

Non-stick metal cookware are very popular kitchen utensils in the current society due
to their user-friendliness. Currently Poly Tetra Fluoro Ethylene (PTFE) and Poly
Fluoro Carbon (PFC) are the widely used non-stick coating materials, and they are
coated in the inner surface of the metal vessels as a layer (Ismaeili et al., 2022). These
artificial (Coyle, 2023) polymers are notable for their non-stick properties, strong
mechanical performance and low flammability (Ismaeili et al., 2022). However, their
poor resistance to abrasion and heat are major harmful properties of these polymers
(Hatzikiriakos, 2012). The International Agency for Research on Cancer (IARC) has
been identified these nonstick chemicals PTFE and PFOA as “possibly carcinogenic
to humans.” (Bansal et al., 2020).

Sri Lanka is a country enriched with countless natural treasures by creating a home for
a wide range of clay mineral types. These raw clay materials are classified based on
their role in producing different kinds of clayware. There are three main clay mineral
types called Earthenware clay (Red Clay), Ball clay and White clay, each found in



different regions. Cleaner layers of these clay types are used in production of pottery,
porcelain and ceramic items (Export Development Board Sri Lanka, 2021). In addition
to that, kaolinite, Montmorillonite, Illite, gibbsite, hydroxy-interlayered vermiculite,
boehmite, vermiculite, mica and other types are the other clay mineral types in Sri
Lanka (Export Development Board Sri Lanka, 2020). Sri Lanka is rich in non-metallic
mineral resources. According to studies done by the Geological Survey and Mines
Bureau, the country’s mineral wealth is mainly made up of industrial minerals. They
are Graphite, Silica Sand, Quartz, Feldspar, Apatite (Phosphate Rock), Mica, Ilmenite,
Rutile, Zircon, Garnet Sand, Calcite and Dolomite (Weerakoon, 2013).

Concerning these matters regarding existing clay potteries and metal cookware, there
is a requirement for clay potteries with advanced improved properties due to the
existing felicitated features of clay for human consumption than metal cookware. This
research is focused on identifying a proper mineral material to collaborate with clay
during pottery making to enhance the nonstick property of clay cooking pottery. It
leads to prevention of food stickiness to the inner surface of the vessel and for using
the property improved clay pottery as a replacement for nonstick metal cookware.
Computational Chemistry is used to identify the appropriate mineral type based on the
Binding Energies of each clay mineral type. The importance of using nanotechnology
for making nano material of minerals is discussed in the study. Fat content in the food
has been identified as a predominant factor that affects food stickiness and nonstick
property of identified clay mineral collaboration is tested by using the fat content.

Developing proper nano material from minerals, to use in cooking clay potteries is an
important identification due to the value addition to the clay potteries and mineral type
by converting the clay potteries to user friendly items and preventing health disorders
occurred through metal nonstick vessels consumption.

1.2 Research Gap Identification

Currently the use of metal cooking vessels is very popular due to their user
friendliness. Metal cookware are produced as nonstick, anodized or non-anodized
vessels (Alabi and Adeoluwa, 2020). Even though non-stick vessels are the most
widespread item, using the metal cookware cause hygienic problems in human beings.
The removal of the inside coating on the inner surface of the metal pot and then it
destroys the quality of the food. Therefore, bad health conditions occur in humans
including metal and polymer fume fever and Fatal acute pulmonary oedema diseases
(Ismaeili et al., 2022; Hatzikiriakos, 2012; Lee et al., 1997; Greenberg & Vearrier,
2015).

Clay has important favorable characteristics to use in cuisine purposes and due to that
reason, it has been used to make clay pottery since ancient times (Amboro et al., 2023).
Even though clay cooking pottery plays a major role in the domestic cooking sector,
people meet with inconveniences of the clay pottery during the cooking. Food
stickiness to the inner surface of the clay pottery and cleaning issues have been
identified as disturbances in using them. The seasoning should be done before using



for cooking to avoid the sticking and these facts are reasons to reduce the user-
friendliness of clay cooking pottery.

Therefore, there is a need for an advanced cooking vessel to avoid the above-
mentioned issues with improved properties and as suitable for modern kitchen with
user friendliness. Hence, proper material selection is the essential thing to ensure the
advancements of the cooking vessels. Though clay is a proper material as a
replacement for metals due to its favorable characteristics, nonstick and other user-
friendly properties similar to metal vessels need to be improved. Thus, the
identification and development of proper material which can be improved the nonstick
property to collaborate with clay is essential to make advanced clay pottery. As Sri
Lanka is enriched with several natural minerals the attention is given to develop the
material from minerals instead of using artificial non-stick materials.

1.3 Aims and Objectives

This study aims to develop a proper nano mineral material to collaborate with clay in
making cooking clay pottery. Main objectives of this research are.

1. To identify the industrial need of developing proper nano material to use in
clay pottery which is used for cuisine purposes.

2. To identify the proper material which can be used as a nanomaterial for clay
pottery.

3. To analyze the performances of the identified clay and mineral combination
for nano composite.

1.4 Methodology

This study was aligned under four major steps.
1. Collecting Primary and Secondary Data.

2. Find out the physical and chemical properties of each clay type and clay
minerals.

3. Identify a suitable mineral nano material to apply for clay pottery.

4. Analyze the nonstick performances of the identified clay and mineral
combination.

The primary data collection was done through the industrial survey in the clay pottery
industry. Initially the Gampaha District was selected for field visits to find out the main
clay type, which is used in the cooking clay pottery industry, the industry type, the
gender involvement, major types of cuisine clay potteries and non-cuisine clay
potteries and steps of making cuisine clay potteries.



The secondary data collection was done through the literature survey to find out the
main clay types to use in the clay pottery industry and to identify the abundant clay
mineral types available in Sri Lanka.

The physical and chemical properties of each clay and mineral type were investigated
through literature.

The identification of suitable mineral nano material was done by using Computational
Chemistry to collaborate with identified main clay type to make clay pottery. Gaussian
Computer software was used to model clay and mineral type structures and to calculate
the binding energies of each considering them as monomers. Then the binding energies
were calculated by combining the modeled clay type with each mineral type by
considering them as dimers. The clay and mineral combination with the most stable
system shows the highest negative valued binding energy, was selected as the best
collaborative material couple to use in cooking clay potteries.

In this study mainly analyzed for the nonstick property of identified clay and mineral
combination by combining with fat /oil based on the binding energy by using Gaussian
Software. The main types of fats which are saturated and unsaturated fat types and
examples for each fat type were tested for the nonstick property by combining them
with identified clay and mineral combinations.

1.5 Main Findings

The principal findings derived from the research are delineated as follows.

1. Red clay has been identified as the primary clay type utilized in the
manufacture of cooking clay pottery.

2. Montmorillonite, Kaolinite, Graphite, Silica Sand, Quartz, Feldspar, Apatite,
Mica, Ilmenite, Rutile, Zircon, Garnet Sand, Calcite and Dolomite has been
identified as abundant clay mineral and mineral types in Sri Lanka.

3. The important chemical and physical properties of each clay and mineral type
are described under the results and discussion through the collected via
literature.

4. The Apatite mineral is the best mineral type to collaborate with Red clay due
to it shows the most stable system with the highest negative valued binding
energy -3177 Kcal/mol when combine with Red clay compared to other
mineral combinations. Therefore, the best clay and mineral combination for the
pottery mixture is red clay and apatite composite.

5. The binding energies when combine Red clay with saturated fat, unsaturated
fat, coconut oil and vegetable oils are -1552, -2142, -2117 and -1522 kcal/mol
respectively. These negative values indicate exothermic interactions,
suggesting that the lipids adhere effectively to the red clay surface. In contrast,
the binding energies, when combine Red clay and Apatite mixture with
saturated fat, unsaturated fat, coconut oil and vegetable oils are 3212,



2376,2450 and 3903 kcal/mol respectively. Positive binding energy values
denote endothermic interactions, implying that the combination of Red clay
with Apatite reduces the sticking of fat to the clay mineral mixture. Thus,
mixing Apatite mineral with Red clay enhances the nonstick property of clay
and Apatite composite of the clay pottery.

1.6 Dissertation Structure

Chapter 1 outlines the introduction to the study, delineates the research gap, defines
the research aims and objectives, summarizes the methodological approach, presents
the key findings, and describes the overall structure of the thesis.

Chapter 2 delivers the literature relevant to the study. It provides literature regarding
the hygienic problems of using metal and nonstick metal cookware, clay and minerals,
advantages and disadvantages of using clay cooking pots, food stickiness, nano
technology, computational chemistry and binding energy calculation.

Chapter 3 illustrates the methodology part for the data collection, combining clay and
minerals, using Gaussian software under computational chemistry for modeling and
binding energy calculation of clay and minerals and analysis part of the calculated
data.

Chapter 4 shows the results and discussions obtained through the field visits, literature
survey which was done for the clay and minerals, binding energy calculations and
analysis part done for modeled clay, minerals and food fat/oil along with the research
aim and objectives.

Chapter 5 consists of the conclusion, recommendations and Future works of the study
for further extensive development based on these findings.



CHAPTER 2
LITERATURE REVIEW

2.1 Chapter Introduction

This chapter presents a comprehensive review of the existing literature to address the
identified research gap and to establish a framework for the experimental procedures
required to achieve the research aim and the objectives. Relevant literature was
extracted regarding hygienic problems of using metal and non-stick metal cookware,
food stickiness to the surface of the clay cooking pots, clay and minerals,
computational chemistry and its usages, binding energy calculation and importance of
applying nano technology in preparing clay and mineral composite for cooking
potteries.

2.2 Hygienic Problems of Using Metal and Non-Stick Metal
Cookware

The using of non-anodized or anodized metal cookware and non-stick metal cookware
cause hygienic problems in human beings (Alabi and Adeoluwa, 2020; Geiger et al.,
2014). The literature evidence of different kinds of hygienic problems and the causing
activities for these health complications of metal and nonstick metal are demonstrated
in this section.

2.2.1 Hygienic Problems of Using Metal Cookware

Currently many cooking utensils are made of different substances like aluminum, cast
iron, copper, plastics, Teflon, stainless steel, clay, stones, glass and many metal
materials (Shamloo et al., 2023). Various metal materials are used to manufacture
cookware and utensils for cuisine purposes and aluminum, iron, stainless steel, silver,
brass, gold and copper are some of metal constituents used for preparing those cuisine
utensils (Alabi and Adeoluwa, 2020). Among those metal materials aluminum is
considered as a cheap material and due to that reason aluminum cuisine equipment
shows a high prevalence all over the world (Osborn, 2009). Using non-Anodized or
non-coated aluminum pots causes many hygienic problems because of the discharging
of aluminum metal ions and other material ions to the food when cooking. However,
the usage of anodized or coated aluminum pots reduces the releasing of metal ions to
the food when cooking due to the layer generated by the anodizing or coating process
inside the pot. However, it is not a permanent solution, because with aging those
anodized or coated layers are damaged by abrasing and scratching and cause food
poisoning and then many health disorders. The discharging of metal ions to diet
depends on the cooking time, temperature, PH level of the food and other material
amounts when making the aluminum alloy cookware. There is a high possibility to



migrate lead and arsenic into food from the aluminum alloy when damage to the
coating (Alabi and Adeoluwa, 2020).

There are two types of heavy metals, biologically essential and non-essential. The
heavy metals like Lead (Pb), Cadmium (Cd) Tin (Sn), Mercury (Hg) are biologically
non-essential heavy metals and iron (Fe), Zinc (Zn) and Copper (Cu) are essential
heavy metals. Essential heavy metals support relevant biological activities in the body
and the amount should be at a sufficient level to maintain a non-toxic level due to
excess amounts that may cause toxicity for the body. Non-essential heavy metals are
not useful to any biological activities in the body and small amounts of these metals
may cause toxic situations in the body (Slobodian et al., 2021). Therefore, the leaching
of metal materials from the metal cookware directly affects the security and the quality
of the food. Hence, the migration of heavy metals to the food from the cookware during
cooking needs to be considered. The heavy metal migrating amounts can be measured
by using the ICP device. The regular use of metal cuisine equipment leads to
impairments and scratches of the vessel. Therefore, the release of heavy metal amounts
inversely proportional to the usage time and the cooking time (Shamloo et al., 2023).

2.2.2 Hygienic Problems of Using Nonstick Metal Cookware

Non-stick cooking vessels are very popular kitchen utensils in the current society. The
most specific thing is that a non-stick layer is coated in the inner surface of the pottery.
Poly Tetra Fluoro Ethylene (PTFE) and Poly Fluoro Carbon (PFC) polymers are used
as non-stick coating materials. The special characteristics of these polymers are the
anti-sticking ability, mechanical properties like strength and the shallow ignitability
(Ismaeili et al., 2022) and the major unfavorable characteristic is the weak abrasion
resistance of these polymer coatings (Hatzikiriakos, 2012).

Metal vessels are used as substrate pots and the inner surface of these vessels are coated
with Poly Tetra Fluoro Ethylene (PTFE) or Poly Fluoro Carbon polymer (PFC)
polymers as layer to produce non-stick cookware (Coyle, 2023). Teflon is the
commonly used name for Poly Tetra Fluoro Ethylene (PTFE) which is used to make
non-stick cookware (Ismaeili et al., 2022).

Resistance to Rust, stickiness, heat, not reacting with food due to high mechanical
strength of carbon and fluorine bonds and acting as a shielding, waterproofing,
greasing layer are the major favorable characteristics considered to produce the non-
stick vessels (Lee et al., 2007; Beckford et al., 2016).

Nonetheless the main disadvantage is, the PTFE layer starts to decline when the
cooking pot heats up to 260 °C and completely decays over 350°C (Ismaeili et al.,
2022). Also, ageing, cleaning for long time, rubbing and abrasions lead to remove or
damage the non-stick layer as shown in Figure 2.1. Hence the lifetime of the nonstick
cuisine utensil depends on the existence of PTFE non-adherent film. Another thing is
that anti-sticking cookware is ideal only for very slight foods like meat slices,
sausages, and egg. Though there is an anti-sticking layer in Teflon coating ware, food
sticking occurs if used heavy food and it leads to damage to the nonstick film.
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Therefore, it is not suitable for cooking heavy foods for long time in the same
cookware (Coyle, 2023).

Figure 2.1: Damaging of nonstick layer of nonstick metal cookware (Shimizu et al.,
2012)

With the heating during cooking, the PTFE layer starts to decay, and it emits minor
toxic fumes. The increasing of the stove firing time during the cooking causes to
increase the temperature of the nonstick cookware and then the overheating of the
nonstick coating causes to break down the PTFE layer. With the overheating
dangerous chemical gases are emitted as toxic fumes (Sajid & Ilyas, 2017) and
breathing of these poisonous fumes causes the flu called “Teflon Flu” in the human
body (Coyle, 2023) and for severe problems in the respiratory system (Lee et al., 1997)
as in Figure 2.2. This “Teflon flu” also known as the “Polymer Fume Flu” and reveals
many indications like fever, quivering, throat difficulties (Greenberg & Vearrier,
2015). Exposure to large amounts of polymer fumes cause severe damage in the lungs,
body pains, heart pains (Shimizu et al., 2012).

Figure 2.2: Teflon fume and polymer/Teflon fume flu (Desk, 2024; Nurdin, 2024;
Abdulla, 2024)

Perfluorooctanoic acid (PFOA) and Perfluoro Octane Sulfonate (PFOS) were used to
produce PTFE (Teflon) until 2012 and, then the usage of PFOA and PFOS were
prohibited due to their dangerous effect on the environment and human health



(Gerardu et al., 2023). PFAS is a poly and perfluoroalkyl substance which is used
during the preparation of Teflon (Coyle, 2023).

Above mentioned PFOA and PFOS are the widely searched constituents of PFAS.
According to probes and analysis it was identified that 98% of the community in the
tested case with accumulated PFAS in their body in different levels in the United
States. This poly and perfluoroalkyl substance including PFOA, PFOS and PFAS are
completely artificial chemicals and the accumulation in human body for long periods
of time creates bad health effects. PFAS is nondegradable and remains in the
environment. These chemicals are deposited in organisms, and the concentration
gradually increases during the lifetime. This is called “bioaccumulation”. Then the bio
accumulative chemicals are transferred to the top-level organism through food chains
and food webs, and this incident causes “biomagnification” and severe health damages
occur in life beings including humans (Geiger et al., 2014).

PFAS is used in many industries such as wetting agents, greases, food industry
including the packaging industry, thin film manufacturing such as nonstick coatings
for cookware (Geiger et al., 2014). During the manufacturing process PFAS,
degradations, by products and contaminating substances are released to the water and
soil. Releasing these chemical components leads to imbalance in the ecosystem and
pollutes the environment. Water and soil pollution occurs, and consumption of
polluted water leads to severe health problems in human beings like cancer and many
diseases (Schaider et al., 2017).

Then GenX was invented as an alternative for the PFOA to use during generating
Teflon (Gerardu et al., 2023) and it is generated by using “Ammonium salts” and
Hexafluoropropylene oxide (HFPO) which is called dimer acid. This is a kind of
Fluoropolymer and produced excluding PFOA and the major application of GenX is,
it is used in a nonstick films manufacturing industry for metal cookware. According to
the investigations done by the United States Environmental Protection Agency (EPA),
GenX easily combines with water, and it has been detected in soil surface, air, and
consumable water for drinking. However, PFOA has been replaced by the GenX and
PFOS has been replaced by Perfluorobutane Sulfonic acid (PFBS) (US Environmental
Protection Agency, 2018). PFBS is a substance of the PFAS family, and it is used to
make nonstick layers for cookware as GenX (Wieck, 2023). PFBS also has been
included in different water types such as effluent and drinking water and flooring
detergents, polish, and wrapping industry. According to the studies conducted by EPA,
it has been found there are bad health effects from GenX and PFBS. GenX causes bad
conditions of human and animal liver, immunization system, kidneys, blood and
express the symptoms of cancer conditions. PFBS consumption generates severe
health conditions in thyroid, kidney, reproduction system and many organs in the body
(US Environmental Protection Agency, 2018).

When considering present nonstick cookware, it is easy to clean, handle and food can
be cooked without adhesion to the inner surface of the cooking vessel. The nonstick
property is generated by applying a chemical coating on the inner surface and mostly



using chemicals are PTFE and PFOA. The commercial name of PTFE is Teflon and
the PFOA has been used to synthesis the Teflon. Both chemicals affect badly human,
animal health and the environment. These nonstick chemicals reach up to higher
temperature like 371 °C (700°F) within a short time of 3 or 5 minutes. With the
increasing of the heat, 15 numbers of toxic and cancer-causing gases are emitted during
the cooking. The inhalation and the deposition of these unfavorable gases lead to
cancers, issues in infertility, testicles, liver, and pancreas in the human body. The
International Agency for Research on Cancer (IARC) has been identified these
nonstick chemicals PTFE and PFOA as “possibly carcinogenic to humans.” (Bansal et
al., 2020).

2.3 Food stickiness to the clay pottery

Food stickiness to the inner surface of the clay cooking pottery is an identified problem
that leads to the development of proper nano material to use in cuisine clay pottery.
The absorption of moisture and fat, fat composition of food, fat polymerization, fat
melting, low-fat cooking and insufficient lubrication, porous surface, temperature
control issues, insufficient seasoning and burning & residue formation (Adhikari &
Adhikari, 2023, O’Neill et al., 2019, Hashemi et al., 2017).

Figure 2.3: Sticking foods in inner surface of clay pottery

Fats and oils exhibit stick property onto the surface of clay pottery due to the material's
inherent porosity and the hydrophobic nature of these substances. The porous
microstructure of unglazed or improperly sealed clay surface facilitates the infiltration
and entrapment of lipid molecules within the interstitial spaces of the clay. This
interaction is enhanced by the immiscibility of lipids with water, promoting their
retention in the hydrophilic yet porous substrate. Clay materials can entrap lipid
compounds within their particulate microstructure (Coxworth, 2018). Therefore, the
sticking characteristics of a material are influenced by its physical state, whether
amorphous or crystalline, which is governed by its chemical structure as well as the
molecular organization and motion within its structure (Dopfer et al., 2013).

In food processing, food sticking to the preparing vessel surface is a familiar issue,
especially during preparing bakery, rice and other dehydrated foodstuffs. It leads to
loss of food content due to sticking and reduce the durability of the vessel because of
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frequent cleaning and accelerating ware. Sticking causes overheating, sensory defects,
and reduces food quality. Bacterial activities occur on the sticked food due to improper
cleaning of surfaces, and it causes food contamination (Caroline et al., 2021). Further
the fatty food sticking to the surface carries significant economic implications.
Residual deposits increase the recycling costs due to the enhancement of waste vessels
and refining expenses, particularly for high-fat meals. In addition to that, the reduced
food quality with poor appearance can be arisen due to food stickiness (Michalski et
al., 1998).

Seasoning is the current available process to improve the quality of the cookware
including the nonstick property to implement initially before it uses to cook at first
time and it is a disturbance to the busy life. Seasoning of clay cooking pot enhances
its structural integrity, strength and functional performance. This procedure conditions
the porous spaces of new clay vessels, reducing the risk of breaking and developing
thermal retention. By filling micro-pores, seasoning builds a non-stick layer, decreases
food adhesion, and promotes uniform heat supply. Overall, it increases cookware’s
durability and cooking efficiency (Adminecoveya, 2025).

Therefore, modifications are required to avoid the stickiness between the pottery
surface and the food (Saikhwan et al., 2006).

2.4 Clay and Clay Minerals

Clay is generated in a natural way, and it consists of fine grain size small particles,
characterized by its plastic behavior at certain moisture levels and its ability to undergo
hardening upon drying or thermal treatment. Clay generally consists of
“phyllosilicates” and in addition to that, clay is included with accessory mineral phases
that cause the absence or presence of plasticity, organic materials and for other
characterizations. According to the ISO Standard 4688:1996 the grain particle size less
than 0.004 mm is considered as clay (Al-Ani& Sarapaa, 2008).
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Figure 2.4: Classification of soil grain (Al-Ani& Sarapaa, 2008).
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Moreover, clay basically originates from raw minerals, having different types of
geometry and morphology. It has hexagonal crystal structures, and they are deposited
as horizontally leveled hexagonal sheets by connecting each plate by water. The
layered structure of clay minerals allows the individual sheets to slide past one another
when hydrated, resulting in the material's characteristic plasticity under wet conditions
(Bloomfield, 2016).

Figure 2.5: Hexagonal crystal structures (Bloomfield, 2016)

Clay minerals are defined as phyllosilicate minerals, as well as other mineral species
that generate plasticity to clays and exhibit hardening behavior upon drying or thermal
treatment. Clay minerals are called “sheet silicate” and they belong to the class of
layered phyllosilicates typically formed as secondary products through the chemical
weathering and hydrothermal alteration of primary silicate minerals at the soil and
commonly known as sedimentary rocks. Further clay minerals function as chemical
sorbents, capable of retaining water and adsorbing dissolved plant nutrients released
through the weathering of primary minerals. Major clay and clay minerals
accumulations modes are primary clay depositions and Secondary clay depositions
(Al-Ani& Sarapaa, 2008).

Primary clay depositions- Deposition of the clay remainders at the same location that
it was created called primary deposition.

Secondary clay depositions - occur by transporting clay from the originated location
to another site through water flow and accumulate them as a new sediment. Wetlands
and lakes are considered as secondary sedimented clay rich sites.

Clay minerals differ greatly from one another, even though they all are built up with
octahedral and tetrahedral sheets as their fundamental construction units. The changes
in organization and composition of these sheets are responsible for the variations in
their physical and chemical properties. The development and the identifying of crystal
structures of these clay minerals are mainly based on the ions O%(1.40A), OH!
(1.41A), AI" (0.55A), and Si** (0.41A) due to clay minerals are hydrous
aluminosilicates (Al-Ani & Sarapaa, 2008).
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2.4.1 Types of Clay and Clay Mineral types in Sri Lanka

Sri Lanka is rich in diverse types of clay, which are derived based on their use in
making different types of clayware. The three main types found across Sri Lanka are
earthenware clay, ball clay, and white clay. Earthenware clay, typically called red clay,
is mixed with sand and grit to make bricks and is sourced mainly from the
Naththandiya area. Its purified and seasoned layers are used in the pottery industry.
Ball clay, available in large quantities in Boralesgamuwa and Meetiyagoda, is
primarily used in the production of ceramics and porcelain (Export Development
Board Sri Lanka, 2021).

Mainly identified clay minerals are kaolinite, Montmorillonite, Vermiculite, Illite,
Chlorite and Palygorskite in the world (Al-Ani& Sarapaa, 2008). Nonetheless
Kaolinite, Montmorillonite and Micaceous are the major clay mineral types existing
in Sri Lanka. When considering industrial minerals Graphite, [lmenite, Rutile, Zircon,
Quartz, Feldspar, Kaolin, Apatite, Silica Sand, Garnet sand, Mica, Calcite and
Dolomite are the identified non-metallic minerals in Sri Lanka (Export Development
Board Sri Lanka, 2021).
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Figure 2.6: Industrial mineral material in Sri Lanka (Export Development Board Sri
Lanka, 2021).

2.4.2 Clay Pottery Industry in Sri Lanka

The Sri Lankan clay pottery industry has an archeological value, and many excavations
were done in Dry Zone, Anuradhapura and Jaffna have been revealed the consumption
of these pottery since the early stage of this island’s history. This industry contributes
to the national economy by providing around 30% to the Gross Domestic Product
(GDP) and provides employment for about 25% of the total employees. Mainly this is
formed as village industry and currently the clayware centers are established at
Ampara, Anuradhapura, Badulla, Batticaloa, Gampaha, Hambanthota, Jaffna,
Kaluthara, Kandy, Kegalle, Kilinochchi, Kurunegala, Mannar, Matara, Monaragala,
Mullativu, Puttalam, Rathnapura and Vavuniya Districts (Asia InCH, 2017).Table 2.1
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shows the product range of clayware in Sri Lanka categorized under four main
categories.

Table 2.1: The product range of clayware in Sri Lanka (Asia InCH, 2017).

Category Product

Household and Ritualistic Cooking clay potteries, Guruleththu, Haliya

Tiles and Architectural items  Clay tiles in different designs

Decorative items Terracotta pots, Clay pots, food containers

Motifs and designs Decorative items — animal, flower, geometrical
designs

Earthenware clay (Red clay), Ball clay and white clay are the abundant clay types in
Sri Lanka, and they are used in making pottery, ceramic and other clayware (Export
Development Board Sri Lanka, 2021).

Figure 2.7: Types of clayware in Sri Lanka (Nandadeva, 2017)

2.4.3 Using Clay in Pottery Making

World history has discovered the usage of clay pottery for cooking purposes in many
countries all over the world under different traditions. The availability of the favorable
characteristics in clay for use human consumption leads to using them in making clay
potteries. They are (Trivedi et al., 2017; Amboro et al., 2023; Newbasics, 2021),

e C(Clay’s ability to even heat and moisture circulation during cuisine enhance
food preparation and food tasty with fresher and more tender. Further the curve
underneath the clay vessel improves the area exposed to heat and develops
efficient heat circulation along the surface.

e [t consists of essential natural nutrients and vitamins beneficial to human health
such as Calcium, Phosphorous, iron, magnesium and sulfur.
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Clay has its natural alkaline property which leads to balance the acidity in the
food, and it causes better food digestion.

Natural cooling ability as a sustainable cooling method without using
electricity of the clay pot.

Clay pots are completely environmentally friendly, harmless and act as a
natural detox.

Proficiency at filtering water and eliminating contaminations.
Ability to eliminate turbidity and reduce water discoloration.
Clay is inflammable, resistant to heat and corrosion.

The plasticity ability under proper heat supply and moisture of clay facilitate
making clay pots and other types of clayware with different shapes.

Contrast to above advantages there are some disadvantages of using clay for pottery.
They are listed as follows. (Newbasics, 2021; Amboro et al., 2023)

2.5

Mold and Fungus growth on pot surfaces due to sticked food parts, insufficient
drying conditions and cleaning issues.

Fragile property leads to difficulties in handling clayware.

Seasoning needs to be done before initial use to protect the durability and to
enhance the nonstick property of clay.

Low tolerance to the speedy temperature fluctuations and it directs to fracture
the clayware.

Difficulty in washing and cleaning of clay potteries due to porosity. The
cleansing chemicals penetrate porous spaces and the discharging of these
chemicals into food in subsequent cooking.

Slow cooking time

Nanotechnology

The word “nano” in the term nanotechnology, implies one part of a billionth (1x 10)
(Poole & Owens, 2003). There is a special terminology combining with the word
“nano” according to the British Standards Institute (BSI 2005), the United Kingdom
Royal Society and the Royal Academy of Engineering. Nanoscale, Nanoscience,
nanotechnology, nanomaterial, nanoparticle, nanocomposite, and nanostructure are the
most essential vocabulary which is used in nano related experiments and activities
(Public Health, 2006).
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2.5.1 Applications of Clay Nano Particles

There are naturally available and artificially generated nano clays with nanoparticle
dimensions from 10-100 nm. The nano clay is consisted with silicate layers built up of
these nanoparticles (Kausar, 2020). Nano clay is used to create compositions with
collaboration with other materials, and it gives composites with improved properties
which are its structural permanency, ability to swell, expanded interlayer distance, high
hydration potential, and strong chemical motion (Sharma & Joshi, 2023). Mainly
montmorillonite, bentonite, kaolinite, hectorite, and halloysite are considered as
naturally available nano clay types depend on their chemical arrangement and
structural forms (Dhiman et al., 2022).

Figure 2.8: Applications of Nano Clay (Awasthi et al., 2019)

Nano clay materials consist of exceptional performances in the characteristics and
properties than their native raw states. They are superior surface qualities, increase
catalytic performance, improved barrier and abrasion properties, higher tensile
strength, low thermal expansion, very good processing properties, act as nano-
adsorbent to absorb harmful materials (heavy metals, dyes, antibiotics), high removal
efficiency and loading of harmful chemicals in water, remedy the corrupted water and
act as a property enhancer of effectiveness and efficiency for water refinement
(Awasthi et al., 2019; Nanografi Advanced Materials, 2019 ; Isaifan et al., 2013).

Currently Nano clay has many applications in various industries due to their
extraordinary physical and chemical properties. They are in, (Awasthi et al., 2019;
Bantie et al., 2024; Ntim et al., 2018)

16



e Nonstick cooking surfaces- Nanoparticles which are made from silica,
Titanium Dioxide and nano clay are used as a nanocomposite in making
cooking utensils such as ceramic, oven, frying pans. According to the scenario
the utensils are prepared by using completely with nano composite or by
applying as a nonstick coating on the surface. Although this application
enhances the nonstick property the investigations are implemented to
investigate the nanoparticle leaching into the food.

e Adsorption treatment sector- It is used as a nano adsorbent in the water
treatment and metal adsorption sector due to its excellent ability to absorb
impurities, heavy metal and toxic materials. Therefore, nano clay is used for
water purification and filtration units.

e Food Industry - It is used for Food packaging and to value add to plastic
packaging planes as a filler material. Incorporating nano clay into plastics
enhances tensile strength, boosts blockage and abrasion resistance, improves
surface finish, reduces thermal expansion, and provides excellent flow and
preparation characteristics.

o Chemistry and environment - Not only that, nano clay is also involved in
energy, industrial operations, manufacturing sensors and various ecological
applications in many industries.

e Geopolymer and construction Industry- Moreover, nano clay is used to create
geopolymers and in the building and construction industry, using nano clay as
a mixing material in relevant ratios and concentrations with concrete enhances
its chemicals and physical characteristics. It is one of the suitable time saving
methods for producing building stuff economically and it leads to improve
durability, productivity, and overall operation in raw material manufacturing.
The nano clay integration with concrete significantly enhances the strong
mechanical and chemical properties, decreases shrinkage, inflammability,
thermal and gas barrier properties and mitigates the draining and separation.

In road development activities, nano clay is used to property improvement of
asphaltic compounds, and it causes surface improvement of roads.

e The pharmaceutical sector- Kaolinite type is used in the medical sector for
pharmaceutical drug formulation, for gut-active adsorption and for many
medical treatments.

e Agrochemicals sector- nonmetallic minerals which belong to the mica family
are utilized as an agrochemical to improve ground level potassium level to
improve the fertilizer supply to crops. Montmorillonite and kaolinite are
applied in the process of pesticide preparation.

Moreover less, biomaterials and consumer goods and cosmetics are some other
industries that use nano clay.
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2.5.2 Synthesis of Nano clay and composite

There are two main methods to synthesis nanoparticles (Abid et al.,2022).

1. Top-Down method
2. Bottom-Up method

The top-down method involves declining larger materials to nanoscale dimensions by
using mechanical operations, whereas the bottom-up method builds greater
nanostructures by chemical transformation method assembling them from individual
atoms and molecules. The figure below shows the techniques which are used under
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Figure 2.9: Nano particle synthesis methods (Abid et al.,2022)

Ball milling and ultrasonication are the main Top-down techniques which are applied
for making nano clay. According to that there are no specific synthesis processes and
mechanical operations, and high frequency sound waves are applied to exfoliate
individual silicate layers of clay accordingly. Simultaneously hydrothermal synthesis,
precipitation and Sol-Gel techniques are used to prepare nano clay by involving
chemical synthesis. (Abid et al.,2022).

Nano clay is applied as composite based applications at industrial level and the main
composites are polymer base, metallic base and ceramic based nanocomposites. Under
these main methods there are various types of techniques to synthesize nano clay
composites (Awasthi et al., 2019; Nanografi Advanced Materials, 2024).

e Solution Blending
e Molten State
e Polymerization

e Liquid nano clay
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2.6 Binding Energy (BE)

Binding energy is calculated to find out the adhesion properties of aggregate mineral
substrates by using system energy and the energies of each single molecule. Binding
Energy is considered as the negative (-) value of the intermolecular interaction energy.
A greater BE indicates more powerful interaction between the molecules, resulting in
a steadier system (Du & Zhu, 2019).

When generating a nucleus by combining two separate nucleons which are proton and
neutron, the system energy is decreased, and the change of that energy is always
getting negative (-) value due to the generating of a more stable system than individual
sub atoms. That changed energy value is called Binding Energy, and it can be defined
as, “Released energy when combining a molecule or atoms with another molecules or
surfaces” (Zhang et al., 2023).

In another way the Binding Energy can be described as, the entire energy of the
nucleus/molecules consisting of the certain subatomic particles which are proton and
neutron is lower than the collective entire energy of the detached subatomic parts for
the same and this energy change is called the BE of the system. In other words, Binding
Energy is equivalent to the necessary energy amount for binding the nucleus with
protons and neutrons or separating the nucleus into detached protons and neutrons
(L’ Annunziata, 2016).

The formula below is used to calculate Binding Energy (Du & Zhu, 2019).
E bind = — E inter = — (Eab — (Ea + Ep))

Binding Energy -E bind

Total energy of the combined system — Eab

Intermolecular interaction energy of the system — E inter

Energy of a monomer — Ea

Energy of b monomer - Ep

According to the above equation, binding energy is determined by calculating the
difference between total energy of the AB compound and the accumulation of the total
energy of monomers A and B (Du & Zhu, 2019). The intermolecular interaction energy
is also characterized by Binding Energy (Zhang et al., 2023).

These nucleus/ molecules formations and breakdowns perform as exothermic reactions
and endothermic reactions. An Exothermic reaction has occurred with
negatively changed energy (-AH)by forming a more stable system/product by
releasing energy to its surroundings. If the changed Energy positive (+AH), an
Endothermic reaction has occurred by absorbing heat from its surroundings while
forming a less stable system/product (Karthik et al., 2024).
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2.6.1 Factors affecting Binding Energy

There are various factors which affect the binding energy of a system, and they are
particle size, structural arrangements, the oxidation state of the material, chemical
properties, physical properties, geometrical factors, system electronic charge density,
trepidations, and type of interactions between the substrates (Radnik et al., 2002).

When considering the particle size of the material, it has a substantial effect on the
binding energy and there is an inversely proportional relationship between particle size
and binding energy. When the particle size is small, the system binding energy is
increased. Therefore, using nanoparticles leads to generating high binding energy of
the system with strong intermolecular interactions and a steadier system (Wang &
Zhao, 2013).

Literature shows that the molecular simulation options coming under computational
chemistry are implemented to predict the information regarding physical and chemical
properties before starting the physical experiments of Montmorillonite and different
types of clay and materials. According to that the material structures, binding energies,
interaction energies and other relevant possible properties are predicted by using
specific software (Toth et al., 2004).

2.7 Computational Chemistry

Computational chemistry comprises intense realistic elements. The fundamental
function of this field is converting the relevant theoretical applications into performing
computer programs by using a particular computer software with respect to generate
the end results. The major focusing areas of this application are forecasting and
calculating the chemical structure and energy of the relevant molecules. Relevant
resources in computational chemistry and modeling software are used to achieve the
above activities and simulation (molecular dynamics) is a progressively impressive
function in the computational chemistry field. Compatible applicability is a
considerable factor of the specific computational resources and modeling software
when use for calculations due to it shows specific performances in order to the specific
applied algorithm (Jensen, 2017).

However Computational chemistry is a rapidly evolving field which is used for
modelling and simulating the chemical systems of molecules. Therefore, this is a very
important discipline which can be applied to resolve different types of chemical and
biochemical matters and to explain and predict physical and chemical properties of
modeled and simulated molecules. The foremost calculations done by using
computational chemistry are bonding energies of molecules, energy of the modeled
molecules, changes of energy and the structures at conversion condition, energy and
the pathways of molecular reactions, molecular and atomic movements, generating
spectra such as NMR, CD and IR and RAMAN spectra. At the same time
computational chemistry is used for determining properties such as thermodynamics,
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modeled plains’, magnetic and including many chemical and physical properties of
molecules (Ramachandran et al., 2008).
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Figure 2.10: Application of computational chemistry (Shikano et al., 2020)

Meanwhile High time consumption is a main issue when synthesis of chemicals and
polymers in the laboratory facilities, specially “Molecularly Imprinted Polymers” and
because of that, substantial absorbing of diluents and chemicals are occurred.
Therefore, the accuracy of the result of the reaction is affected by those factors. Hence
computational chemistry has become an important field for resolving various matters
in the chemical field through simulation and modeling (Mar¢ et al., 2017).

2.7.1 Theories Apply in Computational Chemistry

Computational chemistry software is generated involving five types of methods and
theories which are Density Functional Theory (DFT), Molecular Dynamics (MD),
Semiempirical methods, Molecular Mechanics, and Ab initio calculations (Admin,
2024). Among these methods and theories DFT is playing a key role in computational
quantum chemistry discipline. DFT type can be introduced as a method of quantum
mechanical, and it is used for analyzing and evaluating the electronic structure
including electron distribution of atoms, molecules, and solid objects. Physics and
chemistry are the main subject areas that use the DFT. Diffusion is a major issue when
reactions occur in a larger system. However high energy can be accumulated during
significant atomic and molecule aggregations. Therefore, the application of DFT is
influential for systems like nanomaterials, supramolecules chemistry, biochemistry
etc. (Mourik et al., 2014).

Molecular dynamic (MD) theory is another important type which is applied in
computational chemistry software. MD means simulation and its main functions are to
calculate and forecast the movements of the atoms in the molecular system
(Hollingsworth & Dror, 2018), estimate and analyze the binding and kinetic energy of
interfaces and select the most proper molecules for generating more stable molecules
for the enhancement of the system (Salo-Ahen et al., 2021). When considering the
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industry applications of MD Simulation, it is an important discipline in minerology
(Greathouse & Cygan, 2013), drug and pharmaceutical industry (Salo-Ahen et al.,
2021), health sector, food and agriculture and many valuable disciplines (Nian et al.,
2021). At the same time MD simulation plays a significant role in improving and
formulating nano and crystalline materials (Salo-Ahen et al., 2021) according to
theoretical and technological improvements. As well as MD simulation is a valuable
application to predict the crystal structural arrangements, atomic behaviors, and the
dynamic temperaments of clay minerals. Most importantly molecular simulation
process is a regularly advancing method to use most appropriately in providing
distinctive understanding about interlayer and surface procedure mechanisms of clay
minerals, to create simulative conceptual models and assumptions to predict chemical
and the physical properties and to use as a novel software tool in modeling and
analyzing the nanomaterial properties in minerals than the existing typical techniques
(Greathouse & Cygan, 2013).

Ab initio calculations are used to find out the major elementary properties according
to the quantum mechanics theories. It gives precise outputs for the entire energy for
the solid system including or not faults and calculates the uppermost concentration of
the contaminations during the thermodynamic equilibrium. This precisely computes
the interatomic and undersurface relations and forces, electronic density while
considering the chemical and magnetic impacts in the system and this leads to generate
most exact modeling and create a substantial ability to predict the substance properties.
Further the Ab initio method is appropriate as above DFT and MD theory to apply for
find out the properties of nano scale systems (Odegard, 2017).

Semiempirical method is originated from “Hartree-Fock or Density Functional
Theory” by doing methodical calculations and it is heading to generate a more
effective calculation method which is quicker than the ab initio method (Christensen
et al., 2016). Though this is seen as a similar theory as ab initio method semiempirical
method is differentiated by more focusing on dropping the calculation time by
avoiding the time utilizing two electrons’ integrals and these assumed calculated
values are used as the analyzed data for the final calculations. Also, this decreases the
more complex calculations in the system to a significant range (Ramachandran et al.,
2008). Therefore, the semi-empirical method fulfills its computational part with the
feeding of experimental data to parameterize all materials of the molecular structure
(Johansson et al., 2012).

Molecular Mechanics (MM) theory is used to compute the entire energy that is
contained in the whole molecular system, and it is considered as a calculation of
bonding energy, electro statistic and binding energy including van der Waals bonds.
This computational method generates higher accurate straight calculations similar to
ab initio theory which is needed for molecular modelling. This is an empirical method
that computes the qualities and properties like geometry, strain, standard enthalpy of
forming, frequency of vibrations, polarity of the molecule system (Abdelrasoul et al.,
2017). Mainly this defines the energy of “bonded atoms” in the molecular system
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which are van der walls interactions and electro statistic energy in force between
negatively or positively charged atoms called coulombic interaction. The accuracy of
the molecular modeling done by using molecular mechanic theory depends on the
significant level of changeability of geometrical parameters of relevant molecules that
affect interactions (Hehre, 2003). However, this theory involves different types of
computational chemistry modeling software due to decreases the complications in
calculations in modeling and it accepts the molecular simulation process of substantial
chemical systems for prolonged periods.

2.7.2 Application of Computational Chemistry Tools in Modeling

The quantum chemical calculations in computational chemistry are done by involving
proper software and tools. Molecules modeling and simulation activities are completed
by using this quantum chemistry software which consists of the applications of the
theories, density functional theory (DFT), molecular dynamics (MD), semi empirical
methods, molecular mechanics, and ab initio calculations. Therefore, the most accurate
approximate quantum chemistry calculations are graphically represented by proper
computational software (Lehtola & Karttunen, 2022).

A methodically arranged computer system is used to answer the theoretical formulars
in computational chemistry according to the relevant molecular activity, to describe
the chemical incidents and to interpret and predict the physical and the chemical
properties of the relevant molecular system. This field plays a significant role as an
independent method which can be associated with other multidisciplinary scientific
research in different fields. There are various kinds of computational programming
packages available in the field and major categories of the licensing are for open
sources software tools, academic purpose software tools, commercial purposes and
governmental programming tools. (Adhikari & Adhikari, 2023). There are different
types of computational chemistry software which are Gaussian, GAMESS, Dalton,
DIRCCR12, Psi3, Jauguar, SAPT, Molpro, Spartan and Quantum Expresso
(Malyshkina & Novikov, 2021).

2.7.3 Using Gaussian Software in Research Work

Gaussian is a computational chemistry software used by chemists, chemical engineers,
biochemists, physicists, and other researchers to explore both traditional and cutting-
edge areas of chemical research (Pittsburgh Supercomputing Center, 2024). The GS is
used in quick assessments of molecular similarity to compare the molecular
electrostatic potentillas (Good et al., 1992). Moreover, Gaussian is a widely used
computational chemistry tool in materials science, helping researchers simulate
material properties, analyze chemical reactions, and explore structural characteristics
(Lee, 2025). Furthermore, research has been conducted for analyze the adsorption of
coal and methane at the molecular level using Gaussian simulations. Gaussian was
employed to build and optimize molecular models of four coal types which are lignite,
sub-bituminous, bituminous, and anthracite. The simulations provided data on their
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interactions with methane, including optimized adsorption structures, binding energy,
bond lengths, vibration frequencies, and infrared spectra (Yang et al., 2024). When
considering another way of using GS in analyzing adsorption property, the Gaussian
simulation method is one of the rapidly evolving theoretical approaches. It provides
details such as molecular structure, charge distribution, and atomic binding energy and
studies were carried out to simulate and analyze the CO: adsorption performance of
the absorbent by using GS due to its reliable predictive capabilities (Tang et al., 2011).
On the other hand, Gaussian is used in food industry sector to analyze a triglyceride
molecule composed of palmitic, oleic, and stearic acids, derived from waste animal
fat, which participates in the transesterification reaction involved in biodiesel
production (Srinivasan et al., 2020).

The characterization and mapping of mineral compositions by using Gaussian models
is another application of GS in industrial residues is gaining attention, as it can offer
valuable insights into processing activities at such sites and their environmental impact
(Marion & Carrere, 2018). GS is a quantum method which can be used in mathematical
modeling of crystal properties and structures (Matyszczak et al., 2025).

This software enhances the efficiency of molecular electronic structure calculations.
Gaussian enables the prediction of various molecular properties, including Raman and
IR spectra, molecular energies, vibrational frequencies, atomic charges, transition state
geometries, NMR shielding constants, and magnetic susceptibilities. It incorporates a
wide range of scientific and modeling capabilities, and its calculations are only
restricted by the available computational power and time, with no artificial constraints
imposed by the software itself (Malyshkina & Novikov, 2021).

Moreover, the Gaussian basis method plays a leading role in the quantum chemistry
field. The special characteristics of Gaussian tool are the entire electrons in the
molecular system are included in the calculations and these calculations and the
analytical evaluations of electrostatic properties between electrons and electrons
densities (Columb Integrals) are done effectively and accurately (Lehtola & Karttunen,
2022).

The benefits of using Gaussian Network Model (GNM) are, it is not only applicable
to tiny molecular structures and particular solo molecules as well as to large, complex
and combined molecules. The advanced controlling capability with optimization and
frequency calculation directs to the accurate and speed simulation of the relevant
molecules (Gaussian.com, 2019). Then it provides the results within a short period of
time. The calculation process is done within a very low duration compared to other
existing computational modeling tools (Yang et al., 2006). Further, Gaussian can be
applied in all three primary phases gas, liquid, and solid (Ritme, 2025) and serves as
an effective tool for analyzing the crystalline structures of minerals (Marion & Carreére,
2018).

Mainly the Gaussian Software consists of three main interfaces which are Job
Processing window, Gauss view interface, graphical interface (Gaussian.com, 2019).
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Figure 2.11: Three main interfaces of GS (Gaussian.com, 2019)

2.8 Relationship Between Edible Fat / Oil and Food Stickiness

As mentioned previously fat and oil content in foods are cause to stickiness of food to
the cooking pottery surface and they have versatile usage in food industry. Therefore,
widely using food type, fat and oil in food industry is providing considerable
contribution for the food stickiness during the food preparation.

According to global food consumption and food fortification process oil and fat are
important in cooking due to enhancement of nutrient absorption, flavor and texture,
heat transfer and even cooking, act as a cooking medium and versatile usage in food
industry (Mannar & Wesley, 2025).

Value-added
foods e.g.,
condiments,
beverages,
convenience foods,

candies

Basic foods
e.g., breads, biscuits, packaged
cereals, dairy products

Figure 2.12: Fortification food product pyramid-Standard food vehicle for staple
food (Mannar & Wesley, 2025)
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There are two types of fat and oil which are saturated fat and unsaturated fats. Saturated
fat has straight hydrocarbon chains without double bond between c-c atoms. Coconut
oil, palm oil, Butter, ghee, cheese, full-fat dairy products, fatty cuts of meat and other
relevant fat/oil types are included in the saturated category. Unsaturated fat is existing
as monounsaturated with one double bond between carbon atoms and polyunsaturated
fat is existing with more than one double bond between carbon atoms. These both types
are in Cis and Trans forms. Vegetable oils (olive, canola, sunflower, soybean, etc.),
nuts, seeds, avocados and Fish oil are rich with unsaturated fat/oil (Ginneken et
al.,2019; Harvard T.H. Chan School of Public Health, 2014).
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Figure 2.13: Saturated and unsaturated fat/oil (Ginneken et al.,2019)

Fat/oil are derivated from fatty acid and glycerol and they are described as
triglycerides. These triglycerides can be performed as simple or mixed triglycerides
according to the fatty acid types, whether saturated, monounsaturated or
polyunsaturated (Patterson, 2009).

2.9 Summary

This chapter discusses the relevant literature aspects towards the developing of proper
nano material to collaborate with clay in making cooking clay pottery which are
hygienic problems of using metal and non-stick metal cookware, food stickiness to the
clay pottery, clay and clay minerals, types of clay and clay mineral in Sri Lanka, clay
pottery industry in Sri Lanka, using clay in pottery making, nanotechnology,
applications of clay nano particles, synthesis of nano clay and composite, binding
energy (BE), factors affecting to binding energy, computational chemistry, theories
apply in computational chemistry, applications of computational chemistry tools in
modeling, using gaussian software in research work and relationship between edible
fat / oil and food stickiness.

This starts with the reasons illustration related to the research gap identification which
are the occurrence of hygienic problems in the human body because of the usage of
metal and nonstick metal cookware and the food stickiness during the cooking process
to the inner surface of the clay pottery. Though there are advantages in using metal
nonstick cookware, the health effect such as “Polymer fume flu”, carcinogenic
situations and other relevant health disorders have occurred by using anodized or non-
anodized metal cooking vessels and the nonstick cooking vessels with the Teflon
(PTFE), PFOA, PFOS, PFAS, PFC chemicals. However, even if clay pots are used
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instead of metal cooking vessels, due to the health and other benefits with clay, there
should be property improvement as suitable for current busy lifestyle with improved
nonstick and other relevant properties.

The nonstick clay pottery making material development process is discussed by using
the most usable clay types and natural industrial nonmetallic minerals in Sri Lanka.
Red clay, Ball clay, and White clay are the most usable clay types in clay industry in
Sri Lanka. Kaolin, Montmorillonite, Graphite, Ilmenite, Rutile, Zircon, Quartz,
Feldspar, Clay, Kaolin, Apatite, Silica Sand, Garnet sand, Mica, Calcite and Dolomite
are the abundant industrial nonmetallic minerals in Sri Lanka. As Sri Lanka is a natural
clay and mineral rich country the abundance availability of these materials is an
advantage for maintain the cooking clay pottery industry as ancient and village
industry. The Red clay is the most usable clay type in Sri Lanka for use in cooking
pottery industry. The mineral material collaboration with Red clay is considered as a
property improving strategy and using nano materials in suitable method of this pottery
making clay and possible mineral material is a proper way to enhance the nonstick
property of the materials.

The importance of using computational chemistry for identifying the proper mineral
material to collaborate with clay is conversed. Using Gaussian software under
computational chemistry is an appropriate method to identify the proper mineral
material through the simulation process. Molecules modeling and the calculation BEs
between clay and mineral material through the simulation in Gaussian software
provide the predicted values and abilities to identify the best clay and mineral
combination. Particularly the binding energy predicts the suitability of the
collaborative mineral material to the clay for making the clay cooking pottery. This
process is appropriate as it predicts valuable information prior to implementing the
actual experiments in laboratory facilities. This is a time and a resource consumption
reduction process than the actual experimental works.

Fat/oil plays a major role in the human diet. Therefore, fat/oil is used in investigating
the nonstick property performances by involving the Gaussian software through
finding BEs. These findings through the Gaussian calculations provide significant
value in planning the implementation of an actual experimental process to make the
nonstick clay pottery clay and mineral material.
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CHAPTER 3

METHODOLOGY

3.1 General

This chapter describes the methods that were implemented for developing proper
nanomaterial to use in cooking clay pottery making. According to that, the data
collection methods and activities using interviews through questionnaires, literature
review on research gap identification and properties identifying of clay and minerals,
designing the models of relevant clay and mineral types using Gaussian software (GS),
simulating modeled molecules and calculation of binding energies of relevant
individual clay and mineral molecules (monomers) and clay mineral combination
(dimers) to find out the best appropriate mineral to combine with clay to use in clay
pottery and data analyzing regarding the performance of identified clay mineral
combinations for the nonstick property are included in this chapter.

3.2 Research Methods

This research methodology is mainly aligned according to two aspects which are
research gap identification and experimental methodology. The research gap
identification was done in the introduction part based on the literature review part
towards fulfilling the objective, Identify the industrial need of developing a proper
nano material to use in clay pottery which is used.

The Experimental methodology consists of four main steps to achieve the objectives,
Identify the proper material which can be used as a nanomaterial for clay pottery and
analyze the performances of the identified clay and mineral combination for nano
composite. They are Collecting Primary and Secondary Data, finding out the physical
and chemical properties of each clay type and clay minerals, identify a suitable nano
material to apply for clay potteries and analyze the performances of the identified clay
+ Mineral combination for nano composite.

The complete research methodology is shown in the below Figure 3.1 and the research
methodology consisting of all activities which were completed during the study is
shown in the research design below Figure 3.2.
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‘ Experimental Methodology

Identify the industrial need of
developing a proper nano material
to use in clay pottery which is
used for cuisine purposes
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Find out the physical and
chemical properties of each clay
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Analyze the performances of the
identified clay +  Mineral
combination for nano composite.

Figure 3.1: Complete research methodology
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3.2.1 Step-01: Collecting Primary and Secondary Data

The initial data accumulation was done through two ways, primary and secondary data
collection. This was implemented to identify the main clay type use for cooking clay
pottery making and abundant clay mineral types and non-metallic mineral types in Sri
Lanka.

3.2.1.1 Primary Data Collection

The primary data collection was done through an industrial survey in pottery industry.
The industry survey was carried out in Gampaha District by involving randomly
selected 10 numbers of pottery making centers. They are situated in Weeragula,
Minuwangoda, Meerigama and Kelaniya areas. Two of them are established by the Sri
Lankan government as clay-based creations village and training centers at Weeragula
and Kelaniya area. The remaining eight are medium-scale and small-scale domestic
manufacturing centers situated in the above areas. This was conducted as a qualitative
survey by having face-to-face interviews and telephone conversations with pottery
makers and officers. A semi structured questionnaire including both open ended and
closed ended questions was used as the data collection instrument. Then the gathered
data were analyzed to find out the most usable clay type for pottery making, types of
clayware, pottery making process and the gender participation in pottery making.

3.2.1.2 Secondary Data Collection

The literature survey was implemented to identify the abundant clay types, clay
mineral and non-metallic mineral types available in Sri Lanka under the Literature
Review (Chapter 2) part of the research. As Sri Lanka is a clay and mineral rich country
this was implemented to find out the literature evidence for most suitable clay and
mineral types which are used in the clay industry. The natural clay and clay mineral
deposit areas and most usable industrial nonmetallic minerals were identified under
the literature review part.

3.2.2 Step-02: Physical and Chemical Properties of Identified Clay Types and
Minerals

The physical and chemical properties of the most usable clay type for pottery making,
clay mineral types and industrial minerals which were identified under step 1, were
investigated through the literature survey. These properties are chemical composition
/ formula, crystalline structures, chemical structure, appearance, color, mineral type
and odor.

Though there are different types of clay types recognized according to literature review
which are used for clayware, the most usable clay type was considered for further
experiments identified through the industry survey. These properties were utilized in
structuring the relevant clay and mineral types by using computational chemistry
software (Gaussian) and they will be used in further development of this research in
future activities in analyzing each mineral type during their physical experiments.
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3.2.3 Step 03: Identify a Suitable Mineral Material to Apply for Clay Potteries
as Nano Material

This consists of two experimental steps. Initially the models of identified most usable
clay type through the industry survey and other identified minerals according to
literature review were designed by using Gaussian software coming under
computational chemistry. Secondly, finding the Binding Energies of molecules
through the simulation process in GS and analyzing these values to identify the most
suitable mineral type to collaborate with the identified clay type to make cooking
potteries.

3.2.3.1 Use GS to Model Identified Clay and Mineral Structures

As per the literature review, the GS was used to model the molecules and for
simulation process. Mainly the GS consists of three main interfaces which are Job
Processing window, Gauss view interface, graphical interface. Gaussian 09 version
and Gauss view 6 interface versions were used in this research as in Figure 3.3
(Gaussian.com, 2019).
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Figure 3.3: Modeling molecules using GS (Gaussian.com, 2019)
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Initially each clay and mineral type were designed considered them as monomers. A
monomer is a small molecule that can chemically bond with other similar or identical
molecules to form a polymer. Monomers are the basic building blocks of polymers
(Dhote et al., 2019). Monomers were designed using the relevant icons such as
Element, R-Group Fragments, Periodic Boundary Conditions (PBC), modify Bond,
Modify Angles and other necessary icons in Gauss view 6 interface and graphical
interface by considering the referred literature regarding chemical composition /
formula and crystalline /chemical structure in step 01.

3.2.3.2 Calculate Binding Energies of Monomers and Dimers by Simulation

The system binding energy was calculated by the simulation process using GS. As per
the definition of the formula, the released energy when combining molecules is
calculated by deducting the total energy of monomers from the total energy of the
combined system. The auto calculated electronic energy values by the software are
given in Atomic Unit and all the received values were converted to kilocalories per
mole (kcal/mol). The formula below was used to calculate the binding energy of the
system, and the interaction energy was avoided due to usage of binding energies for
the research.

E (bind (mon A- mon B)) =E (opt-dimer AB) = (E (opt-mon A) + E (opt-mon B))

According to literature review the A and B letters show the separate monomers and E
shows the Energy of the system (dimer). The combined system is called dimer, and a
dimer is a molecule formed when two monomers (identical or different) chemically
bond together (Holland et al., 2009)

There are important points to be concerned with calculating the BE of each system
using GS.

e Do Geometry optimization and Frequency calculation (Opt+Freq) relevant
molecules (Figure 3. 4)

e Use the Semiempirical theory option as the calculation method (Figure 3.5).

e Identify monomers to be combined (Atom Group Editor) (Figure 3.6)

Gaussian Cakculation Setup..

17 atoms. 130 elecions, newral sngiet Inqure Seiect Atom 1

Figure 3.4: Geometry optimization and Frequency calculation (Opt + Freq) relevant
molecules
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Figure 3.6: Identify monomers to be combined (Atom Group Editor)
Major steps of calculating BE are,
1. Calculate Energy of individual monomer
Combine each mineral with clay (Figure 3.7)

2
3. Calculate the total energy of the combined system
4

Deduct the accumulated energies of monomers from total energy of the system

(dimer).

The combination order of clay and minerals to create dimers is shown in Figure 3.7.
The identified clay type was considered as the monomer 01 in each reaction in the
research. Each mineral type was considered as the monomer 02, to be combined with
the monomer 01. The combined system which is consisted with both monomer 01 and

02 was considered as dimer.
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Monomer 01 Monomer 02 Dimer
Montmorillonite Red Clay + Montmorillonite
Kaolinite Red Clay + Kaolinite
_ Red Clay + Graphite
Silica Sand Red Clay + Silica Sand
Quartz Red Clay + Quartz
Feldspar Red Clay + Feldspar
]T‘;e::ﬁed Cay + Apatite B :cd Clay + Apatite
Mica Red Clay + Mica
Red Clay + Ilmenite
Red Clay + Rutile
Zircon Red Clay + Zircon
e Red Clay + Garnet Sand
Calcite Red Clay + Calcite
Dolomite Red Clay + Dolomite

Figure 3.7: Clay and mineral combination

The energy values were stored in the Table 3.1 format for each clay and mineral
combination

Table 3.1: Calculated energy value storing table

Binding Energy Calculation

E (bind (monl—mon2)) =E (opt-dimer)= (E (opt-monl) +E (opt—m0n2))

Monomerl+Monimer 2
Electronic E (au) Electronic E (kcal/mol)

System

Monomer 1

Monomer 2

Mixture (Combined system)

Binding Energy

Then the BEs for each clay + mineral combinations were analyzed to identify which
combination has the highest negative valued binding energy to identify the best
collaborative mineral material to the clay to use as a nano material. The (-) shows the
exothermic reaction and this type of reaction exhibits the higher stability of the system.
If the BE value will be positive (+) it shows the least stable system and endothermic
reaction has occurred.
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3.2.4 Step 04: Analyze the Performances of the Identified Clay + Mineral
Combination for Nano Composite

Mainly the nonstick property of the identified clay and mineral combination was
analyzed. According to the literature review, dietary fat/oil plays a major role in the
human diet and there are two main types of saturated and unsaturated fats. Therefore,
these fats were used to analyze the nonstick property of clay mineral combination by
using GS. The steps of the analysis part as in Figure 3.8 are,

1. Model the fat/oil structures using GS and calculate the energies of each fat/oil

type
2. Combine the clay with fat types separately and find the BEs

3. Combine the best clay and mineral combination with fat types separately and
find the BEs

4. Store the Energy values in the table format (Table 3.1) for each reaction and
compare the Bes.

Find out the binding

Find out the binding energy of

energy of Compare the

Red Clay + Fat Red Clay and Binding energies

Apatite combination

Combination + Fat Combination

— 5 Saturated Fat
ed Clay an
Apatite +

Unsaturated Fat

Figure 3.8: Analyzing nonstick property of identified clay + mineral combination

The analysis was done to identify which combination has the least BE whether it is
between clay and fat/oil or clay + mineral mixture and fat/oil. The relevant
combination with fat with the positive (+) BE value which is the most unstable system
shows the higher nonstick property.

This was done for the general structures of saturated and unsaturated fats and for the

oil types coming under each fat/oil type which are coconut oil and canola oil (vegetable
oil).
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3.3 Summary

This chapter consists of research methods towards achieving the research aim and
objectives. They are, collecting primary and secondary data, literature on physical and
chemical properties of identified clay types and minerals, identify suitable mineral
material to apply for clay potteries as nano material by modeling identified clay and
mineral structures and calculating binding energies of monomers and dimers by
simulation using Gaussian software and finally analyzing the nonstick performances
of the identified clay + mineral combination for nano composite.

The primary data collection was done through an industrial survey in Gampaha
District. The secondary data collection was done through the literature review to find
out the physical and chemical properties of identified clay types and minerals.
Particularly the structures with chemical compositions were deliberated. These
properties were contributed to modeling the clay and mineral types to calculate the
BEs through the simulation by using GS. As the highest negative BE values show the
more stable system of clay and minerals, the highest negative BEs value was
considered to identify the best collaborative mineral material to combine with the clay.
As the fat/oil is a major staple food type, it was used to analyze the nonstick property
of recognized clay + mineral mixture through finding BEs by using GS. The nonstick
property was analyzed with the lower negative BE value between the clay + mineral
mixture and fat/oil type, which will be predicted that fat/oil type has non adhesive
ability to the modified clay + mineral pottery making material.
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CHAPTER 4
RESULTS AND DISSCUSSION

4.1 General

This chapter demonstrates the results and discussion of each methodological steps
from the research gap identification to overall experimental results including the
analyzed outcomes. Displaying relevant collected data and reporting the calculated and
analyzed results were interpreted through the charts, graphs, texts, tables and statistical
measures towards fulfilling of research objectives. Mainly the most usable clay type
to make clay cooking pottery, the most appropriate mineral type to collaborate with
clay type and the nonstick property of the identified clay and mineral combination,
revealed through the various experimental steps in this chapter.

4.2 Research Gap Identification

The research gap identification was done in the introduction part based on the literature
review and it addresses the objective identifying the industrial need of developing a
proper nano material to use in clay pottery which is used for cuisine purposes. There
are two main problems that are identified which are caused to generate the industrial
need of developing proper nano material to use in clay pottery.

e Using of metal and nonstick metal cookware cause hygienic problems in
human beings.
e Food stickiness to the inner surface of the clay pottery during cooking.

Therefore, recognizing of property improved material for making clay cooking pottery
is a significant advanced movement for the development of pottery industry in Sri
Lanka.

4.3 Experimental Results Overview

The experimental results overview consists of industrial survey results, identified
abundant clay types, clay mineral and non-metallic mineral types in Sri Lanka,
physical and chemical properties of identified clay type and minerals, binding energy
analysis part to find out the most suitable mineral material to apply for clay potteries
as nano material and to identify the nonstick performances of the identified clay +
mineral combination for nano composite.

4.3.1 Step 01: Primary and Secondary Data

Most usable clay type for pottery making, industry type clay consumption, gender
participation in pottery industry, industry type gender participation, types of clayware
and pottery making process are identify through the industrial field survey under the
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primary data collection. Abundant clay types and industrial mineral types in Sri Lanka
were shown through the secondary data based on the previous literature.

4.3.1.1 Industrial Survey Results

The industrial survey was mainly targeted on finding out the most usable clay type for
pottery making, types of clayware, pottery making process and the gender participation
in pottery industry.

Raw Clay Type

10%

90%
= Red Clay m Red Clay+White Clay

Figure 4.1: Most usable clay type for pottery making

According to the results of the industrial survey, Figure 4.1 shows 90% of respondents
are using Red clay as the raw material in cooking pottery making. 10% of respondents
are using a clay mix consisting of Red clay and white clay.

Industry Type

6
w 5
3
5 4
@)
g 3
3
S 2
2
£ 1
<}
£ L]

0

By Sri Lankan government Medium Scale Small Scale
Industry Type mRedclay ®Red Clay +White Clay

Figure 4.2: Industry type clay consumption

As shown in Figure 4.2, the medium-scale and small-scale domestic manufacturing
centers use red clay for making cooking clay pots and only one government sponsored

39



clay-based creations village and training center at Kelaniya uses both red clay and
white clay mixture for pottery making and sometimes it depends on the supply of the
white clay to the center. The majority of the pottery makers use red clay as raw material
to make cooking pottery. Therefore, the most usable clay type for cooking pottery
making is Red clay.

Gender Participation

M+F
40%

50%

10%

asM =F =M+F

Figure 4.3: Gender participation in pottery industry

The gender participation in pottery industry is shown in Figure 4.3 describes that 50%
of males are involving in pottery industry and the female contribution is 10%.
Nevertheless 40% of both males and females are involving with pottery making.

Industry Type Gender Participation

4.5
g 4
«g 3.5
O 3
)
£ 25
=
S 2
> 1.5
8
> 1
-
0.5 . l
0
Male Female Male+Female
Gender
m By Sri Lankan government ® Medium Scale m Small Scale

Figure 4.4: Industry type gender participation

The industry type gender participation shown in Figure 4.4 represents males’
involvement in pottery industry is higher than both female and male + female
involvements. However, both male and female are mostly involving in small scale
domestic level pottery industry.
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Types of clayware

The Different types of clayware which are manufactured in the visited clay centers are
listed down in the Table 4.1 and the as per the conversation had with them, the quantity
of these items depends on the requirements of the consumers. The cuisine clay
potteries are made during the whole year and some non-cuisine clayware are seasonal
products which are manufactured targeting the special cultural and religious occasions.

Table 4.1: Different types of clayware

Cuisine Clay Potteries Non-Cuisine Clayware

Etili (use for cooking curries), Muttiya Milk pots, Clay lamps, clay stove,
(use for boiling water, and cooking Terracotta, Guruleththu, Clay
rice), Apalla (use for cooking food), water kettle, Clay plates, Clay
Nambiliya (pot lid) Bowl (mati paathraya), Mati
koppaya, Flowerpots, Decoration
items, Clay Handicrafts and etc...

Figure 4.6: Clayware making by using mould and “Sakaporuwa”
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Pottery making process

As shown in the Figure 4.7 the general cooking pottery making process consists of the
steps below as per the collected information from the pottery making centers.

Collect the secondary Make the clay Clean the clay Clean the clay mix and

clay (Earthen ware )| mix by adding mix and blend it =) blend it again with water |

clay) water and sand again sand and silicon to get the
correct seasoning level

!

Load in the Let it to dry Make cooking Keep the clay mix for
oven to bum = under shade &= wares using L season nearly 1-2 days
“sakaporuwa” or
mould
Unload the pots
from the oven

Figure 4.7: Cooking Pottery Making Process

Collecting the secondary clay (Red Clay/ Earthenware clay) is done by the clay
suppliers who collect the relevant red clay from the clay sources. These pottery making
centers are provided the Red clay from Negombo, Naththandiya and Panduwasnuwara
in Sri Lanka.

Figure 4.8: Clay storing areas

Then the clay mixture is made by adding water and sand in necessary quantities while
cleaning the blend by removing the unwanted parts such as stones. Next, the cleaned
mixture is blended and cleaned repeatedly by adding more water, sand and silicon as
necessary to create the optimum texture. Moreover less, the blended bulk is sent
through a milling machine to ensure the maximum homogeneous texture and to cut the
clay bulk into equal size clay cubes for user friendliness. Clay cubes are rested for 1-
2 days for seasoning and cover with polythene.
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Figure 4.12: Clay cubes partitioning

Then clay potteries are manufactured by using Sakaporuwa or mould. There are two
types of Sakaporuwa which are manual and electric. All the clay centers use electric
Sakaporuwa and 7 numbers of centers use moulds to make cooking potteries (Ethiliya)
and milk pots. Other 3 numbers of small-scale pottery makers are not using moulds.
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J

Figure 4.14: Clay pottery making by mould

Figure 4.16: New oven system
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Figure 4.17: Old oven system

The potteries are dried under shade before loading them in the oven for some hours or
days and then load them into the oven to burn. After proper burning time, the unloading
of cured potteries is done from the oven and as the final stage allows them to cool.

e

Figure 4.20: Keeping burnt pots for cooling
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Figure 4.21: Prepared clayware after oven process

4.3.1.2 Abundant Clay Types and Industrial Mineral Types in Sri Lanka

According to the literature review (Chapter 02) the abundant clay types which are used
to make clayware and the industrial minerals are in Sri Lanka shown in Figure 4.22.

Clay & Minerals

Clay Minerals

¢ Red Clay s  Montmorillonite

s Ballclay o  Kaolinite

s  White clay o  Graphite

® Silica Sand
Quartz

.
o Feldspar
L ]
L ]

Apatite
Mica
o Ilmenite
» Rautile
s Fircon
¢  Garnet Sand
o Calcite

¢  Dolomite

Figure 4.22: Clay types and industrial mineral types in Sri Lanka

According to step 01 the most usable clay type for cooking clay pottery is red clay.
Therefore, only the Red clay is considered for future experiments in this research
among other clay types.

46



4.3.2 Step 02: Physical and Chemical Properties of identified Clay Type and
Minerals

The relevant chemical and physical properties which are related to this study of
identified red clay and industrial minerals are listed in each tables according to the
literature survey. These properties are, chemical composition / formula, chemical
structure, crystalline structure, appearance, color, mineral type and odor.

Table 4.2: The chemical and physical properties of Red Clay

Property Value/ Description
Clay Type/Name Red Clay
Chemical composition Silica (Si02), Calcium Oxide (CaO), Iron

(IIT) Oxide (Fe203) Magnesium Oxide
(MgO), Aluminum Oxide (Al203),
Potassium Oxide (K20), Sodium Oxide

(Na20)
Appearance/Structure
Color Red-brown color

Source: (Samad et al., 2021)

Table 4.3: The chemical and physical properties of Montmorillonite

Property Value/ Description
Mineral Name Montmorillonite
Chemical composition/formula Al2(OH)2S14010

Crystalline structure /system
STRUCTURE OF

MONTMORILLONITE

NIOCH 11D FROM CHIM {1962}

Color Light Cream/Off white, Translucent

Source: (Nano Research Element, 2025; Poppe et al., 2001)
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Table 4.4: The chemical and physical properties of Kaolinite

Property Value/ Description
Mineral Name Kaolinite
Chemical composition Al2(OH)4S1205

Crystalline structure /system

Triclinic, Phyllosilicates (crystal class-
Pedial)

STRUCTURE OF A KAOLINITE LAYER

G ’

MODIFIED FROM GRIM (1962)

Color Odorless white to yellowish or grayish
powder
Odor No odor

Source: (National Library of Medicine [NLM], 2024; Poppe et al., 2001)

Table 4.5: The chemical and physical properties of Graphite

Property

Value/ Description

Mineral Name

Graphite

Chemical Composition

Carbon atoms (Cn)

Crystalline Structure /system

Hexagonal

oy

2
[

1 6
I

1

RTa

Color

Black to steel grey

Mineral type

Native mineral

Source: (Matmatch, 2024; Asbury Carbons, 2025)
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Table 4.6: The chemical and physical properties of Silica Sand

Property Value/ Description

Mineral Name Silica Sand

Chemical Composition Si02, Al203, Fe203 — 0.02- (98.5% silica, as
sand)

Cristal structure Transparent crystals or amorphous powder

silica sand

Crystalline silica (sand)

Color Blue, White crystal particles

Odor Odorless

Source: (Wypych, 2021; ASDN, 2025)
Table 4.7: The chemical and physical properties of Quartz

Property Value/ Description
Mineral name Quartz
Chemical composition/formula SIO2
Crystalline structure /system e Crystalline form of silica.
e Mostly available silica type form of
earth.

e C(Crystalline form of silica as
granules, high purity silica-98-

Crystalline SiO
I'y(Quartz) 2

*Si 0

Mineralogical analysis e High percentage of quartz phase.
e High silica content and use as silica
refractory brick.
Color White

Source: (ChemicalBook, 2017; Paul et al., 2023)
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Table 4.8: The chemical and physical properties of Feldspar

Property Value/ Description
Mineral name Feldspar
Chemical composition/ formula (K20) (S102)6(Al203)

Crystalline structure /system

Ecldspar Group Mincrals o
K-Feldspar: KA15,0, O-red
Albite: NaASHOy 'Ca  light-gre
Anorthite: C2ALS150; ght-grey
*Na - grey

*K - dark-grey

Color White, red

Source: (Wypych, 2021; Pakhomova et al., 2020)
Table 4.9: The chemical and physical properties of Apatite

Property Value/ Description
Mineral name Apatite

Chemical composition/ formula Cas(PO4)
Crystalline structure / system Hexagonal

PO , tetrahedra (gray)

Cang polyhedral (red)

Caz0 ﬁF polyhedral (not shown)
F ions (green spheres)

F-Ca2, triangles (green)

Cal (red) and Ca2 (orange)

O (black) ion

Color White, Yellow, Green, Red, Blue.

Mohs scale- hardness 5

Source: (Apatite Mineral Data, 2014; Hazrah & Antao, 2022)
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Table 4.10: The chemical and physical properties of Mica

Property Value/ Description

Mineral name Mica

Chemical Composition / Formula KAIL(AISi3010) (OH)2

Crystalline Structure /system

@ ¢ o o o b (b) b

Color White to Green or Red to Black (Fine white
powder)

Source: (Zhang et al., 2019; Ostendorf et al., 2008)

Table 4.11: The chemical and physical properties of Ilmenite

Property Value/ Description
Mineral name Ilmenite

Chemical composition/ formula (Fe. TiO3)
Crystalline structure / system Trigonal

¥

Color Iron black, Black and Brittle

Source: (ChemicalBook, 2023; Ribeiro & de, 2014)
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Table 4.12: The chemical and physical properties of Rutile

Property Value/ Description
Mineral Name Rutile

Chemical composition/Formula TiO2

Crystalline structure /system Tetragonal

Color Red-brown to black

Source: (Shon et al., 2008; Azevedo et al., 2020)
Table 4.13: The chemical and physical properties of Zircon

Property Value/ Description

Mineral name Zircon

Chemical composition/ formula Z1Si04

Crystalline structure /system Gemstone (Avoided for further

experiments due to High Cost) (SiO4-

tetrahedra, ZrOs- polyhedral)
ZrSi0, M /amd

Color Gold Color. A gem (Yellow, Blue)

Source: (Burnham, 2018; Pina et al., 2018; Geology Science, 2018)
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Table 4.14: The chemical and physical properties of Garnet Sand

Property Value/ Description

Mineral Name Garnet Sand

Chemical composition/ formula Common Formula- A3B2(SiO4)3, A and B
represent- Ca, Mg, Fe*?, or Mn, Al, Cr, Fe™
or Ti

Crystaline structure / system Grain Shape- angular

Garnet
(001) slice

Atomic sites

Color Pink to red color

Odor Odorless

Source: (Muttashar et al., 2017; Export Development Board Sri Lanka (2021); Grew
etal., 2013)

Table 4.15: The chemical and physical properties of Calcite

Property Value/ Description

Mineral name Calcite

Chemical composition/ Formula CaCOs

Crystaline structure / system e Trigonal or Hexagonal

e C(Crystals are uncommon

e QOccurs as granular, masses, foliated
or tabular in nature

e Occurs as granular, masses, foliated
or tabular in nature
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a)
Calcite
Trigonal,
a=b#c,
a=90p=907=120

b)
Vaterite
Orthorhombic,
azb#c,a=p=7=90 @

Color White or colorless with light shades of
yellow, orange, blue, pink, red, brown,
green, black and gray

Source: (Amar et al., 2012; Febrida et al., 2021)
Table 4.16: The chemical and physical properties of Dolomite

Property Value/ Description

Mineral name Dolomite

Chemical composition/ formula (Ca, Mg) (CO3)2

Crystalline structure /system Trigonal crystal system with rhombohedral
habit (Powder or chip)

*Pink-Ca

* Brown- Mg
*black -C

* white -O

Color White, brown to orange

Source: (LookChem, 2018; Zucchini et al., 2014)
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4.3.3 Step 03: Suitable Mineral Material to Apply for Clay Potteries as Nano
Material

This is mainly consisting of two major steps that modeling of Red clay and identified
minerals and calculating the Binding Energies of each monomer and dimer through
simulation in GS. Finally, BEs of each system (dimers) were analyzed to find out the
most suitable mineral.

4.3.3.1 Modeled Red Clay and Minerals Structures Using Gaussian Software

According to Table 4.2, the Red clay is comprising of different types of compounds
and the total structure as a clay was not found out through the literature review.
According to the ingredient compounds the structure of Red clay was buildup through
GS. Nevertheless, the structures of each mineral were modeled by using the
information in step-02 in Gaussian. Modeled structures are shown below.

ﬁ G1:M2:V1 - Red Clay_S2 - Copy.gjf (C./MINERALS/RED CLAY DRUPANITH/Red Clay_S2/Red Clay_S2 - Copy... — — ] X

29 atoms, 344 electrons, neutral, singlet C1 Modify Bond SelectAtom1

Figure 4.23: Modeled Red Clay using GS
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G2:M2:V1 - Montmorillonite.gjf (C:/MINERALS/MMT/Montmorillonite.gjf) T a X

22 atoms, 196 electrons, neutral, singlet Build Select Placement .

Figure 4.24: Modeled Montmorillonite using GS

@ G1:M2:V1 - Kaolinite.gjf (C./MINERALS/KAOLINITE/Kaolinite.gjf) - m} X

: ‘vofz v

17 atoms, 130 electrons, neutral, singlet C1 Inquire Select Atom 1 &

Figure 4.25: Modeled Kaolinite using GS
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24 atoms, 144 electrons, neutral, singlet Inquire Select Atom 1 |

Figure 4.26: Modeled Graphite using GS

@ G1:M2:V1 - Silica Sand.gjf (C;/MINERALS/SILICA SAND/Silica Sand.gjf) - a X

.vofz v

14 atoms, 136 electrons, neutral, singlet Inquire Select Atom 1 .

Figure 4.27: Modeled Silica Sand using GS

57



15 atoms, 144 electrons, neutral, singlet €2/C1 Inquire Select Atom 1

Figure 4.28: Modeled Quartz using GS

18 atoms, 189 electrons, neutral, doublet C1 Inquire Select Atom 1

Figure 4.29: Modeled Feldspar using GS
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G1:M1:V1 - Apatite.gjf (C:/MINERALS/APATITE/Apatite.gjf) — m} x

44 atoms, 500 electrons, neutral, singlet C1 Inquire Select Atom 1 .

Figure 4.30: Modeled Apatite using GS

G1:M1:V1 - Mica.gjf (C/MINERALS/MICA/Mica.gjf) - ] X

68 atoms, 738 electrons, neutral, singlet C1 Inquire SelectAtom1 .

Figure 4.31: Modeled Mica using GS
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$2) GIM2VT - imanite.gyt (C/MINERALS/ILMANIT E/limanite.git = C X

@ 0]~

21 atoms, 232 clectrons, neutral, singlet Inquire Select Atom 1

Figure 4.32: Modeled Ilmenite using GS

1] G1:M2:V1 - Rutile.gjf (C:/MINERALS/RUTILE/Rutile.gjf) — O x

Ovofz -

15 atoms, 246 electrons, neutral, singlet Inquire Select Atom 1 o

Figure 4.33: Modeled Rutile using GS
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@ G1:M1:V1 - Zircon.gjf (C:/MINERALS/ZIRCON/Zircon.gjf) - O x

15 atoms, 164 electrons, neutral, singlet C1 Inquire Select Atom 1 .

Figure 4.34: Modeled Zircon using GS

G1:M1:V1 - Garnet Sand.gjf (C:/MINERALS/GARNET SAND/Garnet Sand.gjf) - ] >

42 atoms, 418 electrons, neutral, singlet C1 Inquire Select Atom 1 .

Figure 4.35: Modeled Garnet Sand using GS
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1) G1:M3:V1 - Calcite.qjf (C/MINERAL DIMER BINDING ENERGY/CALCITE/Calcite.gjf) - [a] X

®-: -

28 atoms, 260 electrons, neutral, singlet Inquire Select Atom 1

Figure 4.36: Modeled Calcite using GS

91 G2:M1:V1 - Dolamiteqif (C/MINCRALS/DOLAMITL/Dularmite aif) - o P

18 atoms, 156 electrons, neutral, singlet C1 Inquire Solect Atom 1

Figure 4.37: Modeled Dolomite using GS
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4.3.3.2 Calculated Binding Energies of Monomers and Dimers Through
Simulation and Binding Energy Analysis

Calculated BEs of Monomers and Dimers Through Simulation

The energies of the above modeled Red clay and mineral structures (monomers) were
calculated by simulation process through GS. Then the energies of each dimer which
were generated by combining modeled Red clay with each mineral individually, were
calculated by simulation through the GS.

These relevant energies are shown in below “Gaussian Calculation Summery” figures
which were generated at the end of the simulation/ calculations for each monomer and
dimer in GS. The sample “Gaussian Calculation Summery” tables are shown for Red
clay and Montmorillonite combination and all other energy calculations were done in
the same manner for each Red clay and mineral combination separately. The relevant
BE value is exhibited in the raw, E(RPM®6) in the Gaussian Calculation Summery
table. The BE calculations which were done according to the mentioned formula for
each Red clay and mineral combination is shown in separate tables.

The relevant energy values are given in “Hartree” unit in the raw E(RPM6) and it is
the unit of energy which is Atomic Unit (au) which is represented in molecular orbital
calculations. Moreover, the energy results of computations under Semiempirical
method are recorded in Hartree (National Institute of Standards and Technology,
2022). For the convenience of further experimental works, the unit conversion from
Hartree to kilocalories per mol (kcal/mol) is an important activity when using it in
molecular calculations. Therefore, the final calculated BE values in Atomic Unit
(Hartree) are converted to kcal/mol by multiplying the atomic unit values by 627.5 in
this research.

Red Clay

Overview Thermo Opt
RED CLAY BINDING ENERGY

CAMINERAL BINDING ENERGIES\RED ...
File Type log
Calculation Type FOPT
Calculation Method
Basis Set
Charge 0
Spin Singlet
Solvation None

E(RPM6) 0.955929 Hartree
RMS Gradient Norm 0527236 Hartree/Bohr

Imaginary Freq
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Figure 4.38: Gaussian Calculation Summery for Red Clay
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Red Clay and Montmorillonite

ﬁ G2:MT:V1 - Gaussian Calculation Summary x ﬁ G2:M1V1 - Gaussian Calculation Summary x
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Calculation Type FOPT Calculation Type FOPT

Calculation Method

Calculation Method

Basis Set Basis Set
Charge 0 Charge 0
Spin Singlet Spin Singlet
Solvation None Solvation None
E(RPM6) -1.071504 Hartree E(RPME) -3.638132 Hartree
RMS Gradient Norm 0.037155 Hartree/Bohr RMS Gradient Norm 0.025228 Hartree/Bohr
Imaginary Freq Imaginary Freq
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Figure 4.39: Gaussian Calculation Summery for Montmorillonite and for Red Clay

and Montmorillonite System

Table 4.17: BE Calculation for Red Clay and Montmorillonite Combination

E (bind (monl—mon2)) =E (opt-dimer)- (E (opt-monl) +E (0pt—m0n2))

Red Clay + Montmorillonite

System Electronic E (au) Electronic E (kcal/mol)
Red Clay 0.955929
MMT -1.071504
Mixture -3.638132
Binding Energy -3.522557 -2210.404518

Red Clay and Kaolinite

Table 4.18: BE Calculation for Red Clay and Kaolinite Combination

E (bind (monl—monZ)) =E (opt-dimer)= (E (opt-mon1) T E (0pt—mon2))

Red Clay + Kaolinite
System Electronic E (au)  Electronic E (kcal/mol)
Red Clay 0.955929
Kaolinite -1.2153
Mixture -2.74491
Binding Energy -2.485539 -1559.675723
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Red Clay and Graphite

Table 4.19: BE Calculation for Red Clay and Graphite Combination

E (bind (monl—monZ)) =E (opt-dimer)- (E (opt-monl) +E (0pt—mon2))

Red Clay + Graphite
System Electronic E (au) Electronic E (kcal/mol)
Red Clay 0.955929
Graphite 1.110617
Mixture -1.097829
Binding Energy -3.164375 -1985.645313
Red Clay and Silica Sand

Table 4.20: BE Calculation for Red Clay and Silica Sand Combination

E (bind (monl—monZ)) =E (opt-dimer)= (E (opt-mon1) T E (opt—mon2))

Red Clay + Silica Sand

System Electronic E (au)  Electronic E (kcal/mol)

Red Clay 0.955929

Silica Sand -0.59582

Mixture -3.31869

Binding Energy -3.678799 -2308.446373
Red Clay and Quartz

Table 4.21: BE Calculation for Red Clay and Quartz Combination

E (bind (monl—monZ)) =E (opt-dimer)= (E (opt-mon1) T E (0pt—mon2))

Red Clay + Quartz
System Electronic E (au) Electronic E (kcal/mol)
Red Clay 0.955929
Quartz -0.636805
Mixture -3.621283
Binding Energy -3.940407 -2472.605393
Red Clay and Feldspar

Table 4.22: BE Calculation for Red Clay and Feldspar Combination

E (bind (monl—mon2)) =E (opt-dimer)- (E (opt-monl) +E (0pt—mon2))

Red Clay + Feldspar
System Electronic E (au) Electronic E (kcal/mol)
Red Clay 0.955929
Feldspar 0.303712
Mixture 1.66058
Binding Energy 0.400939 251.5892225
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Red Clay and Apatite

Table 4.23: BE Calculation for Red Clay and Apatite Combination

E (bind (monl-mon2)) =E (opt-dimer)= (E (opt-monl) +E (0pt-mon2))

Red Clay + Apatite
System Electronic E (au) Electronic E (kcal/mol)
Red Clay 0.955929
Apatite -2.598435
Mixture -6.705931
Binding Energy -5.063425 -3177.299188

Red Clay and Mica

Table 4.24: BE Calculation for Red Clay and Mica Combination

E (bind (monl—monZ)) =E (opt-dimer)- (E (opt-monl) +E (opt—mon2))

Red Clay + Mica
System Electronic E (au)  Electronic E (kcal/mol)
Red Clay 0.955929
Mica 0.788721
Mixture -1.233375
Binding Energy -2.978025 -1868.710688

Red Clay and Ilmenite
Table 4.25: BE Calculation for Red Clay and Ilmenite Combination

E (bind (monl-m0n2)) =E (opt-dimer)- (E (opt-monl) +E (0pt-mon2))

Red Clay + Ilmenite
System Electronic E (au)  Electronic E (kcal/mol)
Red Clay 0.955929
[Imenite 0.734166
Mixture 3.499009
Binding Energy 1.808914 1135.093535

Red Clay and Rutile
Table 4.26: BE Calculation for Red Clay and Rutile Combination

E (bind (monl—monZ)) =E (opt-dimer)- (E (opt-monl) +E (opt—monZ))

Red Clay + Rutile
System Electronic E (au)  Electronic E (kcal/mol)
Red Clay 0.955929
Rutile 0.622766
Mixture -2.567815
Binding Energy -4.14651 -2601.935025
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Red Clay and Zircon (Gemstone)
Table 4.27: BE Calculation for Red Clay and Zircon Combination

E (bind (monl-m0n2)) =E (opt-dimer)= (E (opt-monl) +E (0pt-mon2))

Red Clay + Zircon
System Electronic E (au)  Electronic E (kcal/mol)
Red Clay 0.955929
Zircon -0.441609
Mixture -2.221052
Binding Energy -2.735372 -1716.44593

Red Clay and Garnet Sand
Table 4.28: BE Calculation for Red Clay and Garnet Sand Combination

E (bind (monl-m0n2)) =E (opt-dimer)= (E (opt-mon1) T E (opt-m0n2))

Red Clay + Garnet Sand
System Electronic E (au)  Electronic E (kcal/mol)
Red Clay 0.955929
Garnet Sand 1.015729
Mixture 2.727684
Binding Energy 0.756026 474.406315

Red Clay and Calcite
Table 4.29: BE Calculation for Red Clay and Calcite Combination

E (bind (monl-m0n2)) =E (opt-dimer)- (E (opt-monl) +E (0pt-mon2))

Red Clay + Calcite
System Electronic E (au)  Electronic E (kcal/mol)
Red Clay 0.955929
Calcite -0.68596
Mixture -1.567384
Binding Energy -1.837353 -1152.939008

Red Clay and Dolomite
Table 4.30: BE Calculation for Red Clay and Dolomite Combination

E (bind (monl-monZ)) =E (opt-dimer)= (E (opt-monl) +E (opt-monZ))

Red Clay + Dolomite
System Electronic E (au)  Electronic E (kcal/mol)
Red Clay 0.955929
Dolomite 1.315221
Mixture 2.318326
Binding Energy 0.047176 29.60294
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Binding Energy Analysis

Each finale BEs of red clay and mineral combinations are shown below Table 4.31 to
compare the BEs of each system. They consist of both negative and positive BE values
and the kcal/mol values are rounded to the nearest whole number for easy reference.
According to the literature review (Chapter 2) the (-) BE values represent the
exothermic reactions which are form stable product by releasing the energy to the outer
environment and the (+) BE values show the endothermic reactions by forming an
unstable product.

Therefore, the stable product contains higher adhesion ability between the included
compounds. In another words, the products which are generated through exothermic
reactions are more stable and they have strong interactions between molecules.
According to Table 4.31 the BEs of the combinations of Red clay and Montmorillonite,
Red clay and Kaolinite, Red clay and Graphite, Red clay and Silica Sand, Red clay
and Quartz, Red clay and Apatite, Red clay and Mica, Red clay and Rutile, Red clay
and Zircon then Red clay and Calcite are with negative BE values.

Table 4.31: BEs Comparison of Red Clay and Mineral Combinations
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These values demonstrate that each single combination has strong intermolecular
interactions between the Red clay and the relevant minerals. Hence, they have more
stable systems. The sequence of system stability depends on the BE value. The higher
(-) BE value represents the more stable clay + mineral system.

Meanwhile Red clay and Feldspar, Red clay and Ilmenite, Red clay and Garnet Sand
and then Red clay and Dolomite combinations have (+) BEs. These values demonstrate
that each single combination has weak intermolecular interactions between the Red
clay and the relevant minerals. Meanwhile they have low stable systems. The sequence
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of system stability depends on the BE value. The higher (+) BE value represents the
lowest stable clay + mineral system.

Binding Energy (Red Clay + Mineral)

1500
1000
500 ==

E (KCAL/MOL)

Figure 4.40: Red Clay + Material combination with Highest (-) BE

According to the BEs in Table 4.31, Figure 4.40 shows a graphical display of negative
and positive BE value levels. According to that the Red clay and Apatite combination
has the highest (-) BE value -3177 kcal/mol. Therefore, it has the steadiest system with
the strongest intermolecular interaction performing highest binding ability between
Red clay and Apatite. Thus, the Apatite mineral has the highest ability to combine with
Red clay with strong adhesion capability.

When considering the importance of applying nanotechnology, the particle size of a
material significantly influences its binding energy, with an inverse relationship
between the two materials. As particle size decreases, the binding energy of the system
increases. Consequently, utilizing nanoparticles results in higher binding energy due
to stronger intermolecular forces, leading to a more stable system.

Hence the preparation of nano material using Apatite and applying it for making a
compound with Red clay is more important to enhance the binding energy value
between the Red clay and Apatite combination by creating more steady system.

4.3.4 Step 04: Nonstick Performances of the Identified Clay + Mineral
Combination for Nano Composite

Step 04 consists of four main stages which are designed models of fat/oil (saturated,
unsaturated, coconut oil and vegetable oil), calculated BEs of Red clay and fat/oil
(saturated, unsaturated, coconut oil and vegetable oil) combinations, calculated BEs of
Red clay + Apatite mixture with fat/oil combinations and finally the nonstick property
performances through binding energy analysis.
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4.3.4.1 Designed Models of Fat/Qil (Saturated Fat, Unsaturated Fat, Coconut Oil
and Vegetable Oil)

As the fat/oil is an important part of the humans’ diets, they are used in preparing the
foods and some foods consist with higher percentage of fat/oil such as different kinds
of edible oils, butter, nuts and other relevant foods. In finding the nonstick property
performances of clay pottery making materials which were identified in Step 03, the
models of relevant fat/oil structures which are used, shown under this section.

Initially the structures were modeled for saturated and unsaturated fat/oil structures.
They are saturated, unsaturated, coconut oil and vegetable oil as below mentioned
figures (Figure 4.41, 4.42, 4.43, 4.44). Lauric fatty acid (CH3(CH2)10COOH)
(Seneviratne & Jayathilaka, 2016) was modeled under general saturated fat category
and Alpha- Linolenic acid (CisH3002) (Akay et al., 2022) with 3 numbers of c=c,
polyunsaturated acid was modeled under unsaturated fat category. The coconut oil was
selected as an example to model for the experimental purpose under the saturated
fat/oil type due to it is the most usable and main edible (Seneviratne & Jayathilaka,
2016) saturated fat type in Sri Lanka. An edible vegetable oil type which is Canola oil
(Dupain et al., 2007) is selected under the unsaturated fat type for modeling for further
experiments due to higher utilization in the world (Statista, 2018) and not only that it
is a fat type including both monounsaturated and polyunsaturated fatty acids.

Saturated Fat

W) G 1:02YY - Saturated_Fat 1.t (U/Nifushardng progress/bAI /Saturated Fat/SATLIRAIED Bt /Saturatea tat 1 gt O
@ 34T

38 atoms, 112 electrons, nevtral, singlet Build Sclect Placement

Figure 4.41: Modeled Saturated Fat Using GS
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Unsaturated Fat

m G2:M1:V1 - Linolenic Acid.gjf (D:/Nilusha/2nd progress/FAT/Unsaturated ..  — O X

50 atoms, 154 electrons, neutral, singlet Inquire Select Atom 1 .

Figure 4.42: Modeled Unsaturated Fat Using GS
Coconut Oil

E GT:M2:V1 - Coconut Qils.g)f (D:/Nilusha/2nd progress/FAT/Saturated Fat/Coco... - O X

.vofz -

101 atoms, 308 electrons, neutral, singlet Inquire Select Atom 1

Figure 4.43: Modeled Coconut Oil Using GS
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Vegetable Qil (Canola Qil)

ﬁ G1M7:V1 - Vegi_CanolaOil.gjf (D:/Nilusha/2nd progress/FAT/CANOLAA/Trigyc.. — O X

@-7 Eo-T-

161 atoms, 488 electrons, neutral, singlet Inquire Select Atom 1

Figure 4.44: Modeled Vegetable Oil (Canola) Using GS

4.3.4.2 Calculated BEs of Red Clay and Fat/Qil (Saturated Fat, Unsaturated Fat,
Coconut Oil and Vegetable Qil) Combinations

This section shows the individually calculated energy results of each saturated,
unsaturated, coconut oil and vegetable oil (Canola oil) through the relevant figures of
Gaussian Calculation Summery. At the same time system energies of relevant
combinations after they couple with Red clay are shown through the relevant figures
of Gaussian Calculation Summery. The sample screen shots of Gaussian Calculation
Summery generated through GS are shown for Saturated fat individually and Red Clay
and Saturated fat combinations and the same procedure was followed to other
combinations including unsaturated fat, coconut oil and vegetable oil. The energy
value for the Red clay was used as identified in Step 03. The calculated results for BEs
of relevant combinations which are Red clay and saturated fat/oil, Red clay and
unsaturated fat/oil, Red clay and coconut oil and then Red clay and vegetable oil are
shown in the relevant tables below each figures accordingly. As previous calculation
the au unit of relevant BEs was converted to kcal/mol.

These BE values are used to compare with the BEs which were obtained by combining
each fat/oil type with the identified Apatite (mineral) + Red clay combination in Step
03.
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Red Clay and Saturated Fat

ﬁ G2:M 1 - Gaussian Calculation Summa 4 E G5:M1:V1 - Gaussian Calculation Summary X
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Calculation Method RPM6 Calculation Method
Basis Set ZDO Basis Set
Charge ] Charge 0
Spin Singlet Spin Singlet
Solvation None Solvation None
E(RPME) -0.239120 Hartree E(RPM&) i:_j_?g?]_?s: Hartree
RMS Gradient Norm 0.000001 Hartree/Bohr RMS Gradient Norm 0.007750 Hartree/Bohr
Imaginary Freq Imaginary Freq
Dipole Moment 2.126095 Debye Dipole Moment 17.498202 Debye
Point Group c1 Point Group C1
Job cpu time: 0 days 0 hours 0 minute...
ok File - Help Ok File  ~ Help

Figure 4.45: Gaussian Calculation Summery for Saturated Fat and for Red Clay and
Saturated Fat System

Table 4.32: BE Calculation for Red Clay and Saturated Fat Combination

E (bind (monl—m0n2)) =E (opt-dimer)- (E (opt-mon1) T E (opt—monZ))
Red Clay + Saturated Fat

System Electronic E (au)  Electronic E (kcal/mol)
Red Clay 0.955929

Saturated Fat -0.23912

Mixture -1.757186

Binding Energy -2.473995 -1552.431863

Red Clay and Unsaturated Fat
Table 4.33: BE Calculation for Red Clay and Unsaturated Fat Combination

E (bind (monl-m0n2)) =E (opt-dimer)- (E (opt-monl) +E (opt-monZ))
Red Clay and + Unsaturated Fat (Linolenic)

System Electronic E (au)  Electronic E (kcal/mol)
Red Clay 0.955929

Unsaturated Fat -0.17085

Mixture -2.62842

Binding Energy -3.413499 -2141.970623
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Red Clay and Coconut Oil
Table 4.34: BE Calculation for Red Clay and Coconut Oil Combination

E (bind (monl—monZ)) =E (opt-dimer)- (E (opt-monl) +E (opt—monZ))

Red Clay + Coconut Oil
System Electronic E (au) Electronic E (kcal/mol)
Red Clay 0.955929
Coconut Oil -0.626464
Mixture -3.043719
Binding Energy -3.373184 -2116.67296

Red Clay and Vegetable Oil (Canola Oil)
Table 4.35: BE Calculation for Red Clay and Vegetable Oil (Canola Oil) Combination

E (bind (monl-monZ)) =E (opt-dimer)= (E (opt-monl) +E (opt-m0n2))
Red Clay and +Vegetable Oil (Canola Oil)

System Electronic E (au)  Electronic E (kcal/mol)
Red Clay 0.955929

Canola Oil -0.586769

Mixture -2.055558

Binding Energy -2.424718 -1521.510545

4.3.4.3 Calculated BEs of Red Clay + Apatite Mixture with Fat/Oil
Combinations

Red Clay+ Apatite and Saturated Fat

In this section the saturated, unsaturated, coconut oil and the vegetable oil were
combined with Red clay and Apatite mixture which was identified in Step 03 as
individual systems. The combinations are Red clay + Apatite and saturated fat, Red
clay + Apatite and unsaturated fat, Red clay + Apatite and coconut and then Red clay
+ Apatite and vegetable oil. The Apatite and + Red clay was considered as a one
compound and the relevant fat/oil type was the combined material to the mixture. Then
the total energy values for each system were displayed in relevant figures of Gaussian
Calculation Summery and the relevant BE values were calculated according to the
formula were shown in relevant tables below accordingly. The sample screen shots of
Gaussian Calculation Summery generated through GS are shown for Red clay +
Apatite and saturated fat combinations in Figure 4.46 and the same procedure was
followed to other combinations including unsaturated fat. Coconut oil and vegetable
oil. The energy value for the Red clay + Apatite mixture was used which was
calculated in Step 03.
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Red Clay+ Apatite and Saturated Fat

@ G4M1:V1 - Gaussian Calculation Summary X

Overview Thermo Opt

RC+APATITE+SATURATED FAT
D:\Nilusha\2nd progress\FAT\Saturated F...
File Type Jlog
Calculation Type FOPT
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Imaginary Freq
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Point Group c1

Ok File - Help

Figure 4.46: Gaussian Calculation Summery for Red Clay+ Apatite and Saturated Fat
System

Table 4.36: BE Calculation for Red Clay+ Apatite and Saturated Fat Combination

E (bind (monl-mon2)) =E (opt-dimer)= (E (opt-monl) +E (0pt-mon2))
Red Clay & Apatite + Saturated Fat

System Electronic E (au) Electronic E (kcal/mol)
Red Clay & Apatite -6.705931
Saturated Fat -0.23912
Mixture -1.826489
Binding Energy 5.118562 3211.897655

Red Clay+ Apatite and Unsaturated Fat

Table 4.37: BE Calculation for Red Clay+ Apatite and Unsaturated Fat Combination

E (bind (mon]-mon2)) =E (opt-dimer)- (E (opt-monl) +E (0pt—m0n2))
Red Clay and Apatite + Unsaturated Fat (Linolenic)

System Electronic E (au) Electronic E (kcal/mol)
Red Clay + Apatite -6.705931
Unsaturated Fat -0.17085
Mixture -3.090925
Binding Energy 3.785856 2375.62464
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Red Clay+ Apatite and Coconut Oil
Table 4.38: BE Calculation for Red Clay + Apatite and Coconut Oil Combination

E (bind (monl—monZ)) =E (opt-dimer)- (E (opt-monl) +E (0pt—mon2))
Red Clay + Apatite and Coconut Oil

System Electronic E (au) Electronic E (kcal/mol)
Red Clay + Apatite -6.705931

Coconut Oil -0.626464

Mixture -3.428636

Binding Energy 3.903759 2449.608773

Red Clay+ Apatite and Vegetable Oil (Canola Qil)

Table 4.39: BE Calculation for Red Clay + Apatite and Vegetable Oil (Canola Oil)
Combination

E (bind (monl-monz)) =E (opt-dimer)- (E (opt-monl) +E (0pt-mon2))
Red Clay + Apatite and Vegetable Oil

System Electronic E (au)  Electronic E (kcal/mol)
Red Clay + Apatite -6.705931
Canola Oil -0.586769
Mixture -1.072456
Binding Energy 6.220244 3903.20311

4.3.4.4 Nonstick Property Performances through Binding Energy Analysis

The BE values calculated by using the formula was mentioned in the Table 4.40 and
4.41 for the comparison. Each BE between Red clay and fat/oil are shown in 2™
column and the BE values between Red clay + Apatite and fat/oil types are mentioned
in 3™ column in Table 4.40. The same recording method was used for the example
fat/oil types which are coconut and vegetable oil in Table 4.41. Two separate tables
were displayed for general structures of saturated and unsaturated fat/oil types and for
actually existing examples for saturated and unsaturated fat/oil types subsequently
coconut oil and for vegetable oil. The final BE values in kcal/mol were rounded to the
nearest whole number for easy reference.

Table 4.40: BE value comparison between Red clay+ fat/oil and Red Clay+ Apatite

and fat/oil
Fat Type BE (Red Clay + Fat) BE (Red Clay + Apatite and Fat)
Saturated Fat -1552 3212
Unsaturated Fat  -2142 2376

The BE for Red clay and saturated fat is-1552 kcal/mol and the BE value for Red clay
and unsaturated fat is -2142 kcal/mol. The BE for Red Clay + Apatite and saturated
fat is 3212 kcal/mol and the BE value for Red Clay + Apatite and unsaturated fat is
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2376 kcal/mol. Therefore, the BE values of Red clay and fat/oil combinations are
negative BE values and the BE values of Red Clay + Apatite, and fat/oil combinations
are positive BE values. As per the BE value results the Figure 4.47 demonstrates the
negative and positive BE value levels.

BE With Saturated and Unsaturated Fats
4000

2376
1 -

0 e —
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MATERIAL COMBINATION
Saturated Fat Unsaturated Fat

Figure 4.47: Negative and Positive BE value levels of Red clay+ fat/oil and Red
Clay+ Apatite and fat/oil

The BE for Red clay and coconut oil is -2117 kcal/mol and the BE value for Red clay
and Vegetable oil (Canola oil) is -1522 kcal/mol. The BE for Red Clay + Apatite and
coconut oil is 2450 kcal/mol and the BE value for Red Clay + Apatite and vegetable
oil (Canola oil) is 3903 kcal/mol. Thus, the BE values of Red clay and coconut
oil/vegetable oil combinations are negative BE values and the BE values of Red Clay
+ Apatite, and coconut oil/vegetable oil combinations are positive BE values. As per
the BE value results Figure 4.48 demonstrates the negative and positive BE value
levels for relevant mixtures including coconut oil and vegetable oil.

Table 4.41: BE value comparison between Red clay + coconut oil/vegetable oil and
Red Clay + Apatite and coconut oil/vegetable oil

Dietary Oil BE (Red Clay + Dietary BE (Red Clay+ Apatite
Oil) and Dietary Oil)

Coconut Oil -2117 2450

Vegetable Oil -1522 3903

BE With Coconut Oil and Vegetable Oil
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MATERIAL COMBINATION
Coconut Oil Vegitable Oil (Canola Oil)

Figure 4.48: Negative and Positive BE value levels of Red clay+ coconut
oil/vegetable oil and Red Clay+ Apatite and coconut oil/vegetable oil
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According to these results more stable systems are generated between Red clay and
saturated /unsaturated combinations than Red Clay+ Apatite and fat/oil combinations
due to their negative BEs. As mentioned in literature review the exothermic reactions
have occurred during when energy values are negative. Hence the intermolecular
interaction energy between Red clay and fat/oil are higher than the same mixture with
the Apatite mineral.

According to the results, stability is not changed whether it is saturated fat, unsaturated
fat, coconut or vegetable oil because they have negative BEs only with the Red clay
combination. Even though, the Red clay mixture with Apatite mineral generate
unstable intermolecular interactions with saturated fat, unsaturated fat, coconut or
vegetable oil because they show positive BE values.

Red Clay + Fat/Oil Red Clay + Apatite and Fat/Oil
(Saturated, Unsaturated Fat, > (Saturated, Unsaturated Fat,
Coconut Oil, Vegetable Oil Coconut Oil, Vegetable Oil
(Canola Oil)) Combinations (Canola Oil)) Combinations

Figure 4.49: Stickiness of Red Clay +Fat/Oil and Red Clay + Apatite and Fat/Oil

Thus, as per Figure 4.49 the stickiness of fat/oil to the Red clay is higher than the same
Red clay mixture including Apatite mineral. The Red clay + Apatite mixture has the
low nonstick ability to the fat/oil. Therefore, using Apatite mineral with Red clay is
caused to increase the nonstick property of the pottery making material.

4.4 Summary

This chapter presents the results and in-depth discussions derived from industry
survey, a comprehensive literature review on identified industrial clay and minerals in
Sri Lanka, and computational analyses including modeling clay and mineral molecules
and binding energy calculations using GS under computational chemistry. These
findings pertain to identify the best collaborative mineral material to clay to make
cooking clay potteries and analyze the nonstick property of recognized clay and
mineral combination in the context of the overarching research aims and objectives.

Although Red clay, Ball clay, and White clay are identified as the primary industrial
clay types available in Sri Lanka according to the literature, based on industrial
investigations approximately 90% of pottery manufacturers utilize Red clay
specifically for the production of cooking pottery. Sri Lanka is rich in a variety of
industrial non-metallic minerals, with significant occurrences of Kaolin,
Montmorillonite, Graphite, [lmenite, Rutile, Zircon, Quartz, Feldspar, Clay, Apatite,
Silica Sand, Garnet Sand, Mica, Calcite, and Dolomite.

In the pottery manufacturing sector, three distinct types of production centers were
identified, which are medium-scale enterprises, small-scale domestic manufacturing
units, and government sponsored clay-based craft villages and training centers.
Analysis of Red clay utilization across these categories indicates that small-scale
domestic manufacturing units exhibit the highest usage of Red clay. Furthermore, this
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category represents the predominant form of industrial activity within the investigated
pottery production centers.

Gender participation analysis within the clay pottery industry reveals that male
involvement is predominant compared to the other two categories which are female
only and both male and female participation. Notably, both males and females are
largely engaged in small-scale domestic pottery production. In contrast, male
participation spans all three industry types that are medium-scale enterprises, small-
scale domestic manufacturing centers, and government-sponsored clay-based craft
villages and training centers.

Investigations exhibit that, in addition to culinary clay pottery, a range of other clay-
based products are manufactured, including seasonal items such as milk pottery. In
contrast, cooking clay pottery is produced consistently throughout the year, indicating
its sustained demand and central role in the industry.

The general cooking clay pottery production process consists of collecting the
secondary clay (earthenware clay), making the clay mix by adding water and sand,
cleaning the clay mix and blend it again, cleaning the clay mix and blend it again with
water, sand and silicon to get the correct seasoning level, keeping the clay mix for
season nearly 1-2 days, making cookware using “sakaporuwa” or mould , letting it to
dry under shade, loading in the oven to burn and lastly unloading the pots from the
oven to let it to cool.

Based on the binding energy calculations on modeled clay and minerals by using GS
between Red clay and selected mineral additives, the Red clay + Apatite system
exhibits the highest binding energy value of —3177 kcal/mol among other
combinations. This indicates that the Red clay + Apatite combination forms the most
stable system among the evaluated mineral combinations, characterized by strong
intermolecular interactions and enhanced structural compatibility.

The non-stick performance of the Red clay + Apatite mixture was assessed through
BE calculations with various saturated fat, unsaturated fat, coconut oil and vegetable
oil. The BEs for Red clay in combination with saturated fat, unsaturated fat, coconut
oil, and vegetable oil were found to be negative, with values of —1552, -2142, -2117,
and —1522 kcal/mol, respectively. These negative values indicate strong
intermolecular interactions and stable systems. In contrast, the binding energies for the
Red clay + Apatite mixture with the same fat/oil types were all positive values which
were 3212, 2376, 2450, and 3903 kcal/mol that suggesting weaker and less stable
interactions to the saturated fat, unsaturated fat, coconut oil and vegetable oil. This
comparative analysis implies that pure Red clay exhibits stronger affinity toward fats
and oils than the Red clay + Apatite mixture. Thereby a superior non-stick property
was shown in the Red clay + Apatite mixture compared to the individual Red clay.
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CHAPTER 5

CONCLUSION, RECOMMONDATIONS AND FUTURE WORK

5.1 Conclusions

The first objective of this study was to identify the industrial need of developing proper
nano material to use in clay pottery which is used for cuisine purposes. The
comprehensive literature review was conducted to identify the industrial need with
parallel to research gap identification. There are two main problems that have been
identified which are caused to generate industrial needs and they are using metal and
nonstick metal cookware cause hygienic problems in human beings and food stickiness
to the inner surface of the clay pottery during cooking.

The second objective was to identify the proper material which can be used as
nanomaterial for clay pottery. Previous studies show, using metal and metal nonstick
cookware are caused to hygienic problems in humans and people tend to avoid using
them and find alternative cooking pottery which is not harmful for human health.
Nevertheless, with the current busy schedule there should be advancements as well as
the non-harmful to human health. Hence the property advancement of clay pottery
making material focusing on the nonstick property improvement, was done with a
natural nonmetallic mineral in Sri Lanka by using computational chemistry.

Under this step, the primary data collected through the industrial survey revealed that
Red clay is the most usable clay type which is used for cooking clay pottery. As Sri
Lanka is a natural clay and mineral rich country and due to the favorable properties of
clay to the human consumption, it was experimented to develop the cooking clay
pottery material by collaborating a suitable clay and mineral material. The literature
review illustrates the Red clay, Ball clay, and White clay are the most usable clay types
in clay industry in Sri Lanka. At the same time Kaolin, Montmorillonite, Graphite,
Ilmenite, Rutile, Zircon, Quartz, Feldspar, Kaolin, Apatite, Silica Sand, Garnet sand,
Mica, Calcite and Dolomite have been recognized as the abundant industrial
nonmetallic minerals in Sri Lanka. The relevant chemical and physical properties of
these clay and minerals which were extracted through the literature review, particularly
the chemical formula and structures were used to design them to simulate. The GS
under computational chemistry was used to simulate and find out the relevant BEs to
decide the most suitable clay and mineral combination. Considering the Binding
Energies between identified Red clay and selected minerals, the Red clay and Apatite
combination shows the highest negative Binding Energy -3177 kcal/mol compared to
other mineral combinations. Hence, Red clay and Apatite combination is the most
stable system with strong intermolecular interaction among other combinations. Thus,
Red Clay and Apatite combination is the most suitable blend for developing a material
for nonstick clay pottery.
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The final objective was to analyze the performances of the identified clay and mineral
combination for nano composite. The fat/oil as a staple food type in human type, it
was used to analyze the nonstick property of the clay + mineral combination. The
nonstick property performances of the identified Red clay and Apatite mixture were
experimented through the BEs by combining this mixture with fat/oil. When
considering BEs of the combinations of Red clay with each saturated fat, unsaturated
fat, coconut oil and vegetable oil are negative values which are -1552, -2142, -2117
and -1522 kcal/mol. When considering BEs of the combinations of Red clay + Apatite
mixture with each saturated fat, unsaturated fat, coconut oil and vegetable oil are
positive values which are 3212, 2376, 2450 and 3903 kcal/mol.

Therefore, the most stable combinations are shown between only the Red clay and
relevant fat/oil. However, the combined systems were unstable when with the Apatite
in the Red clay mixture. Therefore, there are less strong intermolecular interactions
between the Red clay + Apatite mixture and fat/oil.

Moreover, the industrial survey demonstrates there are three types of pottery making
centers which are medium-scale, small-scale domestic manufacturing centers and
government sponsored clay-based creations village and training centers among the
investigated clay centers. In analysis of Red clay usage among these industry types,
the small-scale domestic manufacturing centers have the highest usage, and majority
of the industrial type is small-scale domestic manufacturing center type. In analyzing
the gender participation with clay pottery industry, the male contribution is higher than
other two types and they are female and both male and female involvement in the
industry. Mostly both females and males are involving in small scale domestic type
pottery making industry. Meanwhile the males are involving in all medium-scale,
small-scale domestic manufacturing centers and government sponsored clay-based
creations village and training center industries. According to investigations there are
other clayware in addition to cooking clay potteries and others are some seasonal
products like milk pots and cooking clay potteries are made throughout the whole year.

In conclusion, this research has created a significant implementation in developing a
proper nanomaterial to use in cooking clay pottery. It shows that the metal and nonstick
metal cooking vessels badly affect human health and the food stickiness to the clay
pottery are the problems faced during the cooking. With creating improved cooking
clay pottery, Red clay has identified most usable clay type which is used for making
cooking clay pottery in Sri Lanka and the collaborating with Apatite mineral is shown
the increased nonstick property of Red clay and Apatite compound. This combination
avoids the sticking of edible fat/oil to the surface. Thus, the use of Apatite mineral
with Red clay, enhances the nonstick property of clay and mineral composite of the
clay pottery making material by avoiding food stickiness to the pottery material during
cooking.

The applying of nano technology increases the BE when the particle size reduces.
Therefore, the nano size particles lead to high binding energy, and it causes them to
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generate more steady system when using nano size particles for Red clay and Apatite
mixture for pottery making compound.

5.2

Recommendations

Based on the findings and conclusions the following recommendations can be shown.

The metal and nonstick metal cooking vessels badly affect human health, and
the alternative property improved nonstick clay cookware can be produced by
collaborating Red clay with Apatite mineral.

Even though the Red clay, Ball clay and White clay are the mainly existing
industrial clay types in Sri Lanka, Red clay is considered as the most suitable
and widely used clay type for manufacturing cooking pottery in Sri Lanka from
the past. When utilizing Red clay for cooking pottery, both the consistency of
raw material supply and the purity of the Red clay must be carefully managed
to ensure the quality and performance of the final pottery products.

According to the calculated BEs through the GS the Red clay and Apatite
mixture is the most appropriate combination to make pottery making material
and Apatite mineral’s supply and the purity should be considered during
making the Red clay and Apatite mixture. The making of materials as suitable
for the collaboration to make the cooking pottery material should be done in a
proper way focusing on increasing the nonstick property of the overall mixture.
Application of nano technology in making nano particles of Red clay and
Apatite mixture will enhance the properties including nonstick property of the
developed pottery material and the nanoparticle making should be done
through an appropriate process.

According to the industrial survey, not only that the medium scale clay pottery
making centers also are maintained at a considerable level and Sri Lankan
government also provides the facilitates to maintain government sponsored
clay-based creations village and training centers. However, there is a
deficiency of large-scale clay pottery making centers in investigated areas and
potential is with establishing large scale pottery centers with increasing the
involving of new technology for clay pottery industry.

The individual female contribution in pottery making industry is very low.
Therefore, the involvement of both male and female contribution in clay
industry should be increased at least in medium scale type to develop the clay
industry in Sri Lanka. Nonetheless there is a possibility to increase both male
and female contribution in pottery industry through continuous awareness
conduct by the clay base centers which are established by the government.

Therefore, the cooking clay pottery industry holds significant potential for value-added
product development by enhancing functional properties, particularly nonstick
performance through the incorporation of Apatite, a compatible mineral additive, into
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the widely utilized Red clay. This approach offers a sustainable alternative to
conventional metal and synthetic nonstick cookware, which are associated with
potential health risks.

5.3

Future Work

The identification of the Apatite as the most suitable mineral additive and the
evaluation of the nonstick properties of the Red clay and Apatite composite
were conducted through computational chemistry simulations using Gaussian
software. As these results are based solely on theoretical modeling,
experimental validation under controlled laboratory conditions is essential.
This includes synthesizing the actual Red clay and Apatite composite and
assessing its performance in enhancing the nonstick properties of clay
cookware.

The nanoscale synthesis of the Red clay and Apatite composite represents a
critical aspect of this research, as it will be expected to significant enhancement
of the nonstick properties compared to the use of conventionally prepared Red
clay and Apatite materials.
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APPENDICES
APPENDIX A

Industrial Survey Questionnaire on clay type utilization and potters’ contribution
on Clay pottery Industry in Gampaha District

1. Clay pottery making Center No:

2. Identification/name of clay pottery making center:

3. Gender Participation: Male [ | Female |:| Both Male and Female |:|

4. Clay Pottery Industry Type:

a) medium-scale manufacturing centers

b) small-scale domestic manufacturing centers

c) Large-scale manufacturing centers

d) government sponsored clay-based creations village and
training centers

5. Clay types use for cooking pottery making

a) Red Clay
b) Ball Clay
c) White Clay

6. What is the pottery making process you use in your center?

center?
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