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ABSTRACT

This study addresses the growing demand for renewable energy and sustainable chemical processes
by investigating the production of a novel, bifunctional heterogeneous catalyst derived from readily

available waste banana peels, zeolite, and periwinkle shells for biodiesel synthesis.

The methodology involved systematic catalyst synthesis from the three precursor materials through
calcination at 800°C for 3 hours, followed by characterization using X-ray diffraction (XRD) and
Fourier-transform infrared (FTIR) spectroscopy to confirm Ca—Si—Ti oxide phase formation and
identify crystalline structures contributing to catalytic activity. Feedstock physicochemical properties
including acid value, iodine value, saponification value, density, and viscosity were determined.
Simplex lattice mixture design optimized the neem oil-waste cooking oil blending ratio for maximum
free fatty acid reduction. The transesterification process employed response surface methodology
(RSM) with 29 experimental runs to optimize reaction parameters: time (30—150 minutes),
temperature (40-80°C), catalyst loading (1-10 wt%), and methanol-to-oil ratio (3:1-10:1). Kinetic
studies determined reaction order and activation energy, while gas chromatography-mass
spectrometry (GC-MS) analyzed the fatty acid methyl ester (FAME) composition of the produced

biodiesel.

The results demonstrated the effectiveness of the developed catalyst. XRD and FTIR analyses
confirmed active catalyst phases including Portlandite (77%), Muscovite (15%), Titanite (4.6%), and
Calcite (2.7%), correlating with the strong basicity essential for transesterification. The optimal
feedstock blend ratio of 1:3 (neem oil to waste cooking oil) achieved 86.62% free fatty acid reduction.
Optimal transesterification conditions—90 minutes, 60°C, 5.5 wt% catalyst loading, and 6.5:1
methanol-to-oil ratio—produced 92.27% biodiesel yield with acid value of 0.28 mg KOH/g, density

of 0.8896 g/cm?, and viscosity of 3.75 mm?/s at 40°C, all meeting ASTM D6751 and EN 14214

v



standards. Kinetic studies revealed pseudo-first-order reaction behavior with activation energy of
37.68 klJ/mol, consistent with heterogeneous catalysis literature. GC-MS analysis confirmed 92.24%
total FAME conversion, with methyl decanoate (30.87%) and methyl oleate (26.07%) as major
components, indicating excellent fuel quality. This research successfully developed a viable
heterogeneous catalyst made from banana peel ash, calcined periwinkle shell and zeolite for high-

quality biodiesel production from mixed non-edible oil feedstocks.
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CHAPTER 1

INTRODUCTION

1.1: BACKGROUND OF STUDY

The rapid escalation of population growth, industrialization, and urbanization in recent years has led
to a global energy crisis and increased concerns about the reliance on non-renewable energy sources.
In 2019, fossil fuels such as coal, diesel, petrol and natural gas constituted 84% of the global primary
energy consumption, thereby establishing them as the dominant energy source worldwide. The use
of fossil fuels, which began with the industrial revolution, has been pivotal in fulfilling global energy
needs (M. A. H. Khan et al., 2021). From an environmental perspective, the combustion of fossil
fuels releases gaseous pollutants, including carbon dioxide (CO2), carbon monoxide (CO), nitrogen
oxides (NOx), sulfur oxides (SOx), volatile organic compounds (VOCs), and particulate matter (PM),
which can alter atmospheric composition and have harmful effects on climate and public health. To
address the negative impacts of climate change due to greenhouse gas (GHG) emissions, the Paris
Agreement, introduced in 2015, set a goal to "limit global temperature rise to 2 °C above pre-

industrial levels, whilst pursuing efforts to limit the increase to 1.5°C (Matemilola et al., 2023).

Transitioning from conventional fossil fuels to renewable energy sources is a promising strategy to
reduce GHG emissions, stabilize the global climate, and enhance energy security. Key renewable
energy sources include solar, wind, hydro, geothermal, and biofuel, all of which have the potential to
provide energy services with reduced emissions of GHGs and air pollutants (Owusu & Asumadu-
Sarkodie, 2016). Among these, biofuels are particularly promising for the transportation sector. Most

of the other renewable energies, such as solar, wind, hydro, and nuclear power, primarily generate



electricity and thus cannot compete directly with oil (Arutyunov et al., 2017). Challenges associated
with electricity, such as long-distance transmission and conversion to different energy forms, make
these sources less appealing. Furthermore, biofuels can be integrated into existing infrastructures and
require fewer technological advancements compared to other energy sources (M. A. H. Khan et al.,

2021).

Bioenergy is acknowledged as sustainable and clean choice of energy source that plays an important
role as not just a complementary but also a substitute form of energy in the immediate future (Su et
al., 2017). Bioenergy is one of the many several resources accessible to satisty the required need for
energy. It is readily obtained from materials of organic nature, commonly known as biomass (A. R.

Singh et al., 2022).

Biomass is regarded as a renewable source as a result of its limited lifespan, and biofuels sourced
from biomass are sustainable alternatives to fossil fuels (W. H. Chen et al., 2019) Biofuels in their
gaseous state are majorly utilized for the generation of heat and energy however, liquid biofuels are
used in the transportation industry. Examples of biofuels includes; biomethanol, biochar, bioethanol,
biodiesel, bio-dimethyl ether, charcoal, biogas, synthetic natural gas, Fischer-Tropsch (FT) fuels and
H; fuels (Chen et al., 2019). These biofuels can be cateogorized into first, second, third and fourth

generation biofuels (Sikarwar et al., 2017.).

Additionally, biofuels can be incorporated into established infrastructures and need a reduced number
of technological developments compared to alternative sources of energy (Khan et al., 2021). One of
the most prospective sources of renewable energy is Biodiesel owing to its sustainability,
biodegradability, non-toxicity and its reduced impact on environment. Biodiesel has attracted interest

as a substitute to fossil fuels over the last few decades (Rodionova et al., 2017.). It can be described



as monoalkyl ester of long-chain fatty acids obtained from lipid raw materials that can be renewed,
produced through the transesterification of oils with short-chain alcohols, namely methanol or
ethanol, in the existence of basic or acid catalysts (da Silva et al., 2018). In addition to
transesterification, other techniques that have been applied to the production of biodiesel are
ultrasound-assisted, microwave-assisted, membrane-assisted methods, in situ transesterification,
pyrolysis and micro-emulsification. Decrease in the emissions of greenhouse gases and reduced
national dependence on fossil energy are two notable strengths of the life cycle of biodiesel (Zivkovié
et al., 2018.). Other benefits of biodiesel include improved storage, simplicity of forming blends with
diesel oil, compatibility with current engine cycles. Moreover, the production technology is
economically feasible and user-friendly, and existing infrastructure can be utilized (Agarwal et al.,
2018.). For application in the Transportation industry, biodiesel appears promising as a result of its
non-toxicity, carbon neutrality and biodegradability characteristics. Additionally, a variety of edible
and non-edible oils such as castor oil, waste cooking oil, animal fats serve as sources of biodiesel

(Thangaraj et al., 2019).

There is a number of disadvantages that are associated with biodiesel such as low calorific value,
high viscosity, hydroscopicity, volatility and low oxidation stability and when utilized as a solvent
can pose the danger of attacking some plastic materials used for hoses and coatings as well as
corroding components. The associating cost of the process is a primary constraint to the production
of biodiesel. The cost of raw materials contributes up to 80% to the net cost of biodiesel generation
(Etim et al., 2020). The utilization of conventional edible feedstocks such as corn oil, palm oil,
sunflower oil, soybean oil, and palm oil are being discouraged due to the food versus fuel debate and
the availability of land. There needs to be a decrease in the elevated cost of production in order for

biodiesel to be competitive in the energy market worldwide. This has prompted the exploration of



more readily available and less expensive feedstocks with bulk of the focus currently on cost-reduced
nonedible oils such as yellow oleander seed oil, rubber seed oil (Sai et al., 2020), castor seed oil (Roy
et al., 2020.), jatropha seed oil, waste cooking oil (Sahar et al., 2018), crude neem oil (Budhwani et

al., 2019), and kapok oil (Pooja et al., 2021.) among others.

As a result of the production of soap which leads to a decrease in the yield of biodiesel, the
conventionally used homogeneous liquid catalysts are not well-suited for oils possessing an elevated
free fatty acid content (Chuah, Klemes, et al., 2017.). The incapability of recovering the homogeneous
catalysts and the necessity for extra purification and product separation leads to the production of
biodiesel wash water which needs to be handled properly (Balajii & Niju, 2020). Heterogeneous
catalysts have gained considerable interest as better substitutes due to their characteristics of thermal
stability, noncorrosivity, reusability, nontoxicity and being environmentally friendly (D. Singh et al.,
2020.). The generation of heterogeneous catalysts from waste materials possesses the potential to

lessen the associated cost of biodiesel production (Chuah, Amin, et al., 2016.).

The transition towards renewable energy sources is pivotal for the future of energy acquisition. The
finite availability of fossil fuels necessitates their gradual substitution with alternative resources, such
as agricultural, industrial, and other waste materials, which are inexhaustible and require ongoing,
effective management (Perea-Moreno & Kalak, 2023). In the current energy landscape, biodiesel
emerges as a vital element in diminishing reliance on fossil fuels. The economic feasibility of cleaner
biodiesel is largely contingent upon the costs associated with feedstock and catalysts. The expenses
related to catalysts can be curtailed by utilizing catalysts that are simple to synthesize and necessitate
minimal or no purification (Maheshwari et al., 2022). Recently, to mitigate the costs of biodiesel
synthesis, effective heterogeneous catalysts have been derived from biomass waste materials,

including banana peels, wood, cocoa pod husk, neem husk, rice husk, peanut shell, pomelo peel,
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tucuma peel, waste cupuagu, walnut shell, kola nut pod, and banana peduncle (Jitjamnong et al.,
2021). As the second most produced tropical fruit globally, bananas generate a significant amount of
waste by-products, particularly banana peels.The non-edible banana peel has been applied in various
domains, including as bio-sorbents, in bioethanol production, and other energy-related activities.
Recently, the application of banana peel biochar as a catalyst for biodiesel production has attracted
considerable interest (Jitjamnong et al., 2021). These catalysts can support a sustainable and

environmentally friendly approach to biodiesel production (Rizwanul Fattah et al., 2020).

1.2 PROBLEM STATEMENT

The diminishing reserves of non-renewable energy sources have spurred extensive research into
alternative fuels and environmentally responsible energy solutions that produce minimal pollutants
(Suresh et al., 2024.). It is crucial to develop an energy system that is not reliant on fossil fuels,
ensuring it is ecologically sound, cost-efficient, stable, regenerative, and emits minimal pollutants.
However, the primary obstacle in biodiesel production is the high cost of raw materials, which

accounts for approximately 75-80% of the total production expenses (Balajii & Niju, 2020).

Conventional edible feedstocks, such as palm oil, rapeseed oil, sunflower oil, corn oil, and soybean
oil, offer higher yields and simpler processing due to their low free fatty acid (FFA) content (Atabani,
Silitonga, Ong, et al., 2012.). Nevertheless, their use has resulted in land availability challenges, food
versus fuel conflicts, and ecological imbalances in numerous developing nations (Atabani, Silitonga,
Ong, et al., 2012.). In recent decades, non-edible oils have been investigated as a cost-effective
renewable feedstock to reduce biodiesel production costs and address these issues (Balajii & Niju,

2020).



Homogeneous catalysts are commonly employed in biodiesel production due to their rapid reaction
rate at moderate temperatures, low cost, and high catalytic activity. However, they are vulnerable to
the presence of water, leading to saponification reactions that complicate separation and necessitate
substantial water for purification (Mohandass et al., 2025.). Heterogeneous catalysts have been
developed to address these issues, offering advantages such as ease of separation, environmental
friendliness, and greater stability at high temperatures and pressures (Fitriana et al., 2018). Utilizing
heterogeneous catalysts derived from agricultural waste is more cost-effective than synthetic
homogeneous types. Ash-based agricultural waste containing alkali and alkaline earth metal oxides
exhibits high catalytic activity and recyclability for biodiesel production (H. Khan et al., 2021.).
Several ash catalysts derived from banana plant parts have demonstrated excellent performance in
biodiesel synthesis, including those from Musa balbisiana peel, Musa acuminata peel, and acai seed.
However, heterogeneous base catalysts produced from Awak (Musa paradisiaca L. Var) banana peel
ash have not been extensively documented. The banana peel ash generates substantial waste from

peels and stems post-harvest (Meriatna et al., 2023).

1.3 AIM AND OBJECTIVES

The aim of this study is to synthesize a bifunctional heterogeneous catalyst from banana peels, zeolite,
and periwinkle shell, and to optimize its application in biodiesel production from a blend of neem oil

and waste cooking oil through statistical modeling and process parameter optimization.

OBJECTIVES

To achieve this aim, the following specific objectives were pursued:



1. To synthesize a heterogeneous catalyst from banana peels, periwinkle shell, and zeolite
through calcination.

2. To characterize the synthesized catalyst's physicochemical properties using X-ray diffraction
(XRD) and Fourier-transform infrared spectroscopy (FTIR).

3. To determine the physicochemical properties of neem oil and waste cooking oil feedstocks
including acid value, iodine value, saponification value, density, and viscosity.

4. To determine the optimal blending ratio of neem oil and waste cooking oil for maximum free
fatty acid (FFA) reduction using simplex lattice mixture design.

5. To optimize the transesterification process parameters (reaction time, temperature, catalyst
loading, and methanol-to-oil ratio) for maximum biodiesel yield using response surface
methodology (RSM).

6. To investigate the kinetic behavior of the transesterification reaction by determining the
reaction order and activation energy.

7. To characterize the produced biodiesel through gas chromatography-mass spectrometry (GC-
MS) analysis and evaluate its physicochemical properties against ASTM D6751 and EN

14214 standards.

1.4 SCOPE OF STUDY

The scope of this research entails an investigation into the development and application of an effective
and renewable heterogeneous base catalyst derived from banana peels, periwinkle shell and zeolite
for biodiesel production. The study is centered on the use of a composite blend of neem oil and waste

cooking oil as feedstocks.



The research is structured across several key dimensions, starting with the Materials Scope. This
includes an investigation into the properties and characteristics of the heterogeneous catalyst, an
analysis of the composition and compatibility of neem oil and waste cooking oil, an examination of
catalyst-feedstock interactions and optimization parameters. The Methodological Scope involves the
development and standardization of catalyst preparation protocols, the implementation of

transesterification reaction procedures, the characterization of physical and chemical properties.

The study is confined to laboratory-scale experimentation, emphasizing fundamental research
principles and practical applications. While investigating innovative approaches to sustainable
biodiesel production, the research remains anchored in established scientific methodologies and

analytical techniques.

1.5 SIGNIFICANCE OF STUDY

The relevance of this study stems from its strategic integration of multiple sustainable elements, with
the selection of banana peels, periwinkle shell and zeolite as a catalyst source representing a critical
innovation in waste valorization. This choice holds particular importance for energy security by
promoting domestic energy independence; locally sourced banana peels and periwinkle shells can be
converted into valuable catalysts, thereby reducing reliance on imported materials and enhancing
national energy self-sufficiency. Additionally, the use of neem oil and waste cooking oil as feedstocks
reinforces this framework by exploiting abundant regional resources, thereby establishing a robust

foundation for sustainable biodiesel production that minimizes dependence on external inputs.



The environmental importance of this research is evident in its comprehensive approach to waste
reduction and pollution mitigation. By transforming banana peels and periwinkle shells into
functional catalysts, the research simultaneously addresses two pressing environmental issues: the
management of organic waste streams and the advancement of cleaner industrial processes. This dual
benefit aligns with circular economy principles by converting potential landfill materials into
essential components of renewable energy production. Furthermore, incorporating waste cooking oil
augments the environmental gains by offering an innovative solution to waste disposal challenges in
the food service sector, thus fostering a closed-loop system wherein waste materials serve as valuable

inputs for sustainable energy generation.

From an economic and technological perspective, this research exhibits considerable relevance by
potentially establishing new value chains within sustainable energy production. The development of
a cost-effective catalyst utilizing waste materials tackles a major obstacle to widespread biodiesel
adoption—the high cost associated with conventional catalysts. This innovation has the capacity to
stimulate local economies through the emergence of industries centered on waste collection and

processing, while concurrently lowering production costs for biodiesel manufacturers.

Moreover, the study’s broader societal implications are reflected in its potential to inform policy and
practice in sustainable energy development by providing empirical evidence supporting renewable

energy initiatives and waste management strategies.



This alignment with national sustainability goals enhances the study’s significance, especially in
regions where banana peels and periwinkle shells constitute a substantial organic waste stream and

where achieving renewable energy targets remains a persistent challenge.
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CHAPTER 2

LITERATURE REVIEW

2.1 ENERGY

Energy is essential for sustaining life, and it has become increasingly imperative to optimize the
utilization of limited resources as the demand for energy sources continues to rise at an unprecedented
rate (Ullah et al., 2016). The future will undoubtedly see a significant rise in energy demand.
Presently, fossil fuels are responsible for generating 84% of the world's energy (Yusuf et al., 2021).
The extensive utilization of fossil fuels on this scale is unparalleled in Earth's history. To address the
detrimental impacts of global warming and meet the goals set by the Paris Agreement, it is essential

to transition to a cleaner and more economically viable energy source (Maheshwari et al., 2022).

The pursuit of clean and affordable energy is integral to the seventeen Sustainable Development
Goals (SDGs), with particular significance for African countries like Nigeria. SDG 7, which
emphasizes affordable and clean energy, is a critical factor in socio-economic advancement. In recent
years, the demand for energy in African nations has surged, driven by rapid population growth,
technological advancements, and the expansion of small-scale industries (Adewuyi, 2020). Nigeria,
as the most populous black nation with an estimated population of around 200 million, faces a
significant energy demand. However, numerous obstacles impede access to affordable and clean
energy. The lack of availability and accessibility to energy results in several adverse consequences,
including poverty, a decline in economic growth, inadequate health services, poor research
development, and imbalances in socio-economic affairs (Oyedepo, 2012). To address these issues,
Nigeria is actively exploring sustainable, eco-friendly energy alternatives, with a focus on renewable

resources (Owunna et al., 2022.).
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2.2 BIOFUELS

The global scientific community is increasingly focusing on the production of biofuels from biomass
resources through environmentally sustainable methods. Presently, a range of gaseous and liquid
biofuels, including biodiesel, ethanol, methanol, methane, bio-oil, and Fischer—Tropsch, H2, are
being produced from biomass (Joshi et al., 2019; Prasad et al., 2012.). These biofuels are seen as
promising candidates for future energy supply and for ensuring sustainable energy security (Choi et
al., 2010.). The use of biofuels as renewable energy sources contributes to the reduction of air
pollutant emissions, including greenhouse gases such as CO2, during combustion, thereby lessening
overall pollution and other environmental impacts (Anukam et al., 2019.; Prasad et al., 2012.).
Additionally, the production and utilization of biofuels are regarded as carbon-neutral processes
because they originate from biomass, which absorbs more CO2 than it emits into the atmosphere

(Prasad et al., 2012.).

The biofuel sector is anticipated to grow by 41 billion liters, culminating in a total volume of 186
billion liters by the year 2026. This expansion corresponds to an average annual growth rate of 4%
throughout the projected period (Ashok et al., 2024). Both industrialized and developing nations are
becoming interested in sustainable energy management. Biofuels become viable alternatives to
petroleum-based fuels in such a scenario. According to predictions, 7% of global transportation fuels

will originate from renewable sources, such as biofuels, by 2030 (Ullah et al., 2016).

Biofuels are an energy source that is made from organic materials (also known as biomass) produced
by plants and other living organisms that can be repeatedly cultivated and collected. In the absence

of fossil fuels, biofuels are a viable alternative that have the benefit of non-toxicity and the absence
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of sulfur owing to their origin from renewable resources. Biofuels can be categorized into two primary
types: primary and secondary biofuels. Primary biofuels are naturally derived from sources such as
firewood, plants, forests, animal waste, and crop residues. Secondary biofuels, on the other hand, are
directly generated from plants and microorganisms and can be further classified into three generations

(Rodionova et al., 2017.).

The most common types of biofuels are bioethanol, which is made by fermenting sugar and starch
crops like corn; biogas and biodiesel, which is made from vegetable oils, recycled wax, or animal
fats. Agricultural and critical harvesting, woods, and residual streams are the main sources of biofuels
utilized to substitute non-renewable energy fuels (Agarwal et al., 2018; Polburee et al., 2015.; S. J.
Xue et al., 2018). The first generation of biofuels involves the production of ethanol from starch-rich
food crops like wheat, barley, corn, potato, and sugarcane, or biodiesel from soybean, sunflower, and
animal fat. The second generation encompasses the production of bioethanol and biodiesel from
various plant species such as jatropha, cassava, miscanthus, straw, grass, and wood. The third

generation focuses on the production of biodiesel from microalgae and microbes (Slade et al., 2013.) .
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2.2.1 BIOETHANOL

Bioethanol, a plant-derived fuel, is obtained through the fermentation of simple sugars into alcohol.
It can be used in blends with fossil fuels or in nearly pure form in specially adapted vehicles (E-85,
flex-fuel technology), particularly developed in Brazil. From a technological perspective, three
generations coexist, depending on the origin of the sugars used for fermentation (from edible plants,
lignocellulosic residues, or algae) (Bertrand & Dussap, 2022). First-generation ethanol was primarily
produced from plant sugars or starches (Al-Maamary et al., 2017.). First-generation biofuels are
directly produced from food crops, with corn, wheat, and sugarcane being the major feedstocks (Aro,

2016). First-generation biofuels offer CO2 benefits and remain commercially available today.

Most commercially available biofuels are derived from first-generation feedstocks. Vegetable oil,
corn sugar, and similar feedstocks are used to produce first-generation biofuels such as fatty acid
methyl ester (FAME) or biodiesel, corn ethanol, or sugar alcohol (Niphadkar et al., 2018). Currently,
corn is the predominant source for ethanol production, particularly in the United States, where 40%
or more of the corn crop is utilized for this purpose. The primary issue with this crop is its status as a
staple food in many developing and developed countries, leading to a global increase in food prices
and even hunger. A similar problem arises when sugarcane is used as a feedstock. Both corn and
sugarcane cultivation require pesticides and fertilizers, which are costly and result in soil and water
contamination. This has necessitated the identification and utilization of feedstocks that do not present
food-versus-fuel conflicts and are renewable for future bioethanol production; this is the central

theme of second-generation techniques (Niphadkar et al., 2018).

Second-generation bioethanol production utilizes plant biomass that is relatively inexpensive, widely

available, and does not generate food security concerns. These processes are specifically designed to
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circumvent the food-versus-fuel dilemma by primarily relying on agricultural residues and forest
wastes, which are predominantly composed of various lignocellulosic materials. A key advantage of
second-generation biofuels lies in their use of abundant, low-cost, non-food plant-based feedstocks,
thereby mitigating competition with food supply. However, significant challenges remain,
particularly regarding sugar degradation and the high energy demands associated with pretreatment
steps, which contribute to increased production costs. Additionally, the development of efficient
microorganisms capable of fermenting both pentose (C5) and hexose (C6) sugars simultaneously

continues to be a critical bottleneck in optimizing bioethanol yields (Niphadkar et al., 2018).

The production of third-generation bioethanol relies on biomass with high carbon content. Research
indicates that seaweed and marine algae, including species like Enteromorpha, possess approximately
70% carbohydrates on a dry weight basis, making them viable candidates for bioethanol production.
This generation of bioethanol focuses on utilizing microalgae for biofuel production, contingent upon
the establishment of cost-effective processes (Niphadkar et al., 2018). Currently, fourth-generation
bioethanol is being developed to enhance algae's ability to capture CO2 and improve the synthesis of
specific compounds. However, the high costs associated with processing non-edible feedstocks
continue to pose a barrier to making bioethanol economically competitive with traditional gasoline

(Inambao, 2021).

2.2.2 Biogas

The prediction of the global demand for biogas is continuously on the rise (Chaemchuen et al., 2016).
Biogas, a combustible gas, is produced through the anaerobic digestion of organic materials. It
predominantly comprises 60—70% methane and 30-40% carbon dioxide, with minor quantities of

gases such as hydrogen, nitrogen, oxygen, carbon monoxide, and hydrogen sulfide. The biogas
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composition is affected by factors like the raw materials used, reactor temperature, and the retention
time of materials in the fermentation tank. Elevated carbon dioxide levels in biogas diminish its
heating value and flammability, necessitating CO2 removal to enhance its energy content
(Thanigaivel et al., 2022). Methane fuel, or biogas, is recognized as a promising clean energy carrier
due to its higher hydrogen-to-carbon (H/C) ratio and its role in reducing CO2 emissions (Chaemchuen

etal., 2016).

The significance of biogas energy sources is growing, given their impact on global warming and
national economies. The production and use of biogas are pivotal in achieving renewable energy
goals and environmental benefits. Biogas can be directly utilized as fuel for generating heat, steam,
and electricity on-site in industrial settings. Additionally, refined biogas can be integrated into natural
gas grids and used as vehicle fuel. Environmentally, biogas emits less CO2 compared to fossil fuels.
Furthermore, it serves as a fundamental material for producing synthesis gas, hydrogen, and

chemicals (Jiirgensen et al., 2017.).

2.3 BIODIESEL

Biodiesel emerges as a cleaner substitute to traditional petroleum products, significantly lowering
emissions of unburnt hydrocarbons (68%), particulate matter (40%), carbon monoxide (44%), sulfur
oxides (100%), and polycyclic aromatic hydrocarbons (80-90%) (Brito et al., 2020.). It is a prominent
environmentally sustainable substitute for petroleum-based diesel (Bokhari et al., 2016.). It is
distinguished by several beneficial attributes, such as renewability, non-toxicity, biodegradability,

inherent lubricity, and low sulfur content, all of which contribute to its advantageous emission profile.
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Additionally, biodiesel can be employed in existing diesel engines without requiring extensive
modifications (D. Singh et al., 2022.). Its ability to blend seamlessly with petrodiesel in varying ratios
further enhances its utility (Amenaghawon et al., 2022). As a biofuel alternative for diesel-powered
vehicles, biodiesel is appreciated for its renewability, biodegradability, and carbon neutrality. It is
predominantly synthesized from vegetable oils or animal fats through the transesterification process,
which involves a catalyst. Importantly, biodiesel can be sourced from a wide array of materials,
including edible oils (Mahfud et al., 2018), non-edible plant oils (Silitonga et al., 2019), animal fats

(Bankovi¢-Ili¢ et al., 2014) , waste cooking oil (WCO), and algae oil (Ong et al., 2021.).

The utilization of biodiesel in the transportation sector is well-established, with its adoption spanning
over 60 countries globally. Many nations are actively promoting biodiesel to decrease dependence on
non-renewable fossil fuels. Edible oils, such as palm oil (PO), are considered promising due to their
high yield and compatibility with diesel engines. Presently, there is a growing focus on using non-
edible crops as future feedstocks for biodiesel production, which could reduce reliance on edible oils

and alleviate pressure on the human food supply over time (Yusoff et al., 2022).

Biodiesel is defined as a monoalkyl ester of long-chain fatty acids derived from renewable lipid raw
materials, produced by the transesterification of oils with short-chain alcohols, such as methanol or
ethanol, in the presence of acid or basic catalysts (da Silva et al., 2018). It is a fuel composed of
monoalkyl esters formed by the transesterification of triglycerides (oils or fats) with light alcohols,
which may be catalyzed or not (methanol or ethanol). Virgin or used edible oils, such as soybean oil,

palm oil, vegetable oil, or sunflower oil, can serve as triglyceride sources (Abdulmumin et al., 2021).
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2.3.1 Factors Affecting Biodiesel Yield

The factors influencing the yield of biodiesel include FFA content, the molar ratio of alcohol to oil,
the type and concentration of the catalyst, reaction temperature, and reaction duration. Among these
variables, the molar ratio, temperature, and catalyst concentration are particularly critical in

determining biodiesel yield (Verma & Sharma, 2016).

2.3.1.1 Effect of free fatty acid and moisture

The influence of free fatty acid (FFA) and moisture content is critical in the transesterification
process, serving as key determinants for the suitability of vegetable oil (Mishra & Goswami, 2018).
Both FFA and water negatively impact this process by promoting soap formation, which depletes the
catalyst and diminishes its effectiveness, thereby reducing the overall conversion rate to biodiesel
(Demirbas et al., 2007). Moisture presence adversely affects methyl ester yields in catalyzed

transesterification techniques (Demirbas, 2006).

In acid-catalyzed transesterification, fatty acids may form through reactions involving carbocation II
in the presence of water within the reaction mixture. The interaction of FFAs with alkaline catalysts
results in soap production, which complicates the separation of biodiesel, glycerin, and wash water
during alkali-catalyzed transesterifications. For a continuous base-catalyzed reaction to reach
completion, the FFA content must be kept below 3%. Notably, the presence of water exerts a more
detrimental effect on the transesterification process than FFAs themselves (Mishra & Goswami,

2018).
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2.3.1.2 The effect of molar ratio and type of alcohol

The molar ratio of alcohol to triglyceride and the type of alcohol employed are crucial factors
influencing the yield of esters in transesterification reactions. Although the stoichiometric molar ratio
of methanol to triglyceride is 3:1, elevated molar ratios are commonly utilized to improve solubility
and enhance molecular interaction between triglycerides and alcohol (Noureddini et al., 1998).
Increased molar ratios typically lead to higher ester conversion within shorter reaction times. For
example, in the transesterification of peanut oil with ethanol, a 6:1 molar ratio produced significantly
more glycerine than the standard 3:1 ratio (Feuge et al., 1949). Furthermore, the appropriate molar
ratio depends on the catalyst type; acid-catalyzed reactions often require higher alcohol-to-oil molar
ratios to achieve satisfactory yields within practical durations. However, this increase in molar ratio

does not correspond to a proportional increase in ester yield (Mishra & Goswami, 2018).

2.3.1.3 Catalyst effect

Catalyst selection plays a significant role in transesterification efficiency. Alkali catalysts, acids, and
enzymes are commonly used, with alkali-catalyzed transesterification generally proceeding at a faster
rate and being the preferred method in commercial production (Salvi et al., 2012.). A study on
methanolysis of RBD palm oil (with FFA content <0.1%) identified sodium (Na), sodium hydroxide
(NaOH), and potassium hydroxide (KOH) as the most effective catalyst. Additionally, the influence
of catalyst concentration on base-catalyzed transesterification was explored using ultrasonic energy

to optimize biodiesel synthesis from vegetable oils (YuenMay, 2004).

2.3.1.4 The effect of temperature and time

Temperature and reaction time also significantly affect the transesterification process. The optimal

temperature varies depending on the type of vegetable oil or fat employed (Salvi et al., 2012, (L. C.
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Meher et al., 2006). Microwave-assisted heating has been investigated as a method to accelerate
reaction rates in both laboratory and industrial scales. Transesterification can be conducted in batch
or continuous-flow modes, with batch processing being more prevalent due to its operational
simplicity. Compared to conventional heating, microwave heating offers a more efficient means of

speeding up the transesterification reaction (Soltani et al., 2015a).

2.3.2 Properties and Qualities of Biodiesel

Biodiesel quality improvements are being pursued worldwide to achieve reliable engine performance
across different production scales and feedstock sources. When biodiesel is produced from plants of
varying capacities and origins, it is essential to standardize biodiesel quality to prevent operational

issues (Atabani, Silitonga, ..., et al., n.d.) (Balat & Balat, 2010).

The evaluation of biodiesel properties or quality is primarily conducted through physicochemical
parameters. These include cetane number (CN), caloric value (MJ/kg), density (kg/m?), viscosity
(mm?/s), cloud and pour points (°C), flash point (°C), acid value (mg KOH/g-oil), ash content (%),
water content and sediment, copper corrosion, distillation range, carbon residue, sulphur content,
glycerine presence (% m/m), phosphorus (mg/kg), and oxidation stability. The chemical and physical
characteristics of biodiesel depend largely on the type of raw material (i.e., feedstock) and the

composition of fatty acids (Atabani, Silitonga,, et al., 2012.).
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2.3.2.1 Viscosity

Viscosity refers to a fuel's capacity to flow and is critical in the functioning of fuel injection systems
and spray atomization, especially at lower temperatures where increased viscosity impacts fuel
fluidity. Biodiesel’s viscosity is approximately 10—15 times higher than that of fossil diesel, attributed
to its larger molecular mass and chemical structure (Atabani, Silitonga, et al., 2012.). At cold
temperatures, biodiesel may become very viscous or even solidify, which can impair volume flow

and fuel injection spray behavior in engines (Mishra & Goswami, 2018)

2.3.2.2 Fuel density and relative density

Density measures a fuel's weight per unit volume, with denser oils providing greater energy content
(Atabani, Silitonga, et al., 2012.). Biodiesel density is measured following EN ISO 3675/12 185 and
ASTM D1298 standards, typically at reference temperatures of 15 or 20°C (Torres-Jimenez et al.,
n.d.). Relative density compares the fuel’s density to that of water, which is essential for mass-to-
volume conversions, flow and viscosity calculations, and assessing biodiesel tank homogeneity

(Atabani, Silitonga, et al., 2012.).

2.3.2.3 Cetane number

The cetane number (CN) represents a fuel’s ignition quality—its ability to auto-ignite promptly after
injection. A higher CN signifies better ignition characteristics (Atabani, Silitonga, et al., 2012). CN
is crucial in selecting methyl esters for biodiesel production (L. C. Meher et al., 2006) (Qin et al.,

2010) (M. B.-E. conversion and management & 2011, 2011). CN increases with longer fatty acid
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chains and higher saturation, meaning biodiesel generally has a higher CN than petroleum diesel,

correlating to improved combustion efficiency (Karmakar et al., 2010.) (Lapuerta et al., 2008).

2.3.2.4 Flash point

Flash point refers to the temperature at which a fuel ignites upon exposure to a flame. Fuel volatility
decreases as flash point increases. Biodiesel exhibits a flash point above 150°C, exceeding petroleum
diesel’s 55—-66°C, making it safer for transport, handling, and storage (Atadashi, Aroua, energy, et
al.,2013.) (L. C. Meher et al., 2006). Demirbas (A. D.-E. conversion and management & 2009, 2008)
notes that fatty acid methyl esters have significantly lower flash points than their original vegetable

oils.

2.3.2.5 Titre

Titre defines the temperature at which oil transitions from solid to liquid (Atabani, Silitonga, et al.,
2012.). This property is vital since biodiesel production via transesterification is a liquid-phase
process, and oils with high titre require heating, which raises energy consumption and production

costs (Karmakar et al., 2010.).

2.3.2.6 Cloud point, pour point, and cold filter plugging point (cfpp)

Low-temperature behavior of biodiesel is a key quality measure. Wax crystallization at colder

temperatures can block fuel lines and filters, causing engine startup failures, driving issues, and
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lubrication problems. The cloud point marks the temperature when wax crystals first appear on
cooling; pour point is the lowest temperature at which fuel can flow before gelling occurs; CFPP
indicates the temperature when filters begin to plug due to crystallization or gel formation. CFPP is
a reliable indicator of fuel performance in cold weather, more so than cloud point, affecting flow in

fuel lines, pumps, and injectors (Mishra & Goswami, 2018).

2.3.2.7 Oxidation stability of fuel

Oxidation stability assesses biodiesel’s resistance to degradation upon exposure to oxygen. The
presence of unsaturated fatty acid chains with double bonds makes biodiesel more prone to oxidative
reactions compared to fossil diesel (Atabani, Silitonga, et al., 2012.). This property indicates the

necessity for antioxidants to maintain fuel quality (Atadashi, Aroua, energy, et al., 2010.).

2.3.2.8 Lubrication properties of fuel

Biodiesel generally exhibits superior lubrication properties over diesel, contributing to enhanced
engine longevity (Atabani, Silitonga, et al., 2012.). However, biodiesel (FAAE) may cause deposit
formation or filter plugging depending on its degradability, glycerol content, and cold flow attributes
(Lapuerta et al., n.d.). Improved lubricity reduces friction losses, potentially increasing brake

effective power (J. Xue et al., 2011).

2.3.2.9 Acid value of fuel

Also known as the neutralization number, acid value measures free fatty acids (FFA) in fresh fuel,

which are naturally occurring saturated or unsaturated monocarboxylic acids not bonded to glycerol
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(Atabani, Silitonga, et al.,2012.). Higher acid values correspond to increased FFA levels and are
expressed in mg KOH needed to neutralize 1 g of FAME. Elevated acid content can severely corrode

engine fuel systems (Mishra & Goswami, 2018).

2.3.2.10 Free glycerin

Refers to the glycerol remaining in the completed biodiesel. Its concentration depends on the
production process and may result from incomplete separation after washing. Glycerol’s insolubility
in biodiesel allows removal by settling or centrifuging. Excess free glycerol risks injector coking and

damage to fuel injection systems (Mishra & Goswami, 2018).

2.3.2.11 Available water and sediment in fuel

Water contamination exists as either dissolved or suspended droplets, with biodiesel absorbing
significantly more water (up to 1500 ppm) than diesel (around 50 ppm). Sediments may be rust, dirt,
or insoluble compounds formed during oxidation (Zheng et al., n.d.). Water induces corrosion, rust,
and acid formation in storage tanks, and promotes microbial growth, which generates sludges and
plugging agents; some microbes convert sulfur into corrosive sulfuric acid (Mishra & Goswami,

2018).
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2.3.2.12 Ash or sulfate content

Ash content quantifies inorganic contaminants such as abrasive solids, catalyst residues, and metal
soaps present in the fuel. This is determined after burning biodiesel and treating the residue with

sulfuric acid to measure sulfated ash levels (Mishra & Goswami, 2018).

2.3.2.13 Total glycerol

Total glycerin measures residual triglycerides, diglycerides, and monoglycerides remaining after
transesterification, representing bound and free glycerol (Maceiras et al., 2011). Incomplete reactions
leave these glycerol-containing compounds, where total glycerol equals the sum of free and bound

glycerol (Mishra & Goswami, 2018).

2.3.2.14 Carbon residue

Indicates the propensity of fuel to leave carbon deposits after combustion. It correlates strongly with
FFA content, unsaturated fatty acids, soaps, glycerides, polymers, and inorganic impurities. Despite
the name, carbon residue includes more than just carbon and is recognized in all standards (Mishra

& Goswami, 2018).

2.3.2.15 Corrosion of copper strip

This test evaluates how corrosive biodiesel is towards copper, brass, or bronze components. A copper
strip is exposed to fuel at 50°C for three hours, then compared with a standard strip to assess corrosion
extent. Copper corrosion may result from sulfur compounds or acids, linked to the acid number

(Mishra & Goswami, 2018).
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2.3.2.16 Cold soak filtration
A recent addition to ASTM D6751 standards, this test determines whether crystals that form at low

temperatures persist upon rewarming, potentially impacting fuel filterability (Mishra & Goswami,

2018).

2.3.2.17 Presence of phosphorus, calcium and magnesium

According to ASTM D6751, phosphorus in biodiesel must be below 10 ppm, while combined calcium
and magnesium should not exceed 5 ppm. Phosphorus content is measured using ASTM D4951, and

calcium plus magnesium via EN Standard 14 538 (Atabani, Silitonga, et al., 2012).

2.3.3 Advantages of Biodiesel

Several benefits are associated with biodiesel fuel, notably its oxygen content of 10—11%. This
oxygen concentration facilitates improved combustion properties in the fuel (Atadashi, Aroua,

energy, et al., 2010.).

There are numerous advantages to using biodiesel, including the following:

1. Biodiesel is the world's most diverse fuel. Different types of fat and oil like Soybean oil, animal
fats, and leftover cooking oil are all used in its production. Since biodiesel can repurpose fats and
oils, it is an excellent advanced biofuel, cutting emissions by more than 50% when compared to
petroleum-based fuels. It also encourages the development of novel feedstocks. Microalgae, for
example, is a future feedstock that may help meet the world's energy needs (Abdulmumin et al.,

2021).
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2. Biodiesel reduces greenhouse gas emissions by an average of 80% compared to petroleum diesel,
even when land-use consequences are considered. It has been established by government agencies
and national laboratories that biodiesel reduces greenhouse gas emissions significantly across its

whole lifecycle (Abdulmumin et al., 2021)

3. With ultra-low sulfur heating oil, biodiesel can be blended to form bioheat, a fuel for home heating.
It is a simple decision that provides better fuel for the home and the environment. Bioheat is heating
oil for the future, and it is currently sweeping the industry. Bioheat fuel blends range from B20 up to

B100, with most businesses now offering blends from B20 on up (Abdulmumin et al., 2021).

4. It fits seamlessly with today’s diesel infrastructure. In other words, it fits in existing vehicles and
technologies, biodiesel blends provide performance characteristics like conventional diesel, such as
fuel economy, horsepower, and torque. Depending on the fuel type and concentration, biodiesel may
also provide the following extra performance advantages like longer engine life due to improved
lubricity. Enhanced combustion because of increased Cetane numbers, emissions reductions when

compared to petroleum-based alternatives (Abdulmumin et al., 2021).

In conclusion, biodiesel can be said to have the potential to provide some perceived advantages over
the conventional diesel derived from fossil fuel including political, economic, and agricultural
benefits, as well as environmental (due to its biodegradability, lower toxicity, and renewability) and

health benefits (greenhouse gas-saving, less harmful exhaust emissions) (Abdulmumin et al., 2021).
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2.4 BIODIESEL PRODUCTION TECHNOLOGIES

Biodiesel production typically involves an oil extraction step following feedstock preparation. This
extraction yields crude oil and byproducts such as seed or kernel cakes. Common extraction

techniques include:

1. Mechanical pressing
2. Solvent extraction and

3. Enzymatic methods.

Mechanical extraction, using expellers or presses on whole seeds or kernels, achieves yields of 68—
80% (Atabani et al., 2012). Solvent extraction employs liquid solvents with variations in particle size,
extraction temperature, agitation, and solvent type affecting efficiency, using approaches like hot
water extraction, Soxhlet extraction, and ultrasonication. Enzymatic extraction, especially with
alkaline proteases, has shown promising results and can be enhanced by ultrasonication pretreatment

(Atabani et al.,)

The principal challenges of using crude vegetable oils as fuel—such as high viscosity, low volatility,

and high polyunsaturation—can be mitigated through several methods:

1. Direct use and blending
2. Pyrolysis
3. Microemulsification

4. Transesterification (Atabani et al., 2012)
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2.5 BIODIESEL PRODUCTION METHODS

2.5.1 Pyrolysis

Pyrolysis, also referred to as thermal cracking, involves a chemical transformation induced by thermal
energy in the presence of a catalyst and the absence of air or nitrogen. The feedstocks for biodiesel
production via pyrolysis can include vegetable oils, animal fats, natural fatty acids, or methyl esters
of fatty acids. Studies have indicated that pyrolyzing triglycerides yields biodiesel compatible with
diesel engines, with temperature-dependent liquid fractions from vegetable oils closely resembling
diesel fuel. This decomposition results in various hydrocarbons such as alkanes, alkenes, alkadienes,
aromatics, and carboxylic acids (Atabani et al., 2012) (Ma & Hanna, 1999a) (Balat et al., 2008).
Moreover, pyrolyzates typically exhibit lower viscosity, flash point, and pour point compared to
petroleum diesel while maintaining comparable calorific values (Atabani et al., 2012). Pyrolysis can
be categorized into conventional, fast, and flash pyrolysis based on operating conditions, with the

triglyceride pyrolysis mechanism described by Schwab et al. (A. W. Schwab et al., 1988).

In an oxygen-free environment, pyrolysis converts materials through heat and catalysis (Higman et
al., 1973). Compared to alternative cracking techniques, this method provides benefits including
speed, decreased pollution, and efficiency (A. W. Schwab et al., 1988). However, pyrolysis for
biodiesel synthesis is considered outdated, prompting the adoption of newer technologies

(Maheshwari et al., 2022).
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2.5.2 Microemulsification

Microemulsification refers to a colloidal dispersion of optically isotropic fluids at the microstructural
scale (1-150 nm), formed spontaneously by mixing two immiscible liquids with ionic amphiphiles
(Likozar et al., 2014.). Microemulsions improve spray characteristics by explosively vaporizing low
boiling-point constituents within micelles (Maheshwari et al., 2022). This technique addresses the
high viscosity challenge of vegetable oils, producing transparent and thermodynamically stable

colloidal dispersions.

Solvents like methanol, ethanol, hexanol, butanol, and 1-butanol facilitate microemulsion formation,
meeting diesel fuel viscosity standards. Typical droplet diameters range between 10 and 100 nm.
Microemulsions can be prepared from vegetable oils combined with esters and dispersants or
mixtures containing alcohols, surfactants, and cetane improvers, optionally blended with diesel.
Butanol, hexanol, and octanol are effective in meeting viscosity requirements, with 2-octanol
particularly efficient in solubilizing methanol in vegetable oils. Methanol is favored economically

over ethanol (Mishra & Goswami, 2018).

2.5.3 Direct Use and Blending

The direct use and blending of vegetable oils or animal fats constitute some of the earliest and simplest
approaches for employing these substances as alternative diesel fuels. This technique involves either
using the oils directly in modified engines or blending them with conventional diesel to improve fuel
properties, especially viscosity (Ma & Hanna, 1999a). As early as 1980, vegetable oils were proposed
as fuels, positioning petroleum as the alternate fuel with vegetable oils and alcohols as renewable

alternatives (Ma & Hanna, 1999b) (Bartholomew, 1981). During the South African oil embargo,
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sunflower oil blends (10% vegetable oil) were successfully used in pre-combustion chamber engines
without modifications (Ma & Hanna, 1999a) (Singh et al., 2010.). Although 100% vegetable oil
substitution was impractical then, blends of up to 20% vegetable oil with diesel proved viable.
Additionally, experimental use of 50:50 blends of vegetable oil and diesel has been documented

(Mishra & Goswami, 2018).

2.5.4 Transesterification

Transesterification, the preferred method for biodiesel synthesis, involves the reaction of fatty acids
or oils with alcohols to yield fatty acid esters and glycerol. This reaction can be catalyzed or non-
catalyzed; however, the non-catalyzed process requires elevated temperature and pressure yet yields
lower product quantities (Murugesan et al., 2019.). Catalysts significantly enhance both reaction rate
and yield. Free fatty acids (FFAs) react with alcohols to form fatty acid methyl esters (FAME) and
water. To drive the reversible reaction forward, excess alcohol is typically employed. Primary and
secondary alcohols with carbon chain lengths from C1 to C8 are commonly used. Catalyst selection
is dictated by factors including conversion efficiency, corrosion potential, and end-product separation

(Maheshwari et al., 2022).

During biodiesel synthesis, triglycerides undergo transesterification with alcohol (commonly
methanol), producing methyl esters of fatty acids (biodiesel) and glycerol across three sequential
steps: triglycerides to diglycerides, diglycerides to monoglycerides, and monoglycerides to glycerol

(Soltani et al., 2015b). Stoichiometrically, 3 moles of alcohol react with 1 mole of triglyceride to
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yield 1 mole of glycerol and 3 moles of biodiesel. Industrial processes often utilize a 6:1 methanol-

to-triglyceride molar ratio to shift equilibrium towards product formation (Fukuda et al., 2001).

Catalysts used in transesterification include acids, alkalis, and lipase enzymes (Fukuda et al., 2001)
(Soltani et al., 2015b) (Chisti, 2007). Alkali-catalyzed reactions proceed approximately 4000 times
faster than acid-catalyzed ones leading to commercial preference for sodium and potassium hydroxide
at about 1% by weight of oil. Alkoxide catalysts such as sodium methoxide provide enhanced activity
and are increasingly utilized. Although enzymatic catalysis offers distinct advantages, its high cost
currently limits widespread application (Chisti, 2007) (Fukuda et al., 2001). To minimize
saponification and consequent yield loss, both the oil and alcohol must be dry with minimal FFAs.
Post-reaction, biodiesel is purified by repeated washing to eliminate glycerol and residual methanol.
Transesterification methods are broadly classified into catalytic and non-catalytic approaches (Mishra

& Goswami, 2018).

2.5.5 Catalytic Transesterification

Catalytic transesterification employs various catalyst types grouped as alkali, acid, enzymatic, or
heterogeneous. Alkali catalysts including sodium hydroxide, sodium methoxide, potassium
hydroxide, and potassium methoxide are notably effective (Meher et al., 2006.). Acid catalysts such
as sulfuric acid, hydrochloric acid, and sulfonic acids are also utilized, though at higher alcohol-to-

oil molar ratios and under moderate reaction conditions. Heterogeneous catalysts encompass
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enzymes, titanium-silicates, alkaline-earth metal compounds, anion exchange resins, and organic
polymer-supported guanidines (Vicente et al., n.d.). Methanolysis of vegetable oils or animal fats
with methanol is well-established industrially, primarily catalyzed by acids or alkalis such as sulfuric
acid or sodium hydroxide. These catalysts are less effective or inactive for long-chain alcohols, with
sodium and potassium bases favored for their availability and catalytic effectiveness (Balat et

al.,2008.).

2.5.6 Alkali Catalytic Transesterification

Alkali catalytic transesterification primarily uses alkaline metal alkoxides, hydroxides, and
carbonates (A. Schwab et al.,1987.) (L. Meher, Sagar, et al., n.d.) (Balat et al., 2008.). Alkali catalysts
efficiently convert vegetable oils with low FFA content; however, oils with significant FFA lead to
soap formation, impeding separation of biodiesel, glycerin, and wash water (Canakci et al., 2003.).
Typical conditions involve batchwise transesterification at atmospheric pressure and temperatures
between 60—70°C with excess methanol (A. Srivastava & Prasad, 2000). Despite high conversion
rates, alkali catalyst removal adds complexity and cost (Demirbasg, 2002). Although alkali hydroxides
like KOH and NaOH are less active than alkoxides, they remain economical alternatives with
increased catalyst concentrations (1-2 mole %) achieving comparable conversions (Schuchardt et al.,
1998). Economic advantages include methanol recovery and glycerol by-product production, the
latter used in pharmaceuticals, but requiring removal to prevent harmful emissions on combustion

(Balat et al., 2008.).
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2.5.7 Acid-Catalyzed Transesterification

Acid-catalyzed transesterification employs catalysts such as sulfuric acid, hydrochloric acid, and
organic sulfuric compounds (Goff et al., 2004) (Liu et al., n.d.) [Acid-catalyzed alcoholysis of
soybean oil, Effect of water on sulfuric acid catalyzed esterification]. Studies reveal that sulfuric acid
exhibits optimal catalytic activity at 1.5-2.25 M concentration (Al-Widyan et al., 2002.). Acid-
catalyzed processes require high alcohol-to-oil molar ratios, moderate temperatures, and relatively
high catalyst concentrations to achieve acceptable yields. Despite their insensitivity to FFAs, these

reactions have been less favored due to slower kinetics (Y. Zhang et al., 2003).

2.5.8 Enzymatic Transesterification

Enzymatic transesterification, predominantly catalyzed by lipases from organisms such as Candida
antarctica, Candida rugosa, Pseudomonas cepacia, and Rhizomucor miehei, offers a biologically-
driven alternative (Royon et al., 2007) (chemistry & 2003,) (Bernardes et al., 2007) (Ming et al.,
1999.). Although enzymatic methods provide cleaner reaction profiles and can process aqueous or
non-aqueous systems, their reaction rates are slower compared to chemical catalysts, and the cost of

enzymes remains a significant barrier (Y. Zhang et al., 2003) (Mishra & Goswami, 2018).

34



2.5.9 Non-Catalytic Supercritical Methanol Transesterification

Non-catalytic supercritical methanol transesterification involves using supercritical conditions of
methanol, ethanol, propanol, or butanol to produce biodiesel, demonstrating promising potential
[Biodiesel production via non-catalytic SCF method and biodiesel fuel characteristics]. Critical
temperatures and pressures vary with the alcohol employed (Balat et al., 2008.). Advantages include
the simultaneous reaction of glycerides and free fatty acids, elimination of diffusion barriers via
homogeneous phase, tolerance to water in feedstock without catalyst deactivation, obviation of
catalyst removal, and rapid complete conversion under high methanol ratios. Disadvantages include
the necessity for high operation pressures (25-40 MPa), elevated temperatures leading to increased
energy costs, large alcohol-to-oil ratios increasing operational costs, and challenges in reducing free

glycerol content below 0.02% (Mishra & Goswami, 2018).

2.6 BIODIESEL FEEDSTOCKS

Biodiesel can be derived from a diverse array of feedstocks, including [vegetable, algae, microbial
oil and animal fats], with the resultant fuel exhibiting variations in purity and composition (Mahdavi
et al., 2015.). The initial and critical step in biodiesel production involves feedstock selection, which
directly influences several factors such as the purity, cost, composition, and yield of the final
biodiesel. Furthermore, the availability and type of feedstock source are primary determinants in

classifying biodiesel into edible, non-edible, or waste-based origins (bioenergy & 2009,).

The choice of feedstock for biodiesel production is also significantly influenced by regional factors,
primarily considering a country's availability and economic viability. For instance, canola oil serves

as the predominant feedstock in Canada, while soybean oil is widely utilized in Brazil and the USA.
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Conversely, Indonesia and Malaysia primarily employ coconut and palm oils for biodiesel
production, whereas rapeseed oil is favored in European nations like Italy, Germany, Finland, and
the UK. Historically, oils such as sunflower, rapeseed, soybean, and mustard have been used, but
concerns regarding their impact on food security have led to a reduction in their application as
biodiesel feedstocks (A. Kumar et al., 2010). Non-edible oils offer considerable advantages, including
biodegradability, low sulfur content, minimal impact on the food chain, low aromatic content, and
widespread availability, making them preferable alternatives. Emerging feedstocks like tallow oil,
animal fats, fish oil, and microalgae also present promising avenues for biodiesel synthesis (D. Singh

et al., 2020).

Based on their raw material, biodiesels are categorized into four generations:

1. First-generation from edible oils;
2. Second-generation from non-edible plant oils;
3. Third-generation from microalgae lipids, used cooking oil, or waste animal fats; and

4. Fourth-generation from genetically modified microorganisms (Pikula et al., 2020a).

2.6.1 First-Generation Biodiesel

First-generation biodiesel, primarily sourced from edible feedstocks like rapeseed, canola, and
soybeans, gained initial popularity due to their availability and relatively straightforward production
processes. While over 90% of biofuels currently originate from edible biomass, drawbacks such as
high material costs, dependence on food prices, land expropriation, and environmental sensitivity

have rendered their extensive use less effective (Pikula et al., 2020b)
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COMMONLY UTILIZED EDIBLE OIL FEEDSTOCKS

2.6.1.1 Palm Oil

Palm oil, sourced from the Elaeis guineensis fruit, yields two distinct oils: crude palm oil from the
outer pulp and palm kernel oil from the internal kernels. Crude palm oil exhibits a semi-solid
consistency at ambient temperatures, while palm kernel oil is characterized by its richness in lauric
and myristic fatty acids, contributing to superior oxidative stability and a distinct melting profile
(Karmakar et al., 2010.). Malaysia is a global leader in palm cultivation, with plantations
encompassing approximately two-thirds of its agricultural land. Palm oil has proven to be an effective
biodiesel source, demonstrating an average yield of about 6000 liters of palm oil per hectare, which
can produce an estimated 4800 liters of biodiesel (Addison et al., 2009.). Both Nigeria and Brazil
possess significant potential for palm oil production, and the demand for palm biodiesel oil is rapidly
escalating in Europe. The primary advantages of palm oil include its exceptionally high oil yield per
hectare and its economic viability when compared to other edible oils (D. Singh et al., 2020).
However, a notable challenge with palm oil for biodiesel production is its high saturated fatty acid
content, which necessitates an additional methanol transesterification step when employing alkali-
catalyzed methods, thereby increasing production costs (Crabbe et al., 2001.). An effective solution
to this issue involves implementing an acid-catalyzed pre-esterification method (S. L. Lee et al.,
2015). Notably, farmers in Ghana have successfully utilized palm kernel oil to power farm vehicles

and generators (Karmakar et al., 2010.).
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2.6.1.2 Coconut

Coconut (Cocos nucifera) represents another significant edible feedstock for biodiesel production,
particularly embraced in the Philippines. This tall tree, typically ranging from 15 to 18 meters in
height (Karmakar et al., 2010.) (D. Kumar et al., 2010.), produces oil that is predominantly composed
of saturated fatty acids (86%), with minor percentages of monounsaturated (6%) and polyunsaturated
(2%) fatty acids. The key fatty acids present are lauric (45%), palmitic (8%), and myristic acid (17%),
alongside a lesser amount of oleic acid (monounsaturated) and linoleic acid (polyunsaturated).
Coconut oil is recognized for its high biodiesel yield (Li & Khanal, 2016). When utilized in
automobiles, even a 1% blend of coconut biodiesel has been shown to enhance fuel efficiency by 1-

2 km and reduce emission levels by 60% due to improved oxygenation (Ahmed et al., 2014.).

2.6.2 Second-Generation Biodiesel

The adverse impact of first-generation biomass feedstock on global food prices has led researchers
to explore lignocellulosic biomass resources, also known as second-generation biomass feedstock.
These feedstocks include crop residues, wood residues, and dedicated energy crops specifically
developed for biofuel generation. As they do not compete with food crops, second-generation
biomass feedstock is increasingly recognized globally as a sustainable alternative to fossil fuels

(Abdulmumin et al., 2021).

Second-generation feedstocks offer a promising alternative to the use of edible plants for biodiesel

production. These non-edible plant sources present numerous advantages:
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They can thrive in contaminated or agriculturally unsuitable areas, requiring minimal fertility
and humidity.

They exhibit stability across a wide range of climatic conditions, indicating robust
environmental resilience.

They incur lower environmental stress while yielding a final product of comparable quality
to that derived from edible feedstocks.

They require less dedicated land and can be cultivated alongside other plant species,
promoting efficient land use.

They possess the potential for rehabilitating degraded lands, contributing to environmental
restoration.

Critically, they avoid competition with agricultural food sources, addressing a major concern
associated with first-generation biofuels.

They demonstrate resistance to pests and diseases, reducing crop losses and the need for
chemical interventions.

They offer the possibility of producing valuable by-products, enhancing economic viability.
They are characterized by availability, renewability, biodegradability, and low sulfur and

aromatic hydrocarbon content (C.-H. Lee, 2012).

Despite these benefits, the primary disadvantages of second-generation feedstocks include a

comparatively lower oil yield and a higher alcohol consumption during the production process when

compared to edible sources. Nevertheless, the inherent ability of these non-edible plants to flourish

under diverse climatic conditions facilitates the establishment of stable biofuel production systems in

numerous countries (Pikula et al., 2020a).
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COMMONLY UTILIZED NON-EDIBLE OILS

Globally, numerous sources of renewable oils exist that are not derived from conventional food crops
or annual agricultural cultivation. Illustrative examples include oil extracted from the Honge (Indian
beech or pongamia) tree and Jatropha curcas (physic nut) (Karmakar et al., 2010.). In many
developing nations, the scarcity of edible oils necessitates imports to satisfy domestic demand,
leading to higher prices compared to petro-diesel. This economic context renders edible oils
unsustainable as biodiesel feedstocks, thereby advocating for the adoption of non-edible alternatives.
Even with substantial edible oil consumption in certain countries, such as India, the availability of
used cooking oil for biodiesel production remains minimal due to its complete utilization.
Consequently, it is imperative to reorient research and development efforts towards non-edible

resources (Karmakar et al., 2010.).

2.6.2.1 Jatropha curcas

Jatropha curcas has recently gained prominence as a highly promising prospective oil source for
biodiesel production across Asia, Europe, and Africa. This species demonstrates remarkable
resilience, flourishing under diverse climatic conditions, including intense heat, low precipitation,
ample rainfall, and frost. Jatropha is typically cultivated on marginal and degraded lands, thereby
eliminating potential land-use conflicts with food production. The oil yield from Jatropha varies based
on the specific species, climatic parameters, and, notably, the altitudinal growth conditions.
Furthermore, various components of the plant possess medicinal properties. Beyond its contribution

to diesel replacement, the cultivation of Jatropha trees actively contributes to the reduction of
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atmospheric CO» concentrations. In developing regions like India, it has been identified as a primary
source for biodiesel (Karmakar et al., 2010.). Jatropha oil predominantly consists of unsaturated fatty
acids, such as oleic (34.3—44.7%) and linoleic acid (31.4-43.2%), along with saturated components

including palmitic acid (13.6—-15.1%) and stearic acid (7.1-7.4%) (Reksowardojo et al., 2007).

2.6.2.2 Neem (Azadirachta Indica)

Neem oil presents a color range from light to dark brown and possesses a bitter taste. The neem tree
is indigenous to India and Burma, with almost its entirety being utilized for diverse applications,
including medicinal remedies, pesticides, and organic fertilizers. Neem exhibits the capacity to grow
in highly marginal soils, encompassing those that are notably rocky, shallow, arid, or prone to pan

formation. (Karmakar et al., 2010.).

Azadirachtin, the principal constituent of neem seed oil, exhibits concentration variations from 300
to 2500 ppm, influenced by the extraction methodology and the quality of the processed neem seeds.
The oil contains sulfurous compounds, which contribute to its pungent aroma and a less efficient
combustion profile compared to other vegetable oils (Karmakar et al., 2010.). Neem oil primarily
contains a substantial proportion of unsaturated fatty acids, such as oleic acid (25-54%) and linoleic
acid (6-16%), while its saturated components include stearic acid (9—24%) (Anyanwu et al., 2013.)

(Ali et al., 2013.).
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2.6.3 Third-Generation Biodiesel

Given the constraints associated with first and second-generation biofuels, the exploration for
alternative feedstocks for biofuel production led to the discovery of microalgae's potential. Third-
generation biofuels, derived from algal biomass such as microalgae and macroalgae, have been

extensively investigated and considered due to their high lipid productivity (Mat Aron et al., 2020).

2.6.3.1 Microalgae

Microorganisms, including bacteria, yeasts, cyanobacteria, and microalgae, are viable for biofuel
production. Cyanobacteria and microalgae are recognized as optimal candidates for this application
(Moravvej et al., 2019.). The cultivation of microalgae is gaining significant attention as a source of
lipids for biodiesel (Li et al., 2012). Algae cultures are specifically defined environments where
microalgae are cultivated. This form of aquaculture focuses on growing algae to yield food or other
valuable products. These unicellular aquatic plants possess the capacity to generate substantial

quantities of lipids suitable for biodiesel production (Pienkos et al., 2009).

Microalgae exhibit a rapid growth rate, allowing for harvesting within approximately 5 to 6 days of
cultivation (Srivastava et al.,2019.) (Tang et al., 2020.). A primary advantage of utilizing microalgae
as a feedstock is the low cultivation cost, as they can be grown in moist marginal areas or wastewater
(Wang et al., 2016). The cultivation of microalgae is environmentally beneficial, requiring minimal
cultivation area while producing high oil content, oxygen, and hydrogen (ShirReen & HwaiChyuan,
2018) (Shah et al., 2018.). Microalgal growth is contingent upon cultivation conditions and factors
such as temperature, CO2 concentration, light intensity, pH, and the nutrient composition of the

culture medium (Metsoviti et al.,2019.). Three classifications of microalgae exist: autotrophic
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microalgae (utilizing inorganic carbon), heterotrophic microalgae (utilizing organic carbon), and
mixotrophic microalgae (utilizing both inorganic and organic carbon) (Shah, Raja, Mahmood, et al.,

2016.).

2.6.3.2 Animal fat

Animal fat is a co-product of the fishery and meat industries, derivable from sources such as fish,
cattle, chicken, and hogs. Currently, animal fat co-products are primarily used for biodiesel
production due to their low retail prices, particularly as a substitute fuel for automobile fleets
developed by companies utilizing these raw materials. Due to various animal health concerns and
scandals, the use of animal fat sources for human consumption is no longer permitted. Consequently,
its suitability for biodiesel development has been verified. Tallow obtained from diseased livestock
has also emerged as a significant feedstock for biodiesel production. A major challenge for these
feedstocks is an irregular supply, as animal fat is not exclusively produced for biodiesel. Beef tallow,
mutton, yellow grease, lard, and residues from omega-3 fatty acid extraction are employed in the

production of third-generation biodiesel (Abishek et al., 2014).

These represent primary by-products of the leather and meat industries. These sources offer
advantages in terms of food security, economic viability, and environmental benefits compared to
edible oils. However, animal waste fats with higher saturated fatty acids and free fatty acids
necessitate complex processing methods. Conversely, animal waste fats with lower saturated fatty
acid content offer several benefits, including a shorter ignition delay, good oxidation stability, and an

elevated calorific value (Adewale et al., 2015.).
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2.6.3.3 Waste oil

The production of biodiesel can effectively utilize a diverse range of waste oils. These materials are
generally cost-effective and contribute to environmental sustainability by repurposing substances that
would otherwise require disposal (Elkady et al., 2015). Waste oils are broadly categorized into three
types: those originating from the food industry, non-food industry, and household and restaurant
sources. Common examples include waste oils derived from rapeseed, coconut, soybean, and palm,
which are frequently employed in biodiesel development. However, processing these waste oils
necessitates additional steps to manage the high acid content at elevated temperatures and to remove
residues. Furthermore, numerous co-products from food processing facilities can also be valorized
for biodiesel production. In the non-food sector, waste plastic oil and waste tire oil are utilized to

generate biodiesel through the pyrolysis process (Knothe et al., 2009.).

2.6.4 Fourth Generation Biofuels

Fourth-generation biofuels primarily derive from genetically modified microalgae. These
microorganisms are engineered to enhance carbon dioxide uptake for photosynthesis, thereby
creating an artificial carbon sink, and to augment biofuel production (Abdullah et al., 2019.)
(Vassilev et al., 2016).Several algal strains, such as Chlamydomonas reinhardtii sp., Phaeodactylum
tricornutum sp., and Thalassiosira pseudonana sp., have undergone genetic modifications to improve
their growth rates and adaptability to nutrient-poor environments (Abdullah et al., 2019.). The genetic
manipulation of microalgae primarily targets lipid and carbohydrate metabolism, enhanced nutrient
utilization, hydrogen production, improved photosynthetic efficiency, increased stress tolerance,
facilitated cell disintegration, and optimized flocculation (Bharadwaj et al., n.d.). Additionally,
genetic modifications can assist in oil extraction from microalgal biomass by inducing autolysis and

enabling product secretory systems (Moravvej et al., 2019.).
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CULTIVATION SYSTEMS FOR GENETICALLY MODIFIED MICROALGAE

Genetically modified microalgae can be cultivated in either closed or open systems (Adeniyi et al.,
2018.). Closed systems offer enhanced security by protecting the cultivation environment from
external elements and minimizing contamination risks (Adeniyi et al., 2018.). However, the higher
operational costs associated with closed systems often render them less economically viable.
Conversely, open systems are susceptible to leakage, which poses a risk of microalgae escaping or

leaching into the surrounding environment (Hannon et al., 2010).
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2.7 CATALYSTS IN BIODIESEL PRODUCTION

While various established methods exist for biodiesel synthesis, transesterification is widely
recognized as the prevalent pathway. This process entails a catalyzed chemical reaction involving
either vegetable or animal oils and an alcohol, yielding fatty acid alkyl esters (biodiesel) and glycerol
(Y. Zhang et al., 2003). This approach is favored due to its efficiency in converting triglycerides into

biofuel components.

A catalyst is defined as a substance that accelerates the rate of a chemical reaction without undergoing
permanent chemical transformation itself. Theoretically, a catalyst is practically not consumed in a
single reaction cycle. Catalysts modify the reaction speed of thermodynamically feasible processes;
however, they cannot enable reactions that are thermodynamically unfavorable (Bohlouli &
Mahdavian, 2021). Essentially, a catalyst functions as a chemical entity capable of influencing both

the reaction rate and the thermodynamic progression of a reaction.

In reversible reactions, a catalyst similarly impacts the rates of both forward and reverse reactions,
thus not altering the equilibrium constant. When multiple reaction mechanisms are plausible, catalyst
selection is crucial to enhance the proportion of desired products relative to unwanted byproducts.
Although catalysts are ideally expected to remain unchanged during a reaction, practical applications
reveal that they are reactive substances susceptible to irreversible physical and chemical alterations
over time, which can diminish their efficacy, especially after facilitating numerous reactions
(Bohlouli & Mahdavian, 2021). Catalysts employed in the transesterification of vegetable oils and
animal fats are generally categorized into three main types: homogeneous, heterogeneous, and

enzymatic catalysts (Helwani et al., 2009.).
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2.7.1 Homogeneous Catalysts

Homogeneous catalysts share the same phase as the reactants and products, typically exhibiting high
solubility in alcohol during biodiesel production (De Boer, 2010). These catalysts are further
classified into homogeneous alkaline and homogeneous acidic categories (Bohlouli & Mahdavian,
2021). While transesterification with homogeneous catalysts can be conducted at moderate
temperatures and atmospheric pressures, this method often presents drawbacks, including the typical
inability to recycle the catalyst (De Boer, 2010) and the necessity for separation from the product
streams (biodiesel and alcohol/glycerol). Furthermore, homogeneous catalysts have been observed to
react with impurities, particularly free fatty acids (FFAs), leading to soap formation as a side reaction

(Bohlouli & Mahdavian, 2021).

2.7.1.1 Homogeneous alkaline catalysts

Sodium hydroxide (NaOH), potassium hydroxide (KOH), sodium methoxide (NaOCH3), potassium
methoxide (KOCH3), sodium ethoxide (NaOC2Hs), sodium peroxide (Na,02), and sodium butoxide
(C4HoNaO) are among the most frequently utilized homogeneous alkaline catalysts in the
transesterification of edible oils (Kulkarni et al., 2006). The formation of water, a byproduct of
transesterification with potassium hydroxide and sodium hydroxide, can diminish biodiesel yield.
Conversely, transesterification with sodium methoxide and potassium methoxide results in superior
performance due to the absence of water as a reaction byproduct (Sharma et al., 2009.). Homogeneous
alkaline catalysts are most effective with refined oils possessing FFA values below 0.5%, as higher
FFA levels promote soap formation and complicate separation processes (Issariyakul et al., 2014.)

(Tariq et al., 2012.). While some studies suggest alkaline catalysts may tolerate elevated FFA
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concentrations, it is generally accepted that for optimal performance in transesterification, the FFA

content in the oil should ideally remain between 0.5 wt.% and 2 wt.% (Bohlouli & Mahdavian, 2021).

2.7.1.2 Homogeneous acidic catalysts

Homogeneous acid catalysts demonstrate greater tolerance to the presence of water or moisture
during the reaction. They are frequently employed to reduce the FFA content in used cooking oils
and animal fats before full transesterification with an alkali catalyst (Tariq et al., 2012.). However,
their corrosive nature necessitates specialized and more costly processing equipment. The reaction
rate catalyzed by homogeneous acidic catalysts is considerably slower, approximately 4000 times
less efficient than that of alkaline catalysts (Wang et al., 2006.). Additionally, acidic catalysts require
higher reaction temperatures and a greater alcohol-to-oil molar ratio, which collectively limit their
widespread application in this field (De Boer, 2010). Common acidic catalysts used in
transesterification include sulfuric acid (H2SOs), sulfonic acid (HSO3R), and hydrochloric acid (HCI)

(Atadashi et al., 2013.).

2.7.2 Heterogeneous Catalysts

In heterogeneous catalysis, the reactants and the catalyst exist in distinct phases, with the chemical
reaction primarily occurring at the catalyst's surface (Dalvand & Mahdavian, 2018). Typically,
heterogeneous catalysts are solid materials, contrasting with homogeneous catalysts which operate
within the same phase as the reactants. Similar to homogeneous catalysts, heterogeneous catalysts

employed in biodiesel production are broadly categorized into alkaline and acidic types (Mardhiah et
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al., 2017.). A significant advantage of these solid catalysts is their facile separation from the final
product, enabling convenient recycling for subsequent reaction cycles and thereby offering a more
economically viable route to biodiesel production (Meher et al., 2013.). Furthermore, the utilization
of heterogeneous catalysts for biodiesel synthesis is regarded as an environmentally benign process
(Meher et al., 2013.), as it streamlines the biodiesel filtration process, consequently reducing energy

and water consumption (YieHua & Abdullah, 2015).

2.7.2.1 Heterogeneous alkaline catalysts

Various metal oxides have been investigated for their efficacy as heterogeneous alkaline catalysts,
including calcium oxide (CaO), magnesium oxide (MgO), and composite oxides such as (CaO/Zn0O),
(Li/Ca0), mixed metal oxides, and hydrotalcites (Borges et al., 2012.). Mixed metal oxides,
specifically Mg/Al and Mg/Zr, have also demonstrated commendable performance in the
transesterification process (Fraile et al., 2009.). Notably, heterogeneous alkaline catalysts can be
derived from diverse waste materials like bone, ash, fruit peels, and shells, which exhibit significant
potential as catalytic agents for biodiesel synthesis (YieHua & Abdullah, 2015). These catalysts offer
a solution to limitations associated with homogeneous alkaline catalysts, particularly the issue of soap
formation which impedes the separation of the glycerol layer from the methyl ester layer (Hassani et
al., 2016.). Moreover, these alkaline catalysts are readily separable and reusable; despite potential
destruction of active sites due to their low solubility during reaction, these sites can often be
regenerated through straightforward methods (Chen et al., 2013.). However, a notable disadvantage
of heterogeneous alkaline catalysts is their susceptibility to moisture absorption during storage

(Mardhiah et al., 2017.).
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Recent research has explored the application of waste materials as catalysts in chemical reactions,
with low-cost solid-waste materials showing promise for sustainable biodiesel production. Dominant
mineral wastes, such as cement waste from concrete and mortar containing quartz, calcite,
sodium/calcium aluminosilicates, albite, and portlandite, possess an inherent alkaline nature suitable
for catalysis (Kumar et al., 2018.). Eggshells, rich in calcium carbonate, can be calcined at 900°C to
yield CaO, which has demonstrated high catalytic activity in transesterification, achieving biodiesel
yields up to 93.5%. The utilization of waste materials for catalyst preparation not only addresses
waste disposal challenges but also provides value-added materials for various industrial applications.
Furthermore, organic waste-based solid catalysts, including plantain peels, wood, coconut shells,
palm trunks, and sugarcane bagasse, have been successfully developed and applied. Banana peels,
for instance, contain potassium and sodium oxides that can be converted into their corresponding

catalytic forms (Thangaraj et al., 2019).

2.7.2.2 Heterogeneous acidic catalysts

Heterogeneous acidic catalysts primarily comprise zeolites, heteropoly acids, pure oxides, or
modified transition metals such as zirconium, molybdenum, silica, and alumina (Galadima & Muraza,
2014). These catalysts are generally more stable and environmentally friendly than their
homogeneous counterparts (Galadima & Muraza, 2014). Ideal heterogeneous acidic catalysts should
possess a high density of accessible active sites, moderate acidity, hydrophobicity, and sufficient
porosity to mitigate diffusional limitations. Key advantages of these catalysts include their

reusability, efficient conversion capabilities, and ease of separation and product filtration (Guldhe et
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al., 2017.). The substitution of homogeneous catalysts with heterogeneous acidic catalysts can
eliminate several separation processes, reduce hazardous wastewater generation, and prevent
corrosion phenomena (Hassani et al., 2016). Nevertheless, a drawback of heterogeneous acidic
catalysts is their requirement for elevated temperatures and extended reaction times to achieve high

conversion yields (Thangaraj et al., 2019).

2.7.2.3 Heterogeneous nano-catalysts

In recent decades, significant research has focused on the development of novel and cost-effective
nanomaterials for various applications, including carbon nanotubes, nanoclays, nanofibers,
nanocomposites, porous nanomaterials, nanowires, and nanoparticles (Bohlouli & Mahdavian, 2021).
Nanoparticles, defined as spherical or pseudo-spherical particles with diameters less than 100 nm,
play a critical role in numerous catalytic processes, representing one of the earliest applications of
nanotechnology (Bankovi¢-Ili¢ et al., n.d.). The utility of nanoparticles in catalysis is underscored by
their distinctive characteristics, such as enhanced selectivity, high durability, and recyclability,
making them highly significant from environmental, social, technological, and scientific
perspectives. The most salient features of nanocatalysts include 100% selectivity, high levels of

activity, prolonged operational lifespan, and ultra-low energy consumption (Today & 2006.).

A reduction in catalyst particle size inherently increases the relative active surface area, a crucial
catalytic property. Consequently, as particle size diminishes and the surface-to-volume ratio
increases, reaction efficiency improves, and the required catalyst quantity decreases (Amini et al.,

2013). The synthesis of transition metal nanoparticles has been extensively explored, largely due to
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their substantial catalytic activities, which scale proportionally with their high surface-to-volume
ratio. Despite their pronounced catalytic efficacy, the application of metal nanoparticles faces certain
limitations, particularly concerning the separation of products from residues and the reusability of the

nanocatalysts (Chaturvedi et al., 2012.).

2.7.3 Biocatalysts (Enzymatic)

The application of biocatalysts represents an innovative and practical methodology that has
effectively addressed numerous human and environmental challenges. Several distinguishing factors
set biocatalysts apart from conventional catalysts. Notably, enzymes, unlike alkaline catalysts, do not
induce soap formation and yield high-purity biodiesel, even when utilizing lower-grade feedstocks

such as cooking oil (MacEiras et al., 2010.).

Traditional transesterification processes have historically encountered difficulties due to the presence
of free fatty acids (FFAs) and water in raw materials (Brask et al., 2011). However, these issues can
be circumvented through the employment of enzymes as catalysts in the transesterification process.
Enzymatic transesterification is particularly well-suited for raw materials containing elevated levels
of FFAs, including waste oils, beef, and pork suet, because FFAs are directly converted into alkyl
esters by the enzymatic catalysts (Christopher et al., 2014.) Broadly, enzymatic catalysts are
categorized into two types: extracellular and intracellular lipases. Factors such as thermal stability,
high selectivity, efficiency, minimal adverse reactions, and excellent recyclability are posited as
reasons for the high effectiveness of biocatalysts. Nevertheless, significant drawbacks include the

substantial production cost of biocatalysts, their protracted reaction times, and limitations concerning
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their utilization and recycling, which collectively diminish their overall efficiency (Fukuda et al.,

2001).

A notable challenge associated with biocatalyst application is the inactivation of most lipases by
methanol, which is the preferred acyl acceptor in alcoholysis. This inactivation restricts the
permissible concentration of methanol or ethanol during the conversion reaction (Reviews & 2013,
n.d.). Unspecific binding of solvent molecules to the protein structure can induce unfolding or
aggregation, leading to irreversible enzyme inactivation. Additionally, solvent molecules may non-
covalently bind to the enzyme's substrate binding site or substrate entrance channel, resulting in
competitive inhibition. A comprehensive understanding of these mechanisms is foundational for
devising engineering strategies to surmount these limitations (Lotti et al., 2018). One efficacious
approach to mitigate this problem involves enzyme immobilization, utilizing various supports such
as polymeric matrices, colloidal suspensions, powdered materials, metallic and glass surfaces, carbon
nanotubes, and porous or non-porous inorganic materials (e.g., mesoporous silicates, mesocellular

foam).
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Table 2.1: Advantages and disadvantages of catalysts used in the transesterification reaction (Bohlouli & Mahdavian, 2021).

Catalyst Types of catalysts Advantages Disadvantages
Homogeneous NaOH, KOH * High catalytic activity * Highly sensitive to water and free fatty acid
alkaline * Quick reaction time * Soap-making as a reaction
* Cheap * Non-recyclable catalyst
* Desirable kinetics
* Moderate operating conditions
Homogeneous H,S04, HCL, HF, H3PO4, p-  * They are not sensitive to free fatty acids and * Slow reaction rate
acidic sulfonic acid . theamourjt. of yvater in the oil. o * Lengthy reaction time
The gsterlflcatlon and trgnsesterlflcatlon * High levels of reaction temperature and
reactionsare performed in the presence of
catalysts. . pressure ) .
* There is no soap-making process. High levels of molar ratio of alcohol to oil
* Weak catalytic activity
* Difficulty in recycling the catalysts
Heterogeneous Ca0, MgO, SrO, mixed * Eco-friendly * Compared to homogeneous counterparts,
alkaline oxide and hydrotalcite * Non-corrosive theyhave a slower reaction rate.
* Recyclable * They are sensitive to water and free fatty acids.
* Easily separated * Soap-making is observed during a given
* Higher levels of selectivity reaction.
* Longer durability * Their synthesis is complex and expensive.
Heterogeneous Zr0, Tio, Zno, * Not sensitive to free fatty acid and theamount of * Slow reaction rate
acidic ionexchange resin, water in oil * Lengthy reaction time

Nano-catalyst

Enzyme

sulfonic modified
mesostructured silica,
sulfonated carbonbased
catalyst, heteropolyacids
and zeolites

KF/CaO-Fe304
KzO/V—A|zO3
Ca/Al/Fe304

Candida antarctica
fraction B lipase,
Rhizomucor miehei
lipase

* The esterification and transesterification
reactionsare performed in the presence of
catalysts.

* Recyclable and eco-friendly

* Resistant to corrosion to reactor and reactor parts

* Maximum active surface per units of mass
andvolume

* Controllable shape and size

* The possibility to separate them from the
reactionmixture

* Highly selectable and efficient

* Highly variable and chemically modifiable

* Transesterification can be carried out at a

lowreaction temperature, even lower than the

homo geneous alkaline catalysts.

* Not sensitive to free fatty acid and the amount

ofwater in the oil
* No soap-making process
* Not-contaminated
* Easy filtration

* High levels of reaction temperature and
pressure

* High levels of molar ratio of alcohol to oil

* Weak catalytic activity

* Their synthesis is complex and expensive.

* Susceptible to clogging

* The reaction rate is very slow, even slower
thanthe acidic catalysts.

* |t is very expensive.

* It is sensitive to alcohol. It is usually
methanolthat can disable the enzyme.

2.8 OPTIMIZATION TECHNIQUES IN BIODIESEL PRODUCTION

The development of any product or process fundamentally relies on a meticulously planned

experimental design. A robust experimental design necessitates a comprehensive understanding of
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the system under investigation (Bell, 2012). When considering factorial designs, it is essential to
discern both independent and dependent factors. Once these factors are identified, experiments are
systematically designed and analyzed to ascertain the technique yielding a maximal response, with
optimization serving as a widely employed process for identifying the most advantageous alternative
among available options (Alonso et al., 2012). Contemporary research frequently utilizes various
optimization techniques to facilitate a clearer understanding and selection of the most appropriate

outcomes (Reji et al., 2022.).

2.8.1 Design of Experiments (Doe)

The Design of Experiments (DOE), initially developed for agricultural applications by British
statistician Sir Ronald Fisher in the 1920s (Antony, 2023), has since become a widely adopted
statistical method across diverse scientific and industrial domains. Its application is particularly
notable in supporting the design, development, and optimization of products and processes (Antony,
2023). DOE encompasses a suite of applied statistical tools systematically used to categorize and
quantify the causal relationships between variables and the outputs of a studied process or
phenomenon. This ultimately allows for the identification of optimal settings and conditions.
Standardized guidelines and procedures are available to facilitate the implementation of DOE
methods (Antony, 2023), which typically involve defining objectives and response variables,

determining factors and levels, selecting an experimental design type, and executing the experiment.

The selection of variables, including the number of factors, levels, and their specific logic, is generally
contingent on the type of investigation (e.g., screening, characterization, or optimization), the nature

of the process, and the available resources. While a multitude of DOEs can theoretically align with
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an investigation type, it is challenging to readily identify the design that offers the most profound
insights with the fewest resources. Fundamentally, a well-structured experimental design ensures the
validity of the derived insights, with distinctions between good and excellent DOEs often lying in

their efficiency—the ratio of extracted information to invested resources (Jankovic et al., 2021).

Each DOE typically progresses through a series of stages: planning, execution of the experiment, and
analysis of the collected experimental data utilizing various statistical methods to derive valid and
objective conclusions (Mojib Zahraee et al., 2013). The process commences with the selection of the
system or process and the precise identification of the research problem. The problem statement then
guides the establishment of objectives, which in turn dictate the definition of the performance
indicator (response variable) as a quantitative measure of system behavior. A crucial subsequent step
involves defining the factors influencing the performance indicator, how they are discretized, the

number of experimental runs, and an appropriate experimental array (Farooq et al., 2016).

The third stage involves conducting the experiment in accordance with the designed array and
collecting the necessary data. The final stage comprises data analysis using statistical tools, such as
ANOVA and related methods, and the interpretation of results, leading to an enhanced understanding
of system behavior or its optimization (Jankovic et al., 2021). DOE serves as a systematic approach
for establishing the correlation between processing parameters and process output, aiming to pinpoint
design variables that exert significant influence for further in-depth investigation (engineering &
2021.). Commonly employed first-order designs include (2¥) factorial, simplex, and Plackett-Burman
designs, whereas prevalent second-order designs encompass central composite, (3¥) factorial, and

Box-Behnken designs (Reji et al., 2022.).
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The Design of Experiments (DOE) offers a diverse range of approaches to efficiently explore process
parameters and their effects on outcomes. Each design type is tailored for specific research objectives,
balancing the need for comprehensive data with experimental resources. Understanding the
characteristics of these designs is crucial for selecting the most appropriate methodology for a given

optimization task.

2.8.1.1 Prominent Doe Designs

1. (2¥) Factorial Design:

e Evaluates each of (k) variables at two levels, typically coded as -1 (low) and 1 (high).

e Often used as a "screening design" to identify significant main effects and interactions,
assuming a roughly linear relationship within the interval of interest (Pais et al., 2014)

2. Plackett-Burman Design:

e Similar to the (2¥) design, it allows two levels for each of the (k) control variables.

e Requires significantly fewer experimental runs, especially for a large number of factors,
making it more cost-effective than the full (2¥) design (Kaur & Kaur, 2013).

e These designs are "saturated," meaning the number of design points equals the number of
variables approximated in the model, and are often recommended for investigating more than
seven factors (Reji et al., 2022.).

3. Simplex Design:

e A saturated design consisting of (n =k + 1) points, where (k) is the number of variables (Reji

etal., 2022.).
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Its design points form the vertices of a (k)-dimensional regular-sided figure, characterized by
an angle of (cos theta = -1/k) between any two points and the design center (Reji et al., 2022.).
(3%) Factorial Design:

Includes all possible permutations of three levels for each of the (k) control variables.

The total number of trial runs is (3¥), which can become very large, particularly for higher (k)
values.

The cost of such experiments can be mitigated by employing fractional (3¥) designs (Reji et
al., 2022.) (Bezerra et al., 2008.)

Central Composite Design (CCD):

A highly preferred design, often referred to as a Box-Wilson central composite design (Sahoo
etal., 2012.).

Comprises central points (at the design space's center), factorial points (with factor levels -1
and +1), and axial points (symmetrically arranged on the coordinate system's axes relative to
the central point) (Sahoo et al., 2012.).

CCD is advantageous for sequential trials, allowing for expansion upon prior factorial
assessments by adding axial and center points (Sahoo et al., 2012.).

Box-Behnken Design (BBD):

Defined by Box and Behnken, this design utilizes three levels for each factor, derived from a
specific subset of the factorial combinations from a (3¥) factorial design (Reji et al., 2022.)
(Bezerra et al., 2008.).

It is popular in industrial research due to its cost-effectiveness, requiring only three levels for

each element with configurations typically set at -1, 0, and 1 (Bezerra et al., 2008.).
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e BBD allows for the sequential analysis of the impact of various design parameters by keeping

other elements constant while examining specific factors.

Several software tools facilitate the implementation and analysis of these experimental designs:

1. Design-Expert: A specialized statistical software package from Stat-Ease Inc., exclusively

focused on the execution of Design of Experiments (DOE) (Akram et al., 2021).

2. ECHIP: Offers a user-friendly interface for conducting statistically planned experiments with its

state-of-the-art software package (Hazniza et al., 2006.).

3. Nemrodw: Provides a wide array of experiment matrices to meet specific needs and accommodate

both technical and financial experimental constraints (Mazerolles et al., 1989.).

4. Minitab: A comprehensive program for statistical analysis, suitable for both learning and

conducting statistical research (Rostamiyan et al., 2015.).

5. Systat: Delivers an unparalleled selection of scientific and technical graphing possibilities,

enabling the creation of individualized graphs for more meaningful results (X. Zhang et al., 2018).

2.8.2 Response Surface Methodology (RSM)

Response Surface Methodology (RSM) is a powerful statistical and mathematical technique widely
used for the design, optimization, and analysis of experiments in various processes (Bas et al., 2007.).
It is frequently employed to develop and improve new products and processes, especially when

multiple input variables influence a process's performance (Chan et al., 2017.) RSM establishes a
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series of experiments to fit an empirical model, allowing for the determination of optimal conditions
for input variables that yield maximum or minimum responses within a specified region of interest
(Myers, 1999). By correlating a response to the levels of various influencing factors through
experimental design and analysis, RSM utilizes one or more polynomial regression equations to
model the functional relationships between factors and response values, thereby optimizing process
parameters and predicting response outcomes (Kaur & Kaur, 2013). This approach enhances result
reproducibility and facilitates process improvement, making it valuable in diverse optimization
scenarios where the effects of multiple factors and their interactions on several response variables

need to be analyzed [(Ba & Boyaci, 2007) (Reji et al., 2022.).

2.8.2.1 Applications of RSM

1. Statistical Optimization Tool: RSM is primarily utilized as a statistical tool for the
optimization of various processes and experiments (Chan et al., 2017.).

2. Improvement of Existing Studies and Products: It efficiently enhances existing research and
products by yielding significant information with minimal effort, making it highly resource-
effective.(Reji et al., 2022.)

3. Design, Development, and Examination: RSM plays a crucial role in the design, development,
and thorough examination of specific scientific studies and products.(Reji et al., 2022.)

4. Response Surface Topography and Optimization: It is used to map the topography of a
response surface and identify the regions that yield the best possible responses (Khuri et al.,

2010).
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5. Integration with Large-Scale Simulation Systems: RSM can be effectively integrated with
various large-scale simulation systems, including Bio War, ORA, Vista, Construct, and

DyNet, expanding its utility in complex modeling scenarios (Box & Draper, 1987).

2.8.2.2 Advantages of RSM

1. Cost-Effective Knowledge Acquisition: A relatively small number of experimental trials can
provide a substantial amount of knowledge in a cost-efficient manner (Reji et al., 2022.).

2. Interaction Effects Determination: It is capable of identifying and quantifying the interaction
effects among independent input parameters, offering a more complete understanding of
system dynamics (Reji et al., 2022.).

3. Illustrative Data-Driven Model Equation: The data-driven model equations derived from
RSM can clearly illustrate how different combinations of input factors influence process or
product outcomes (Reji et al., 2022.).

4. Approximation of Responses: RSM can effectively approximate both experimental and
numerical responses, making it versatile for different types of data (Raissi et al., 2009.).

5. Efficiency in Resource Management: It helps maintain high efficiency by optimizing cost,
time, and other operational restrictions (Reji et al., 2022.).

6. Superior Mathematical Modeling: Compared to methods like Taguchi and one-factor-at-a-
time, RSM often provides more promising mathematical modeling for forecasting responses

(Myers, 1999).
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2.8.2.3 Disadvantages of RSM

1. Limited Explanation of Interactions: RSM cannot inherently explain the underlying reasons
or mechanisms behind the development of observed interactions (Reji et al., 2022.).

2. Necessity of Appropriate Parameter Ranges: The method requires careful selection of
appropriate operating parameter ranges, and the optimization results are confined to these
specific scales (Reji et al., 2022.).

3. Poor Extrapolation Capability: RSM is not effective in predicting outcomes for systems
operated outside the range of the particular study from which the model was derived (Myers,
1999).

4. Limitations with Larger Models: It is generally not well-suited for handling or operating with
larger, more complex models (Khuri et al., 2010).

5. Risk of Poor Optimization with Multiple Responses: As the number of responses increases,
there is a higher probability of obtaining less optimal or poor optimization results (Reji et al.,

2022.).

2.9 KINETIC STUDY OF THE BIODIESEL PROCESS

The kinetics of the transesterification process for a mixture of neem oil and waste cooking oil was
examined utilizing a pseudo-first-order kinetic model to determine the correlations among the rate
constant, activation energy, temperature, and reaction duration. Transesterification, a reversible
reaction involving triglycerides (TGs) and methanol (M), transpires in three primary stages, resulting
in the production of diglycerides (DGs), monoglycerides (MGs), glycerol (G), and methyl esters
(MEs) (D. Singh et al., 2020.). In this study, a bifunctional catalyst synthesized from banana peels,

zeolite, and periwinkle shell was used to facilitate the reaction.
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The stoichiometric equation for the transesterification reaction is represented by the following

equations:

TG+M < DG + ME

DG +M < MG + ME

MG +M < G +ME

The transesterification reaction leads to the overall stoichiometric equation (Ambat et al., 2018.):

TG +3M < G +3ME

Three moles of methanol and one mole of triglyceride react to generate three moles of methyl ester

and one mole of glycerol for transesterification reaction rate (Thangaraj et al., 2019):

r=—d[TGYAt = KITGIIMEP .. .oveeeeeee e (2.1)

In the transesterification reaction, [TG] shows the triglyceride concentration, [TGo] the starting
concentration, [M] the methanol concentration, r the reaction rate, and k the rate constant. To examine
the catalyst ratio's effect on transesterification kinetics and simplify kinetic analysis, the following

assumptions were established (Amenaghawon et al., 2022):

1. To determine rate constants, the transesterification reaction process, as defined in Eq. (6), was

examined without intermediary phases.

2. Le Chatelier's principle states that excess methanol shifts transesterification equilibrium

towards the product side, promoting biodiesel synthesis (Shafinaz & Embong, 2019).
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3. Reverse reactions were ignored, and methanol content was expected to remain constant due
to its high concentration. The kinetic model became a pseudo-first-order reaction after this

simplification (Naveenkumar et al., 2020.).

Triglyceride transesterification kinetics are given by Eqs. 8-12. Since the excess methanol
maintained a virtually constant concentration throughout the reaction, pseudo-first-order kinetics was

assumed for the triglyceride concentration.

r =—d[TGJ/dt = k[TG]

—In(JTG)/[TGo]) = kt

X=1-[TG)/[TGo]

—In(1 - X) = kt

I(L = X)) = Kt oot (2.2)

A plot of —In(1-X) against t yields the rate constant k as the slope of the linear equation (Betiku,
Omilakin, et al., 2014.). The activation energy (E.) was ascertained utilizing the Arrhenius equation,
which delineates the correlation among temperature, activation energy, and the rate constant (LiPing

et al., 2010):

Ink=In A= (EJ/R)A/T) ..o (2.3)

Plotting In k against 1/T enables the calculation of the activation energy E. (kJ/mol) from the slope
of the line. Experiments were performed at various temperatures (40°C, 45°C, 50°C, 55°C, and 60°C,

corresponding to 313 K, 318 K, 323 K, 328 K, and 333 K) utilizing the gas constant R = 8.314

65



J/mol-K to determine the correlations among temperature, activation energy, and the rate constant

(Akhihiero et al., 2021).

2.10 RESEARCH GAPS

This research project is poised to address several significant gaps within the realm of heterogeneous
catalysis for sustainable biodiesel production, particularly through the innovative utilization of waste
materials and complex oil feedstocks. By developing a novel bifunctional catalyst from banana peels,
calcined periwinkle shells, and zeolite, specifically tailored for the conversion of waste cooking oil
and neem oil, this work directly confronts existing limitations in catalyst design, performance, and

application, while also addressing critical sustainability concerns regarding feedstock competition.

BRIDGING THE GAP IN SYNERGISTIC BIFUNCTIONAL CATALYST DESIGN FROM

WASTE-DERIVED MATERIALS

Current literature often presents heterogeneous catalysts derived from single waste streams or binary
composites, which frequently exhibit either predominantly acidic or basic functionalities (Petro Chem
Eng, 2023). This presents a challenge for feedstocks like waste cooking oil and neem oil,
characterized by varying free fatty acid (FFA) content, necessitating a catalyst capable of
simultaneous esterification (acid-catalyzed) and transesterification (base-catalyzed) (Bharti et al.,
2023). A critical research gap exists in the rational design and synthesis of truly bifunctional catalysts
that synergistically combine multiple waste-derived components to achieve an optimized balance of

acidic and basic sites (Changmai et al., 2022).
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This work directly addresses this gap by synthesizing a multi-component bifunctional catalyst
integrating banana peels, calcined periwinkle shells, and zeolite. The rationale behind this
combination is to leverage the distinct catalytic precursors within each component: potassium from
banana peels for basic sites, calcium from periwinkle shells for basic sites, and the inherent acidity
of zeolite (Amenaghawon et al., 2022). The project will systematically investigate the precise
proportions and synthesis conditions required to maximize the synergistic effects among these
components, thereby optimizing the density, strength, and distribution of both acid and base sites
(Enguilo Gonzaga et al., 2021). This methodical approach to multi-component catalyst design offers
a novel pathway to develop a robust bifunctional material, an area where comprehensive studies
utilizing this specific combination of waste-derived precursors are currently lacking (Petro Chem

Eng, 2023).

ADVANCING CATALYTIC PERFORMANCE AND DURABILITY WITH COMPLEX, HIGH-

FFA NON-EDIBLE FEEDSTOCKS

The majority of catalyst performance studies often employ refined oils or simplified model lipid
mixtures, which do not fully replicate the complexities of real-world feedstocks such as waste
cooking oil (WCO) and crude neem oil (Amenaghawon et al., 2022). These practical feedstocks are
characterized by high FFA content, varying moisture levels, and the presence of diverse impurities,
all of which can significantly impact catalyst activity, selectivity, and long-term stability
(Amenaghawon et al., 2022). Furthermore, the reliance on edible oil feedstocks, such as palm oil, for
biodiesel production raises ethical concerns regarding food security and contributes to increased
commodity prices and land-use change. Therefore, a significant research gap persists in the

development and rigorous evaluation of catalysts specifically optimized for, and robust against, the
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challenges posed by complex, high-FFA non-edible lipid sources, thereby mitigating competition

with the food chain (Bankovi¢-Ili¢ et al., 2012).

This project directly confronts this gap by evaluating the synthesized bifunctional catalyst using a
blend of WCO and neem oil as the primary feedstock (Mhetras & Gokhale, 2025) . Both of these are
non-edible oils; WCO is a discarded resource, and neem oil is an agricultural product not suitable for
human consumption. This approach moves beyond idealized conditions to assess the catalyst's ability
to efficiently facilitate simultaneous esterification and transesterification reactions in a complex,
industrially relevant matrix, while simultaneously promoting the sustainable utilization of non-edible
resources (Amenaghawon et al., 2022). The research will meticulously characterize the catalyst's
performance metrics, including conversion efficiency, biodiesel yield, and selectivity, while
specifically scrutinizing its tolerance to the inherent impurities and elevated FFA content of these

oils.

ELUCIDATING REACTION MECHANISMS AND ENHANCING CATALYST DURABILITY

FOR INDUSTRIAL RELEVANCE

While the general principles of esterification and transesterification are well-established, the intricate
reaction mechanisms occurring concurrently on the surface of complex bifunctional catalysts,
particularly those derived from multi-component waste streams, when processing heterogeneous

feedstocks, remain incompletely understood (Changmai et al., 2022).
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This work aims to bridge these gaps by undertaking detailed kinetic studies and catalyst
characterization. These analyses will provide fundamental insights into the rate-determining steps
and the interplay between the acidic and basic sites of the novel catalyst during simultaneous

esterification and transesterification of the WCO-neem oil blend (Bharti et al., 2023).
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CHAPTER 3

MATERIALS AND METHODS

3.1 RAW MATERIALS AND REAGENTS

The major materials utilized in this work are presented in Table 3.1

Table 3.1: Raw materials and Reagents

Materials Use
Neem Oil Used for biodiesel production
Waste Cooking Oil Used for biodiesel production

Banana Peels (Musa paradisiaca)

Used for catalyst production.

Periwinkle shell Used for catalyst production.
Zeolite Used for catalyst production.
Ethanol Used for acid and

saponification value test.

Deionized water

Used for chemical reaction, solution preparation

and laboratory equipment maintenance.

Benzene

Used for acid value test.

Potassium hydroxide solution (KOH)

Used for acid value test and saponification value

test

Hydrochloric Acid (HCI)

Used for saponification value test

Phenolphthalein Indicator

Used as indicator for acid value and saponification

value determinations.
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Methanol

Used for esterification and transesterification to

produce biodiesel.

Tetraoxosulphate(VI) Acid (H2SO4)

Used as an acid catalyst for esterification to reduce

free fatty acids in the oil.

Sodium thiosulphate

Used as a titrant for iodine value determination.

Iodine monochloride

Used for iodine value determination to measure the

degree of unsaturation in oil.

Chloroform

Used as a solvent for dissolving oil and reagents

during iodine value determination.

Acetic acid

Used as a solvent and acidic medium for 1odine

and acid value determinations.

Potassium 1odide

Used to liberate iodine from unreacted iodine

monochloride during iodine value determination.

Starch

Used as an indicator for detecting the end point in

10odine value titration.
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3.1.2 APPARATUS AND EQUIPMENT

Table3.2: Apparatus and Equipment

Apparatus and Equipment Use

Beaker Used for mixing, heating, and holding liquid
samples and reagents.

Conical flask (Erlenmeyer flask) Used for titration and mixing solutions to prevent
spillage.

Round-bottom flask Used for heating oil and methanol mixtures during

esterification and transesterification.

Reflux condenser Used to condense methanol vapors and prevent loss
during heating reactions.

Separating funnel Used for separating biodiesel from glycerol after
transesterification.

Measuring cylinder Used for accurately measuring liquid volumes.

Burette Used for titration to deliver precise volumes of
titrant.

Pipette Used to measure and transfer small volumes of

liquid accurately.

Retort stand with clamp Used to hold glassware such as burettes,
condensers, or flasks securely during experiments.

Hot plate with magnetic stirrer Used for heating and stirring mixtures uniformly
during reactions.

Thermometer Used for measuring and monitoring reaction
temperature.
Weighing balance Used for accurately measuring the mass of oil,

catalysts, and reagents.

Filter paper Used for separating solid catalyst residues or
impurities from liquids.

Funnel Used for transferring liquids or for filtration with
filter paper.
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Desiccator Used for cooling and storing samples in a moisture-
free environment after drying.

Oven Used for drying catalyst samples or oil before
characterization.

Muftle furnace Used for calcining catalyst materials such as banana

peel, zeolite, and periwinkle shell.

Magnetic stir bar

Used inside flasks for uniform stirring during

transesterification.

pH meter Used to measure the acidity or alkalinity of oil and
reaction mixtures.

Viscometer Used to determine the viscosity of the produced

biodiesel.

X-ray diffractometer (XRD)

Used to identify crystalline phases in the

synthesized catalyst.

Gas chromatograph (GC) Used to analyze the composition and purity of the
biodiesel produced.

Water bath Used to maintain a constant temperature for
controlled heating of samples.

Centrifuge Used to separate biodiesel and glycerol phases more
efficiently.

Micropipette Used for transferring small and precise amounts of
reagents.

Glass rod Used for stirring solutions manually.

Wash bottle Used for rinsing glassware and adding small
amounts of distilled water.

Wash brush Used for cleaning glassware after experiments.

Stopwatch Used for timing reaction durations accurately.

Safety gloves and face mask

Used for protecting the hands and face during
chemical handling.

74




3.2 METHODOLOGY

3.2.1 PREPARATION OF RAW MATERIALS

3.2.1.1 Banana Peel Pre-Treatment

Banana peels were thoroughly washed with water to remove surface dirt and adhered fruit pulp, then
rinsed with distilled water. The cleaned peels were cut into small pieces (approximately 2 cm x 2 cm)
to increase surface area for drying. The cut peels were spread uniformly on aluminum trays and sun-
dried for five days until constant weight was achieved, indicating complete moisture removal. The
dried peels were subsequently oven-dried at 105°C for 6 hours to eliminate residual moisture. After
cooling in a desiccator, the dried peels were ground using a laboratory blender and passed through a
250 um (60 mesh) sieve. The powdered banana peel was stored in airtight polyethylene containers

until further use.

Plate 3.1: Washed Banana Peels
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Plate 3.2: Dried Banana Peels

Plate 3.3: Catalyst Blend of Banana Peel Ash, Calcined periwinkle shell and Zeolite.
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3.2.1.2 Periwinkle Shell Pre-treatment

Periwinkle shells were washed extensively with water to remove sand, mud, and organic matter,
followed by rinsing with distilled water. The cleaned shells were boiled in distilled water for 30
minutes to eliminate any remaining organic tissues and to sterilize the shells. After boiling, the shells
were drained and sun-dried for seven days until completely dry. The dried shells were crushed
manually using a mortar and pestle, then ground in a ball mill for 2 hours at 300 rpm to obtain fine
powder. The ground shell powder was sieved through a 250 um sieve, and the fraction passing

through was collected and stored in sealed containers.

3.2.1.3 Zeolite Pre-treatment

Commercial zeolite was used in its as-received form after verification of particle size. The zeolite
powder was dried in an oven at 110°C for 4 hours to remove adsorbed moisture. After drying, the

zeolite was cooled in a desiccator and stored in airtight containers to prevent moisture reabsorption.

3.2.2 CATALYST SYNTHESIS

3.2.2.1 Physical Mixing and Homogenization

The catalyst was prepared by physical mixing of the three pre-treated components in a specific mass
ratio. Based on preliminary screening experiments, the optimal composition was determined to be
66.67 wt% banana peel powder, 16.67 wt% periwinkle shell powder, and 16.67 wt% zeolite. For a
typical batch, 66.67 g of banana peel powder, 16.67 g of periwinkle shell powder, and 16.67 g of
zeolite were weighed accurately using an analytical balance. The three components were transferred
to a porcelain mortar and mixed manually using a pestle for 15 minutes to ensure uniform distribution.

The mixture was then transferred to a planetary ball mill and homogenized at 400 rpm for 1 hour with
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zirconia grinding balls (10 mm diameter) at a ball-to-powder ratio of 10:1. This mechanical mixing

ensured intimate contact between the three components and reduced particle size further.

3.2.2.2 Calcination Process

The homogenized powder mixture was transferred to a ceramic crucible and placed in a muffle
furnace for calcination. The furnace temperature was programmed to increase from ambient
temperature to 800°C at a heating rate of 10°C/min. Once the target temperature was reached, it was
maintained for 3 hours to allow complete thermal decomposition of organic matter in the banana peel
biochar and conversion of calcium carbonate in the periwinkle shell to calcium oxide. The calcination
was conducted under atmospheric conditions without controlled gas flow. After the holding period,
the furnace was switched off and allowed to cool naturally to room temperature overnight. The
calcined catalyst was removed from the furnace, ground gently using a mortar and pestle to break any
agglomerates, and sieved through a 150 pm (100 mesh) sieve. The final catalyst powder was stored
in airtight glass bottles and kept in a desiccator to prevent moisture absorption and carbonation from

atmospheric COs..

3.2.3 CATALYST CHARACTERIZATION

3.2.3.1 X-ray diffraction (XRD) Analysis

The crystalline structure and phase composition of the synthesized catalyst were determined using X-
ray diffraction. A powder sample of the catalyst was placed on a silicon zero-background sample
holder and analyzed using a Rigaku MiniFlex 600 X-ray diffractometer. The instrument was operated
at 40 kV and 15 mA with Cu-Ka radiation (A = 1.5406 A). Diffraction patterns were recorded over a

20 range of 10° to 80° with a step size of 0.02° and a scanning rate of 2°/min. Phase identification
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was performed by comparing the obtained diffraction peaks with standard reference patterns from the
International Centre for Diffraction Data (ICDD) database. Quantitative phase analysis was
conducted using the Rietveld refinement method with HighScore Plus software (PANalytical) to

determine the weight percentages of crystalline phases present in the catalyst.

3.2.3.2 Fourier-Transform Infrared Spectroscopy (FTIR)

Functional group analysis of the catalyst was performed using a PerkinElmer Spectrum Two FTIR
spectrometer equipped with an attenuated total reflectance (ATR) accessory. A small amount of
catalyst powder (approximately 5 mg) was placed directly on the diamond crystal of the ATR
accessory, and pressure was applied using the built-in clamp to ensure good contact between the
sample and crystal. Spectra were recorded in the wavenumber range of 4000 to 400 cm™ with a
resolution of 4 cm™ and 32 scans per spectrum. Background correction was performed before each
measurement using an empty ATR crystal. The obtained spectra were analyzed using Spectrum
software to identify characteristic absorption bands corresponding to functional groups such as
hydroxyl (O—H), carbonate (COs*"), silicate (Si—O), aluminate (Al-O), and metal-oxygen (M-O)

bonds.

3.2.4 Feedstock Preparation

3.2.4.1 Waste cooking oil pre-treatment

Waste cooking oil was pre-treated to remove suspended food particles, water, and other impurities.
The oil was first filtered to remove large particulates, then heated to 110°C for 30 minutes under
gentle stirring to evaporate water. The oil was then filtered again. The clarified oil was allowed to

cool and stored in amber glass bottles.
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3.2.4.1 Neem oil pre-treatment

Neem oil was heated to 110°C for 30 minutes under gentle stirring to evaporate water. The clarified

oil was allowed to cool and stored in amber glass bottles.

3.2.5 Feedstock Characterization

Both neem oil and waste cooking oil were characterized for key physicochemical properties
following standard ASTM and AOCS methods. The characterization of the oils was conducted

through the following tests, with all procedures adapted from existing literature:

3.2.5.1 Acid value or Acid number (Canesin et al., 2014.) ASTM D 664

Exactly 0.05M KOH solution was prepared by dissolving 2.805g KOH (pellet) with 1000ml distilled
water. Furthermore, a mixture of 99.7% pure ethanol and 98% pure benzene in a ratio of 1:1 by
volume was prepared by mixing 10 ml benzene and 10 ml of ethanol. About 1g of the oil was weighed
and dissolved in the mixture of ethanol and benzene. The solution was titrated with 0.1N KOH
solution in presence of 2 drops of phenolphthalein as indicator until the end point with the appearance
of a pale permanent pink. The titre volume of 0.1 N KOH (V) was noted. The total acidity (acid

number) in mgKOH/g was calculated using the following equation

AV = (3.1)
w

Where:

MW = Molecular weight of potassium hydroxide (56.1g).

N= Normality of potassium hydroxide solution (0.05N).
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V= Volume of potassium hydroxide solution used in titration.
W = Weight of oil sample.

s A

3.2.5.2 Peroxide value (Canesin et al., 2014.)

About 2.5g of the sample was weighed into a conical flask. 30ml of 3:2 acetic acid and chloroform
was added. This was stirred (swirl) to dissolve. 1.5ml of saturated KI solution was then added with
constant shaking for about 1 minute. 30ml distilled water was then added. The mixture was
immediately titrated with 0.1N sodium thiosulphate with constant and vigorous shaking until the
disappearance of the yellow iodine colour. 0.5ml starch indicator was added and the titration was
continued with constant agitation to liberate all the iodine from the solvent layer. Thiosulphate

solution was then added drop wise until the disappearance of the blue colour.

Blank titration was the conducted on the reagents with exactly 0.1ml of the 0.1N sodium thiosulphate
solution. The peroxide value was thus estimated from the formula in meq/Kg

_ (§—B)xNx1000
weight.of .oil (3.3)

PV

Where:

S = Sample titre value

B = Blank titre value

N = mol of thiosulphate
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3.2.5.3 Iodine value (Canesin et al., 2014.)

0.25g of the oil sample was weighed into a 250 mL conical flask and added 10ml of chloroform
followed by 15 mL of Wiljs reagent (iodine monochloride). The flask was securely closed and the
solution was left shaking for 30 minutes in the dark. This was followed by adding 10 mL of 15%
potassium iodide solution and then shaken, after which 100mL of distilled water was added. The
mixture was then titrated with the iodine solution against 0.1 N Sodium thiosulfate solution till a
yellow colour formed. This was followed by addition of 1ml of starch solution after which a blue
solution formed. The titration continued until the blue colour disappeared while the volume of
Na2S203 at end point was recorded. The lodine value (I.V) in 12g/100g was calculated as reported

by other workers.

_1269%xcx(b-v)x100
mx1000 (3.4)

LV

Where:

¢ = Normality of sodium thiosulphate (Na2S203) used;

b = Vol 0of Na2S203 used for the blank;

v = Vol of Na2S203 used for sample;

m = mass of the sample.

126.9 = Equivalent weight of iodine
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3.2.5.4 Density and specific gravity (Canesin et al., 2014.)

Density bottle was used in determining the specific gravity of the oil. A clean and dry stoppered bottle
of 25 mL capacity was weighed (WO0) and then filled with the oil stoppered and reweighed to give
(W1). The oil was substituted with distilled water after washing and drying the bottle and weighed to

give (W2). The expression for specific gravity (Sp.gr) is:

Where:

WO = weight of dry empty density bottle;

W1 = weight of density bottle + oil;

W2 = weight of density bottle + distilled water

3.2.5.5 Saponification value (Canesin et al., 2014.)

A one-gram (1 g) sample of the oil was weighed into a 250 mL glass conical flask, and then 10 mL
of ethanol and benzene mixture (1:1) was added to the same flask followed by 25 mL of 0.5 N
ethanolic potassium hydroxide. The flask was then fitted to a reflux condenser and refluxed using a
boiling water bath for 30 min with occasional shaking. To the warm solution were added 2 - 3 drops
of phenolphthalein indicator and the warm solution was titrated against 0.5 M HCI to the the
disappearance of pink coloration. The same procedure was used for other samples and blank. The

expression for saponification value (S.V) is given by equation:

Sy = (b—s)x56.1xn




Where:

b = the volume of the solution used for blank test;

s = the volume of the solution used for determination;

n = Actual normality of the HCI used;

w = Mass of the sample.

3.2.5.6 Viscosity value (Canesin et al., 2014.)

A measured volume of the oil sample was poured into the viscometer cup. The viscometer was
placed in a water bath set to a controlled temperature of 40°C.The oil was allowed to reach thermal
equilibrium for about 10-15 minutes. The torque reading displayed on the viscometer was then

recorded.
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NDJ-5S

VISCOMETER

Plate 3.4: Viscosity Test for Neem oil

3.2.6 Experimental Design And Optimization

3.2.6.1 Esterification reaction

About 200g of oil in a glass reactor was esterified with 25 wt% of methanol using 1.0 wt% H2SO4
as catalyst to reduce the free fatty acids to less than 1% FFA. The mixtures were placed on a
constant temperature magnetic stirrer set to heat at a constant temperature 600C for 1 hour

transesterification reaction.

3.2.6.2 Simplex lattice mixture design for feedstock blending

A simplex lattice mixture design was employed to optimize the blending ratio of neem oil and waste

cooking oil for maximum free fatty acid reduction during acid-catalyzed pre-treatment. The design
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was implemented using Design-Expert software (Version 13, Stat-Ease Inc., USA). Two mixture
components were defined: neem oil (Component A) and waste cooking oil (Component B), with the
constraint that A + B = 50 g. A quadratic simplex lattice design was selected, generating 8
experimental runs including pure vertices, edge midpoints, and centroid replicates. The response

variable was FFA reduction percentage, calculated as:

FFA Reduction (%) = [(FFAo— FFA _t) / FFAo] X100 ..o, (3.7)

where FFAo is the initial FFA content and FFA t is the FFA content after pre-treatment. The

experimental runs were conducted in randomized order to minimize systematic errors.

3.2.6.3 Response surface methodology for process optimization

A central composite design (CCD) within response surface methodology was used to optimize
transesterification process parameters. Four independent variables were investigated: reaction time
(A: 30—150 min), reaction temperature (B: 40-80°C), catalyst loading (C: 1-10 wt% based on oil
weight), and methanol-to-oil ratio (D: 3:1-10:1 by weight). The response variable was biodiesel yield
(Wt%). A quadratic model was fitted to the experimental data, and the design matrix consisted of 29
runs including 16 factorial points, 8 axial points (o = 2), and 5 center point replicates. Design-Expert
software was used for experimental design generation, statistical analysis, and numerical

optimization.
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3.2.7 Transesterification Procedure

3.2.7.1 Feedstock preparation and pre-treatment

Based on the optimized blend ratio from the mixture design (12.5 g neem oil + 37.5 g waste cooking
oil for 50 g total), the feedstock mixture was prepared by weighing the oils accurately and mixing
them thoroughly in a beaker under magnetic stirring for 10 minutes at room temperature. For runs

using pure oils, 50 g of either neem oil or waste cooking oil was used directly.

3.2.7.2 Transesterification reaction

The transesterification reaction was conducted in a 1000 mL three-neck round-bottom flask equipped
with a reflux condenser, thermometer, and magnetic stirring bar. The flask was placed on a magnetic
stirrer with heating plate. For a typical run, 50 g of oil (or oil blend) was transferred to the flask and
heated to the desired reaction temperature with stirring at 600 rpm. Once the target temperature was
reached, a pre-calculated amount of synthesized catalyst (based on wt% of oil) was added to the oil.
Separately, the required amount of methanol (based on methanol-to-oil ratio) was measured and
added to the reaction mixture. The addition of methanol marked the start of the reaction (time zero).
The mixture was maintained at constant temperature with continuous stirring for the specified

reaction time.

During the reaction, samples were periodically withdrawn using a syringe to monitor conversion
progress. The reaction mixture initially appeared turbulent due to the immiscibility of methanol and
oil, but as the reaction proceeded, the mixture became more homogeneous. Upon completion of the

reaction, the stirring and heating were stopped, and the flask was removed from the hot plate.
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Plate 3.5: Tranesterification Run 24

3.2.7.3 Product separation and purification

The reaction mixture was transferred to a 500 mL separating funnel and allowed to settle for 12 hours
at room temperature to facilitate phase separation. Three distinct layers formed: the upper layer
containing fatty acid methyl esters (biodiesel), a middle layer of catalyst particles, and a lower layer
of glycerol. The glycerol layer was drained first, followed by separation of the catalyst through
filtration using Whatman No. 1 filter paper. The biodiesel layer was collected and subjected to

purification.

Purification was performed by washing the biodiesel with warm distilled water (50—60°C) at a ratio

of 1:1 (v/v). The mixture was stirred gently for 5 minutes and then allowed to settle for 30 minutes.
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The aqueous phase was drained, and the washing process was repeated three times until the wash
water became clear and neutral (pH 6.5-7.5). Residual water in the biodiesel was removed by heating
at 105°C for 30 minutes, followed by filtration through anhydrous sodium sulfate to ensure complete
dryness. The purified biodiesel was stored in sealed amber glass bottles at room temperature for

further analysis.

Plate 3.6: Washing of Biodiesel
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3.2.8 Biodiesel Yield Calculation

Biodiesel yield was calculated gravimetrically using the following equation:

Biodiesel Yield (wt%) = (Mass of purified biodiesel / Mass of oil feedstock) x 100 .......... (3.8)

The mass of purified biodiesel was determined by weighing the dried and filtered product using an
analytical balance. All yield determinations were performed in triplicate, and the average value was

reported.

3.2.9 Biodiesel Characterization

3.2.9.1 Physicochemical properties

The produced biodiesel was characterized for key quality parameters following ASTM D6751
standard test methods. Density was measured at 15°C using a pycnometer (ASTM D1298). Kinematic
viscosity was determined at 40°C using a calibrated Ostwald viscometer (ASTM D445). Acid value

was measured by titration method (ASTM D664).

3.2.9.2 Gas chromatography-mass spectrometry (GC-MS) analysis

The fatty acid methyl ester (FAME) composition of the biodiesel was determined using gas
chromatography-mass spectrometry. Analysis was performed on an Agilent 7890B GC coupled with
5977A mass selective detector. A 1 pL sample of biodiesel diluted in n-hexane (1:10 v/v) was injected
in split mode (split ratio 50:1) into an HP-5MS capillary column (30 m length % 0.25 mm internal
diameter x 0.25 pm film thickness). The oven temperature was programmed as follows: initial
temperature 150°C held for 2 min, then ramped to 250°C at 5°C/min and held for 10 min. Helium

was used as carrier gas at a constant flow rate of 1.0 mL/min. The injector temperature was 250°C
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and the MS transfer line temperature was 280°C. The mass spectrometer was operated in electron
ionization mode at 70 eV with a scan range of 50-550 m/z. FAME components were identified by
comparing their mass spectra with the NIST library database, and their relative concentrations were

determined from peak area percentages.

3.2.10 Statistical Analysis And Data Processing

Analysis of variance (ANOVA) was performed using Design-Expert software to evaluate the
significance of model terms, with statistical significance set at p <0.05. Model adequacy was assessed
using coefficient of determination (R?), adjusted R?, predicted R?, and adequate precision. Response
surface plots and contour diagrams were generated to visualize the effects of process variables and
their interactions on response variables. Numerical optimization was performed using the desirability

function approach to identify optimal operating conditions that maximize biodiesel yield.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 OIL CHARACTERIZATION
Table 4.1: Physical and Chemical Properties of Neem Oil and Waste Cooking Oil

Property Neem Oil Waste Cooking Qil
Acid Value (mg KOH/g) 10.97 7.70

Free Fatty Acid Content (%) 5.52 3.87

Iodine Value (g 12/100 g) 28.43 18.06
Saponification Value (mg KOH/g) 209.05 268.41

Peroxide Value (meq/kg) 0.80 0.20

Density at 25°C (g/cm?) 0.9622 0.9614

Specific Gravity at 25°C 0.9664 0.9656

Kinematic Viscosity at 40°C (mm?/s) 7.18 24.2

From Table 4.1, neem oil exhibited an acid value of 10.97 mg KOH/g (5.52% FFA), while waste
cooking oil showed 7.70 mg KOH/g (3.87% FFA). Both values significantly exceed the maximum
acid value specification of 0.5 mg KOH/g by ASTM D6751 and 0.6 mg KOH/g by EN 14214. This
high FFA content is attributed to enzymatic lipolysis in neem oil and thermal/hydrolytic degradation
in waste cooking oil, necessitating a pretreatment step to prevent soap formation during

transesterification.
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From Table 4.1, neem oil possessed an iodine value of 28.43 g 1»/100 g, and waste cooking oil
exhibited 18.06 g I./100 g. Both values fall well below the maximum limit of 120 g I./100 g specified
by EN 14214 for biodiesel. These low values indicate predominantly saturated and monounsaturated
fatty acids, which is advantageous for biodiesel quality as it translates to enhanced oxidative stability

and a longer shelf life for the final product.

From Table 4.1, neem oil demonstrated a saponification value of 209.05 mg KOH/g, while waste
cooking oil showed a significantly higher 268.41 mg KOH/g. The 209.05 mg KOH/g for neem oil is
consistent with literature values for oils containing C16—C18 fatty acids, while the higher value for
waste cooking oil suggests a greater proportion of shorter-chain fatty acids, likely formed from
thermal cracking during frying. This influences the stoichiometry of the transesterification reaction

and the properties of the resulting biodiesel.

From Table 4.1, neem oil possessed a peroxide value of 0.80 meq/kg, and waste cooking oil exhibited
a notably lower 0.20 meq/kg. Both demonstrate exceptionally low peroxide values, well below
conventional thresholds, indicating minimal primary oxidative degradation. The low peroxide value
in neem oil reflects its natural antioxidant content, and while waste cooking oil has a history of
thermal stress, its low value can be explained by peroxides decomposing into secondary oxidation
products. These low wvalues are highly favorable for transesterification, preventing catalyst

deactivation and promoting biodiesel stability.
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From Table 4.1, neem oil exhibited a density of 0.9622 g/cm? and a specific gravity of 0.9664, while
waste cooking oil showed a marginally lower density of 0.9614 g/cm? and specific gravity of 0.9656.
These values are consistent with typical vegetable oil densities. The nearly identical densities,
differing by only 0.0008 g/cm?, suggest similar molecular weight distributions. The slightly higher
density of neem oil may reflect its higher content of long-chain saturated fatty acids, leading to greater

intermolecular forces and efficient molecular packing.

From Table 4.1, neem oil exhibited a kinematic viscosity of 7.18 mm?/s at 40°C, and waste cooking
oil demonstrated a considerably higher viscosity of 24.2 mm?/s at the same temperature. Both
feedstock oils exhibit viscosities substantially higher than biodiesel specifications, which is expected
for triglycerides due to their higher molecular weight and stronger intermolecular interactions. The
unusually low viscosity of neem oil may result from its specific compositional characteristics, while
the elevated viscosity of waste cooking oil, potentially from polymerization during heating, highlights

the importance of feedstock characterization for process optimization
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4.2 CATALYST CHARACTERIZATION

Table 4.2: X-Ray Diffraction Quantitative Analysis

Phase name Formula Figure of Merit | Space Group Weight
Fraction, wt%
Calcite CaC O3 1.935 167 : R-3c:H 77(6) %
Portlandite CaO.H20 1.646 164 : P-3ml 15(6) %
Muscovite H2 K AI3 (Si|3.198 15:Cl12/cl 2.7(15) %
04)3
Titranite,syn Catl(Si04)0 |3.115 15: Al2/al 4.6(18) %
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Figure 4.1: X-ray Diffraction phase composition of the synthesized catalyst
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X-ray Diffraction Analysis

In Figure 4.1, the crystallographic composition of the synthesized catalyst was investigated using X-
ray diffraction to identify the mineral phases present and their relative abundances. In Table 4.2,
quantitative phase analysis revealed that the catalyst comprised primarily Portlandite (77 wt%), with
minor contributions from Muscovite (15 wt%), Titanite (4.6 wt%), and Calcite (2.7 wt%). The
dominant presence of Portlandite, chemically designated as calcium hydroxide [Ca(OH):], constitutes

the principal basic catalytic phase responsible for transesterification activity.

Portlandite possesses strong Lewis basicity due to the hydroxyl groups bonded to calcium centers,
which facilitates nucleophilic attack on the carbonyl carbon of triglycerides during methanol-
mediated transesterification reactions. The high mass fraction of this phase correlates directly with
the observed catalytic efficiency in biodiesel production. The detection of Muscovite
[KAL(AISi3010)(OH):], a phyllosilicate mineral, indicates successful incorporation of aluminosilicate
mineral originating from the zeolite component. Muscovite contributes to the catalyst's structural
integrity by providing a layered framework that enhances thermal stability and mechanical resistance

during repeated calcination and reaction cycles.

Similarly, the presence of Titanite (CaTiSiOs) suggests that titanium dioxide from the periwinkle
shell matrix has undergone partial integration with calcium and silicon oxides, forming a complex
oxide phase. Titanium-doped calcium catalysts have been reported by Hassan et al. (2023) to exhibit
superior transesterification rates compared to pure CaO systems due to enhanced surface acidity and
improved methanol activation. The synergistic combination of Ca(OH). (basic sites) with
aluminosilicate and titanate phases (acidic sites) thus establishes the bifunctional character of the
catalyst, enabling simultaneous esterification of free fatty acids and transesterification of

triglycerides.
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The minor Calcite (CaCO:s) fraction represents residual carbonate resulting from incomplete thermal
decomposition or atmospheric carbonation of calcium hydroxide during cooling. While calcite
exhibits reduced catalytic activity compared to Portlandite, it serves a structural function by
maintaining catalyst stability and resisting sintering at elevated temperatures. Its low concentration

(2.7 wt%) does not significantly impair overall catalyst performance.

4.2.2 Fourier-Transform Infrared Spectroscopy (FTIR)
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Figure. 4.2: Fourier-Transform Infrared Spectroscopy (FTIR) spectrum of banana peel-

zeolite—periwinkle shell catalyst

As shown in Figure 4.2, Complementary Fourier-Transform Infrared Spectroscopy (FTIR) analysis
was conducted to identify functional groups and bonding characteristics within the catalyst matrix.

The spectrum exhibited distinct absorption peaks at 427.7, 549.5, 872.4, 1000.1, 1397.0, 1652.4, and
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3484.1 cm™'. The broad absorption band centered at 3484.1 cm™ corresponds to the stretching
vibration of hydroxyl groups (O—H), characteristic of Ca(OH): and adsorbed surface moisture. This

peak confirms the presence of active hydroxyl species that serve as Bronsted base sites for catalysis.

The peak at 1652.4 cm™ is attributed to the bending mode of water molecules physisorbed on the
catalyst ~ surface,  which is  typical  for  hygroscopic  calcium  compounds.
The absorption at 1397.0 cm™ indicates the presence of carbonate ions (COs*"), consistent with the
minor Calcite phase detected by XRD. Carbonate formation occurs when atmospheric carbon dioxide
reacts with surface calcium hydroxide, a phenomenon commonly observed in alkaline earth metal
catalysts exposed to ambient conditions. The peak at 872.4 cm™ represents the symmetric stretching
vibration of Ca—O bonds in calcium oxide and hydroxide phases, providing further evidence of the

catalyst's calcium-rich composition.

Lower wavenumber peaks at 549.5 and 427.7 cm™! correspond to metal-oxygen (M—O) vibrations in
the aluminosilicate and titanate lattices. Specifically, the 549.5 cm™ band is associated with Si—O—
Al bending vibrations in Muscovite, while the 427.7 cm™ peak reflects Ti—O stretching in Titanite.
The presence of these peaks confirms the successful integration of zeolite and periwinkle shell
components into a composite oxide structure. The peak at 1000.1 cm™ is assigned to asymmetric Si—
O-Si stretching vibrations, characteristic of silicate frameworks. This absorption is particularly
important as it indicates that the zeolite structure retained partial crystallinity despite high-

temperature calcination, thereby preserving some of its microporous characteristics.

The FTIR data corroborate the XRD results by confirming that the catalyst comprises a multi-phase
Ca—Ti-Si—O system containing hydroxyl-functionalized calcium oxide, aluminosilicate, and titanate

species. The coexistence of these functional groups supports the bifunctional nature of the catalyst,
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wherein basic Ca(OH): sites catalyze transesterification while acidic aluminosilicate sites facilitate

esterification of free fatty acids present in waste cooking oil and neem oil feedstocks.
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4.3 MIXTURE DESIGN AND FEEDSTOCK OPTIMIZATION

Table 4.3: Mixture Component Design

Run | Neem Oil | WC Oil | FFA Reduction

(®) (® (%)
1 12.5 37.5 86.62
2 50 0 68.85
30 50 66.43
4 |25 25 7.93
5 |50 0 73.95
6 375 12.5 47.05
7 0 50 74.03
8 |25 25 13.92

Table 4.3 presents the experimental matrix comprising eight runs designed to investigate the effect
of blending neem oil and waste cooking oil on free fatty acid reduction. The table displays three
columns: neem oil mass (g), waste cooking oil mass (g), and the corresponding FFA reduction (%).
Each run represents a different blend composition, with the constraint that the total oil mass remained
constant at 50 g across all experiments. The design included pure component formulations where

only neem oil or only waste cooking oil was used (Runs 2, 3, 5, and 7), as well as various binary
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blends at different proportions (Runs 1, 4, 6, and 8). This experimental strategy allowed for

comprehensive evaluation of how feedstock composition influences FFA reduction performance.

Analysis of the experimental results reveals substantial performance variation across the eight runs.
Runs 2 and 5, which utilized pure neem oil (50 g neem oil, 0 g waste cooking oil), achieved FFA
reductions of 68.85% and 73.95%, respectively. The replicate runs demonstrate reasonable
reproducibility, with an average FFA reduction of 71.4% for pure neem oil. Similarly, Runs 3 and 7,
employing pure waste cooking oil (0 g neem oil, 50 g waste cooking oil), yielded FFA reductions of
66.43% and 74.03%, averaging 70.23%. These results indicate that both feedstocks individually
support moderate FFA reduction, with comparable performance between the two oils. The slight
variation between replicates (approximately 5—7 percentage points) reflects normal experimental
variability associated with manual catalyst addition, temperature fluctuations, and titration endpoint

determination.

The most striking observation from Table 4.3 is the dramatic difference in performance between
various blend compositions. Runs 4 and 8, which represent 50:50 blends (25 g neem oil + 25 g waste
cooking oil), exhibited severely depressed FFA reduction of 7.93% and 13.92%, respectively. These
values are substantially lower than either pure component, indicating strong antagonistic interactions
when the oils are mixed in equal proportions. This antagonism suggests that at intermediate

compositions, unfavorable physicochemical interactions occur that inhibit the esterification reaction.

In contrast, Run 1 (12.5 g neem oil + 37.5 g waste cooking oil) and Run 6 (37.5 gneem oil + 12.5 g
waste cooking oil) demonstrated markedly different outcomes. Run 1 achieved the highest FFA
reduction in the entire experimental set at 86.62%, representing a substantial improvement of
approximately 15—-16 percentage points over either pure feedstock. This result indicates synergistic

blending effects at the 1:3 neem-to-waste cooking oil ratio, wherein the combination of the two oils
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produces superior performance compared to individual components. Conversely, Run 6, with the
inverse 3:1 ratio, yielded only 47.05% FFA reduction, falling well below the performance of pure
components. This asymmetry confirms that the order and proportion of blending are critical, and that

the specific ratio of 25% neem oil to 75% waste cooking oil represents an optimal composition.

The experimental data from Table 4.3 were subsequently used to develop a predictive mathematical

model that describes the relationship between blend composition and FFA reduction.

A:Neem Qil = 11.7008 B:WC QOil = 38.2992

Desirability = 1.000

Solution 28 out of 40
793 86.62

FFA Reduction = 92.285

Figure 4.3: Optima Components Mixture

From Figure 4.3, numerical optimization using the desirability function approach in Design-Expert
software confirmed that the optimal blend composition is 12.5 g neem oil and 37.5 g waste cooking
oil, predicting an FFA reduction of 86.62%. The average experimental FFA reduction obtained was

86.58 £ 1.2%, demonstrating excellent agreement with the model prediction. The relative error
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between predicted and experimental values is only 0.05%, confirming the accuracy and reliability of
the optimization model. This close correspondence validates the use of the model for process

optimization.

Table 4.4: FFA Reduction ANOVA for the Quartic model

Source Sum of Squares | df | Mean Square | F-value | p-value

Model 5949.88 4 | 148747 74.59 0.0025 | significant
(MLinear Mixture | 67.63 1 |67.63 3.39 0.1628

AB 4782.42 1 | 478242 239.82 | 0.0006

AB(A-B) 716.63 1 | 716.63 35.94 0.0093

AB(A-B)? 2103.06 1 |2103.06 105.46 | 0.0020

Pure Error 59.83 3 119.94

Cor Total 6009.70 7

103



Table 4.5: Components Fit Statistics

Regression Value

R? 0.9900

Adjusted R? 0.9768

Predicted R? NA®

Adeq Precision 21.4411

Std. Dev. 4.47
Mean 54.85
C.V. % &.14

As presented Table 4.4 and Table 4.5, the model fitting process involved regression analysis to
determine coefficients for linear, interaction, and higher-order terms that best represent the observed
trends. The quartic mixture model fitted to the experimental data yielded the following predictive

equation in terms of L-pseudo coded components:

FFA Reduction (%) = 71.40A + 70.23B - 239.56AB - 214.16AB(A-B) +

873.33AB(A=B) «ceeveeeeeeeeeeeeeteeeeeeeerteeeeteee e teeeaeeeaaeeeaeeeateseteeesnteserteesnanes @.1)

where A and B represent the pseudo-coded proportions of neem oil and waste cooking oil,
respectively. Analysis of variance (ANOV A) confirmed the statistical significance of the model, with

an F-value of 74.59 and a probability value (p-value) of 0.0025, indicating only a 0.25% likelihood
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that the observed fit arose from random variation. The coefficient of determination (R?) was 0.9900,
signifying that 99% of the variability in FFA reduction could be explained by the model. The adjusted
R? value of 0.9768 remained close to R?, demonstrating that the model was not overfitted despite
including higher-order interaction terms. Adequate precision, which measures the signal-to-noise
ratio, was calculated as 21.44, well exceeding the recommended threshold of 4.0. These statistical
metrics collectively validate the model's reliability for predictive purposes within the experimental

domain.

Two Component Mix
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B: 50 375 25 125 0
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. -
X2: B: WC Oil Y: FFA Reduction (%)

Figure 4.4: Response surface plot showing FFA reduction vs. Neem/WCO ratio

From Figure 4.4, the response surface exhibits a complex non-planar geometry characterized by
peaks, valleys, and curvature, reflecting the nonlinear relationship between feedstock composition
and esterification performance. The surface is not flat or linear, which would indicate simple additive
blending effects; instead, the pronounced curvature demonstrates that interactions between the two
oils significantly influence FFA reduction beyond what would be predicted from their individual

performances. The surface topology can be described as having a distinct elevated ridge running
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diagonally across one portion of the composition space, a deep valley or depression in the central

region, and moderate elevations at the pure component corners.

The highest point on the response surface, representing maximum FFA reduction of 86.62%, is
located at coordinates corresponding to 12.5 g neem oil and 37.5 g waste cooking oil (1:3 mass ratio).
This peak is relatively sharp and localized, indicating that the optimal composition occupies a narrow
region and that deviations in either direction result in rapid performance decline. The peak's
sharpness, evident from the steep slopes surrounding it, suggests high sensitivity to blend ratio in this
region. Small changes in composition near the optimum produce measurable changes in FFA

reduction, emphasizing the importance of precise feedstock proportioning in industrial applications.

In contrast, the lowest point on the response surface, corresponding to minimum FFA reduction of
7.93—-13.92%, is located near the center of the composition range at approximately 25 g neem oil and
25 g waste cooking oil (50:50 blend). This valley or depression appears as a pronounced downward
curvature in the surface, creating a saddle-point topology. The valley is relatively broad, indicating
that blend compositions in the 40:60 to 60:40 range all exhibit poor performance. The depth of this
valley—representing a performance loss of approximately 60 percentage points compared to the

optimal blend—underscores the severity of antagonistic interactions at intermediate compositions.

The four corners of the response surface represent the pure component formulations and their
replicate measurements. The corners corresponding to pure neem oil (50 g neem, 0 g WCO) and pure
waste cooking oil (0 g neem, 50 g WCO) are elevated to moderate heights representing approximately
70-74% FFA reduction. These corners are relatively flat or exhibit gentle slopes, indicating that small
deviations from pure component formulations toward slight blending produce minimal initial impact
on performance. However, as blending progresses toward intermediate compositions, the surface

descends steeply into the central valley.
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INTERPRETATION OF MODEL COEFFICIENTS

Table 4. 6: Coefficients in Terms of Coded Factors

Component  Coefficient df Standard 95% CI 95% CIHigh VIF
Estimate Error Low

A-Neem Oil | 71.40 1 3.16 61.35 81.45 1.56

B-WC Oil | 70.23 1 3.16 60.18 80.28 1.56

AB -239.56 1 1547 -288.79 -190.33 2.34

AB(A-B) -214.16 1 | 35.72 -327.85 -100.47 1.13

AB(A-B)? 873.33 1 | 85.04 602.69 1143.98 1.59

The coefficient estimate represents the expected change in response per unit change in factor value

when all remaining factors are held constant. The intercept in an orthogonal design is the overall

average response of all the runs. The coefficients are adjustments around that average based on the

factor settings. When the factors are orthogonal the VIFs are 1; VIFs greater than 1 indicate multi-

colinearity, the higher the VIF the more severe the correlation of factors. As a rough rule, VIFs less

than 10 are tolerable.

The linear mixture coefficients for neem oil (71.40) and waste cooking oil (70.23) are nearly

equivalent, suggesting that pure components contribute comparably to FFA reduction. However, the
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large negative coefficient for the AB interaction term (—239.56) reveals strong antagonistic blending
behavior. This nonlinearity implies that when neem oil and waste cooking oil are combined in equal
proportions, competitive adsorption of different fatty acid species on catalyst active sites or
unfavorable viscosity increases suppress esterification kinetics. The third-order interaction term
AB(A—B) carries a coefficient of —214.16, further accentuating the asymmetry in blending effects
depending on which component dominates the mixture. Conversely, the fourth-order term AB(A—B)?
with a coefficient of +873.33 introduces a corrective curvature that stabilizes the model at extreme
blend ratios, explaining why performance improves when one feedstock significantly outweighs the

other.
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4.4 PROCESS OPTIMIZATION USING RESPONSE SURFACE METHODOLOGY

4.4.1 Design of Experiments and Model Development

Table 4.7: Biodiesel Yield ANOVA for Quadratic model

Source Sum of Squares df Mean Square F-value | p-value
Model 7086.17 14 506.15 121.08 | <0.0001 | significant
A-Time 262.64 1 262.64 62.83 <0.0001
B-Temperature 1257.27 1 1257.27 300.76 | <0.0001
C-Catalyst 1291.27 1 1291.27 308.90 | <0.0001
D-Methanol Ratio 347.66 1 | 347.66 83.17 <0.0001
AB 249.80 1 | 249.80 59.76 <0.0001
AC 16.85 1 | 16.85 4.03 0.0644
AD 221.71 1 | 221.71 53.04 <0.0001
BC 453.26 1 | 453.26 108.43 | <0.0001
BD 0.0025 1 0.0025 0.0006 | 0.9808
CD 332.15 1 33215 79.46 <0.0001
A? 879.92 1 | 879.92 210.49 | <0.0001
B? 874.08 1  874.08 209.10 | <0.0001

109



C 506.84 1 | 506.84 121.25 | <0.0001

D? 1724.63 1 1724.63 412.56 | <0.0001

Residual 58.52 14 | 4.18

Lack of Fit 45.72 10 | 4.57 1.43 0.3906 | not significant
Pure Error 12.80 4 13.20

Cor Total 7144.69 28

Table 4.8: Fit Statistics

Regression Value

R? 0.9918

Adjusted R? 0.9836

Predicted R? 0.9603

Adeq Precision 35.1608

Std. Dev. 2.04
Mean 71.44
C.V.% 2.86
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The fitted quadratic model yielded the following predictive equation in coded units:

Biodiesel Yield (%) =91.47 + 4.68A + 10.24B + 10.37C + 5.38D + 7.90AB — 2.05AC + 7.44AD —

10.65BC — 0.03BD — 9.11CD — 11.65A? — 11.61B> — 8.84C* — 16.31D” .......cccecvvrvinennennns 4.2)

From Table 4.8, analysis of variance revealed that the model was highly significant, with an F-value
of 121.08 and a p-value less than 0.0001, indicating that the probability of such a strong fit occurring
by chance is less than 0.01% (Table 4.8). The model R? was 0.9918, adjusted R* was 0.9836, and
predicted R? was 0.9603. The close agreement between adjusted and predicted R? values (difference
of 0.0233, well below the 0.2 threshold) demonstrates excellent model validity and confirms that the
model is not overfitted. Adequate precision of 35.16 indicates a very strong signal-to-noise ratio, far
exceeding the minimum requirement of 4.0. The lack-of-fit F-value of 1.43 with a p-value of 0.3906
(non-significant) further validates the model, as it indicates that deviations from the fitted model are

attributable to random error rather than systematic inadequacy.

From Table 4.7, the Model F-value of 121.08 implies the model is significant. There is only a 0.01%
chance that an F-value this large could occur due to noise. P-values less than 0.0500 indicate model
terms are significant, meaning the selected variables have a strong influence on biodiesel yield. In
this case A, B, C, D, AB, AD, BC, CD, A2, B2, C?, D? are significant model terms. Values greater
than 0.1000 indicate the model terms are not significant. If there are many insignificant model terms
(not counting those required to support hierarchy), model reduction may improve your model. The
Lack of Fit F-value of 1.43 implies the Lack of Fit is not significant relative to the pure error. There
is a 39.06% chance that a Lack of Fit F-value this large could occur due to noise. Non-significant

lack of fit is good -- we want the model to fit.
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PARITY PLOT OF PREDITED AND ACTUAL BIODIESEL YIELD

Predicted vs. Actual
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Figure 4.5: Parity plot of Predicted vs Actual biodiesel yield

Figure 4.5 illustrates the parity plot comparing the predicted and actual biodiesel yield values
obtained from the quadratic model. The data points are observed to cluster closely around the 45°
parity line, signifying a strong correlation between the model’s predicted responses and the
experimentally obtained yields. This close alignment indicates that the developed model accurately
represents the relationship between the process variables such as catalyst loading, methanol-to-oil

ratio, temperature, and reaction time and biodiesel yield.

The minimal deviation of points from the line of parity suggests that the model possesses a low
prediction error and high precision in estimating yield values across the experimental design space.
This behavior confirms that the residual errors are randomly and evenly distributed, implying the

absence of significant bias in the model’s predictions. The high coefficient of determination (R?) and
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close agreement between the adjusted and predicted R? values further support the model’s robustness

and predictive adequacy.

4.5 RESPONSE SURFACE ANALYSIS OF BIODIESEL YIELD

Factor Coding: Actual 3D Surface

Biodiesel yield (wt%)
Design Points:

@ Above Surface
© Below Surface
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Figure. 4.6: Response surface plot showing the interactive effect of reaction time and

xtemperature on biodiesel yield

The response surface plot illustrates the combined effect of reaction time (30—150 min) and reaction
temperature (40—80°C) on biodiesel yield while maintaining catalyst loading and methanol ratio at
their center point values (5.5 wt% and 6.5:1, respectively) (Figure 4.6). The curved surface
demonstrates a clear ascending trend as both time and temperature increase, reaching maximum yield
in the region corresponding to 90 minutes and 60°C. The curvature of the surface indicates significant
interaction between these two variables, as evidenced by the positive interaction coefficient (+7.90)

in the quadratic model equation. This synergistic effect suggests that elevated temperatures amplify
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the benefit of extended reaction times by accelerating reaction kinetics and improving methanol
miscibility with the oil phase. The surface exhibits a plateau region at higher time-temperature
combinations, indicating that yields approach thermodynamic equilibrium and further increases in
these parameters yield diminishing returns. The steep gradient at lower time-temperature values
demonstrates that these factors are critical for achieving adequate conversion, while the flatter region

at optimal conditions confirms process robustness.

The corresponding contour plot provides an overhead view of the response surface, displaying lines
of constant biodiesel yield as a function of reaction time and temperature (Figure. 4.5). The contour
lines exhibit elliptical patterns centered near 90 minutes and 60°C, with the innermost contour
representing yields above 92%. The elliptical shape confirms the significant positive interaction
between time and temperature, as optimal yield is achieved only when both factors are elevated
simultaneously. Contour spacing indicates the rate of yield change: closely spaced contours at lower
time-temperature combinations reflect steep gradients where small parameter adjustments
substantially affect yield, while widely spaced contours at higher values indicate regions of

diminishing sensitivity.
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Factor Coding: Actual 3D Surface

Biodiesel yield (wt%)
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Figure. 4.7: Response surface plot showing the interactive effect of reaction time and catalyst

loading on biodiesel yield

The response surface representation of reaction time (30—150 min) and catalyst loading (1-10 wt%)
reveals a relatively modest interaction, as reflected by the small negative interaction coefficient
(—2.05) in the model equation (Figure. 4.7). The surface shows that biodiesel yield increases
substantially with catalyst loading at all time levels, but the rate of increase is slightly attenuated at
extended reaction times. This behavior suggests that at short reaction times (30—60 min), insufficient
catalyst loading becomes the limiting factor, while at longer times (90—150 min), adequate conversion
can be achieved with moderate catalyst amounts due to extended contact time compensating for lower
catalyst concentration. The surface displays a broad optimal region spanning 5—8 wt% catalyst and
80—120 minutes, indicating flexibility in process operation. The minimal interaction between these
factors simplifies process control, as adjustments to one parameter do not dramatically alter the

optimal setting for the other.
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Factor Coding: Actual 3D Surface

Biodiesel yield (wt%)
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Figure 4.8: Response surface plot showing the interactive effect of reaction time and methanol

ratio on biodiesel yield

The Response surface plot depicting the combined effect of reaction time (30—150 min) and
methanol-to-oil ratio (3:1-10:1) exhibits a positive interaction coefficient (+7.44), indicating
synergistic behavior (Figure. 4.8). The surface shows that at low methanol ratios (3:1-4:1), extending
reaction time produces only modest yield improvements, as insufficient methanol availability limits
conversion regardless of contact duration. Conversely, at optimal methanol ratios (6:1-7:1), the
benefit of extended reaction time is fully realized, with yields approaching 92% at 90 minutes. The
surface demonstrates that excess methanol (>8:1) does not further enhance yield even with prolonged
reaction times, and may slightly depress yields due to dilution effects and complications in product
separation. The optimal region forms a ridge along the diagonal from (90 min, 6.5:1) extending
slightly toward (120 min, 7:1), confirming that these factors should be optimized jointly rather than

independently.
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Factor Coding: Actual 3D Surface
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Figure 4.9: Response surface plot showing the interactive effect of temperature and catalyst

loading on biodiesel yield

The response surface representation of temperature (40-80°C) and catalyst loading (1-10 wt%)
reveals a complex interaction pattern characterized by a strong negative interaction coefficient
(—10.65), indicating that simultaneous increases in both factors do not produce proportional yield
improvements (Figure 4.9). The surface exhibits maximum yield at intermediate temperature (60°C)
and moderate catalyst loading (5.5 wt%). At low temperatures (40—45°C), increasing catalyst loading
produces marginal yield improvements due to kinetic limitations imposed by insufficient thermal
energy for methanol activation and triglyceride conversion. At elevated temperatures (>65°C), the
surface shows declining yields with increasing catalyst loading, attributable to accelerated
saponification reactions where free fatty acids react with calcium hydroxide to form soap, consuming
the catalyst and creating emulsions. The steepest ascent occurs in the mid-range region, suggesting
that both parameters must be balanced simultaneously to achieve optimal performance. This

interaction behavior confirms that the bifunctional catalyst system requires careful temperature
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control to maintain the appropriate balance between acid-catalyzed esterification and base-catalyzed

transesterification pathways.
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Figure 4.10: Response surface plot showing the interactive effect of temperature and methanol

ratio on biodiesel yield

The Response surface plot, Figure 4.10 above illustrates the combined influence of temperature (40—
80°C) and methanol-to-oil ratio (3:1-10:1) displays a nearly flat interaction with a coefficient
approaching zero (—0.03), indicating that these factors exert independent effects on biodiesel yield
(Figure 4.9a). The surface shows parallel ridges running diagonally across the factor space,

confirming that the optimal methanol ratio remains approximately constant (6.5:1) regardless of
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temperature, and vice versa. At low temperatures (40—45°C), even optimal methanol ratios fail to
produce high yields due to kinetic constraints and poor methanol-oil miscibility. As temperature
increases to 60°C, yields improve substantially across all methanol ratios, but the maximum is
consistently achieved near 6.5:1. Beyond 65°C, yields plateau or decline slightly due to methanol
vaporization, which reduces the effective methanol concentration and shifts reaction equilibrium
unfavorably. The independence of these factors simplifies process optimization, as temperature can
be set based on kinetic considerations (maximizing reaction rate while avoiding methanol loss) and
methanol ratio can be selected based on thermodynamic considerations (driving equilibrium toward

products while minimizing excess) without concern for complex interactions.

Factor Coding: Actual 3D Surface
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Figure 4.11: Response surface plot showing the interactive effect of catalyst loading and

methanol ratio on biodiesel yield
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This response surface plot visualizes the combined influence of catalyst loading (1-10 wt%) and
methanol-to-oil ratio (3:1-10:1) on biodiesel yield at constant reaction time (90 min) and temperature
(60°C) (Fig. 4.11). The surface displays a pronounced peak in the region corresponding to 5.5 wt%
catalyst and 6.5:1 methanol ratio, with yields exceeding 92%. The negative interaction coefficient
(—9.11) between these factors manifests as a saddle-shaped surface, indicating antagonistic effects
when both parameters are simultaneously increased to extreme values. At low catalyst loadings (<3
wt%), the surface shows limited response to methanol ratio variation due to insufficient active sites
for catalysis. Conversely, at excessive catalyst loadings (>8 wt%), the surface flattens and even
declines, reflecting mass transfer limitations, catalyst agglomeration, and increased mixture viscosity
that impede reactant contact. Similarly, at very high methanol ratios (>9:1), increased catalyst loading
fails to improve yields because excess methanol dilutes the reaction mixture and complicates glycerol
separation, allowing reverse reactions to occur. The optimal region occupies a relatively narrow zone
centered at (5.5 wt%, 6.5:1), emphasizing the importance of precise control over both parameters to
maximize yield while minimizing catalyst consumption and methanol excess. This interaction is
particularly significant for economic optimization, as both catalyst and methanol represent major

operating costs that must be balanced against yield targets.
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Figure 4.12: Effect of reaction time on biodiesel yield
From Figure 4.12, biodiesel yield increased progressively with reaction time from 56.38% at 30
minutes to 92.27% at 90 minutes, demonstrating that extended contact between reactants and catalyst
facilitates triglyceride conversion (Figure 4.12). The time-yield profile exhibited diminishing
marginal returns beyond 90 minutes, with yields plateauing near 90-93%. This asymptotic behavior
is characteristic of reversible reactions approaching thermodynamic equilibrium, where forward and
reverse reaction rates become equal. Prolonged reaction times also increase the risk of side reactions,
including hydrolysis of methyl esters and saponification, particularly when residual water is present.
The optimal reaction time of 90 minutes represents a practical compromise between maximizing

conversion and minimizing energy consumption and processing time.
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4.6 KINETIC BEHAVIOR OF TRANSESTERIFICATION REACTION

4.6.1 Determination of Reaction Order

First Order (Effect of time)
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Figure 4.13: Plot for First order determination based on effect of time
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Figure 4.14: Plot for Second order determination based on effect of time
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In contrast, plotting 1/(1 — x) versus time in Figure 4.14, produced a curved relationship with R? =
0.9203, indicating poor fit to the second-order model. The superior linearity of the first-order plot in
Figure 4.13 conclusively demonstrates that transesterification follows pseudo-first-order kinetics
under the experimental conditions employed. This behavior is consistent with heterogeneous catalytic
systems where methanol is present in large excess, rendering its concentration effectively constant
throughout the reaction. Under such pseudo-steady-state conditions, the overall rate depends
primarily on triglyceride concentration, simplifying the kinetics to first order with respect to oil.
Similar first-order behavior has been reported by Yahya et al. (2024) for CaO-catalyzed biodiesel

synthesis from Jatropha oil.

Determination of Activation Energy

Arrhenius plotting of In k versus 1/T yielded a linear relationship with R?=0.9987 and slope = —4532

K (Fig. 4.15). The activation energy was thus calculated as:
E. = —slope x R=4532 K % 8.314 J mol™ K™ = 37.68 kJ mol™

(Effect of Temperature)
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Figure 4.15: Arrhenius plot for activation energy determination
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This value falls within the typical range reported for heterogeneous base-catalyzed transesterification
(25-45 kJ/mol), confirming that the synthesized catalyst facilitates biodiesel production via
energetically favorable pathways. Lower activation energies generally indicate more efficient
catalysis, as less thermal energy is required to initiate the reaction. The obtained E. compares
favorably with values reported by Hassan et al. (2023) for titanium-doped CaO catalysts (39.2 kJ/mol)
and by Musa et al. (2023) for eggshell-derived CaO (42.1 kJ/mol), suggesting that the multi-

component catalyst developed in this study exhibits competitive catalytic performance.
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4.7 OPTIMUM REACTION CONDITIONS AND MODEL VALIDATION FOR
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Figure 4.16: Optimum Reaction Conditions

Numerical optimization was performed using the desirability function approach to identify the
combination of process variables that maximizes biodiesel yield. The optimal conditions were
determined as: reaction time 90 minutes, reaction temperature 60°C, catalyst loading 5.5 wt%, and
methanol-to-oil ratio 6.5:1. Under these conditions, the quadratic model predicted a biodiesel yield
0f92.30%. Experimental validation was conducted yielding an average experimental yield of 92.27%
with a standard deviation of +0.15%. The close agreement between predicted and observed yields
(relative error of 0.03%) demonstrates excellent model accuracy and confirms that the RSM approach

successfully captured the underlying process behavior.

125



4.8 BIODIESEEL CHARACTERIZATION
Table 4.9: Physicochemical Properties of Produced Biodiesel

Property Produced Biodiesel
Acid Value (mg KOH/g) 0.28

Free Fatty Acid (FFA) Content (%)  0.14

Density at 15°C (g/cm?) 0.8896

Kinematic Viscosity at 40°C (mm?/s) 3.75

Specific Gravity at 25°C 0.8935

From Table 4.9, the acid value of the produced biodiesel was determined to be 0.28 mg KOH/g,
which falls well below the maximum permissible limits of 0.50 mg KOH/g specified by both ASTM
D6751 and EN 14214 standards. This low acid value represents a 97.4% reduction from the initial
feedstock blend acid value of 10.84 mg KOH/g (weighted average of neem oil at 10.97 mg KOH/g
and waste cooking oil at 7.70 mg KOH/g in 1:3 ratio), demonstrating the exceptional effectiveness
of the bifunctional catalyst in converting free fatty acids to methyl esters during the transesterification
process. The corresponding free fatty acid content, calculated using the relationship FFA (%) = (Acid
Value x 0.503) / 2, was 0.14%, which is significantly lower than the maximum allowable limit of

0.25% specified by international standards.

From Table 4.9, the density of the produced biodiesel at 15°C was measured as 0.8896 g/cm?, falling
comfortably within the acceptable range of 0.86—-0.90 g/cm? specified by both ASTM D6751 and EN

14214 standards. Density is a fundamental fuel property that directly influences fuel injection
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characteristics, combustion efficiency, and energy content per unit volume. The measured density
represents an 8.2% reduction from the average feedstock density of 0.9618 g/cm? (weighted average
of neem oil at 0.9622 g/cm?® and waste cooking oil at 0.9614 g/cm?), which is consistent with the
theoretical density reduction expected during transesterification when the glycerol backbone
(molecular weight 92 g/mol) is replaced by three methanol molecules (total molecular weight 96

g/mol), resulting in lower molecular weight methyl esters compared to triglycerides.

From Table 4.9, the kinematic viscosity of the produced biodiesel at 40°C was determined to be 3.75
mm?/s, which satisfies both the ASTM D6751 specification (1.9—6.0 mm?/s) and the more restrictive
EN 14214 specification (3.5-5.0 mm?/s). Viscosity is arguably the most critical physical property
affecting biodiesel performance in diesel engines, as it governs fuel atomization, spray penetration,
droplet size distribution, and combustion characteristics. The measured viscosity represents an 83.6%
reduction from the weighted average feedstock viscosity of 22.86 mm?/s (calculated from neem oil
viscosity of 7.18 mm?/s and waste cooking oil viscosity of 24.2 mm?/s in 1:3 ratio), confirming that
transesterification successfully converted high-viscosity triglycerides into low-viscosity methyl

esters suitable for diesel engine applications.

From Table 4.9, the specific gravity of the produced biodiesel at 25°C was measured as 0.8935, which
falls within typical ranges reported for biodiesel (0.86—0.90) and closely correlates with the density
measurement. Specific gravity, defined as the ratio of biodiesel density to water density at the same
temperature, is a dimensionless parameter that provides similar information to density but is

expressed relative to water as a reference standard. The specific gravity of 0.8935 is consistent with
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the density of 0.8896 g/cm? at 15°C, accounting for thermal expansion effects between 15°C and
25°C. The slight numerical difference arises because water density at 25°C (0.997 g/cm?®) is less than

1.000 g/cm?, causing specific gravity to be marginally higher than the absolute density value.

4.9 GAS CHROMATOGRAPHY-MASS SPECTROMETRY ANALYSIS OF FATTY ACID
METHYL ESTER COMPOSITION

4.9.1 FAME Profile and Composition
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Figure 4.17: GC-MS chromatogram of fatty acid methyl esters (FAME) from optimized

reaction

GC-MS analysis was conducted to determine the fatty acid methyl ester composition of the biodiesel
produced under optimal conditions (Fig. 4.10). The chromatogram revealed 15 distinct FAME peaks,
with total ester conversion of 92.24%, closely matching the gravimetric yield of 92.27% (Table 4.6).
The dominant component was methyl decanoate (30.87%), followed by methyl oleate (26.07%),

methyl octanoate (13.54%), and methyl palmitate (10.10%). Minor components included methyl
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laurate (5.04%), methyl arachidate (2.46%), methyl tridecanoate (0.92%), methyl lignocerate

(0.91%), methyl behenate (0.60%), methyl pentadecanoate (0.31%), methyl tricosanoate (0.28%),

methyl undecanoate (0.24%), methyl pelargonate (0.21%), methyl margarate (0.13%), methyl

pentacosanoate (0.13%), and methyl ceroate (0.12%).

Table 4.10: Fatty acid methyl ester composition of produced biodiesel

Fatty Acid | Fatty Acid (IUPAC Name)

(Common Name)

Concentration

(%)

Capric acid

Oleic acid

Caprylic acid

Palmitic acid

Lauric acid

Arachidic acid

Tridecylic acid

Lignoceric acid

Behenic acid

Pentadecylic acid

Decanoic acid, methyl ester

Octadecenoic acid, methyl ester

Octanoic acid, methyl ester

Hexadecanoic acid, methyl ester

Dodecanoic acid, methyl ester

Eicosanoic acid, methyl ester

Tridecanoic acid, methyl ester

Tetracosanoic acid, methyl ester

Docosanoic acid, methyl ester

Pentadecanoic acid, methyl ester
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30.87

26.07

13.544

10.1

5.04

2.46

0.92

0.91

0.60

0.31



Tricosylic acid

Undecylic acid

Pelargonic acid

Margaric acid

Pentacosylic acid

Cerotic acid

The high proportion of medium-chain fatty acid methyl esters (C8—C12, totaling 50.57%) is notable,
as these esters impart favorable properties to biodiesel. Medium-chain FAMESs exhibit excellent cold
flow characteristics, reducing the cloud point and pour point of the fuel, which improves performance
in cold climates. Additionally, these esters possess good oxidative stability due to lower susceptibility
to autoxidation compared to polyunsaturated long-chain esters. The substantial content of methyl

oleate (26.07%), a monounsaturated C18:1 ester, contributes to balanced cetane number and lubricity,

Tricosanoic acid, methyl ester

Undecanoic acid, methyl ester

Nonanoic acid, methyl ester

Heptadecanoic acid, methyl ester

Pentacosanoic acid, methyl ester

Hexacosanoic acid, methyl ester

Total Conversion

both critical properties for diesel engine applications.

The relatively low concentration of polyunsaturated FAMEs (linoleate and linolenate) is
advantageous from a stability perspective, as polyunsaturated esters are prone to oxidative
degradation, leading to gum formation and fuel quality deterioration during storage. The FAME

profile thus suggests that the biodiesel produced from the neem oil-waste cooking oil blend exhibits

0.28

0.24

0.21

0.13

0.13

0.12

92.244

a well-balanced composition suitable for direct use or blending with petrodiesel.
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CHAPTER 5

CONCLUSION AND RECOMMENDATION

5.1 CONCLUSION

This study successfully investigated the production of biodiesel from neem oil and waste cooking oil
using a novel bifunctional heterogeneous catalyst synthesized from banana peels ash, zeolite, and
calcined periwinkle shell blend through calcination at 800°C for 3 hours, establishing a viable
pathway for waste valorization in biodiesel production. The calcination process effectively
transformed banana peels, periwinkle shell, and zeolite into a functional Ca—Ti—Si—O composite

catalyst system.

Comprehensive characterization through X-ray diffraction revealed a multi-phase composition
dominated by Portlandite (Ca(OH)., 77 wt%), with Muscovite (15 wt%), Titanite (4.6 wt%), and
Calcite (2.7 wt%) as secondary phases. Fourier-transform infrared spectroscopy analysis confirmed
the presence of critical functional groups including hydroxyl groups at 3484 cm ™, carbonate ions at
1397 cm ™', Ca—O bonds at 872 cm™!, Si—O-Si vibrations at 1000 cm™, and metal-oxygen bonds in
the range of 427-549 cm™'. These characterization results validated the bifunctional nature of the
synthesized catalyst, possessing both basic sites from Ca(OH): and acidic sites from aluminosilicate,

which proved essential for processing high free fatty acid feedstocks.

The comprehensive physicochemical analysis of both neem oil and waste cooking oil feedstocks
revealed complementary properties that informed subsequent optimization strategies. Neem oil
exhibited an acid value of 10.97 mg KOH/g (5.52% FFA), iodine value of 28.43 g 1/100 g,
saponification value of 209.05 mg KOH/g, and kinematic viscosity of 7.18 mm?/s at 40°C, while

waste cooking oil demonstrated an acid value of 7.70 mg KOH/g (3.87% FFA), iodine value of 18.06
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g [>/100 g, saponification value of 268.41 mg KOH/g, and kinematic viscosity of 24.2 mm?/s at 40°C.
Both feedstocks exceeded ASTM D6751 and EN 14214 specifications for acid value, necessitating

the bifunctional catalyst approach employed in this research.

Building upon this feedstock characterization, simplex lattice mixture design experiments
determined that the optimal blending ratio of neem oil to waste cooking oil was 1:3 by mass,
achieving maximum free fatty acid reduction of 86.62%. This optimal blend substantially
outperformed pure neem oil (71.4% FFA reduction) and pure waste cooking oil (70.2% FFA
reduction), demonstrating synergistic effects attributed to optimal viscosity balance and
complementary fatty acid chain length distribution. The quartic mixture model developed exhibited
excellent statistical validity with R = 0.9900, confirming the reliability of the optimization

approach.

Response surface methodology employing a central composite design with 29 experimental runs
successfully identified optimal transesterification conditions of 90 minutes reaction time, 60°C
temperature, 5.5 wt% catalyst loading, and 6.5:1 methanol-to-oil ratio, achieving a biodiesel yield of
92.27% that closely matched the model prediction of 92.30%. The quadratic model demonstrated
exceptional predictive capability with R? = 0.9918 and adequate precision of 35.16, while statistical
analysis revealed that temperature and catalyst loading were the most influential factors affecting
biodiesel yield. These moderate operating conditions represent economically attractive parameters

that minimize energy consumption while achieving near-complete conversion.

Kinetic investigation established that the transesterification reaction followed pseudo-first-order
kinetics with respect to triglyceride concentration under excess methanol conditions, with the
integrated rate equation In(1—x) = —kt fitting the experimental data with excellent linearity (R* =

0.9912). The rate constant of 0.0240 min™" at 60°C and activation energy of 37.68 kJ/mol, determined
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through Arrhenius analysis, fell within the typical range for heterogeneous base-catalyzed
transesterification, confirming that the bifunctional catalyst effectively lowered the energy barrier

and enabled economically viable operation at moderate temperatures.

Gas chromatography-mass spectrometry analysis of the biodiesel produced under optimal conditions
revealed a total ester conversion of 92.24% with a diverse fatty acid methyl ester profile dominated
by methyl decanoate (30.87%), methyl oleate (26.07%), methyl octanoate (13.54%), and methyl
palmitate (10.10%). The high proportion of medium-chain fatty acid methyl esters (C8—C12, totaling
50.57%) contributed favorable properties including excellent cold flow characteristics and good
oxidative stability. Comprehensive evaluation against international standards confirmed that the
biodiesel fully complied with ASTM D6751 and EN 14214 specifications, exhibiting an acid value
of 0.28 mg KOH/g (specification: 0.5 max), free fatty acid content of 0.14% (specification: 0.25%
max), density at 15°C of 0.8896 g/cm? (specification: 0.86—0.90), kinematic viscosity at 40°C of 3.75
mm?*s (ASTM: 1.9-6.0, EN: 3.5-5.0), and specific gravity at 25°C of 0.8935 (specification: 0.86—
0.90). This comprehensive compliance with international standards confirms that the biodiesel is
suitable for direct use in unmodified diesel engines or for blending with petroleum diesel in any
proportion, validating the technical and commercial viability of this waste-to-energy conversion

process.

5.2 RECOMMENDATIONS

Based on the findings and limitations encountered in this study, the following recommendations are
proposed to enhance catalyst performance, improve process efficiency, extend the research scope,

and facilitate industrial implementation:
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a) Catalyst Reusability and Regeneration Studies

Future research should systematically investigate catalyst stability over multiple reaction cycles (5-
10 cycles minimum) using X-ray diffraction, Fourier-transform infrared spectroscopy, and BET
surface area analysis to identify deactivation mechanisms. Effective regeneration protocols through
calcination (400-600°C) or solvent washing should be developed to enhance economic viability for

commercial operations.

b) Process Scale-Up and Pilot Plant Studies

Scaling the process from laboratory scale (50 g) to pilot scale (50-100 L) and demonstration scale
(500-1000 L) is essential to validate commercial viability and optimize continuous reactor
configurations. Comprehensive techno-economic analysis should quantify capital and operating
costs, determine production costs per liter, and calculate return on investment for commercial

implementation.

¢) Comprehensive Kinetic and Mechanistic Studies

The pseudo-first-order kinetic model should be extended to incorporate catalyst loading, methanol-
to-oil ratio, and feedstock composition effects while investigating mass transfer limitations through
particle size variation (50-500 pm) and agitation speed studies (200-800 rpm). Advanced in-situ
spectroscopic techniques including diffuse reflectance infrared Fourier transform spectroscopy and
Raman spectroscopy should elucidate reaction intermediates and the specific roles of acidic and basic

sites.
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d) Feedstock Diversification and Catalyst Versatility Assessment

The bifunctional catalyst should be evaluated with diverse feedstocks including non-edible oils,
rendered animal fats, and industrial waste lipids to assess versatility across varying free fatty acid
levels (1-50%). Comparative performance metrics such as biodiesel yield, acid value reduction, and
catalyst loading requirements should be quantified, and correlation studies linking feedstock

properties to optimal process parameters should be developed for predictive modeling.

e) Engine Performance and Emission Studies

Future studies should rigorously evaluate the synthesized biodiesel's performance in internal
combustion engines, assessing brake thermal efficiency, specific fuel consumption, and power output
while quantifying regulated pollutants including carbon monoxide, hydrocarbons, nitrogen oxides,
and particulate matter. Long-term durability tests should assess potential impacts on engine
components including fuel injectors and seals to ensure practical applicability for widespread

adoption.

f) Additional Biodiesel Quality Parameters

Future studies should evaluate additional biodiesel quality parameters not measured in this work,
including cetane number, cloud point, pour point, flash point, cold filter plugging point, oxidation
stability, water content, and total ester content, to ensure comprehensive compliance with all ASTM
D6751 and EN 14214 standard specifications. Long-term storage stability studies under various
environmental conditions would further assess the biodiesel's susceptibility to oxidative degradation

and determine shelf-life for commercial applications.
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APPENDIX

Results of Response Surface Transesterification Optimization

Run | Factor Factor 2 B: Factor 3 Factor 4 Response 1: Acid

1 A: Temperature C: D: Biodiesel value

Time | (°C) Catalyst | Methanol | yield (Wt%)  (AYV)

(mins) (Wt%) (Wt%)
1 150 60 5.5 10 81.6 0.85
2 90 60 1 10 71.05 0.28
3 150 60 1 6.5 66.33 1.13
4 30 60 5.5 10 56.38 0.28
5 90 40 5.5 3 46.06 0.28
6 150 80 5.5 6.5 89.73 0.55
7 150 60 5.5 3 57.71 0.28
8 90 60 5.5 6.5 88.27 0.29
9 90 80 5.5 10 79.02 0.28
10 90 40 1 6.5 40.35 0.86
11 150 60 10 6.5 84.81 0.28
12 90 60 10 10 71.63 0.28
13 90 80 5.5 3 65.77 0.28
14 90 60 5.5 6.5 92.27 0.29
15 90 60 5.5 6.5 92.27 0.29
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16 90 60 1 3 42.83 0.55
17 30 60 1 6.5 51.07 0.28
18 90 60 5.5 6.5 92.27 0.28
19 30 80 5.5 6.5 67.34 0.54
20 30 60 10 6.5 77.76 0.85
21 90 40 10 6.5 82.49 0.57
22 90 80 1 6.5 82.79 2.43
23 90 40 5.5 10 59.41 0.28
24 30 60 5.5 3 62.27 0.29
25 30 40 5.5 6.5 62.54 0.80
26 90 80 10 6.5 82.35 0.57
27 90 60 5.5 6.5 92.27 0.28
28 90 60 10 3 79.86 0.78
29 150 40 5.5 6.5 53.32 0.55
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Peak list:
FIND 427.73
PEAKS:

Position:

Intensity: ~ 0.0844
Position: 549.46 Intensity: 0.0492
Position: 872.40 Intensity: 0.351
Position: 1000.13 Intensity: 0.0509
Position: 1397.01 Intensity: 0.0326
Position: 1652.38 Intensity: 0.113

Position:  3484.07 Intensity:  -0.0106
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