Optimization of heterogeneous bio-based catalysts and synthesis of inorganic

equivalent for large-scale biodiesel production

A Thesis
Submitted to the Faculty of Graduate Studies and Research
in Partial Fulfillment of the Requirements

for the Degree of

Master of Applied Science
in
Process Systems Engineering

University of Regina

by
Mariam Hanson
Regina, Saskatchewan

January 2025

Copyright © 2025: M. Hanson



UNIVERSITY OF REGINA
FACULTY OF GRADUATE STUDIES AND RESEARCH
SUPERVISORY AND EXAMINING COMMITTEE

Mariam . Hanson, candidate for the degree of Master of Applied Science in Process
Systems Engineering, has presented a thesis titled, Optimization of heterogeneous bio-
based catalysts and synthesis of inorganic equivalent for large-scale biodiesel
production, in an oral examination held on December 11, 2024. The following committee
members have found the thesis acceptable in form and content, and that the candidate
demonstrated satisfactory knowledge of the subject material.

External Examiner: Dr. Farshid Torabi, Energy & Process Systems Engineering
Supervisor(s): Dr. Raphael Idem, Industrial & Process Systems Engineering
Committee Member: Dr. Teeradet Supap, Adjunct, Faculty of Engineering and

Applied Science*

Committee Member: Dr. Hussameldin Ibrahim, Industrial & Process Systems
Engineering
Chair of Defense: Dr. Abu Bockarie, Adult Education & Community

Engagement and Human Resource Development (AHRD)

*Unable to attend



ABSTRACT

This research focuses on optimizing the production of biodiesel to reduce
overdependence on fossil fuels by utilizing waste resources. In recent years there have
been concerns on the use of fossil fuels in the increasing demand of energy and its
drawbacks. Fossil fuels, unlike biodiesel, are carbon rich and hence on combustion,
releases excessive amounts of CO2, NOx and SOx leading to global warming.

In this research, waste cooking oil (WCO) and ethanol were used as the main raw
materials to produce biodiesel known to have net zero carbon emission potential to
meet Canada’s commitment to attain net zero carbon emissions by 2050. In providing
alternative use for waste resources, waste eggshells, cow bones, fish scales and
banana peels were investigated, characterized and optimized to manufacture high
performing Lewis base catalysts to obtain high biodiesel yield in a transesterification
reaction.

Initially eggshell, fish scale and cow bone catalysts all of which are primarily calcium
based were studied and optimized by varying mix procedure, mix ratio as well as
impregnating 1%, 5% and 10% by weight of potassium promoters. Physical mixing,
1:6:3 (ES: FS:CB) mix ratio, 10% potassium impregnation were the obtained
optimum and a 75% biodiesel yield was obtained when 1:6:3 + 10% K catalyst was
used.

Due to the low biodiesel yields obtained there was a need to investigate other
biobased materials with Lewis base potential. This led to the shift to potassium based
biobased material, banana peels for optimization and use as transesterification
catalyst. The banana peels were calcined at 600°C (BP600), 800°C (BP800), 900°C

(BP900) and 1000°C for optimization. The yield on calcining at 1000°C was not



enough to carry out a reaction. BP900 had the best performance yielding up to
96.16% biodiesel.

An inorganic replica of the optimum biobased catalyst BP900 was prepared using
inorganic precursors due to the drawbacks of the biobased catalyst (low calcination
yield of 10%, not available in large commercial quantities) via co-impregnation
(BPInl) and coprecipitation methods (BPIn2). BPIn 2 had a biodiesel yield of 84.58%
and was used for further studies.

The effect of reaction time, temperature, catalyst amount and ethanol to oil ratio (E:O)
on the biodiesel yield were checked and the optimum conditions were 6 hours, 70°C,
2wt%, 21:1 respectively. The viscosity, acid value and density were determined
according to ASTMD, and results were within acceptable standards. TGA, XRD,
SEM/EDS, N2 Physisorption and CO> TPD analysis were performed on catalysts to
determine their characteristics. Kinetic data was obtained for BPIn2 catalyst by
varying the E:O, reaction time and reaction temperature for 2wt% catalyst dose runs
to obtain various biodiesel yields. NLReg software was used to regress the data to
obtain an activation energy (Ea) of 39.07kJ/mol, collision factor (k0) of 1.5*108
/gca.n. mol®®, an order with respect to ethanol (e) of 3, and an order of reaction with

respect to oil (0) of 2.
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CHAPTER 1: INTRODUCTION
1.1 World energy demand and related CO, emissions

It is essential to view energy as a basic human necessity equal with food, air, water
and earth. According to (World Energy outlook, 2023) there was a 1.3% increase in
the 2022 energy demand globally. This growth in energy demand is mostly attributed
to population growth and expanding economies. Fossil fuels (Figure 1) are reported to
represent approximately 80% of the global supply of energy (World Energy outlook,
2023) due to its high energy content, availability and advancement in technology for

harnessing its energy.

Energy consumption by source, World
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Note: "Other renewables" include geothermal, biomass, and waste energy.

Figure 1: Global energy consumption by Energy source (Our world in data, 2024)

The world faces a drawback in fossil fuels control due to the high amounts of

greenhouse gases released into the atmosphere during its processing as shown in



Figure 2 and Table 1. The year, 2022, saw a 1% increment in CO; release because of
a 1.8% rise in the use of fossil fuel energy (U.S. EPA, 2024). Despite the challenges,
the coal combustion sector observed a 6.1% decrease in its CO2 emissions between
2021 and 2022. Per projections, it is salient to enhance low carbon emission energy
sources; hydropower(Bertassoli et al., 2021), wind energy(Ghenai, 2012), solar
energy(Ludin et al., 2018) and biofuels(Jeswani et al., 2020) to cater for the
increasing energy requirement. Environmental concerns on climate change and global

warming impact have also imposed restrictions on fuel combustion emissions(Borges

& Diaz, 2012),(Leung et al., 2010a)

Gas 1990 2005 2018 2019 2020 2021 2022

CO; 4,752,232 | 5,744,134 | 4,988,198 | 4,852,631 | 4,341,710 | 4,654,265 | 4,699,403
CHy 602 467 445 453 376 379 401

N20O 229 255 161 156 138 147 156

Table 1: CO2, CH4 and N2O Emissions from fossil fuel combustion(kt) (U.S. EPA,

2024)
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Figure 2: CO2 emissions by fuel type and industry (data, 2024)

1.2 Role of biodiesel in world energy supply

Biodiesel, a renewable energy source, is an alternative fuel for conventional fossil

produced diesel such that no engine modification is required in its use(Enweremadu &




Mbarawa, 2009). Typically, it is produced via an organic reaction known as
transesterification. In transesterification, an ester is transformed into a new ester based
on the type of alcohol used. This transformation is due to the exchange of alkoxy
moiety between the reacting ester and alcohol(Schuchardt et al., 1998). In biodiesel
production, the original ester usually has a long chained alkoxy group (high molar
mass, high density, high fatty acid content and is unsuitable for use in diesel engines)
while the original alcohol is mostly short alkoxy chained. Through the reaction which
is hastened by using a base or an acid catalyst to increase biodiesel yields, a shorter
alkoxy ester and a long alkoxy chained alcohol are produced. The combustion profile
of biodiesel is such that relatively low amounts of carbon monoxide, particulate
matter and unburnt hydrocarbons are emitted relative to diesel derived from
petroleum sources (Y. Chen et al., 2009). There is no sulfur compound emitted in its
use(Osman et al., 2021) and due to its excellent lubricating properties, engine wear is
reduced by 30%(Agarwal et al., 2003).

Biodiesel is produced in a variety of purity levels; 100% pure biodiesel, B100 as well
as in a blend with petroleum diesel. B5 (5% biodiesel), B2 (2% biodiesel) and B20

(20% biodiesel) blends are the most common.

1.3 Increasing yield of biodiesel

Biodiesel is regarded as an environmentally friendly and renewable alternative to
fossil fuels, and is synthesized from animal fats, vegetable oils, or recycled greases
through transesterification. The economic viability and sustainability are crucially
dependant on the efficiency of the biodiesel production pathway. These strategies to
enhance biodiesel production yield, focusing on feedstock optimization, process

improvements, and technological advancements are discussed below.



1.3.1 Optimization of biodiesel Feedstock

Feedstock choice significantly influences biodiesel production yield. High oil content
feedstocks, such as algae, waste cooking oils and jatropha are being studied to
enhance their potential. Algal biomass can be cultivated on non-arable land and offers
high lipid yields (up to 60% of its dry weight) (Chisti, 2007a). Cheap feedstocks,
including animal fats and waste cooking oils, not only reduce costs but also enhance
sustainability (Chhetri et al., 2008). Additionally, genetically modified organisms
(GMOs) that produce higher lipid contents are being explored, though their use is

subject to regulatory and public acceptance issues (Yuan, 2019).

1.3.2 Process improvement

Enhancing the transesterification process can significantly increase biodiesel yield.
Traditional processes typically require catalysts (alkaline or acidic) that can lead to
soap formation and reduce yield. Employing enzymatic transesterification can
improve yield by minimizing side reactions, especially when using high free fatty acid
(FFA) feedstocks (Hahn-Hégerdal, 2006). Moreover, optimizing conditions of
transesterification, such as pressure, temperature, and time, can maximize yield. For
instance, using supercritical methanol conditions has shown to increase yield by

overcoming mass transfer limitations (Diaz et al.,2012).

1.3.3 Technology advancement

Innovative technologies are pivotal in boosting biodiesel production. Membrane
technology, such as pervaporation, can separate glycerol from biodiesel in situ,

shifting equilibrium towards biodiesel production and improving overall yield (Diaz



et al., 2012). Furthermore, the application of microwave and ultrasonic technologies
has the potential to increase transesterification reaction rates, resulting in shorter

reaction times with higher yields (Muthu & Priya, 2017).

1.3.4 Integration of waste management

Utilizing waste materials not only provides an economical feedstock but also
addresses waste disposal issues. The integration of biodiesel production with existing
waste treatment facilities can further enhance yield and efficiency. For example,
integrating biodiesel production with anaerobic digestion systems can utilize glycerol
produced as a byproduct, maximizing resource use (Berglund & Bérjesson, 2006).
Increasing biodiesel production yield is a multifaceted challenge that can be addressed
through feedstock optimization, process enhancements, and the adoption of advanced

technologies.

1.4 CO2 emission reduction in the use of biodiesel

Vegetable oils, animal fats, and algae derived biodiesel are increasingly recognized as
a sustainable substitute for fossil derived fuels. The major environmental benefits
biodiesel provides is its low Carbon dioxide (CO2) emission potential. Biodiesel
contributes to CO2 emission reduction, comparing it to conventional diesel and

examining its lifecycle impacts.

1.4.1 Carbon neutrality of biodiesel

The primary argument for biodiesel’s role in CO2 emission reduction is its potential
for carbon neutrality. When biodiesel is burned as fuel, it emits CO2; however, the

feedstocks used to produce biodiesel which is primarily plants sourced oil and
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alcohol, absorb CO- during their growth phase for photosynthesis. This cycle of
carbon absorption and emission can lead to a net-zero carbon footprint over the
lifecycle of the fuel (A. Demirbas, 2007). Studies show that the net CO2 emissions
from biodiesel can be significantly lower than those from fossil diesel. For instance, a
lifecycle assessment of biodiesel from soybeans indicated a reduction of greenhouse

gas emissions by up to 57% compared to petroleum diesel ((USDA), 2016).

1.4.2 Reduction in fossil fuel dependency

By substituting fossil fuels with biodiesel, countries can reduce their reliance on fossil
fuel, which is a significant source of CO2 emissions. This transition not only
diminishes the overall carbon footprint but also enhances energy security. Biodiesel
can be blended with petroleum diesel, allowing for immediate reductions in fossil fuel

consumption while utilizing existing infrastructure (Y. Zhang et al., 2003).

1.4.3 Improved combustion properties

Biodiesel has different combustion characteristics compared to petroleum diesel, often
resulting in lower particulate matter and soot emissions. Although both biodiesel
combustion and diesel derived from fossils combustion led to direct CO2 emissions,
the cleaner burn can significantly reduce greenhouse gases, such as carbon monoxide
and unburned hydrocarbons, which can indirectly contribute to a lower overall
greenhouse gas profile (Biodiesel.org, 2021). The reduction in these pollutants further

enhances the climate benefits associated with biodiesel use.



1.4.4 Lifecycle Emissions considerations

While biodiesel significantly reduces CO2 emissions compared to fossil fuels, it is
essential to consider the entire lifecycle, including land use changes, agricultural
practices, and processing emissions. Some studies indicate that land-use changes
associated with biodiesel crop production can lead to increased CO. emissions,
offsetting some benefits (Searchinger, 2008). However, sustainable agricultural
practices and the use of waste feedstocks can mitigate these effects, emphasizing the
importance of sourcing and production methods in evaluating overall emissions. (R.
Chen et al., 2018) reported in a life cycle assessment of biodiesel that 76% GHG
emission reduction is attainable relative to petroleum diesel without considering
indirect land use change (ILUC) and 66% to 72% when ILUC is considered. A Life
cycle analysis completed by Argonne National Laboratory found that emissions for
100% biodiesel (B100) are 74% lower than those from petroleum diesel (US

Department of energy, 2008)

1.4.5 Policy and market Implications

The potential for CO2 emission reduction through biodiesel has led to various policy
incentives globally, promoting the adoption of biofuels. Governments are increasingly
implementing mandates and subsidies to encourage the use of biodiesel, aiming to
reduce greenhouse gas emissions and meet renewable energy targets (Nikolina, 2016).
These policies can enhance market stability and encourage technological
advancements in biodiesel production, further contributing to emission reductions.
The use of biodiesel presents a viable strategy for reducing CO2 emissions when

considered within a comprehensive lifecycle framework. Its carbon-neutral potential,


https://greet.es.anl.gov/files/e5b5zeb7
https://greet.es.anl.gov/files/e5b5zeb7

combined with improved combustion properties and reduced reliance on fossil fuels,

highlights its significance in addressing climate change.

1.5 Scope and Obijectives of this Research

This research focuses on exploring the heterogeneous catalytic potential of bio-based
waste resources to produce biodiesel through a base catalyzed transesterification
reaction. Eggshells, fish scale, cow bone and banana peel all which are waste are to be
optimized by selecting the best calcination temperature, best mix procedure, best mix
ratio, best promoter and its amount to be impregnated on the bio-based catalyst to
obtain high biodiesel yield. An inorganic replica of the best performing biobased
catalyst will be prepared by different procedures to provide an alternative for
situations where the waste resources are in low supply for large scale biodiesel
production. The effect of the reaction conditions (temperature, time, ethanol to oil
ratio, catalyst dosage) on biodiesel yield will be checked. Kinetic analysis will be
performed to determine the activation energy, and order of reaction in the use of one
of the catalysts in transesterification reaction.

The main objectives of this research are as follows.

1. Optimize eggshell, fish scale and cow bone in a tri-blend and banana peel
(individually) to produce heterogeneous biobased catalyst with high biodiesel
production yield in the use of waste cooking oil and ethanol as feedstock.

2. Synthesize best performing biobased catalyst with inorganic precursors (an
inorganic replica) and check how the various rection conditions affect its
biodiesel yield.

3. Perform kinetic studies on the best performing inorganic replica catalyst

This thesis consists of five main chapters.



Chapter 1: this is the introduction section, and it introduces the purpose, scope and
objectives of this work. Its basis is rooted in the world energy demand, supply and
alternative clean energy requirements for a sustainable future. It also selects biofuels
specifically biodiesel as its target alternative clean energy and discusses ways of
boosting biodiesel production.

Chapter 2: this chapter is the literature review section, and it reviews existing
literature on biomass to renewable and clean energy pathways. It delves deeper into
the biodiesel production methods, transesterification catalysts, sourcing
transesterification catalysts from waste sources, characterizing catalysts and
maximizing biodiesel yield.

Chapter 3: this is the experimental section. It outlines the materials and step by step
methods taken to prepare the catalysts and conduct the experimental run. It provides a
pictorial illustration of the experimental setup, and the conditions utilized in the
experimental runs.

Chapter 4: this is the results and discussion section. Here, the results obtained from
experimental runs are provided with observations and trends discussed. Procedures
for the analysis of the data obtained are also explained.

Chapter 5: this is the conclusion and recommendation section. It summarizes the
research results and ensures that all set objectives for this work were achieved.
Recommendations on areas to explore in future research about the findings of this

work are given in this section.



CHAPTER 2: LITERATURE REVIEW

2.1 Energy Generation Pathway Using Biomass

The world is gradually seeking for the need to substitute fossil fuels with sources of
renewable such as solar energy, wind energy, geothermal energy, biomass energy, and
hydroelectric energy (Figure 3) to mitigate the inevitable effects in the long term
overdependence on fossil derived fuels (climate change, global warming and air
pollution) and provide a sustainable development (Owusu & Asumadu-Sarkodie,
2016) alongside attaining sustainable development goal (SDG) 7 i.e. affordable and
clean energy (Gebara & Laurent, 2023), SDG 9 i.e. industry, innovation and
infrastructure (Kync¢lova et al., 2020), and SDG 13 i.e. Climate action (Prag, 2017).
Alternative energy sources which are sustainable, renewable and have
environmentally benign potential to meet Canada’s commitment to attain net zero
carbon emissions by 2050 (Canadian net zero accountability act/law, 2021) are
required.

In the year 2020, 7669TWh of renewable electricity was produced globally(global

bioenergy statistics report, 2023).
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Figure 3: Renewable power generation (GLOBAL BIOENERGY STATISTICS

REPORT, 2023b)

Due to these fossil fuel drawbacks, biomass is taking over as the most widely used
alternative renewable energy source since its use especially in the transportation
industry e.g. Biodiesel does not require engine modifications (Enweremadu &
Mbarawa, 2009), (Owusu & Asumadu-Sarkodie, 2016).

Studies have shown that the only renewable energy source that allows storage and
release when the need arises is biomass (Moriarty & Honnery, 2019b). The remaining
renewable energy sources only exist as energy flows(Moriarty & Honnery, 2019a).

This therefore makes it more desirable for use as transportation fuel.
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Figure 4: Renewable energy use in transport (GLOBAL BIOENERGY STATISTICS

REPORT, 2023a)

As per the most recent global data from the (global bioenergy statistics report, 2023),
renewable energy is responsible for 20% of the globally consumed energy from which
biofuels account for 90% of renewable energy use in the transportation sector
globally (Figure 4) but 99% in the Americas (Global bioenergy statistics report,

2023).

12



Bioenergy -

96%

Geothermal
4%

Solar Thermal
0.2%

Figure 5: Renewable heat production (GLOBAL BIOENERGY STATISTICS

REPORT, 2023b)

Biomass is renewable organic matter originating from animals and plants. It remains a
salient source of fuel in numerous countries, especially for household heating (Figure
5) and cooking in developing countries (Martinez-Patifio et al., 2017). In developed
nations, the use of biomass for electricity generation and transportation is on the rise
in curbing the impacts of carbon dioxide emissions from fossil fuels. Biomass sources
of energy (Figure 6 and Figure 7) include a variety of materials such as municipal
waste materials, waste from wood and wood processing, animal manure, human

sewage and residues and agricultural crops (Perea-Moreno & Kalak, 2023). The main

sources are illustrated in figure 6.
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Figure 6: Biomass energy sources (Perea-Moreno & Kalak, 2023)
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Figure 7: Domestic supply of biomass (GLOBAL BIOENERGY STATISTICS

REPORT, 2023b)

Biomass stores chemical energy originally obtained from the sun. Through

photosynthesis, plants produce biomass. Utilizing biomass simply accelerates the
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release of carbon dioxide (CO.), which plants subsequently absorb to create more
biomass (Tursi, 2019a). Figure 8 shows the cycle carbon follows from biomass

generation to its utilization (Owusu & Asumadu-Sarkodie, 2016; Tursi, 2019a)

CO,

Cycle of

V AN 1Y biomass e -
Trees and plants energy - g
Biomass power plant
Wood 2=~ ‘

products

Figure 8: Cycle for carbon flow of biomass from production to use in power

generation (Perea-Moreno & Kalak, 2023)

Biomass is from plant and animal resources and has the potential to be used as an
energy source. The abundance, affordability and availability of biomass is an
incentive to reduce energy dependance on fossil-based fuels. Countries with
technological advancement utilize large amounts of firewood, animal waste, and
agricultural waste for heating and cooking. However, the unsustainable commercial
utilization of biomass can pollute the environment via air pollution. Locally, ducks,
pigs, chickens and ducks are fed with agricultural and food waste(Sivabalan, 2021) .
Biomass waste is produced in significant quantities worldwide that is; corn stover
(128.02 million tons), rice straw (about 731.3 million tons), sugarcane bagasse
(180.73 million tons), and wheat straw (354.34 million tons) are the most produced
agricultural waste yearly (Sarkar et al., 2012).
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Asia leads in the production of wheat and rice straw, while America remains the
world’s largest producer of sugarcane bagasse and corn stover (Saini et al., 2015).
According to statistics, the annual biomass production in Europe is about 950 million
tons. This has the potential to supply fuel of about 300 million tons to substitute
petroleum derives fuel (Perea-Moreno & Kalak, 2023). Approximately 65% of
Europe’s total oil consumption can be supplied from waste biomass resources
potentially (Stout, 2012).

A variety of energy carriers can be gotten from biomass depending on the conversion
process utilized. These processes include chemical conversion, direct combustion,
biochemical conversion, and thermochemical conversion (Bhatia et al., 2021). While
several factors impact the choice of conversion method, the biomass quantity and
quality, the processing cost and sustainability of the targeted product are salient

factors to consider (Dalena et al., 2017; Tursi, 2019a).

2.2 Converting Biomass to Energy

There are three major processes used in the conversion of biomass to energy.
1. Biochemical conversion
2. Thermochemical conversion

3. Chemical conversion

2.2.1 Biochemical conversions

This technology utilizes enzymes, bacteria and other biological agents to degrade
biomass to produce carbohydrates and later convert it to biogas, liquid fuels and other
bio products (Mahalaxmi, 2014). Fermentation and anaerobic digestion are amongst

the common biochemical technologies in use (Brethauer & Studer, 2015). The action
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of biological organisms is slow, and this influences the nature of biochemical
processes leading to a reduced temperature requirement and slow reaction rate while
higher temperatures and fast reactions occur in thermochemical processes (Rabagcal et

al., 2012)

2.2.1.1 Anaerobic digestion

This process involves four individual stages, namely acidogenesis, hydrolysis,
methanogenesis and acetogenesis and contributes to effective breakdown of waste
there by serving as a waste management pathway for renewable energy
production(Zamani Abyaneh et al., 2022) . Microorganisms facilitate chemical
reactions in series in an oxygen deprived environment making use of natural
metabolic processes to produce simpler molecules such as methane, carbon dioxide
and traces of gases (biogas) and a slurry digestate from the breakdown of large
organic macromolecules (Zamani et al., 2019. Agricultural residues and animal
manure from farms, sewage sludge, and municipal solid waste are among the
feedstock often utilized (M. K. Sharma & Kazmi, 2015). Figure 9 shows a process flow
diagram in the generation of renewable energy via anaerobic digestion.

Although there is a decrease in the energy content by 20% to 40% in the production,
biogas has the potential to be used in numerous applications such as gas turbines and
ignition gas engines. It is more effective when used on organic waste feedstock

consisting of 80% to 90% moisture (Sreekrishnan et al., 2007).
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Figure 9: Biomass anaerobic digestion flow diagram (Tursi, 2019a)

Hydrolysis is the first stage of the process during which relatively small molecules
(simple sugars, amino acids and fatty acids) are produced from the digestion of huge
organic polymers (proteins, fats and carbohydrates) (Horan et al., 2018). Hydrogen
and acetate are the byproducts produced (Rabacal et al., 2017).

Acidogenesis is characterized by the further digestion of simple sugars, amino acids
and fatty acids facilitated by fermentative bacteria (acidogenic microorganisms)
yielding ammonia, carbonic acids, hydrogen gas, fatty acids, lighter volatile fatty
acids, alcohols, carbon dioxide, and hydrogen sulfide. This process only carries out a
partial decomposition reaction leading to the requirement of one more step to obtain
the desired methane gas (Tursi, 2019a).

Acetogenesis involves the production of acetic acid, carbon dioxide and hydrogen gas

from the further breakdown of acidogenesis stage products via acetogenic
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microorganism action. The decomposition process is finally completed in this step by
acetogens making methane production possible(Tursi, 2019a).

Methanogenesis is the last step of the oxygen deprived process where methane is
obtained as the main product. Acetic acid and carbon dioxide undergo either
acetolactic methanogenesis or hydrogenotrophic methanogenesis to form methane

(Tursi, 2019a).

2.2.1.2 Fermentation

Fermentation biochemical process as shown in Figure 10 uses yeast under anaerobic
conditions to undertake series of organic biochemical reactions to convert hexoses
and pentoses (simple sugars) to alcohol (mostly ethanol) and carbon dioxide. The
most used microorganism for this process is Saccharomyces cerevisiae. The
feedstocks for this process fall into three categories: starches, lignocellulosic
substrates and sugars. Theoretically, 100g of feed hexose or pentose produces 48.869
of carbon dioxide and 51.14g of ethanol. Carboxylic acids and glycerol are the
byproducts in this reaction. The reaction temperature, microorganism, fermentation

time and feedstock type affect the yield and quality products(Katrin Thommes, 2014).
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Figure 10: Biomass fermentation flow diagram (Tursi, 2019a)

The substrate plays a major role in the metabolic pathway to obtaining ethanol from
sugar conversion (Taherzadeh & Karimi, 2008), glycolysis is used to convert hexoses
including glucose whereas the pentose phosphate pathway is used for pentose
conversions. Hexose gives faster rates ethanol conversions relative to its pentose
counterpart.

The produced ethanol undergoes separations (distillation and dehydration) to enhance
purity. The remaining solid product is either fed to livestock or used to produce gas by

powering boilers (Mariod, 2016).
2.2.2 Thermochemical conversions

Elevated temperatures and rapid conversion rates distinguish thermochemical
conversion. The three primary methods are partial oxidation (gasification), thermal

decomposition in the absence of oxygen (pyrolysis) and complete oxidation
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(combustion). Other examples include Fischer—Tropsch synthesis and
liquefaction(Tursi, 2019b).

This process involves the biomass subjected to controlled heating (oxidation),
synthesis gas is the intermediate produced, is further processed to obtain high value
products(A. Demirbas, 2004; Tanger et al., 2013). Interconnected steps are involved
in thermochemical refinery including pretreatment of feedstock (crushing and
dehydration), feeding into reactor, conversion of feedstock into valuable products,
separation of product to obtain high purity and conditioning, and finally to its end use
(Tursi, 2019b).

Through thermochemical technologies, we obtain chemicals, fuels, and power form
biomass. Factors including but not limited to pressure, feed rate, temperature, heating
time, quenching processes and the biomass properties dictate the product quality and
respective amounts. Figure 11 illustrates the biomass conversion that is based on

thermochemical processes.
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Figure 11: Flow diagram of thermochemical conversion process (Rabacal et al.,

2017)
2.2.2.1 Combustion

Biomass combustion is the by far the most established power and heat generation

thermochemical conversion method. It accounts for over 97% of global bioenergy
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production (A. Demirbas, 2004). The conversion of hydrocarbon content of biomass
into water and carbon dioxide is via an exothermic combustion reaction with oxygen
(Linan, 1993). Water is released directly through biomass drying and indirectly when
volatiles undergo oxidation. Electricity and heat are the primary types of energy
produced from combustion od hydrocarbons in biomass Basu et al.,2012a.
Significant particulate matter (PM) emissions, especially PM smaller than 1 um,
which is a key factor in relation to health impact of air pollution is produced
(Fernandes & Costa, 2012)(Tanger et al., 2013). Incomplete combustion releases
harmful intermediates like large oxygenated organic carbon species, NOx, SOx,
volatile organic compounds (VOC), methane, carbon monoxide, and particulate
matter (Tanger et al., 2013)

Due to the matured nature of this technology, further advancements are likely to
provide only incremental improvements. Moreover, combustion produces heat, a
challenging form of energy to store. While conversion efficiency is high when heat is
the desired output, storing it remains difficult. When electricity is generated, the
process efficiency is lower, and storing electricity in batteries is still not fully
developed.

Large, medium, and small-scale commercial applications are available in energy
generation via biomass combustion. EnSny is a large-scale bio-oil co firing plant

implemented into existence (Tursi, 2019b).

2.2.2.2 Gasification

An oxygen deprived condition is salient in undertaking gasification reactions (Figure
12). This process uses one third of the oxygen required in complete combustion to

carry out a biomass partial oxidation reaction thereby releasing energy. The product
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of this exothermic reaction is syngas composed of a hydrogen carbon dioxide mix.
This gas can function as a biofuel. There is an alternative where the syngas undergoes
further processing to obtain other fuels and chemicals through Fischer Tropsch
method to yield high grade organic acids, ammonia, alcohols and other products

(Cherubini et al., 2010; Tanger et al., 2013)
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Figure 12: Biomass gasification flow diagram (Tursi, 2019b)

One of the main challenges in biomass gasification is the formation of "tars" (Milne
and Evans, 1998). These “tars”, along with some contaminants, need to be removed
before fuel synthesis as they pose both operational difficulties and environmental
pollution risks (Basu et al., 20122012a; Foust et al., 2009).

There is a recent springing interest in biomass gasification technique although it has
limitations for commercial success due to competition with more established
conversion processes. Its economic potential is low (Mitchell et al., 1995);

(Bridgwater, 2012)
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2.2.2.3 Pyrolysis

In this technique there is absence of oxygen while biomass is heated in such condition
at relatively low temperatures as shown in Figure 13. In these recent decades, it has
gained many interests because of its bioenergy production potential, converting
biomass into valuable energy products and waste management (Liew et al., 2014).
During pyrolysis, raw biomass is transformed into several products: gaseous products,
solid biochar and liquid bio-oils (Fernandez & Menéndez, 2011). Pyrolysis oil and
gas and serve as cleaner, more efficient fuel types than solid biomass. There is the

alternative where they are used as intermediates for other chemicals.
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Figure 13: Biomass pyrolysis flow diagram (Tursi, 2019a)

The solid biochar contains varying amounts of inorganic materials, unconverted

organic matter, and carbonaceous residues. When applied to soils, biochar offers
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benefits and may reduce atmospheric carbon dioxide over time. Organic chemicals
exist in a complex mixture in bio-oil (liquid component) ((Simdes Da Silva, 2016).
Pyrolysis has been used commercially transform biomass to produce solvents, other
chemicals, and fuels. Traditionally, a relatively slower pyrolysis is used for char
production, involves the gradual decomposition of biomass, while fast pyrolysis, with
short residence times at moderate temperatures, is used to maximize liquid product
yields (Yaman, 2004). (Bridgwater, 2012; Mitchell et al., 1995) With properly
maintained storage conditions and product quality, biofuels have good storage lengths
for future use unlike combustion.

Though still under development, bio-oil from pyrolysis shows promising, potential to
lowering gasification costs compared to using a gasifier for solid biomass conversion
(Bridgwater, (Mitchell et al., 2012; Mitchell et al., 1995). Thermo-catalytic
conversion, including processes like liquefaction and Fischer—Tropsch synthesis, can
also be considered. Liquefaction occurs at even lower temperatures with the help of
catalysts, converting biomass into liquid fuel. This can be done through pyrolysis,
gasification, or hydrothermal processes, where biomass is exposed to high
temperatures (300-350°C) and pressures (12—-20 MPa), resulting in oil production
(Basu et al., 2012b).

Fischer—Tropsch synthesis is widely used to convert syngas from gasification into
liquid transportation fuels. While this process is well-established, large-scale
production may face catalyst shortages unless catalyst regeneration improves. This
technology is commonly employed in commercial electricity generation and the
production of synthetic fuels from conventional fossil fuels (Jeswani Balch et al.,

2016)
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2.2.2.4 Liquefaction

Liquefaction is a biomass conversion process (Figure 14) carried out in water at
moderate temperatures between 280 and 370°C and high pressures of 10-25 MPa.
This process produces a liquid bio granulate like crude oil, along with gaseous,
aqueous, and solid by-products ((L6pez Barreiro et al., 2013). The resulting product
has a high heating value and low oxygen content, making it a chemically stable fuel.
The main goal of liquefaction is to produce oil with a high hydrogen-to-carbon (H/C)
ratio. There are two main types of liquefaction based on the raw material:
lignocellulosic biomass (dry) and algal biomass (wet) liquefaction.

Both processes require pretreatment of the raw material, involving the removal of
woody contaminants and the creation of a stable suspension. Alkaline treatments are
typically used to reduce the particle size, allowing for easier pumping into reactors
(Gollakota et al., 2018). The most common method utilizes lignocellulosic biomass
processed at around 350°C and 150 bar for approximately 15 minutes. Under these
conditions, phase separation naturally occurs, resulting in the formation of a gaseous
CO 2 phase, solid residues, bio-crude, and a small aqueous phase (Rowbotham et al.,

2012)

26



Carbon

Dioxide L 4 1
1
1
| £ Water
L 4 i
Fermentation Phase
Separation
- Qil
Wastewater
N Solid
_ v
Biomass
v
Pretreatment

Biofuel -Fertilizer

Figure 14: Biomass liquefaction flow diagram (Tursi, 2019a)

The solid residues can be directly used as biofuel or fertilizer, while the aqueous
phase can be utilized within the plant for water-dependent processes or anaerobic
digestion. The bio-crude, which has low oxygen content, requires additional refining

for commercial use(Yu, 2011).

2.2.3 Chemical conversions

Physico-chemical conversion processes of biomass result in the production of high-
density biofuels (Figure 15). Specifically, vegetable oils and animal fats are converted
into biodiesel through esterification and/or transesterification(Tursi, 2019b). The
primary vegetable oils used for first-generation biodiesel production include rapeseed
oil, accounting for 80-85% of total global production, and sunflower oil, which

contributes 10-15% (Fukuda et al., 2001a). Waste oils, such as used cooking oil
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(WCO), and microbial oils, such as algal oil, are utilized for second and third-
generation biodiesel production, respectively.

Vegetable oils primarily consist of triglycerides, which are not suitable as fuel in their
raw form due to issues like incomplete combustion and residue buildup in engines. To
address this, raw oils must undergo transesterification to break down triglycerides into
fatty acids and glycerol, the latter contributing to the high viscosity of vegetable oils.
During transesterification, triglycerides are converted into methyl or ethyl esters
(biodiesel) by reacting with an excess of methanol or ethanol in the presence of an
alkaline catalyst, such as NaOH or KOH

Oil + Short-chain alcohol — Biodiesel + Glycerol.

The transesterification reaction takes place at low temperatures (50°C -70°C) and
atmospheric pressure. After the reaction, the product is neutralized and purified,
particularly to remove glycerol (Leung et al., 2010b). Since glycerol is denser than
biodiesel, it is separated using a phase separator, and excess alcohol is removed by
distillation or evaporation. Biodiesel is further purified through water washing (liquid-
liquid extraction) to remove residual catalysts and soaps, followed by drying and

storage.
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Biodiesel is a renewable, biodegradable, and non-toxic fuel with physicochemical
properties like diesel. Its high oxygen content and lubricating properties make it
efficient for combustion in diesel engines. Glycerol, a by-product, can be utilized in
value-added industries like food and pharmaceuticals, rather than being treated as

waste(Canakci, 1999).

2.3 Feedstock, Methods of production and Reactor Configurations for Biodiesel

Production

Biodiesel, a renewable biofuel, is primarily composed of fatty acid esters, which are
derived from vegetable oils or animal fats. These esters result from the
transesterification process, where oils or fats (triglycerides) react with alcohol
(usually methanol or ethanol) to produce mono alkyl esters (biodiesel) and glycerol as

a by-product.
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Biodiesel has become a widely recognized and standardized fuel for various
applications such as transportation fuels, heating, and electricity generation (Fukuda
et al., 2001a). It is particularly favored due to its renewable and biodegradable nature,
making it an environmentally friendly alternative to traditional petroleum-based
diesel.
The chemical structure of biodiesel includes a long carbon chain, typically derived
from the fatty acids in vegetable oils or animal fats, with a methyl ester functional
group at one end. This ester group contributes to the biodiesel's characteristic
chemical properties, such as its reduced viscosity compared to raw oils, and its
improved combustion properties, making it suitable for use in diesel engines without
major modifications.
In essence, the typical structure of a biodiesel molecule consists of:
e Along hydrocarbon chain, which is responsible for the fuel's energy content.
o A methyl ester group, which results from the transesterification reaction and
helps ensure compatibility with engine systems.
The ester group is critical for the fuel's ability to reduce emissions, improve lubricity,

and provide a clean-burning alternative to fossil diesel.

2.3.1 Feedstocks for Biodiesel

Biodiesel production can utilize various types of biological materials. These
feedstocks are categorized into three main types: first second and third-generation
feedstocks. Examples include recovery oil, animal oils, fresh vegetable oils, waste

vegetable oils, and municipal and industrial waste organic recovery oil.
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2.3.1.1 First-Generation Feedstocks

Vegetable oils such as rapeseed oil, sunflower oil, palm oil, soybean oil, and corn oil
are the most common. Rapeseed oil alone accounts for about 80-85% of global
biodiesel production, followed by sunflower oil (10-15%) (Fukuda et al., 2001a)
Animal fats like tallow, lard, and poultry fat are also used but require more extensive

processing due to impurities.

2.3.1.2 Second Generation Feedstocks

Waste cooking oils (WCO) are becoming more popular due to their cost-efficiency

and sustainability, though they require additional purification steps (Canakci, 1999).

2.3.1.3 Third GenerationFeedstocks

Microbial oils, particularly algal oil, represent promising feedstocks for biodiesel due

to high lipid content and rapid growth rates (Chisti, 2007b).

2.3.1.4 Recovery oil

These are generally oils extracted from oil-rich seeds or fruits. The biodiesel
production process using these feedstocks involves pretreating the oil seeds or fruits
and then extracting the oil. Initially, the seeds are stored in a manner that prevents
problems such as mold growth and the activation of lipolytic enzymes. The
pretreatment stage is carried out to remove certain impurities, ensuring that only
suitable seeds proceed to the extraction process (Lim et al., 2015).; Rezania et al.,

2022).

31



Oil extraction methods include mechanical, chemical, and enzymatic techniques.
Mechanical extraction involves applying a pressure of 30-40 bar and temperatures
near 95°C (Valladares-Diestra, 2020). When extracting oils from seed cells is difficult
and leads to slow diffusion, chemical extraction with solvents is used. The enzymatic
method aids in breaking down cell walls, facilitating the recovery and extraction of

oils for biodiesel production and other uses (Mercer & Armenta, 2011).

2.3.1.5 Waste Vegetable Oil

Vegetable oil that has been used in food production and is no longer suitable for that
purpose is known as "waste vegetable oil" (WVO). This type of waste oil can
originate from various sources, including industrial, commercial, and household
settings (El Sherbiny et al., 2010a) The pretreatment process involves filtering to
remove suspended solids and then heating to dry the oil before it is used for biodiesel

production.

2.3.1.6 Animal Qil

Animal fats are commonly obtained as byproducts from rendering processes and meat
processing facilities. Major animal fats and oils include tallow from cows, lard from
pigs, white grease, and poultry fat from chickens, turkeys, or other birds (Adewale et
al., 2015). These fats are typically very viscous, but the processes used to convert
them into biofuels reduce their viscosity, resulting in a less viscous product known as

biodiesel (Norjannah et al., 2016; Rezania et al., 2019a).
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2.3.1.6 Municipal and Industrial Waste Organic Recovery Oil

Municipal sewage sludge is increasingly being used worldwide as a lipid feedstock
for biodiesel production due to its abundance and high lipid content, which makes
biodiesel production from sludge economically feasible (Kargbo, 2010). Sewage
sludge is classified into two types: primary and secondary. Primary sludge is obtained
after screening and grit removal, consisting of floating grease and solids collected
from the primary clarifier in a wastewater treatment plant. Secondary, or activated
sludge, is mainly composed of microbial cells and suspended particles produced
during the aerobic biological treatment of wastewater and collected in the secondary
clarifier(Wu et al., 2016). After extracting and recovering the lipids from the sludge,

they are used in transesterification reactions to produce biodiesel.

2.3.1.7 Chemical Constitution of Feedstock

Natural oils and fats are primarily composed of esters of glycerol and fatty acids,
known as glycerides or triglycerides. Fatty acids are categorized into two types:
saturated and unsaturated. Unsaturated fatty acids have one or more double carbon-to-
carbon bonds, while saturated fatty acids have only single carbon bonds and are
typically polar. Common fatty acids include stearic, oleic, linolenic, and palmitic
acids. The chemical structure of triglycerides, which comprise 98% of the

composition, along with monoglycerides and diglycerides.
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2.3.2 Methods of Producing Biodiesel

The primary components of various biodiesel feedstocks, known as triglycerides, are
converted into biodiesel through four main processes: pyrolysis (thermal cracking),

micro emulsification, dilution, and transesterification.

2.3.2.1 Micro emulsification Method

Micro-emulsification is the process of forming microemulsions, which helps address
the high vegetable oil viscosity issue. A microemulsion is a colloidal, optically
isotropic fluid made up of microscopic structures, typically ranging from 1 to 150 nm,
formed spontaneously by mixing two normally immiscible liquids and one or more
ionic or non-ionic amphiphiles (F. Ma & Hanna, 1999a; Schwab et al., 1987). These
fuels are sometimes called "hybrid fuels,” although blends of conventional diesel with
vegetable oils are also termed hybrid fuels (Balat & Balat, 2010). Microemulsions are
clear, and stable, and consist of three components: an oil phase, an aqueous phase, and
a surfactant.

Various solvents, such as methanol, ethanol, and 1-butanol, have been studied for
creating microemulsions. Microemulsions with butanol, hexanol, and octanol meet the
maximum viscosity requirements for diesel engines (Jain & Sharma, 2010). For
example, a microemulsion created from a blend of soybean oil, methanol, 2-octanol,
and a cetane improver in a ratio of 52.7:13.3:33.3:1.0 has successfully passed a 200-
hour EMA test(Abbaszaadeh et al., 2012). While microemulsions of vegetable oils
reduce oil viscosity, they have led to issues such as irregular injector needle sticking,
heavy carbon deposits, and incomplete combustion during a 200-hour laboratory

endurance screening test (Fukuda et al., 2001b).
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2.3.2.2 Dilution Method

The use of vegetable oils as alternative fuels dates to 1900 when Dr. Rudolph Diesel,
the inventor of the diesel engine, first tested peanut oil in his compression engine
(Abbaszaadeh et al., 2012; Leung et al., 2010). However, using vegetable oils directly
in diesel engines presents several challenges and limitations. While research on this
topic has expanded significantly over the last few decades, experimentation with
vegetable oils has been ongoing for nearly a century. To address the issues caused by
the high viscosity of pure vegetable oils in compression ignition engines, crude
vegetable oils can be mixed or diluted with diesel fuel to improve viscosity (Koh &
Tinia, 2011). Studies have shown that energy consumption with pure vegetable oils is
comparable to that of diesel fuel (F. Ma & Hanna, 1999b). Short-term usage ratios of
1:10 to 2:10 (oil to diesel) have been found to be effective (Fukuda et al., 2001b).
Nevertheless, the direct use of vegetable oils or their blends has generally been
considered unsatisfactory and impractical for both direct and indirect diesel engines.
Major issues include the high viscosity of vegetable oils, their acidic composition,
free fatty acid content, and the formation of gum due to oxidation and polymerization
during storage and combustion. These factors lead to carbon deposits and thickening
of lubricating oil (F. Ma & Hanna, 1999b). While heating and blending vegetable oils
can reduce viscosity and enhance volatility, their molecular structure, including the
polyunsaturated nature, remains unchanged (M. F. Demirbas et al., 2009). Using
vegetable oils in diesel engines often requires significant engine modifications, such
as changing the materials of pipes and injectors. Without these modifications, engine
lifespan may be reduced, maintenance costs may increase due to higher wear, and the

risk of engine failure rises.
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2.3.2.3 Pyrolysis Method

Pyrolysis involves converting one organic material into another using heat, either
alone or with the help of a catalyst (Uddin et al., 2018). The materials subjected to
pyrolysis can include vegetable oils, animal fats, natural fatty acids, or methyl esters
of fatty acids (Yusuf et al., 2011). Using thermal cracking reactions to convert
vegetable oils and animal fats, which are primarily composed of triglycerides, shows
great potential as a biodiesel production technology (Maher & Bressler, 2007). This
method is especially promising in regions with established hydro processing
industries, as it closely resembles conventional petroleum refining techniques (Maher
& Bressler, 2007). The fuel properties of the liquid fractions obtained from the
thermal decomposition of vegetable oil are expected to be like those of diesel fuels.
Numerous studies have reported on the pyrolysis of triglycerides to produce products
suitable for diesel engines (Lappi & Alén, 2009, 2011; Maher & Bressler, 2007).
Research into triglyceride pyrolysis can be divided into catalytic and non-catalytic
processes (Maher & Bressler, 2007).

Studies have investigated the pyrolysis of oils from sources like soybean, palm, and
castor. Selecting appropriate distillation temperature (DT) ranges has allowed for the
isolation of fuels with physical and chemical properties comparable to those of
petroleum-based fuels (Lima et al., 2004). However, the equipment required for
thermal cracking and pyrolysis can be costly for small-scale operations. Furthermore,
while the resulting products are chemically like gasoline and diesel derived from
petroleum, the removal of oxygen during thermal processing negates the

environmental benefits associated with oxygenated fuels. Additionally, this process
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can yield low-value byproducts and often produces more gasoline than diesel (F. Ma

& Hanna, 1999b).

2.3.2.4 Transesterification Method

The most widely used method for biodiesel production is transesterification, where
oils (triglycerides) react with alcohol to produce biodiesel, also known as fatty acid
alkyl esters (FAAE), with glycerol as a byproduct. The process begins with the
conversion of triglycerides into diglycerides, followed by the transformation of
diglycerides into monoglycerides, and finally, monoglycerides into glycerol. At each
stage, one methyl ester molecule is released from each glyceride (F. Ma & Hanna,
1999b). Transesterification, or alcoholysis, involves the exchange of one alcohol for
another in a reaction like hydrolysis, but with alcohol replacing water (Barnwal &
Sharma, 2005).

Methanol is mostly used as the alcohol feed material over ethanol due to is cost
effectiveness, high reactivity, ease of availability, established reaction mechanism and
industrial application, wide reaction temperature range, low boiling point making it
require relatively less energy in product separation via distillation, resistance to
azeotrope formation with water leading to easy product separation when
homogeneous base catalysts are used, and relatively low required alcohol to oil ratio.
However, in this work ethanol is used due to its sustainable and renewable nature
(produced from renewable sources), low toxicity and low carbon footprint, less
flammable, high solubility in triglyceride with better miscibility and potential to attain
fully renewable biodiesel makes it a better option compared to methanol. This comes
with the need to develop suitable catalyst for this transesterification to attain low

activation energies. Typical methanol utilized transesterification processes have
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activation energies ranging from 27.24kJ/mol to 180.8kJ/mol Click or tap here to enter
text.(Komintarachat & Chuepeng, 2010; Mercy Nisha Pauline et al., 2021; Vitidsant et
al., 2021).

Factors influencing the transesterification process include reaction temperature, time,
pressure, the ratio of alcohol to oil, the concentration and type of catalyst, mixing

intensity, and the type of feedstock used (Marchetti et al., 2007).

2.3.2.4.1 Non-Catalytic Transesterification

Non-catalytic transesterification reactions occur under supercritical conditions,
requiring high temperatures and pressures, which make them harsh and often
uneconomical. As a result, catalytic biodiesel production is more commonly used and
preferred (Nasreen, 2018). In catalytic transesterification for biodiesel production,
various steps are involved, such as ester purification, and the separation and recovery
of unreacted reactants and catalysts. These steps complicate the conventional
transesterification process, prompting interest in producing biodiesel from
triglycerides via non-catalytic methods. In addition to catalytic methods, two non-
catalytic transesterification processes exist: the supercritical alcohol process and the

BIOX process.

2.3.2.4.2 Catalytic Transesterification

Catalysts play a crucial role in biodiesel production and are classified into biological
and chemical catalysts (Figure 16). The efficiency of a catalyst for a specific
application depends on factors such as surface area, pore size, volume, and the

concentration of active sites on the catalyst surface(Nasreen, 2018).

38



Catalytic transesterification reactions have been carried out using enzymes,
homogeneous, and heterogeneous catalysts (Li et al., 2021; Rezania et al., 2019b).
These catalysts can either be derived from chemical/synthetic sources or
biological/natural sources (Biiyiikoglu et al., 2024).

Additionally, the catalytic process can either be a single-step process
(transesterification using either acidic or basic catalysts) or a two-step process (acid
esterification followed by base transesterification). This depends on the presence of
high amounts of free fatty acids (FFAS) in the oil, which may require pretreatment

before base transesterification (Talebian-Kiakalaieh et al., 2013).
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Figure 16: Catalyst classification (Bohlouli & Mahdavian, 2021)

2.3.2.4.2.1 Homogeneous catalysts

Homogeneous catalysts exist in the same phase as the reactants and products, making
them soluble in alcohol during biodiesel production (De Boer, 2010). These catalysts
are divided into two types: homogeneous alkaline catalysts and homogeneous acidic

catalysts (Lotero E, 2006).
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Transesterification using homogeneous catalysts typically occurs at moderate
temperatures and atmospheric pressure. However, this method has several drawbacks.
One major issue is that the catalyst is not typically recyclable (De Boer, 2010),
requiring separation from the product streams (biodiesel and alcohol/glycerol)
(Mittelbach, 2004) . Additionally, the catalyst can react with impurities in the oil,
especially free fatty acids (FFASs), leading to soap formation as a side reaction (Lotero

E, 2006)

2.3.2.4.2.1.1 Homogeneous Base catalysts

Homogeneous base catalysts used in the transesterification of edible oil include
sodium hydroxide (NaOH), potassium hydroxide (KOH), sodium methoxide
(NaOCHz3), potassium methoxide (KOCH?3), sodium ethoxide (NaOC2Hs), sodium
peroxide (Na202), and sodium butoxide (C4sH9sNaO) (Atadashi et al., 2013; Kulkarni &
Dalai, 2006; Y. C. Sharma & Singh, 2009). These catalysts are effective, but their
performance can vary. For instance, transesterification with potassium hydroxide and
sodium hydroxide may reduce biodiesel performance due to the formation of water as
a byproduct. In contrast, sodium methoxide and potassium methoxide often yield
better results because they do not produce water during the reaction(Y. C. Sharma &
Singh, 2009).

Homogeneous alkaline catalysts are best suited for clean oils with free fatty acid
(FFA) levels below 0.5%, as higher FFA levels can lead to soap formation and
complicate separation processes(Issariyakul & Dalai, 2014; Lotero et al., 2005).
Although some studies suggest that alkaline catalysts can tolerate higher FFA levels,
it is generally recommended to keep the FFA concentration between 0.5% and 2% for

optimal performance.
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The efficiency of biodiesel production is significantly influenced by the choice of
catalyst, with the potential to achieve over 99% performance by adjusting the catalyst
concentration.

The mechanism of base catalyzed transesterification is shown in Figure 17. In this
base-catalyzed transesterification, the base generates an alkoxide ion that initiates the
reaction by attacking the ester. Through the nucleophilic substitution process, the
original ester (RCOOR) is converted into a new ester (RCOOR"), producing the
biodiesel molecule, while glycerol or another alcohol byproduct is released. This
involves a 4-step process

Nucleophilic attack of the alkoxide ion (RO"): the reaction begins with the base
(NaOH) reacting with the alcohol (R'OH) to form an alkoxide ion (R'O") and water
(H20). This alkoxide ion (R'O") is a strong nucleophile, which can then attack the
carbonyl carbon (C=0) of the ester (RCOOR).

Tetrahedral intermediate formation: the nucleophilic alkoxide ion (R'O") attacks the
electrophilic carbonyl carbon of the ester (RCOOR). This results in the formation of a
tetrahedral intermediate, where the double bond of the carbonyl (C=0) is temporarily
broken, and an additional alkoxide group (OR') is attached.

Intermediate collapse and formation of new ester: the intermediate then collapses,
reforming the carbonyl double bond and leading to the release of the original alcohol
(ROH). This reaction yields a new ester (RCOOR") and the original alkoxide ion
(RO").

Regeneration of alkoxide ion: the alkoxide ion (RO") produced can react with another
molecule of the alcohol (R'OH) to regenerate the nucleophilic alkoxide ion (R'O") and

continue the transesterification process.

41



\C + ROW+RaOke_ g C —0Rr Na++H+ Ofl

/ .
R Og, é u

Figure 17: Base catalyzed transesterification reaction mechanism

2.3.2.4.2.1.2 Homogeneous Acid catalysts

Homogeneous acid catalysts are more tolerant of water or moisture during the
reaction, making them suitable for reducing free fatty acids (FFAS) in used cooking
oils and animal fats before full transesterification with alkaline catalysts. However,
these catalysts require special, more expensive processing equipment due to their
corrosive nature(Kulkarni & Dalai, 2006; Tariq et al., 2012).

The reaction rate of homogeneous acidic catalysts is significantly slower, about 4000
times lower compared to alkaline catalysts(Wang et al., 2006). They also necessitate
higher reaction temperatures and a greater molar ratio of alcohol to oil, making them
less commonly used in biodiesel production(De Boer, 2010; Najafpour et al., 2016).
The most frequently used acidic catalysts include sulfuric acid (H2SOs), sulfonic acid
(HSOzR), and hydrochloric acid (HCI)(Atadashi et al., 2013).

Research has examined the effects of various parameters on the transesterification
process, including the methanol-to-oil molar ratio (3.3:1-30:1), reaction temperature
(25-60°C), H2S0O4 concentration (1-5 wt.%), reaction time (48-96 hours), water
content (1-5 wt.%), and FFA levels (0-33 wt.%). Even with FFAs of 5% or 0.5% and

water content, oil conversion to ester can exceed 90% (Kulkarni & Dalai, 2006).
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The reaction of FFAs with methanol helps limit the amount of water produced.
Increasing the amount of alcohol can improve the conversion of oil to ester when the
reaction is conducted at a temperature below the alcohol's boiling point (Kulkarni &

Dalai, 2006).

2.3.2.4.2.2 Bio Catalysts (Enzymes)

The use of biocatalysts is a modern, effective method that has resolved various issues
for both humans and the environment. Biocatalysts, such as enzymes, have several
advantages over traditional catalysts. Unlike conventional catalysts, enzymes do not
produce soap and can generate high-purity biodiesel from low-quality materials like
used cooking oil(Maceiras et al., 2010). Free fatty acids (FFA) and water in raw
materials often cause problems in traditional transesterification, but enzymes can
effectively address these issues(Brask et al., 2011). Enzymatic transesterification
works well with raw materials containing high FFA levels, such as waste oils and
animal fats, by converting FFA into alkyl esters(Christopher et al., 2014).

There are two main types of enzymatic catalysts: extracellular and intracellular
lipases. Biocatalysts are favored for their thermal stability, selectivity, high efficiency,
minimal side reactions, and recyclability. However, their high production cost, slower
reaction times, and challenges in use and recycling limit their efficiency(Fukuda et al.,
2001c; Gog et al., 2012). Additionally, many lipases are inactivated by methanol,
commonly used in alcoholysis, restricting the amount of methanol or ethanol that can
be used during conversion(Magner, 2013). Solvent molecules can cause enzyme
inactivation by binding to protein sites, leading to competitive inhibition or
irreversible damage. Understanding these mechanisms is essential for overcoming the

limitations of biocatalysts(Lotti et al., 2018).
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2.3.2.4.2.3 Heterogeneous Catalysts

Heterogeneous catalysts operate in a different phase from the reactive materials,
typically as solids interacting with a liquid reaction mixture at their surface (Dalvand
& Mahdavian, 2018). Unlike homogeneous catalysts, which are in the same phase as
the reactants, heterogeneous catalysts facilitate the reaction between different
phases—solid and liquid (Mardhiah et al., 2017).

These catalysts are categorized into alkaline and acidic types, like their homogeneous
counterparts. A key advantage of heterogeneous catalysts is their ease of separation
from the final product, which allows them to be recycled and reused, making the
process more cost-effective(Farooq et al., 2013; Y. Ma et al., 2017; Meher et al.,
2013). Additionally, their use is considered environmentally friendly as it reduces the
need for extensive filtration of biodiesel, leading to lower energy and water

consumption(Meher et al., 2013; Tan et al., 2015a).

2.3.2.4.2.3.1 Acid Heterogeneous Catalysts (lon Exchange Resin)

Acidic catalysts are primarily composed of materials such as zeolite, heteropoly acids,
pure oxides, or modified transition metals like zirconium, molybdenum, silica, and
alumina (Galadima & Muraza, 2014). Heterogeneous acidic catalysts are more stable
and environmentally friendly compared to homogeneous ones(Galadima & Muraza,
2014). The ideal heterogeneous acidic catalysts should possess a high number of
active sites, moderate acidity, water resistance, and good porosity to reduce diffusion
issues(Avhad & Marchetti, 2015). Key benefits of these catalysts include their
reusability, efficient conversion rates, and the ease of separating and filtering

products(Guldhe et al., 2017). Replacing homogeneous with heterogeneous acidic
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catalysts can also eliminate issues related to separation processes, hazardous
wastewater, and corrosion(Arzamendi et al., 2007; Najafpour et al., 2016).
However, heterogeneous acidic catalysts require higher temperatures and longer

reaction times to achieve satisfactory conversion yields(Jacobson et al., 2008).

2.3.2.4.2.3.2 Base Heterogeneous Catalysts

Heterogeneous base catalysts are designed to address issues like saponification, which
complicates the separation of glycerol from the methyl ester layer when using
homogeneous base catalysts. These catalysts show superior catalytic activity even
under mild conditions (Calero et al., 2014). They offer several advantages, including
being non-corrosive, affordable, high transesterification selectivity, low temperature
requirement, low activation energy requirement, environmentally friendly, and
producing fewer disposal challenges. Additionally, they can be easily separated from
the reaction mixture and engineered for enhanced activity, selectivity, and longevity
(Liu et al., 2008).

Various metal-based oxides, such as alkali metals, alkaline earth metals, and transition
metal oxides, have been used as catalysts in the transesterification of oils. These metal
oxides consist of metal cations with Lewis acid properties and oxygen anions with
Bronsted base properties (Serio et al., n.d.; Zabeti et al., 2009). Sometimes, multiple
metal oxides are combined to create more effective catalysts. Other base
heterogeneous catalysts include boron-based and waste-based catalysts (Semwal et

al., 2011)
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2.3.2.4.2.3.2.1 Alkali and Akali earth Metal Oxide Based Catalysts

Metal-based oxides are among the most widely used catalysts in heterogeneous
transesterification. (Z. Zhang & Verykios, 1996) used temperature-programmed
desorption (TPD) of adsorbed carbon dioxide to study the basic properties of alkaline
earth metal oxides. They found that the number of basic sites per unit weight
correlates with surface area, in the following order: CaO > MgO > SrO > BaO.
Oxides with stronger basic sites tend to promote reactions more effectively. Calcium
oxide (CaO) is the most extensively studied metal-based catalyst for biodiesel
production due to its long catalyst life, high basic strength, activity, low solubility in
methanol, and mild reaction conditions; (Latchubugata et al., 2018; Roschat,
Siritanon, Kaewpuang, et al., 2016)

In a study by (Arun et al., 2017), biodiesel was produced from Terminalia belerica
and Garcinia gummi-gutta using CaO calcined at 605°C for 5 hours. The
transesterification was carried out at 60°C, with a 9:1 methanol-to-oil ratio, 2%w/v of
catalyst, and a 3-hour reaction time. The resulting biodiesel met ASTM standards.
Similarly, (Roschat, Siritanon, Yoosuk, et al., 2016) used CaO for the
transesterification of palm olein oil with a free fatty acid content of 0.29 mg KOH/g.
The CaO was calcined at 700°C, 800°C, and 900°C for 3 hours, yielding 97.2%
biodiesel. The catalyst maintained its activity for up to five cycles without significant
degradation.

Additionally, (Du et al., 2019) synthesized three carbon-based MgO catalysts using
sol-gel and calcination methods. These catalysts achieved a maximum conversion of
96.5% under transesterification conditions with a 12:1 methanol-to-oil ratio, 6 wt%

catalyst concentration, and a temperature of 75°C.
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2.3.2.4.2.3.2.2 Transition Metal Based Catalysts

Transition metal oxides like titanium oxide (TiO:) and zinc oxide (ZnO) are
commonly used as heterogeneous base catalysts for biodiesel production (Yoo et al.,
2010). (Kaur et al., 2018) synthesized a tungsten (W)-supported TiO2/SiO: catalyst
using the sol-gel method and applied it to the transesterification of waste cottonseed
oil for biodiesel production. The reaction, conducted with a methanol-to-oil ratio of
1:30M, at 65°C, and with 5 wt% catalyst, was completed in 4 hours. The catalyst was
also reusable for up to four cycles without a notable decrease in activity.

(Lam et al., 2019) investigated the catalytic activity of a Ti02-ZnO mixed oxide
catalyst for palm oil transesterification. Under conditions of 5 hours, a 6:1 methanol-
to-oil ratio, and 200 mg catalyst loading, they achieved a biodiesel yield of 92%. This
yield was higher than the 83% yield obtained using only ZnO, indicating the mixed

oxide catalyst was more effective.

2.3.2.4.2.3.2.3 Boron Group Based Catalysts

Various metal oxides, halides, nitrates, and alloys are supported by boron group-based
compounds, especially alumina (Al.Os) (Choudhury, 2011). (Kesserwan et al., 2020)
developed a novel hybrid CaO/Al.Os aerogel catalyst using a rapid epoxide-initiated
sol-gel process followed by calcination at 700°C. This catalyst was applied to the
transesterification of waste cooking oil under optimized conditions: 1 wt% of 3:1
CaO/Al:0; catalyst, an 11:1 methanol-to-oil ratio, a reaction time of 4 hours, and a
temperature of 65°C, yielding 89.9% biodiesel.

Similarly, (Benjapornkulaphong et al., 2009) examined various alkali and alkaline

earth metal nitrates supported on Al:Os, including LiNOs/Al2Os, NaNOs/Al:0Os, Ca
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(NOs)2/Al03, KNOs/AlOs, and Mg(NOs)2/Al=Os. These catalysts were synthesized
via impregnation and calcined at 450-850°C, then used in the transesterification of
palm kernel and coconut oils. They found that the biodiesel yield from all catalysts
was below 90% when calcined at 450°C. Among them, Ca (NOs)./Al.Os was
recommended as the most suitable catalyst, with a catalyst concentration of 10 wt%, a
reaction temperature of 60°C, a methanol-to-oil ratio of 65:1, and a reaction time of 3

hours.

2.3.2.4.2.3.2.4 Mixed Metal Based Catalysts

Mixed metal-based oxides, commonly used as base catalysts, can have their basicity
adjusted by altering their chemical composition and synthesis method (Teo et al.,
2017). These oxides can also function as bifunctional acid-base catalysts. For
instance, (Oliveira, 2022)investigated the catalytic activity of La2Os in ZrOx,
synthesized via the sol-gel method, for biodiesel production from canola oil. Their
study found that doping La.Os into ZrO: enhances its basicity, with 3 wt% La.0s
yielding the highest catalytic activity in canola oil transesterification.

Similarly, (Limmanee et al., 2013) examined nanocrystalline CaMgZn mixed oxides
as heterogeneous catalysts, synthesized by co-precipitation using Na.COs. The study
achieved a maximum biodiesel yield of 97.5% from palm kernel oil, using a CaMgZn

catalyst with a 3:1:1 ratio.

2.3.2.4.2.3.2.5 Hydrotalcite Based Catalysts

Hydrotalcites, a class of anionic and basic clays, are used as heterogeneous catalysts

due to their favorable morphology compared to alkaline earth metal oxides and their
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high basic strength, which can be adjusted by modifying the Mg/Al ratio. However,
they are sensitive to free fatty acids (FFAS) and water present in biodiesel feedstocks.
In a study by (Rizwanul Fattah et al., 2020a) Zr-doped Mg-Al hydrotalcite with
varying Zr/Mg molar ratios was tested for the transesterification of refined rapeseed
oil, achieving an optimal oil conversion of 99.9%. This occurred under conditions of
373-393K temperature, 6 hours of reaction time, 4.8-5.0 atm pressure, and a Zr/Mg/Al
ratio of 0.45:2.55:1. Similarly, (Navarro et al., 2018) evaluated the Mg-Al
hydrotalcite catalyst, prepared via co-precipitation, in the transesterification of
sunflower oil. The optimal conversion was 96%, obtained with a 48:1 methanol-to-oil
ratio, 1 atm pressure, 60°C temperature, 24 hours reaction time, and 2 wt% catalyst.
The catalyst's performance was linked to the presence of Bronsted-type basic sites at

the catalyst edges

2.3.2.4.2.3.2.6 Carbon Group Based Catalysts

Carbon group-based catalysts, particularly those derived from carbon materials and
carbon-based composites, have gained prominence in the field of transesterification
for biodiesel production due to their unique properties and advantages. These catalysts
include activated carbon, carbon nanotubes, graphene, and carbon-based composites.
Their high surface area, tunable porosity, and chemical stability make them ideal
candidates for efficient transesterification reactions.

Activated carbon, one of the most used carbon-based catalysts, has been shown to be
effective in biodiesel production. According to (Buasri et al., 2012), activated carbon
derived from coconut shells demonstrated significant catalytic activity and stability in

the transesterification of waste cooking oil. The high surface area and mesoporous
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structure of activated carbon facilitate the adsorption of reactants and promote
reaction efficiency.

Carbon nanotubes and graphene are also notable for their catalytic properties. For
example, (Dong et al., 2019) investigated the use of functionalized carbon nanotubes
as catalysts for transesterification, achieving high biodiesel yields due to their large
surface area and high thermal stability. Similarly, graphene oxide, when used as a
catalyst support, enhances the catalytic performance of metal-based catalysts, as
reported by (S. Zhang et al., 2020).

Carbon-based composites, which combine carbon materials with metal or metal oxide
components, offer additional benefits. A study by (Li, 2023) demonstrated that a
composite of activated carbon and metal oxides showed improved catalytic activity
and stability in biodiesel production compared to single-component catalysts.
Overall, carbon group-based catalysts offer several advantages in transesterification
processes, including high surface area, stability, and reusability. These properties
make them valuable for sustainable biodiesel production. Ongoing research continues
to explore and optimize these catalysts to enhance their performance and broaden

their applications.

2.3.2.4.2.3.2.7 Waste Based Catalyst Materials

Household and industrial waste materials can be repurposed to create cost-effective
and environmentally friendly catalysts, enhancing the sustainability of biodiesel
production (Majhi & Ray, 2016; Pandit & Fulekar, 2019). Mussel, oyster and snail
shells are naturally enriched with calcium and have become valuable in catalyst
synthesis due to their low cost, availability, and support for recycling and waste

minimization (Rizwanul Fattah et al., 2020b). Table 2 shows high biodiesel yields
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obtained in the use of heterogeneous base (biobased) catalysts comparable to yields
obtained in the use of homogeneous catalysts. The heterogeneous nature makes
separation of products easier since there is no salt and water formed as by products.
The primarily used biobased catalysts fall within two major categories based on their
primary composition. Bones, shells and beaks of animals are mostly used as catalyst
transesterification source due to their high calcium content. Calcium is in period 4,
group 2 of the periodic table with 2 valence electrons giving its easy electron donating
ability. The second group of catalysts are potassium rich sourced from peels of fruits,
leaves of plants, shells and husks of nuts wood ash and bagasse. K is in period 4,
group 1 of the periodic table, however, has only one valence electron making it
relatively easy and faster to donate electrons in transesterification yielding high

reaction rate.

2.3.2.4.2.3.2.7.1 Waste Eggshell Catalyst

Over the years, utilization of waste eggshells as a transesterification catalyst to
produce biodiesel has become popular owing to their low cost, availability, and eco-
friendliness. Egg shells, primarily composed of calcium carbonate, can be converted
into calcium oxide (CaO) through thermal treatment, making them effective
heterogeneous base catalysts for transesterification processes. This approach increases
the biodiesel production process efficiency alongside serving as a waste disposal
strategy for the eggshells. Studies have demonstrated that eggshell-derived CaO
catalysts exhibit high catalytic activity, good stability, and reusability. For instance,
(Rizwanul Fattah et al., 2020b) found that these catalysts offer advantages over

conventional ones, including cost-effectiveness and reduced environmental impact.
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Furthermore, (Majhi & Ray, 2016) highlighted the effectiveness of eggshell-based
catalysts in lowering the free fatty acid content (FFAS) in the triglyceride raw
material, which is vital for using waste oils to produce biodiesel. The ability to
regenerate and reuse eggshell catalysts in several transesterification runs while

maintaining its catalytic activity is another notable benefit, as reported by (Chouhan &
Sarma, 2011). These findings underscore the potential of waste eggshell catalysts as a

viable and sustainable option for biodiesel production, contributing to both waste

reduction and green energy solutions.

2.3.2.4.2.3.2.7.2 Waste Cow bone Catalyst

Waste cow bones, rich in calcium, have emerged as effective transesterification
catalyst due to its towering calcium content, which is converted to calcium oxide
(Ca0) through calcination. This conversion enhances the catalytic properties of the
waste material, making it a viable option for transesterification reactions. Recent
studies highlight the efficiency of cow bone-derived catalysts in producing biodiesel.
For instance, (Majhi & Ray, 2016) demonstrated that calcined cow bones can produce
biodiesel with a yield of up to 97% at an optimum 65°C reaction temperature and 9:1
methanol-to-oil ratio. Similarly, (Pandit & Fulekar, 2019) reported that cow bone
catalysts possess good stability and activity for catalytic reactions, even amidst free
fatty acids (FFAs), which typically is problematic for other types of catalysts. The use
of waste cow bones not only provides an environmentally friendly alternative to
conventional catalysts but also helps in waste management and reduces costs
associated with biodiesel production (Hussain, Alshahrani, Abbas, Khan, Jamil,
Yaqoob, Soudagar, et al., 2021). The reusability and low cost of cow bone-derived

catalysts make them an attractive option for sustainable biodiesel production
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(Rizwanul Fattah et al., 2020b). Overall, this underscores the potential of waste cow

bones as a resourceful material in the biodiesel industry.

2.3.2.4.2.3.2.7.3 Waste Fish Scale Catalyst

Waste fish scales, abundant and often discarded, are a promising catalyst for
production of biodiesel because they are made of large amounts of calcium. Recent
research demonstrates their efficacy in transesterification processes, where they are
converted into calcium oxide (CaO) through calcination, thus enhancing their
catalytic activity. For instance, studies by (Jaiswal et al., 2024) show that calcined fish
scale catalysts can achieve biodiesel yields of up to 94% under optimized conditions
of 60°C reaction temperature and 12:1 methanol-to-oil ratio. Similarly, (Chakraborty
et al., 2011a) found that fish scale-derived catalysts offer high reusability and
stability, maintaining activity across several reaction cycles without significant
deactivation. This makes them an attractive alternative to traditional catalysts, though
faced with the drawback of water contamination and problems related to free fatty
acids. Low cost as well as environmental benefits of using fish scales, which are
otherwise a waste product, make this biodiesel production process more sustainable
(Hussain, Alshahrani, et al., 2021). Additionally, fish scale catalysts facilitate better
waste management and reduce the overall production costs of biodiesel, aligning with
green chemistry principles (Lee et al., 2022). Thus, waste fish scales represent a
valuable resource for enhancing the sustainability and cost-effectiveness of biodiesel

production.
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2.3.2.4.2.3.2.7.4 Waste Banana peel Catalyst

Waste banana peels, commonly discarded in the agricultural and food industries, have
been repurposed as an effective catalyst to use in transesterification for production of
biodiesel because of its high potassium composition. Recent studies highlight its
potential for sustainable catalyst through a two-step process: the peels are first
converted into potassium carbonate (K.CO3) or potassium oxide (K20) via thermal
activation, which then catalyzes transesterification reactions to convert vegetable oils.
Khulbe et al. (2018) demonstrated that banana peel-derived potassium catalysts
achieved biodiesel yields of up to 91% with optimized conditions of 65°C reaction
temperature and 6:1 methanol-to-oil ratio. Similarly, Kumar et al. (2020) reported that
the potassium-based catalysts derived from banana peels exhibit high catalytic activity
and stability, with minimal loss of efficiency over multiple cycles. The use of banana
peel catalysts not only reduces the environmental impact associated with waste
disposal but lowers the cost of catalyst making it an economically viable process
(Saha et al., 2019). This approach provides a waste to resource pathway, thus
contributing to a circular economy and promoting green chemistry (Reddy et al.,
2021). Consequently, waste banana peels offer a promising and eco-friendly

alternative for biodiesel production.

2.3.2.4.2.3.2.7.5 Blending Waste Sourced Biobased Catalysts

Blending methods for biobased catalysts in biodiesel production offer innovative
approaches to enhancing catalytic performance by combining various materials to

exploit their synergistic effects. These methods involve integrating biobased materials
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such as waste biomass or agricultural residues with conventional catalysts or supports
to create composite catalysts with improved properties.

One prominent method involves blending biobased materials with metal oxides to
produce effective catalysts. For instance, Zheng et al. (2018) explored the blending of
rice husk ash with calcium oxide to create a composite catalyst for biodiesel
production. The resulting catalyst demonstrated enhanced catalytic activity and
stability compared to pure calcium oxide due to the improved surface properties
imparted by the rice husk ash.

Another approach focuses on combining biobased polymers with active metal
components. In a study by Ahammed et al. (2020), chitosan, derived from shrimp
shells, was blended with metal nanoparticles to produce a biobased catalyst for
transesterification. The chitosan-metal nanoparticle composites exhibited high
biodiesel yields and stability, benefiting from the good catalytic properties of the
metal nanoparticles, its large surface area and the structural support provided by
chitosan.

Blending biobased materials with activated carbon is also common. Zhang et al.
(2021) researched production of biodiesel using blended alumina and activated carbon
derived from agricultural waste. The blend leveraged the alumina stability and
activated carbon large surface area, resulting in a catalyst with superior performance
and reusability.

Overall, blending methods for biobased catalysts provide a promising avenue for
developing efficient and sustainable catalysts for biodiesel production. These methods
not only enhance catalytic performance but also contribute to waste valorization and

environmental sustainability.
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2.3.2.4.2.3.7.6 Impregnating Promoters on Biobased Catalysts

Through impregnation of promoters on biobased catalysts, the stability and efficiency
of the catalyst are enhanced. In this technique, metal or metal oxide promoters are
loaded onto a biobased support material, such as agricultural residues or waste
biomass, to improve its catalytic properties for transesterification reactions.

Pandit and Fulekar (2017) investigated the impregnation of potassium onto biobased
calcium carbonate derived from eggshells. The potassium-promoted catalyst
demonstrated enhanced activity for biodiesel production, increased surface area and
improved basicity of the impregnated material. Similarly, Wang et al. (2019) explored
manganese as a promoter on waste coconut shell-derived activated carbon. The
manganese-impregnated catalyst exhibited superior performance and stability in
biodiesel production due to the synergistic effects of manganese's catalytic properties
and large activated carbon surface area.

Another significant contribution is by Uguz et al. (2021), who examined the
impregnation of copper onto waste fish scales. The copper-promoted fish scale
catalyst showed notable improvements in catalytic activity and resistance to
deactivation, which was linked to the role of copper in enhancing the catalyst's
surface properties and interaction with the reactants.

The technique has also been applied to other biobased materials. For instance, a study
by Zhang et al. (2020) reported on the impregnation of zinc onto rice husk-derived
silica. The zinc-promoted catalyst exhibited high efficiency and selectivity in
biodiesel production, benefiting from the combination of zinc's catalytic properties
and the structural support provided by the rice husk-derived silica.

Overall, impregnating promoters onto biobased catalysts is promising in enhancing
performance as well as sustainability of the transesterification process to produce
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biodiesel by leveraging the benefits of both biobased supports and catalytic

promoters.

2.3.2.4.2.4 Inorganic Based Catalyst

The robustness, high catalytic activity, and reusability of inorganic-based catalysts has
gained attention in the production of biodiesel. These catalysts, often composed of
metal oxides, salts, or mixed metal oxides, offers good sustainability relative to
homogeneous catalysts. Metal oxides including magnesium oxide (MgO), and
calcium oxide (CaO) have been extensively studied. Sari et al. (2019) demonstrates
that CaO, derived from waste materials, provides high conversion rates for
transesterification reactions, achieving up to 96% biodiesel yield under optimized
conditions. Similarly, MgO catalysts have shown excellent performance due to their
high basicity and stability, with studies by Reddy et al. (2020) highlighting a 95%
yield with minimal catalyst deactivation over multiple cycles.

Mixed metal oxides, such as those combining transition metals, have also been
explored for their enhanced catalytic properties. According to Patel et al. (2021),
doping titanium dioxide (TiO2) with tungsten (W) significantly improves catalytic
activity, achieving up to 98% biodiesel yield in transesterification processes. Wang et
al. (2022) investigated zinc oxide (ZnO) and its mixed forms, which demonstrated
superior performance compared to single-metal oxides, with yields reaching 97%.
Inorganic-based catalysts also offer advantages with regards to environmental impact
and economics. They are generally more resistant to contamination and deactivation
compared to their organic counterparts, making them suitable for use in continuous
production systems (Singh et al., 2023). Furthermore, their synthesis often utilizes

low-cost materials, contributing to a more sustainable biodiesel production process
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(Gomez et al., 2024). Overall, inorganic-based catalysts represent a promising area of

research, providing efficient and sustainable solutions for biodiesel production.

2.3.2.4.2.4.1 Co-impregnation Catalyst Preparation Method

The co-impregnation method is a widely used technique for preparing catalysts,
particularly for applications involving complex catalytic reactions such as biodiesel
production. This method involves the simultaneous impregnation of multiple metal
precursors onto a support material, resulting in a catalyst with well-dispersed active
metal phases and enhanced catalytic properties. According to Liu et al. (2021), co-
impregnation allows for the precise control of metal loading and distribution, which is
crucial for optimizing catalytic activity and stability.

In biodiesel production, co-impregnation has been effectively employed to develop
catalysts with improved performance. Zhang et al. (2019) used co-impregnation to
prepare a Ni-Cu catalyst supported on alumina with vegetable oil as feedstock for
transesterification, achieving high yield of biodiesel alongside superior catalytic
stability. Similarly, Kim et al. (2020) reported that co-impregnated Co-Mo catalysts
demonstrated enhanced activity and selectivity in the hydrodeoxygenation of bio-oils,
underscoring the versatility and effectiveness of this preparation method.

The advantages of co-impregnation include the ability to create catalysts with well-
defined metal ratios and excellent metal dispersion, which are critical for high-
performance catalytic applications. As noted by Chen et al. (2018), the method also
facilitates the integration of different metal phases, allowing for the development of
bifunctional catalysts with tailored properties. However, careful optimization of
impregnation conditions, such as metal precursor concentration and support material,

is essential to achieving desired catalyst performance (Smith et al., 2021).
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Overall, the co-impregnation method remains a valuable approach in catalyst
preparation, offering significant benefits in terms of metal distribution and catalytic

efficiency.

2.3.2.4.2.4.2 Co-precipitation Catalyst Preparation Method

Co-precipitation is a widely utilized method for preparing catalysts due to its
simplicity and effectiveness in achieving uniform catalyst compositions and high
surface areas. This technique involves simultaneously precipitating two or more metal
ions from a solution to form a solid precursor, which is then subjected to thermal
treatment to produce the active catalyst. According to Lee et al. (2018), co-
precipitation allows for precise control over the metal composition and distribution,
leading to improved catalytic performance. The method is particularly useful for
synthesizing mixed metal oxides and catalysts with complex compositions.
Co-precipitation has been utilized in the preparation heterogeneous catalysts
exhibiting notable results in transesterification reactions. For example, Zhang et al.
(2020) demonstrated the effectiveness of co-precipitated Ca-Mg-based catalysts for
transesterification processes, achieving high biodiesel yields with robust performance.
Similarly, Patel et al. (2021) prepared catalysts that were ZnO-based via co-
precipitation, which showed improved stability and catalytic compared with
traditional methods.

Advantages co-precipitation gives include the ability to produce catalysts with well-
defined structures and high surface areas, as well as the versatility in catalyst design.
As noted by Wang et al. (2019), the method can be easily scaled up for industrial
applications and tailored to specific catalytic needs. However, the success of co-

precipitation largely depends on factors such as the choice of precipitants, pH control,
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and post-treatment conditions, which must be optimized to ensure high-quality

catalyst preparation (Singh et al., 2022).

Overall, co-precipitation remains a key method in catalyst preparation, offering

significant advantages in terms of material uniformity and performance. There are

ongoing developments aimed at improving catalyst properties and expanding its

applications in various chemical processes.

Table 2: Obtained biodiesel yields in the use of various base heterogeneous biobased

catalysts

Catalyst Feedstock Biodiesel yield (%) | References

Eggshell derived CaO Rapeseed oil 95.12 (Yagsar, 2019)

Chicken eggshell derived CaO | WCO 95 (Gollakota et al.,
2019)

Na-K on calcined eggshell Canola oil 97.6 (Khatibi et al., 2021)

KOH on calcined goat bone WCO 84 (Ali, 2018)

K20 and KCI from banana Soybean oil 95.1 (Fan et al., 2019a)

peel

Calcine banana peel WCO 100 (Gohain et al., 2017a)

Orange peel ash Soybean oil 98 (Changmai et al.,
2020)

Calcined kola nut pod husk Rubber seed oil 96.97 (Oladipo & Betiku,
2020)

Sugarcane leaf ash Mastwood oil 97 (Arumugam &
Sankaranarayanan,
2020)

Calcined quail beaks Rapeseed oil 96.7 (Khan et al., 2020)

Calcined banana peduncle Kapok tree oil 98.69 (Balajii & Niju, 2020)

Rice husk supported CaO Palm oil 934 (Zhao et al., 2018)

Calcined walnut shell Sunflower oil 98 (Miladinovi¢ et al.,
2020)

Ram bone supported Cr Mustard oil 96.85 (Pradhan &
Chakraborty, 2018)

Oyster shell derived CaO WCO 87.3 (Lin et al., 2020)

2.3.2.4.2.5 Characterization of Catalysts

Catalyst characterization is essential for assessing the effectiveness of a catalyst and

understanding how its properties influence its performance. This process involves

quantifying the catalysts chemical and physical properties that impact its reaction




capabilities. The primary goals in characterizing catalysts are (Annadurai et al., 1996);
to explore the connections between chemical, catalytic and physical properties, and to
identify the chemical and physical properties of the catalyst. Key characteristics
examined during catalyst characterization include; chemical composition (surface and
bulk composition), porosity and surface area (measurements of surface area and pore
structure), bulk solid structure (the internal structure of the catalyst material), phase
composition and crystallite size (analysis of the phases present and the size of
crystalline particles), surface morphology (the shape and structure), chemical
properties on the surface (includes the oxidation state and location of active metals,
reducible-oxidizable characteristics and acid-base properties), aggregate size,
resistance to attrition, density and mechanical strength, catalytic stability, activity,
selectivity.

Nitrogen physisorption, x-ray diffraction (XRD), thermogravimetric analysis (TGA)

and temperature-programmed desorption (TPD) are among the most used techniques

2.3.2.4.2.5.1 Temperature Programmed Desorption (TPD) Technique

Temperature-programmed desorption (TPD) assess quantity and strength in relation to
acidic and basic sites on a catalyst. Ammonia is used to identify acidic sites, while
carbon dioxide (COy) is used for basic sites. Prior to analysis, the catalyst is purged to
get rid of surface contaminants with helium gas at elevated temperatures.

In evaluating basic site strength and activity, the temperature is reduced to 300-450 K
and exposed to CO». After adsorption, the catalyst is flushed with helium to eliminate
excess COz. The temperature-programmed desorption process is then initiated, and
the amount of CO; released is measured and calibrated to create desorption profiles

(Klepel, 2005)
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Peaks appearing at lower temperatures in the desorption profile indicate physically
adsorbed CO., whereas higher peaks suggest interactions with strong basic sites (Tan
et al., 2015b). Analyzing the peak area determines density of basic sites. The
desorption temperature of CO; indicates the strength of its binding to the catalyst

surface (Bertarione et al., 2004).

2.3.2.4.2.5.2 N2 Physisorption

Catalyst physical properties such as specific pore size distribution, surface area, total
pore volume, and average pore diameter are determined using this technique. This is
done by analyzing nitrogen adsorption and desorption at -196°C, the temperature of
liquid nitrogen (Feyzi et al., 2014). This method involves adsorbing nitrogen or
another inert gas onto the catalyst surface to measure how the number of molecules
required to completely create a monolayer. Nitrogen preference is due to its high
purity, low cost, and effective interaction with most solids (Bardestani et al., 2019).
Degassing is performed to get rid of adsorbates and moisture on the catalyst at
elevated temperatures prior to the measurements in the flow of nitrogen (Istadi et al.,
2015; Rashtizadeh et al., 2014)

The technique operates on the principle that nitrogen gas molecules are adsorbed onto
the catalyst surface at -196°C through Van der Waals forces. Nitrogen quantity
depends on relative pressure and surface characteristics of the catalyst (Bertier, 2016).
For interpreting results from porous materials, it is usually assumed that the surface is
uniform, so the amount of nitrogen adsorbed at specific pressures helps to determine
the geometry and pore size. Pore area and volume are calculated using Barrett-Joyner-
Halenda (BJH) method. Specific surface area in the isotherm data is estimated via

Brunauer-Emmett-Teller (BET) equation.

62



2.3.2.4.2.5.3 X-Ray Diffraction (XRD)

Bulk structures and crystal characteristics of catalysts are analysed with x-ray
diffraction (XRD) technique. It estimates the catalyst crystalline phases and particle
size in terms of their arrangement and nature (Istadi et al., 2015). XRD works by
measuring how electrons in atoms within a crystal scatter electromagnetic waves with
wavelengths comparable to atomic dimensions. When X-rays interact with the crystal,
they are diffracted by the electrons, creating a diffraction pattern. This pattern results
from constructive interference of the waves scattered by the regularly spaced atoms in
the crystal lattice.

The XRD diffraction pattern provides two key pieces of information: the positions
and intensities of the peaks. The positions of the peaks reveal details about the crystal
lattice geometry, unit cell dimensions, and atomic arrangements. The intensities of the
peaks give insight into the types and positions of atoms within the unit cell, as well as
their charges, thermal movements, and structural defects (Bertarione et al., 2004;

Schldégl, 2009)

2.3.2.4.2.5.4 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) quantitatively measures 1g to several grams of
catalyst sample, under either variable or stable flow of gas as it heats it to high
temperatures like 1600°C. Originating from an early observation by Vitruvius in 27
BC, TGA is now commonly used in chemical engineering to analyze reaction
conversions, kinetics, and mechanisms through various methods such as quasi-

isothermal, non-isothermal and isothermal techniques.
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Sample undergoes decomposition leading to changes in oxidation state, loss of
volatile compounds and decrease in mass. In an oxygen rich environment (reactive),
there maybe a notable increase in transition metal mass. Polymorphic transformations
phase transitions, and reactions with no significant loss in mass are difficult to
monitor with TGA. Physical from chemical changes can be distinguished when
differential thermal analysis (DTA) and differential scanning calorimetry (DSC)
methods are used alongside TGA. Gaseous products released during the TGA process

can be analyzed using evolved gas analysis (Saadatkhah et al., 2019).
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CHAPTER 3: EXPERIMENTAL SECTION

3.1 Laboratory Health and Safety

All experiments were carried out in a safe manner by adhering to health and safety

measures. This was to ensure the safety of laboratory equipment, personnel and

general safety. The measures taken include the following.

VI.

VII.

Required personal protective equipment (PPE) including a laboratory coat,
goggles, hand gloves, nose masks and boots were worn in undertaking all
laboratory related synthesis and experiments

The appropriate equipment, apparatus and glassware was used for the
appropriate task to ensure safety

The transesterification reactions and solution preparation were performed in a
fume hood, ensuring that the ventilation system was fully operational
throughout the process.

All laboratory waste was disposed of correctly in labeled containers placed in
designated areas.

Following WHMIS guidelines, all chemicals were properly labeled and stored
in a safe manner.

Broken glassware was handled with caution and disposed off into designated,
covered containers specifically intended for such materials.

Used cooking oils were stored in sealed, labeled containers to prevent spills
that could create slippery surfaces and pose a fall hazard. Additionally, any
oil spills on worktables were cleaned with alcohol to ensure the surfaces

remained clean and smooth.
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VIIl. A clean and organized workspace was consistently maintained to ensure good
housekeeping, creating a safe environment for everyone using the laboratory.
IX.  Chemical spills were promptly managed according to established safety

procedures.

3.2 Materials, Chemicals and Equipment

The following chemicals and materials were utilized in the preparation of catalysts,
transesterification of waste oil, and the determination of feedstock and product
properties: ethanol (95%, Fisher Chemical), deionized water (ACS Reagent Grade,
LabChem), phenolphthalein indicator (1% ethanol, Fisher Chemical), KNOg, SiO,
Ca(NO3); - 4H,0, Mg(NO05),. 6H,0, HsPOs, NaHCO3, Al(N03)5.9H,0,
Cu(NO03),.H,0,Zn(N0O3),.6H,0, Fe203 and MnO (reagent grade, Sigma-Aldrich),
as well as waste cooking oil, waste cow bones, waste milkfish scales, waste eggshells,
and waste banana peels all sourced from households.

The feedstock and product densities and viscosities were measured with the DMA
4500 M density meter and the Lovis 2000 M/ME micro viscometer from Anton Paar,

providing an accuracy of 0.5% for viscosity and 0.02°C for temperature.

3.3 Overview

In line with the scope and objectives of this work, to improve calcined eggshell, fish
scale and cow bone catalysts were mixed into a tri-blend heterogeneous catalyst.
Various mixing methods were employed in the preparation of these tri-blend catalysts
after which different blend ratios were also tested followed by impregnation with a
metal promoter all in advance to improve the tri-blend catalyst. Due to the poor

performance of the calcium based catalysts, banana peel which is potassium rich was
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calcined and optimized as a heterogeneous catalyst to obtain high performance.
Reaction conditions were varied to study their effect on performance until an
optimum was obtained. Due to the good performance of the calcined banana peel
catalyst, and its drawbacks in terms of availability for large scale production and
calcination yield an inorganic replica (using inorganic precursors) of the optimized
banana peel catalyst was synthesized using two different preparation methods and the
results were compared to selecting the best performing. Kinetic data was obtained and
the kinetic parameters (Activation energy, order of reaction with respect to reactants)

were determined.

3.4 Waste Cooking Oil (WCO) Purification and Properties

It is salient to purify waste cooking oil prior to use in biodiesel production because
during the use of the cooking oil, various small solid particles of food such as proteins
and carbohydrates may find their way into the oil. These particles are contaminants in
biodiesel and hence there is the need to get rid of them via simple filtration with the
aid of a filter paper.

In the process of using vegetable oils, such as frying, triglycerides undergo oxidation
and polymerization which increases their viscosity and density. Also, depending on
the conditions surrounding the use of the oil (frying time, reusability, continuous use
as well as use in foods containing sugars and proteins) can lead to polymers, free fatty
acids and dimers forming. Water and other water-soluble salts could also be
introduced into the oil during its use and the purification reduces the contamination
level of the waste cooking oil for biodiesel production.

The waste cooking oil used in this work was purified by (Terza Anokye-Poku, 2022)

by modifying steps employed by (Faroog & Ramli, 2015) as follows.
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VI.

The waste cooking oil (WCQ) was initially filtered through a sieve to remove
food residues and larger suspended particles, preventing interference with the
reactions and avoiding potential blockages or damage to the equipment used
for analyzing the oil's properties.

The oil was subsequently heated to 50°C to lower its viscosity, making it
easier to flow and separate during the following purification steps.

A second filtration step was performed using a vacuum pump, Buchner funnel,
and Whatman filter papers to eliminate smaller suspended particles that had
passed through the sieve and remained after the first filtration.

The filtered oil was washed with deionized water at a 1:3 ratio to eliminate
soluble impurities. The resulting water-oil mixture was transferred to a
separating funnel, allowing the water to settle by gravity and enabling the
separation from the oil.

The washed oil was weighed on a mass balance prior to heating to identify
when all moisture had evaporated from the oil.

The oil was heated in an oven at 110°C, with its mass monitored at regular

intervals until a consistent mass was reached, which took about 24 hours.

The fatty acid composition of the feedstock used in this study was determined

following a modified version of the EN 14103 method at the Petroleum Analytical

Laboratories, part of the Saskatchewan Research Council on the University of Regina

campus using gas chromatography.

The physicochemical properties (density, acid value and viscosity) of the oil and

biodiesel samples were measured. Kinematic viscosities were measured at 40°C by

configuring the desired measurement mode, filling vials, and placing them in the

wells of the Lovis 2000 M/ME micro viscometer (ASTM D445). Similarly, densities
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were determined by selecting a preferred measurement mode and using a syringe to
inject samples into the DMA 4500 M density meter for density readings (ASTM
D4053).
The acid value of the samples was determined using the following procedures:
I.  Five grams of the oil sample were weighed into a 250 ml conical flask.
I1.  Fifty milliliters of 95% ethanol were added to the oil in the flask, which
was then heated and stirred on a heater with a stirrer to ensure the oil
dissolved completely in the ethanol.

I1l.  Approximately 10 drops of phenolphthalein (1% in ethanol) indicator were
added to the mixture in the conical flask and titrated against a 0.1 M
standard KOH solution.

IV.  The titration was continued until a noticeable pink color change persisted
for at least 30 seconds.

V.  The titre value (the volume of KOH titrant used) was recorded, and the
acid value was calculated using Equation 1 according to ASTM D 664

(Hassani, 2013; Hsiao et al., 2021).

Concentration of KOH+*Molar mass of KOHxTitre value (ml)

Acid value = Equation 1

mass of oil (g)

3.5 Catalyst Preparation

3.5.1 Calcined Eggshell Catalyst (ES)

The catalysts derived from waste eggshells were prepared using the following

modified procedures, based on the studies conducted by (F. Ma & Hanna, 1999c),Click

or tap here to enter text. and (Niju et al., 2014a)
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The collected eggshells were washed with deionized water to get rid of
impurities like sands and shell membrane.

The washed eggshells were dried in an oven at 110 °C overnight to remove
moisture content.

The dry eggshells were grinded with a mortar and pestle to reduce size

IV.  The eggshell mass was weighed and recorded as Wi
V.  The sample was calcined in a muffle furnace at 900°C for 4hrs to remove
carbon content.
VI.  The calcined eggshell mass was weighed and recorded as Wk
VIl.  Thcalcined catalyst was grinded with a mortar and pestle and sieved to obtain
particles size of 250um and below.
VIIl.  The catalyst weight loss and catalyst yield were calculated using Equation 2
and 57.55% was the calcination yield.
Catalyst Yield = “=x100% Equation 2

14

3.5.2 Calcined Fish Scale Catalyst (FS)

The catalysts made from fish scales were developed using modified procedures

inspired by the work of (Chakraborty et al., 2011a), (Uguz et al., 2021), and (El

yaakouby et al., 2023) as shown in Figure 18

The collected fish scales (Milk fish) were cleaned and washed with tap water
to get rid of impurities like muscle tissues.

They were then washed with DI water.

The washed fish scales were dried in an oven at 110 °C overnight to remove
moisture content

The dry fish scales mass was weighed and recorded as Wi
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V.  The fish scales were calcined in a muffle furnace at 900 °C for 4hrs to remove
carbon content.
VI.  The calcined fish scales were grinded with a mortar and pestle and sieved to
obtain particles sized 250um and below
VII.  The calcined fish scales mass was weighed and recorded as Wt
VIIl.  The catalyst weight loss and catalyst yield were calculated using Equation 2

and 24.68% was the calcination yield

Dried fish scales

Calcined fish scales Fish scale catalyst obtained after
grinding and sieving to 250micron

Figure 18: Calcined fish scale catalyst preparation
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3.5.3 Calcined Cow bone Catalyst (CB)

The catalysts derived from discarded cow bones were synthesized by adapting the
methods described by (Hussain, et al., 2021), (Babatunde et al., 2022), and
(Mitaphonna et al., 2019a), as shown in Figure 19.
I.  The collected cow bones were cleaned and washed with tap water to get rid of
impurities like muscle tissues, tendons and ligaments.
Il.  The cleaned cow bones were cooked in water at 100 °C for 5hrs while
changing the water every 30mins to get rid of tissues and to make them tender.
I1l.  They were then washed with DI water.
IV.  The washed cow bones were dried in an oven at 110 °C overnight to remove
moisture content
V.  Thedry cow bones were hammered to reduce size.
VI.  The dry cow bone mass was weighed and recorded as Wi
VIl.  The hammered bones were calcined in a muffle furnace at 900 °C for 4hrs to
remove carbon content.
VIIl.  The calcined cow bones were grinded first with a mortar and pestle followed
by a coffee grinder and sieved to obtain particles sized 250um and below
IX.  The calcined cow bone mass was weighed and recorded as W
X.  The catalyst weight loss and catalyst yield were calculated using Equation 2

and 60.80% was the calcination yield
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Cow hones after calcination

Grinded calcined cow bones Calcined cow bone catalyst after

sieving to 250micron particles

Figure 19: Calcined cow bone catalyst preparation

3.5.4 Tri-blend Catalysts

These catalysts were synthesized by blending calcine eggshell (ES) catalyst, calcined
fish scale catalyst (FS) and calcined cow bone catalyst (CB) to improve performance

in use for transesterification reaction.

73



3.5.4. 1 Physically Mixed Tri-blend Catalysts (Phy)

The method used in the physical mixing was basically blending the different biobased
catalysts physically without the addition of any extra chemicals
I.  Individually synthesized calcined eggshell, fish scales and cow bone catalysts
were physically mixed by blending in a grinder

Il.  Mixratios (ES: FS: CB) were varied to obtain ES: FS: CB phy catalysts.

3.5.4.2 Room Temperature Water Mixed Tri-blend Catalyst (w)

The method used in room temperature water mixing was based on modifications from
(Risso et al., 2018)
I.  Eggshell, fish scale and cow bone catalysts were weighed in a 1:1:1 ratio
respectively to obtain 159
Il.  60ml DI water at room temperature was added to the mix in a beaker
1. The water catalyst mixture was stirred for 2hrs with an electronic stirrer
IV.  The obtained mixture was dried at 110°C in an oven overnight
V.  Thedried sample was calcined at 600°C in a muffled furnace for 3hrs
VI.  The calcined sample was grinded with a mortar and pestle followed by sieving

to obtain the room temperature water mixed tri-blend catalyst (1:1:1 w)

3.5.4.3 Hot Water Mixed Tri-blend Catalyst (Hw)

The method used in hot water mixing was based on modifications from (Niju et al.,
2014b)
I.  Eggshell, fish scale and cow bone catalysts were weighed in a 1:1:1 ratio

respectively to obtain 159
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VI.

60ml DI water at room temperature was added to the mix in a beaker

The water catalyst mixture was heated at 40 °C while being stirred for 3hrs
with an electronic heater/stirrer.

The obtained mixture was dried at 110°C in an oven overnight

The dried sample was calcined at 600°C in a muffled furnace for 3hrs

The calcined sample was grinded with a mortar and pestle followed by sieving

to obtain the hot water mixed tri-blend catalyst (1:1:1 hw)

3.5.4.4 Potassium Promoted Mixed Tri-blend Catalyst (%K)

The procedure used in impregnating the potassium on the tri-blend biobased catalyst

is outlined below.

VI.

VII.

Eggshell, fish scale and cow bone catalysts were weighed in a 1:1:1 ratio
respectively to obtain 159

Weighed amount of KOH precursor (weight depending on the %K required)
was added to the organic mix in a beaker

60ml DI water at room temperature was added

The water catalyst mixture was stirred for 3hrs with an electronic stirrer.

The obtained mixture was dried at 110°C in an oven overnight

The dried sample was calcined at 600°C in a muffled furnace for 3hrs

The calcined sample was grinded with a mortar and pestle followed by sieving

to obtain the potassium promoted mixed tri-blend catalyst (1:1:1 xwt% K)
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3.5.,5 Calcined Organic Banana Peel Catalyst (BP)

The procedure used in preparing the calcined banana peel catalyst was based on

improvements from (Fan et al., 2019a), (Meriatna et al., 2023a), and (Busca et al.,

2024) as illustrated in Figure 20.

VI.

VII.

VIII.

XI.

The collected banana peels were cleaned and washed with tap water to get rid
of impurities like dirt, and banana pulp.

They were then washed with DI water.

The washed banana peels were cut into pieces to reduce size for easy handling
They were then dried in an oven at 110 °C overnight to remove moisture
content

The dry banana peels were grinded with a mortar and pestle to further reduce
size.

The dry banana peels mass was weighed and recorded as Wi

The banana peels were calcined in a muffle furnace at 1000 °C, 900 °C,

800 °C, 600 °C separately for 4hrs to remove carbon content.

The calcined banana peels were grinded further with a mortar and pestle and
sieved to obtain particles sized 250um and below

The calcined banana peel mass was weighed and recorded as W

The catalyst weight loss and catalyst yield were calculated using Equation 2
and 10.20% was the calcination yield (BP900)

Catalysts were labelled BP900, BP800 and BP600 representing banana peel

catalyst calcined at 900 °C, 800 °C and 600 °C respectively.
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Dried banana peels

Grinded banana peels after drying Final calcined catalysts obtained at 900 °C,

800 °C and 600 °C from left to right order.

Figure 20: calcined banana peel catalyst preparation

3.5.6 Inorganic equivalent of banana peel Catalyst (BPIn)

The inorganic replica of the calcined organic banana peel catalyst was made from

inorganic precursors. This was based on chemical composition in Table 3 reported by
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(Pathak G, 2018). Three different inorganic replicas were prepared as seen in Figure
21.

Table 3: Composition of M. acuminata (banana peel) ash (Pathak G, 2018)

Name of component Mass fraction (%)
K20 65.11
Sio 10.865
Ca0 7.787
P20s 6.068
SO3 2.857
MgO 2.472
Cl 2.070
Fe,O3 1.152
AlO3 0.737
MnO 0.227
CuO 0.192
Na.O 0.145
SrO 0.134
Rb,0O 0.123
Zn0O 0.114
TiO; 0.086
Cry03 0.036

Figure 21: Inorganic replica of calcined banana peel catalyst (BP900)

3.5.6.1 Co-impregnated Inorganic equivalent of banana peel Catalyst

This procedure used to prepare two of the inorganic replica catalysts. BPIn 1 catalyst
(Banana Peel Inorganic 1) was prepared using KNOgz, SiO2, Ca(NOs)2 - 4H20,

Mg(NOs3),.6H,0and H3PO4 precursors while BPIn 3 was prepared using KNOs,

78



SiOZ, Ca(NO3)2 . 4H20, Mg(NO3)2 6H20, H3PO4, AI(N03)3 9H20,

Cu(NO03),.H,0,Zn(NO3),.6H,0, Fe203 , MnO precursors.

Calculated amounts of precursors were weighed

100ml DI water was added to form a precursor solution in a beaker

The solution mix was stirred at 600rpm while heating at 60°C for 2hrs

The resulting sample was dried overnight at 110°C in an oven

The dried sample was calcine at 600°C in a muffled furnace in the presence of

air.

3.5.6.2 Co-precipitated Inorganic equivalent of banana peel Catalyst

The procedure used in synthesizing the inorganic equivalent of banana peel catalyst

replica is outlined below.

VI.

A solution of KNOs, SiO2, Ca (NOs)2 - 4H20, Mg(N03),.6H,0and HzPO4
precursors was prepared using 100ml DI water in a beaker based on calculated
masses.

10% excess precipitating agent (NaHCO3) was used to prepare a solution with
100ml water in a separate beaker.

The precipitating agent solution (NaHCO3) was added drop wise while stirring
vigorously at 600rpm

The stirring was continued for 2hrs

The obtained mixture was dried in oven at 110°C overnight

The dried sample was calcine at 600°C in air to obtain BPIn 2 catalyst.
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3.6 Catalyst Characterization

In this research, Temperature Programmed Desorption (TPD), BET evaluations were
performed at the Clean Energy Technologies Research Institute (CETRI) at the
University of Regina. Conversely, Powdered X-Ray Diffraction (P-XRD) analysis
was conducted at the University of Manitoba, particularly within the Microscopy and

Materials Characterization Department of the Faculty of Science.

3.6.1 BET

Using the Micrometrics 3Flex Surface Analyzer, nitrogen adsorption/desorption
measurements were conducted to determine the average pore size, average pore
volume, and surface area of the catalysts. Approximately 0.1 g of the sample was
placed into the physisorption cells, followed by degassing at 200°C for 2 hours with
nitrogen flow, facilitated by the Micromeritics VacPrep 061. The analysis of the
degassed sample was then performed at -196°C in the Micrometrics 3Flex Analyzer.
The BJH (Barrett, Joyner, and Halenda) method was employed to calculate the
surface area, pore volume, and pore size based on the adsorption and desorption

isotherms.

3.6.2CO2TPD

The strength and quantity of basic sites were assessed using the CO »-TPD method.
These measurements were performed with the CHEMBET-3000 TPR/TPD
instrument, which features a thermal conductivity detector (TCD) from Quantachrome
Instruments. For each measurement, approximately 0.1 g of the catalyst sample was

placed in a quartz U-type reactor. Helium gas was then introduced at a flow rate of 60
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ml/min at 200°C for 1 hour. After this, the sample was cooled to 50°C, and a 3% v/v
CO 2 in N2 mixture was introduced at a rate of 100 ml/min for 1 hour to facilitate CO
» adsorption and identify basic sites. Following this, CO 2 desorption was conducted
by flowing He gas at 60 ml/min while gradually increasing the temperature to 900°C
at a rate of 10°C/min. The desorbed CO 2 was monitored using the thermal

conductivity detector (TCD).

3.6.3 XRD

The XRD analysis was essential for identifying and examining the crystalline phase
composition and structure of the catalyst. Powders were carefully packed into a
shallow well within a zero-background sample holder, and XRD patterns for the four
catalyst samples were recorded using a Bruker/Siemens D5000 diffractometer. The
analysis employed Cu Ka radiation with a tube potential of 40 kV, a tube current of
25 mA, and a wavelength of 1.54178 A (Cu K-alpha X-radiation; K-beta was
removed using a graphite monochromator). The analysis parameters included 26 scans
ranging from 10 to 90° at a scanning rate of 1 step per minute, with intensities

reported every 0.04° in 20.

3.7 Transesterification Reaction

The transesterification reaction was carried out in a batch process using a three
necked round bottom flask submerged in a silicon oil bath to heat and maintain the
required reaction temperature as shown in Figure 22. Thermometers were inserted to
monitor temperature. The temperature was kept uniform with a magnetic stirrer

stirring at 600rpm.
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I.  Weighed amount of ethanol depending on the required ethanol to oil ratio was
stirred at 600rpm in catalyst in a 1000 ml three necked round bottom flask for
lhr at 60 °C to increase catalyst basicity

Il.  200g of waste cooking oil (WCOQO)was stirred and heated to 60°C in a separate
beaker.

1. The heated WCO was added to the round bottom flask as stirring and heating
continued.

IV.  The reaction was allowed to proceed for required reaction time at 60°C while
stirring.

V.  After the transesterification reaction, the products were transferred into a
separating funnel and allowed to separate overnight into the catalyst, glycerol
and biodiesel layers.

VI.  The separated biodiesel layer kept in an oven at 110 °C overnight to remove

unreacted ethanol before weighing to obtain the mass of biodiesel produced.

A — Catalyst E — Condenser

B — Dual heater/stirrer F — Round bottom flask (1000ml)
C — Cooling water out G — Ethanol + WCO

D — Cooling water in I — Thermometer

Figure 22: Transesterification reaction setup
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The reaction conditions were selected based on reported optimum conditions from
literature. These conditions were varied as seen in Table 4 to determine the optimum
conditions in terms of the reaction time, catalyst wt%, reaction temperature, and
ethanol to oil ratio.

Table 4: Transesterification reaction conditions

Condition Range

Temperature 40°C, 50°C, 60°C, 70°C
Catalyst amount 1wt%, 2wt%, 3wt%, 4wt%
Stirring rate 600rpm

Reaction time 0.5hr, 1hr, 2hr, 4hr, 6hr
Ethanol: oil 6:1,12:115:1, 21:1
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CHAPTER 4: RESULT AND DISCUSSION

4.1 Characterization and properties of purified waste cooking oil (WCQO)

Gas chromatography was used to determine the fatty acid composition of the waste
cooking oil. This is a salient step because the degree of usage and original vegetable
oil sources influence the properties of the waste cooking oil particularly its fatty acid
composition, density, molar mass, viscosity and acid value as well as the quality of
biodiesel produced from this feedstock. Figure 23 shows the GC-MS chromatograph
of the fatty acid present in the waste cooking oil to be used for transesterification in

this work.
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Figure 23: GC Chromatogram of purified waste cooking oil

(Moraes et al., 2021) stated that biodiesel feedstock with high monounsaturated fatty
acid composition, low amount of polyunsaturated fatty acids with moderate saturated
fatty acid content has the best potential of producing high quality biodiesel. As can be

seen in Table 5, where the fatty acid components with their corresponding molar mass
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and mass fractions are displayed, the waste cooking oil feedstock is comprised of
56.21% monounsaturated fatty acids, 28.31% polyunsaturated fatty acids and 9.51%
saturated fatty acids. Biodiesel feedstocks with low polyunsaturated fatty acid
composition and high saturated fatty acid composition produces biodiesel with good
oxidation stability and low iodine number both of which are desirable. Increase in
nitrogen oxide emission and reduction in biodiesel oxidation stability are associated
with high levels of polyunsaturated fatty acids in feedstock whereas oxidative stability
is favored by the presence of saturated fatty acids. The ideal targeted composition of
biodiesel feed stock is monounsaturated fatty acids according to the US Energy
department. This makes the obtained waste cooking oil a suitable feedstock in high
quality biodiesel production. The properties of the feedstock are outlined in Table 6 as
well as literature obtained properties (Anisah et al., 2019; Degfie et al., 2019; El
Sherbiny et al., 2010b; Hamamci et al., 2011; Martinez et al., 2014). The WCO in this
work has comparable properties to those used in literature. Although the acid value is
low, the baseline in the use of base catalyst (Braga et al., 2015) is when the acid value
is less than 2 mgKOH/g. Hence it is suitable for use in biodiesel production via base
catalysis (4000 times faster than acid catalyzed transesterification).

Table 5: Composition of purified waste cooking oil (WCO)

Name of fatty acid Molar mass Mass fraction (%0)
Butyric acid 102.13 0.03
Hexanoic acid 130.18 0.08
Caprylic acid 158.24 0.03
Capric acid 186.29 0.02
Lauric acid 214.34 0.05
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Mystiric acid 242.4 0.18
Pentadecanoic acid 256.42 0.03
Palmitic acid 270.45 5.58
Palmitoleic acid 268.43 0.38
Margaric acid 284.48 0.05
Heptadecanoic acid 282.46 0.07
Stearic acid 296.49 2.05
Oleic & elaidic acid 296.49 55.21
Linoleic & linolaidic acid 294.47 20.74
Nonadecanoic acid 312.53 0.52
Cis-9,12-octadecatrinoic 292.46 7.08
acid & Cis-9,12, 15-

octadecatrinoic acid

Arachidic acid 326.56 0.49
Cis-11-eisosanoic acid & 324.54,322.53 | 0.98
Cis-11, 14 -eicosadienoic

acid

Heneicosanoic acid 340.58 0.02
Behenic acid 354.61 0.25
Lignoceric acid 382.66 0.13
Nervonic acid 380.65 0.06

86




Table 6: Properties of purified waste cooking oil (WCO)

Property Value (this work) Values (literature) Unit
Molar mass 848.6621 - g/mol
Density 0.92150 0.911t00.98 g/lcm?
Specific gravity 0.92235 -

Viscosity 36.61 28.3 t0 60.96 mm? /s
Acid value 0.4975 0.8210 3.3 mgKOH/g
Moisture content 325ppm 0.5% to 1.42%

4.2 Characterization of Heterogeneous Catalysts Synthesized

It is salient to study catalyst properties and determine which properties contribute

towards the performance in terms of producing biodiesel from waste cooking oil and

optimize them. Through characterization it is possible to tell how the catalyst

synthesis process and conditions such as calcination temperature influence the catalyst

properties as well as its performance. Basicity is the main chemical activity

determining property and is tested through CO2 TPD test where peaks in 150°C to

300°C temperature range are considered weak basic sites, 300°C to 500°C

temperature range are considered medium/intermediate basic sites and 530 °C to

720 °C are considered strong basic sites.

4.2.1 Calcined Eggshell Catalyst

The properties of the synthesized Eggshell catalyst calcined at 900 °C for 4hrs was

determined from existing literature. The properties of eggshell catalysts synthesized

using a similar procedure as used in this research was reported in (Wei et al., 2009). It




stated that beyond a calcination temperature of 800 °C, particle sizes decreased
significantly and led to irregularly shaped catalysts. This observation was attributed to
the change in composition, being the change from CaCO3 to CaO. According to TGA
analysis, water and organics are removed at temperatures below 600 °C during
calcination while CO > removal was between 700 °C and 800 °C(Wei et al., 2009).
(Buasri et al., 2013) reported that eggshell catalyst calcined at 900 °C for 4 hours
contains 98.12% Ca0, 1.16% MgO, . The surface area reported was 136.10m?/g, a
pore volume of 0.12cm®/g (Buasri et al., 2013) and a mean pore diameter of

34.12 Angstrom.

(Terza Anokye-Poku, 2022) reported that two peaks were observed at 402 °C and
609 °C respectively in a CO> TPD test to check the basic sites present. This

represented medium and strong basic site strength respectively.

4.2.2 Calcined Fish scale Catalyst

4221CO.TPD

A CO, TPD test was undertaken to test the chemical properties of the fish scale
catalyst calcined at 900 °C for 4hrs to determine the strength and number of basic
sites. The profile obtained shows in Figure 24 that the catalyst has only one peak
appearing at 662 °C representing strong basic sites. The number of basic sites was
0.56305mmol/g. Obtained peak was broad spanning from 400 °C to 900 °C which is a
wide temperature range and indicates the presence of intermediate basic sites as well
though in low quantities. In a work by (Terza Anokye-Poku Regina, 2022) a similar
observation was made for calcined fish scale catalyst where only one peak was

observed at a close temperature of 452 °C.
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Figure 24: CO > TPD profile of calcined fish scale catalyst (basicity test)

4.2.2.2 XRD Analysis

The chemical composition of the calcined fish scale catalyst was determined. Figure
25 shows characteristic 20 peaks at 25.9° and 28.9° which corresponds to
hydroxyapatite (hexagonal rods or needle structure morphology) and at 22.9 °, 29.6 °,
30.5°, and 35.6° which corresponds to calcium magnesium phosphate (platelike
crystallites) according to International Center for Diffraction Data (ICDD). (Mustafa
et al., 2015) reported that calcination of fish scales at a temperature of 900 °C for
5hrs at a heating rate of 5°C/min led to the formation of pure hydroxylapatite (HAp)
(Venkatesan & Kim, 2010). Dry raw fish scale has a yellowish color to it but on
calcination it changes to grayish white due to the HAp formation and had a 21.86wt%
and 9.94wt% calcium and phosphorous content respectively. (Chakraborty et al.,
2011b; Zaki et al., 2006) reported the high thermal stability of Fish scale catalyst but
however, enhanced sintering occurs at temperatures above 1000 °C which lowers
catalyst activity. At 900 °C some HAp transforms to beta tricalcium

phosphates(Chakraborty et al., 2011b) which is used interchangeably with

89



Magnesium whitlockite(Scotchford, 1995), a base catalyst(Tada, 1975). (Goldberg et
al., 2022) also confirmed the formation of Magnesium whitlockite when fish scales

were calcined at 900 °C
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Figure 25: XRD of calcined fish scale catalyst (Catalyst composition)

4.2.3 Calcined Cow bone Catalyst

(Mitaphonna et al., 2019b) reported that fresh cow bone contains CaCOz3 and
Hydroxyapatite however on calcination at 900 °C for 4hrs showed the formation of
new compound; CaO and Ca(OH). The intensity of hydroxyapatite increased on
calcination making it the main component in the calcined cow bone sample. The
calcination temperature affects catalytic activity and active side density(Abdullah et

al., 2017). At higher calcination temperatures, favor high catalyst activity resulting in
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high biodiesel yield(Obadiah et al., 2012a). (Terza Anokye-Poku, 2022) also reported
the presence of hydroxyapatite in calcined cow bone samples.

(Otori et al., 2021)observed that the particles were porous spherical shaped crystals
with fine textures however in (Terza Anokye-Poku, 2022)agglomeration of particles
also occurred, and this could be due to high temperature thermal sintering(Sobczak et
al., 2009). Uncalcined cow bone catalyst also exhibits agglomeration however on
calcination it yields high surface area catalyst(Obadiah et al., 2012b).

(Terza Anokye-Poku, 2022) reported that in CO, TPD of calcined cow bone catalysts,
two peaks were observed at 381°C and 528°C, indicating the presence of weak and
strong basic sites respectively. The higher temperature had a broader peak (large area
under the peak) than the former. (Prasetyo et al., 2024; Viriya-Empikul et al., 2012)
reported the observation of broad desorption peak from 550 °C to 720 °C temperature
range also indicating the presence of more strong basic sites. Table 7 gives a summary
of BET and total basicity results.

Table 7: Summary of BET analysis on ES, FS and CB catalysts

BET Surface Total Basicity | Avg. Pore size | Pore Volume
Catalyst area (m2/g) (mmol/g) (nm) (cm3/g)
ES 0.6658 0.805 2.0693 0.000344
CB 2.2152 0.046 2.0192 0.001118
FS 4.0362 0.56 105.9309 0.10689
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4.2.4 Calcined Banana Peel Catalyst

4.241CO, TPD

The result obtained for basicity (Puna et al., 2014) during CO » desorption of banana
peel catalyst calcined in this work at 600 °C showed peaks at temperatures of 562°C,
752°C and 848°C (Figure 26) all of which are strong basic sites with a total basicity of
1.7347mmol/g of catalyst. The peak at 562°C had the highest peak areas representing
the most prominent type followed by obtained ta 752°C and that at 848°C had the
least peak area. Similarly, (Fan et al., 2019b) also observed three peaks and the
presence of strong basic sites present at 750 °C when banana peel was calcined at

600 °C.
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Figure 26: CO 2 TPD profile of banana peel catalyst calcined at 600 °C (basicity test)

The CO > TPD profile of banana peel calcined at 800 °C showed desorption peaks at
619°C, 732°C and 810 °C as displayed in Figure 27. This represents the presence of
strong basic sites with a total basicity of 0.8142mmol/g of catalyst. (Jitiamnong,

2021) reported that at temperatures as high as 700°C sintering occurred. This sintering
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leads to a reduction in surface area and exposed active sites which will be the
contributing factor to the declined total basicity of banana peel calcined at 800°C
relative to that calcined at 600°C. The temperatures of the desorption peaks were alco

comparably lower that that obtained in BP600.
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Figure 27: CO > TPD profile of banana peel catalyst calcined at 800 °C (basicity test)

As shown in Figure 28, the desorption profile of BP900 showed peaks at 564°C and
742°C which are relatively lower than that recorded for BP600 and BP800. The total
basicity recorded was 0.7019 mmol/g. (Mouiya et al., 2019)reported sintering of
banana peel catalyst at 900°C. This sintering is the reason for the recorded low
basicity since the number active sites are reduced due to decrease in available surface
area. 1t is observed that on increasing the calcination temperature, the total basicity

and strength of basic site decreases due to the removal of carbon compounds.
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Figure 28: CO > TPD profile of banana peel catalyst calcined at 900 °C (basicity test)

4.2.4.2 XRD Analysis

The XRD results obtained in Figure 29 shows characteristic 26 peaks at 28.4°, 40.6°,
50.3°, 66.2°, and 73.2° which corresponds to KCI (crystalizes in a face centered cubic
structure) according to International Center for Diffraction Data (ICDD) and
characteristic 20 peaks at 16.5°, 27.2°, 32.8°, 37.6°, and 44.1° which corresponds to
KHCOs (crystalizes in a monoclinic structure) in the banana peel catalyst calcined at
600 °C. (Fan et al., 2019a) reported the KCI and K20 in banana peel calcined at

600 °C similar the findings of this work. The volume of the sample in the crucible
influences the removal of carbon compounds from the sample as it was observed that
when a large volume was used even after 4hrs of calcination there was a color
gradient in the sample from the top to the bottom in increase in darkness representing
carbon presence. The presence of carbonates represents incomplete gasification.
(Meriatna et al., 2023b) on carrying out calcination at 700 °C observed the presence
of KCI, MgO, Ca0, Na;0O Al>03, K.CO and K>0. This proves the conversion of

potassium carbonates to potassium oxide however a higher temperature is required to
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complete the combustion to obtain banana peel ash. (Basumatary et al., 2021)
calcined banana peel at 550 °C and observed the presence of KCOsz in high amounts.
(Gohain et al., 2017b; Nath et al., 2020), observed KCOs3 present in calcined banana
peel catalyst indicating incomplete combustion at temperatures at and below 600 °C
hence the presence of carbonates. (Gohain et al., 2017b) reported that on calcination
at 700 °C it contained 41.37% potassium, 36.08% Calcium, 12.02% Magnesium,

10.41% calcium and traces of Zn.

[BP600.raw] BP600

500 00-041-1476> Sylvite - KCI
01-073-2155> Kalicinite - KHCO,

4504

4004

3504

3004

2501

Intensity(Counts)

200

1504

1004

50

" Al |I 1 L ‘ STl o [ LY L T 6 A 4
10 20 30 40 50 60 70 80
Two-Theta (deg)

-Univ Manitoba [FRANKO3-PC|Frank]<C \Users\Mariam\sept_2024> Wednesday, September 18, 2024 02:50p (MDIJADES)

Figure 29: XRD of calcined banana peel catalyst calcined at 600 °C (Catalyst

composition)

KCI was the main compound found in banana peel catalyst calcined at 800°C and
900 °C as shown in Figure 30 characteristic 26 peaks at 28.4°, 40.6°, 50.3°, 66.2°, and
73.2° which corresponds to KCI according to International Center for Diffraction Data

(ICDD). This represents complete removal of carbonates. It is expected to find oxides
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of metals especially K>O on calcination beyond 600°C. An EDS of calcined banana
peel by (Fan et al., 2019a) showed the presence of Potassium, Oxygen, Sodium,
magnesium, and chlorine compounds, even though its XRD profile only showed KCI
and K>O as the main active content. The downside of calcining at high temperatures is
the resulting low catalyst yield (Ozbay et al., 2019)which was about 10% for banana
peel calcined at 900 °C.(Fan et al., 2019a) reported that calcined banana peel yields a
better KoO-KCI dispersion relative to physically mixing K20 and KCI. (Gohain et al.,
2017c) stated its XRD depicted the complex of carbonates, oxides, silicates and
sulfides of potassium and calcium in banana peel calcined at 700 °C. not much
literature is present on the calcination of banana peel at 800 °C and 900 °C. The
resulting samples had a blue green characteristic color of its crystalline structure. (Fan
et al., 2019a) reported a change in color from brown ( raw dry banana peel) through
grey ( banana peel calcined at 500 °C) to a more whitish grey color ( for both banana
peel calcined at 600 °C and 700 °C) however, their data did not include results at

higher calcination temperatures.
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Figure 30: XRD of calcined banana peel catalyst calcined at 800 °C and 900 °C

(Catalyst composition)

4.2.4.3 BET Analysis

From Figure 31, 32 and 33 the BET surface area, pore volume and particle size
decreases with increasing calcination temperature. This was observed and explained
by (Mouiya et al., 2019) to be because of sintering. Sintering occurs during high
temperature calcination where there is collapse of the catalyst pore structure leading
to a decrease in pore volume and surface area ultimately resulting in particle
agglomeration as observed in Figure 31, 32 and 33 on calcining banana peels at 600°C
(BP600), 800°C (BP800) and 900°C (BP900)

This removal of carbon compounds leads to a decline in catalyst surface area as

shown in graph 1 due to the loss of carbon particles surface area. (Singh AK, 2007)
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also observed that the transesterification catalysts with the lowest surface areas had
the highest biodiesel production yield.

The combination of lowering pore volume (Figure 32) and increasing particle size
(Figure 33) with increasing calcination temperature of banana peel catalyst is due to
compaction or agglomeration of the particles due to thermal sintering. Which further
explains the decrease in catalyst surface area. (Mouiya et al., 2019) reported that at a
temperature of 900°C banana peel sinters and there is thermal decomposition of

organic matter.
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Figure 31: Effect of calcination temperature on BET surface area
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Figure 32: Effect of calcination temperature on catalyst pore volume
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Figure 33: Effect of calcination temperature on average particle size

4.2.4.4 Thermogravimetric Analysis

The TGA analysis of BP600 and BP800 was performed to determine the thermal
stability of the catalysts. In Figure 34, for BP600 catalyst TGA results, an initial loss
of mass was observed till 107°C which can be attributed to the desorption of volatile
substances, free and bound water (A. Demirbas, 2007a). Most biomass studies report
that moisture loss occurs up till 150°C. An intermediate weight loss stage occurs
between 200°C and 600°C showing several DTG peaks. This weight loss is attributed
to the decomposition of cellulose (occurring at 250°C to 350°C), hemicellulose
(occurring around 200°C to 300°C) and lignin which is composed at roughly 60%
carbon decomposing up till 600°C (Sait et al., 2012; Yang et al., 2007). The final
stage of the decomposition occurs around 950°C indicated by the steep drop in mass
implying the breakdown of any remaining char and inorganic residues(Mokhtar,
2017). Reported that at high temperatures, oxidation and mineral transformation

occurs in carbonaceous materials (biomass) making it a good potential catalyst
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material (mineral rich residues and biochar). This shows that banana peel catalysts
have good thermal stability. Compared with the TGA results obtained for BP800
catalyst Figure 35, similar decomposition profiles were observed. The DTG graphs
show similar rate of removal of adsorbed volatiles and moisture in the first mass drop
indicating comparable hydration levels. In the intermediate region of mass drop, both
samples showed multiple peaks indicating the decomposition of hemicellulose,
cellulose and lignin (organic components). However, the intensity and positioning of
these DTG peaks vary as well as the corresponding mass drops. On comparing the
respective mass loss in Figure 36, the initial (25°C to 107°C) percentage change in
mass for BP600 and BP800 were comparable however that of BP800 was slightly
higher and this is due to the ease of removal of adsorbed moisture at that temperature
interval. BP800 which is composed primarily of KCI, a stable salt with high lattice
energy hence low affinity for moisture easily, desorbs any absorbed moisture with
less temperature requirement. BP600 on the other hand is composed primarily of both
KCl and KHCOz. KHCOs3 though hydrophobic, can decompose in highly humid
environments to form K>COs, CO; and water. KoCOs is hygroscopic and requires high
energy to desorb water from its lattice structure. Hence the low mass loss in BP600 at
low temperature (107°C) relative to BP800. Between 107°C and 600°C much of the
organic and any present moisture loss occurred. The loss in mass for BP600 was more
than three times higher than BP800. This is because of the moisture weight loss as
well as the decomposition of carbonates (carbonate loss). The mass losses in BP600
and BP800 were very similar at 800°C and 900°C (2.4% averagely). This implies
similarity in properties.

At 950°C the components of both BP600 and BP800 (any remaining carbonaceous

materials and minerals) thermally degrade indicating their thermal stability up to
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950°C. The slight mass loss difference at degradation is due to the difference in ratio
of degradation products obtained in BP600 and BP800. Since BP60O is relatively high
in carbonaceous products at the start of the analysis, it is expected to have high mass

losses during degradation compared to BP800 which is composed of high inorganic

mineral ratio.
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Figure 34: TGA results for BP600 catalyst
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Figure 35: TGA results for BP800 catalyst

4.2.4.5 SEM/EDS Analysis

The EDS Figure 36 and elemental component (in line with literature) amounts Figure
37 show that on calcining banana peel catalyst at 600°C much of its carbon content is
lost and potassium remains the most abundant component representing 43.3% of the
total catalyst mass. The presence of large amounts of oxygen suggests the presence of
oxides (formed during calcination) or residual organic compounds of the metals
present (Mg, Ca, K). The presence of a substantial carbon peak indicates the presence
of residual carbon which is expected since banana peel is an organic material. Si, S,
and P are present in trace amounts. The presence of a quite significant amount of ClI
indicates the presence of residual salt compounds which maintain stability at high

temperatures. Calcium contributes to the structural stability of the catalyst.
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Figure 36: EDS results of BP600 catalyst

Element Weight % Atomic %  Error %
OK 42.4 63.4 10.1

Figure 37: Elemental composition of BP600 catalyst

In the SEM image of BP600 Figure 38, the dark area in the middle image shows

porosity of the catalyst. The pores appear to be quite uniformly distributed and more

dispersed with some clustering. The particles appear to be finer and more fragmented

possessing angular and irregular shapes suggesting a rough surface texture.
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Figure 38: SEM results of BP60O catalyst
The EDS Figure 39 and elemental component amounts Figure 40 show that on
calcining banana peel catalyst at 800°C the potassium, magnesium and silicon content
increase in concentration due to the removal of excess carbon compounds between
600°C and 800°C during calcination. This is associated with a decrease in oxygen
content since the carbon is removed in the form of CO>. There was a detectable
amount of aluminum on calcining at elevated temperatures as well. Though
Aluminum is not a naturally occurring plant mineral, its presence may be due to

environmental contamination.
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Figure 39: EDS results of BP800 catalyst
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Element Weight % Atomic %  Error %

oK 39.7 60.8 10.1
MgK 0.7 0.7 9.1
AIK 0.4 0.4 10.6
SiK 1.8 1.6 5.1
PK 1.6 1.3 5.4
SK 0.3 0.2 16.7
CIK 4.2 2.9 3.2
KK 49.4 31.0 2.0
CaK 1.9 1.1 10.3

Figure 40: Elemental composition of BP800 catalyst

The EDS Figure 41 and elemental component amounts Figure 42 show that on
calcining banana peel catalyst at 900°C the potassium content increases in
concentration due to the removal of carbon compounds between 600°C and 900°C
during calcination. The associated drop in oxygen composition is due to the
decomposition of metal carbonates including CaCOs (825°C), MgCOs (650°C) to
form metal oxides releasing CO. The presence of aluminum in small is also observed
and this is due to the removal of carbon leading to an increase in Al concentration in
the catalyst. Though Aluminum is not a naturally occurring plant mineral its presence
may be due to environmental contamination. There was a 72% increase in the silicon

content on increasing the calcination temperature from 800°C to 900°C.
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Figure 41: EDS results of BP900 catalyst
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Figure 42: Elemental composition of BP900 catalyst

In the SEM image of BP900 Figure 43, interconnected porous networks are observed.

Relative to BP600, they appear to be more irregularly shaped particles with a mix of

angular and elongated shapes. Sharp boundaries observed suggest rough and

fragmented morphology. BP900 appears to have relatively high porosity and larger

interconnected voids suggesting a high degree of material decomposition which is

expected as the calcination temperature was high (900°C). The particles appear to be
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more dispersed possibly leading to increased surface area to moderation despite

possible decomposition.
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Figure 363: SEM results of BP90O0 catalyst

4.2.5 Inorganic Equivalent of Banana Peel Catalyst
4251C0O.TPD

BPIn 1, prepared via co-impregnation of precursors of potassium oxide, silicon oxide,
calcium oxide, magnesium oxide and phosphorous pentoxide, had three desorption
peaks appearing at 726°C, 823°C and 862°C as shown in Figure 44 with a total

basicity of 2.9537mmol/g of catalyst.
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Figure 374: CO2 TPD profile of BPIn 1 catalyst

As shown in Figure 45, BPIn 2 catalyst which was prepared by co-precipitation

showed only one desorption peak at 743°C with a total basicity of 2.5665mmol/g
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catalyst. This amount is lower relative to the other two catalysts prepared via co-
impregnation and this could be due to the presence of some precipitating agent

diluting the targeted amounts of respective metals per gram of catalyst in the calcined

sample.
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Figure 385: CO2 TPD profile of BPIn 2 catalyst

BPIn 3 which was prepared via co-impregnation of the constituents of BPIn 1 with an
additional precursor for oxides of iron, aluminum, manganese, copper and zinc
recorded the highest basicity of 3.2038mmol/g of catalyst. It is evident that the
addition of the extra precursors enhanced the basicity. The desorption peaks were

observed at 659°C, 725°C and 772°C temperatures as shown in Figure 46.
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Figure 396: CO2 TPD profile of BPIn 3 catalyst

4.2.5.2 XRD Analysis

The XRD profile of all three inorganic replicas, BPIn 1, BPIn 2 and BPIn 3 showed
the presence of KNOs as the main active component in Figure 47. This is no surprise
because it comprised roughly 70% of the catalysts. Although it was expected that on
calcination, the thermal degradation would cause its breakdown to produce K20 that
was not the observed case. This could be due to insufficient heat (low calcination
temperature), insufficient calcination time or the presence of a degradation inhibitor
component. (Soares et al., 2010) reported that catalyst activity decreased with
increasing calcination temperature due to agglomeration. Table 8 shows the nitrogen

physisorption results indicating the physical properties of the catalysts.
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Figure 407: XRD profile of BPIn 1, BPIn 2 and BPIn 3 catalyst

Table 8: N2 physisorption results for BPIn 1, BPIn 2 and BPIn 3 catalyst

BET

Surface | Total Avg. Avg. Pore

area Basicity | Pore size | Particle Volume
Catalyst | (m?g) | (mmol/g) | (nm) size (nm) | (cm®/g)
BPIn3 0.1955 |3.2 861.689 | 30695.1312 | 0.042109
BPIn2 0.0835 2.57 54.0816 | 71862.4558 | 0.001129
BPInl 1.7638 | 2.95 14.3003 | 3401.8285 | 0.006306
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4.2.5.3 EDS of BPIn 2

The EDS Figure 48 and elemental component amounts Figure 49 show the presence
of K, Ca, Mg, P, and Si which were used as precursors in the preparation. However,
their targeted amounts were not met, and this is due to the presence of components of
the precipitation agent (Na) which should have removed via through washing during
the catalyst preparation. However, the high Lewis basic nature of the NaCOz which is
possibly present (oxygen and carbon amounts in EDS results) will potentially boost
catalytic performance. The detected amounts of Al (0.8 mass% with 8.8% in error)
and CI (0.2 mass % with 22.1% error) which were not included in any stage of the
preparation are explained due to the high error values associated with their
composition inferring possible minute amounts in precursors as contaminants (traces

of NaCl in commercial grade NaHCOs is quite common) .
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Figure 41: EDS results of BPIn 2 catalyst
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Element Weight % Atomic % Error %

OK 47.9 62.4 8.3
NaK 247 224 6.6
MgK 0.5 0.4 12.4
AlK 0.8 0.6 8.8
SiK 1.2 0.9 6.6
PK 0.9 06 8.7
CIK 0.2 0.1 221
KK 214 11.4 22
CaK 2.3 1.2 5.7

Figure 42: Elemental composition of BPIn 2 catalyst

In the SEM images of BPIn2 Figure 50, the pores appear to have varying degrees of
density and dispersed. This suggests the presence of a mix of small, isolated pores and
large voids. The variability in pore distribution suggests heterogeneous structure. The
particles appear to be irregular angular shaped with well-defined edges implying a
rough fragmented texture. Compared to the BP600 and BP900 SEM images, this
image shows clusters of particles and pores. This kind of distribution indicates that the
synthesis conditions allowed partial consolidation, leading to some interconnected and

isolated pore structures.
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Figure 43: SEM results of BPIn 2 catalyst
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4.3 Heterogeneous transesterification reactions

A more accurate biodiesel yield calculation is based on the use of gas chromatography
as used by (Zabeti et al., 2010; Chakraborty et al., 2011b) where a GC equipped with
a flame ionizing detector (FID) was used with a capillary column DB23 to determine
the total weight percentage of FAME in the biodiesel sample. In this work, the
biodiesel yield was calculated using Equation 3 as also used in (Mercy Nisha Pauline

et al., 2021; Takase, 2022)

Mass of biodiesel produced*100%
Mass of oil used

Biodiesel yield = Equation 3

In comparing the performance of the various catalysts, the reaction conditions used
was 60°C reaction temperature, 15:1 ethanol to oil ratio, 600rpm stirring rate, 2wt%
catalyst dosage and a 6-hour reaction time. Table 9 shows some literature obtained
biodiesel properties. High kinematic viscosity will cause incomplete fuel combustion
in the combustion chamber hindering engine operation and fuel flow(Alias et al.,
2018). Prior to the heterogeneous runs, an uncatalyzed run was conducted. The
resulting product was separated into layers and the biodiesel layer had an acid value
of 0.3318 mgKOH)/g which is comparable to that of the purified WCO (0.4976
mgKOH/g) and shows a low degree of FFA conversion.

Table 9: Literature values of biodiesel properties

Feedstock Viscosity | Density | Acid value Moisture Reference

(mm?/s) | (g/cm?) | (mgKOH/g) | content

Canola oil 4.38 0.883 - - (Knothe &

Steidley, 2009)

Coconut oil | 2.75 0.874 - - (ASTMD, 2012)

113



Sunflower 4.42 0.878 - - (Brennan &

oil Owende, 2010)

- 1.9-6.0 - 0.80 max 0.05% max | ASTM D 6751

4.3.1 Individual ES, FS and CB catalyzed transesterification reactions

On using individually synthesized biobased catalysts, thus eggshell catalyst (ES), fish
scale catalyst (FS) and cow bone catalyst (CB), fish scale catalyst and cow bone
catalyst had relatively high biodiesel yield of 68.44% and 68.15% respectively as
shown in Figure 51 while eggshell catalyst had a low biodiesel yield of 64.42%
although higher than that obtained in an uncatalyzed reaction (33.34% with a 0.3318
mgKOH/g acid value) These low recorded values spring the need to combine them to
obtain a synergistic effect on catalyst properties and possibly improved biodiesel
yield. Table 10 shows the characteristics of the obtained biodiesel which are within
ASTM D 6751 standard properties for 100% biodiesel.

Biodiesel yield obtained in the use of individually

synthesized heterogeneous biobased catalysts
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Figure 44: Biodiesel yield obtained in the use of individually synthesized

heterogeneous biobased catalysts

114



Catalyst Viscosity (mm? /s) | Density (g/cm®) | Acid Value (mgKOH/g)
ES 1.803 0.8138 0

FS 2.195 0.7985 0.2044

CB 2.076 0.7983 0.3324

Table 10: Biodiesel characteristics in the use of ES, FS and CB catalysts

4.3.2 Comparing various ES:FS: CB mix procedures on catalyzed

transesterification reaction performance

Three mix procedure types were explored to enhance catalyst performance in
biodiesel production using a 1:1:1 mix ratio of eggshell, fish scale and cow bone
catalysts as shown in Figure 52. Although all the mix procedures used increased the
biodiesel yield that obtained through mixing in room temperature water (1:1:1 w) had
a 65% biodiesel yield which was not much different from the poorest performing
individual biobased catalyst (eggshell catalyst). The low temperature in this case
could be the influencing factor. On the other hand, physically mixed (1:1:1 phy) and
hot water mixed (1:1:1 hw) biobased blend catalyst showed a slight improvement in
the biodiesel yield of 70.79% and 71.04% respectively. Since physical mixing
requires less steps and energy in its synthesis relative to the hot mixing and has a
comparably similar performance in terms of biodiesel yield, it was used in further
optimizations. Table 11 shows the characteristics of the obtained biodiesel which are

within ASTM D 6751 standard properties for 100% biodiesel.
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Figure 45: Biodiesel yield obtained in the use of heterogeneous biobased catalysts by

varying mix procedure

Catalyst Viscosity (mm?/s) | Density (g/cm®) | Acid Value (mgKOH/g)
1:1:1phy 2.457 0.8264 0.2215
1:1:.1w 2.627 0.8297 0.2235
1:1:1hw 2.454 0.8249 0.1680

Table 11: Biodiesel characteristics in varying mix procedures of catalysts

4.3.3 Comparing ES:FS: CB mix ratios on catalyzed transesterification reaction

performance

On varying the mix ratios of eggshell, fish scale and cow bone catalysts via physical
mixing it was observed in Figure 53 that catalysts with low eggshell ratios (0.1) as in
1:6:3phy and 1:3:6phy catalysts had the best performance in terms of biodiesel yield
producing up to 73.66% and 71.3% respectively. It was previously observed in the use
of individual biobased catalyst that eggshell catalyst had the least biodiesel yield and
this ratio variation results also emphasizes it.

The other catalysts, which had eggshell ratio of 0.3 and 0.6 had low biodiesel yield
performances as follows; 70.23% and 70.26% for 3:1:6phy and 3:6:1phy respectively
for the 0.3 mass basis ratio of eggshell catalyst and 67.84% and 70.55% for 6:3:1phy
and 6:1:3phy catalysts respectively.
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Therefore 1:6:3phy and 1:3:6phy catalysts were selected for further optimization and
enhancing. Table 12 shows the characteristics of the obtained biodiesel which are
within ASTM D 6751 standard properties for 100% biodiesel.
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Figure 46: Biodiesel yield obtained in the use of varied mix ratios of biobased
heterogeneous catalysts physically mixed

Catalyst Viscosity (mm?/s) | Density (g/cm®) | Acid Value (mgKOH/g)
6:1:3 phy 1.904 0.8044 0.1676
1:3:6 phy 1.971 0.7994 0.1673
1:6:3 phy 2.062 0.8006 0.1667
3:1:6 phy 1.988 0.8028 0.1657
3:6:1 phy 2.700 0.8293 0.2229
6:3:1 phy 3.512 0.8451 0.2802

Table 12: Biodiesel characteristics in the use of varied mix ratios of biobased
catalysts physically mixed

4.3.4 Comparing amount of potassium promoter (wt%) on ES:FS: CB catalyst in

transesterification reaction performance

1%, 5% and 10% (on mass basis) of potassium (K) as impregnated on 1:1:1 eggshell,
fish scale and cow bone tri-blend catalyst and their performance are shown in Figure
54. The 1wt% K impregnated catalyst had the highest performance in terms of

biodiesel yield of 75.83% and an acid value of 0.1944 mgKOH/g biodiesel followed
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by 10wt% K impregnated catalyst with a 73.73% biodiesel yield and 0.1387
mgKOH/g biodiesel acid value. The 5-wt% K impregnated catalyst had the lowest
performance among the three with a 71.82% biodiesel yield and 0.1382 mgKOH/g
biodiesel acid value. From the above results, 10wt% potassium impregnation was
selected as optimum since it had a good biodiesel yield and low acid value balance.
Table 13 shows the characteristics of the obtained biodiesel which are within ASTM
D 6751 standard properties for 100% biodiesel.
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potassium impregnated heterogeneous biobased

catalysts
77
75.83

76

75
S
e 73.7
S 74 3.73
@
=73
()
@ 71.82
T 72 )
kel
o

71

70

69

1:1:1 + 1%K 1:1:1 +5%K 1:1:1 +10%K

Heterogeneous Catalysts

Figure 47: Biodiesel yield obtained in the use of different wt% potassium impregnated
heterogeneous biobased catalysts

Catalyst Viscosity (mm? /s) | Density (g/cm®) | Acid Value (mgKOH/g)
1:1:1 +1%K | 2.559 0.8250 0.1944
1:1:1 +5%K | 2.437 0.8247 0.1382
1:1:1 +10%K | 2.485 0.8257 0.1387

Table 13: Biodiesel characteristics in the use of different wt% potassium impregnated
catalysts
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4.3.5 Optimum ES:FS:CB tri-blend catalysts for transesterification

The best performing tri-blend catalyst mix ratios i.e. 1:3:6 and 1:6:3 catalysts and the
worst tri-blend mix ratio catalyst i.e. 3:1:6 catalyst was selected for the impregnation
of 10wt% potassium. It was notable that all the catalysts showed an improved yield of
biodiesel. The biodiesel yield of 1:3:6phy catalyst increased from 71.3% to 71.5%
which was not that significant; from 73.66% to a significant 75.34% from 1:6:3phy
catalyst to 1:6:3 +10wt%K and 69.47 for 3:1:6 +10wt%K respectively as shown in
Figure 55.

In conclusion the best biodiesel yield in the use of eggshell, fish scale and cow bone
catalyst were obtained when a catalyst mix ratio of 1:6:3 (ES:FS:CB) was
impregnated with 10wt% potassium. The optimum biodiesel yield was 75.34% which
still is not high enough. Hence there is a need to seek alternative biobased sources.
Table 14 shows the characteristics of the obtained biodiesel which are within ASTM
D 6751 standard properties for 100% biodiesel except for viscosity values which are
about 4% lower than the standard.
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Figure 48: Biodiesel yield obtained in the use of optimized heterogeneous tri-blend
catalysts
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Catalyst Viscosity (mm? /s) | Density (g/cm®) | Acid Value (mgKOH/g)
1:3:6 +10%K | 1.852 0.8046 0.0884
1:6:3 +10%K | 1.823 0.8016 0.0655
3:1:6 +10%K | 1.907 0.8049 0.0440

Table 14: Biodiesel characteristics in the use of optimized heterogeneous tri-blend
catalysts

4.3.6 Effect of Banana peel catalyst calcination temperature on transesterification

performance

Banana peels, which are known to have a high potassium content were explored as a
potential biobased catalyst source. Potassium based biobased catalysts (banana peel)
are expected to be a relatively more active Lewis base compared to the calcium based
biobased catalysts (eggshell, fish scales and cow bones) due to high electro positivity
and ease of electron donation.

Freshly dried and grinded banana peels were calcined at 600°C, 800°C and 900°C to
obtain BP600, BP800 and BP900. It was observed that the color of the catalyst
changed from a dark brown (freshly dried and grinded sample) through grey (BP600)
to a turquoise (BP900) color this was due to thermal decomposition at high
temperatures releasing the carbon constituents to obtain inorganic compounds.

In Figure 56 is observed that as the calcination temperature was increased the
performance of the catalyst for transesterification also increased from 61.14% through
76.18% to 96.16% for BP600, BP800 and BP900 respectively.

BP900 gave the highest biodiesel yield of 96.16%, making it the best performing
biobased catalyst in this work. Table 15 shows the characteristics of the obtained

biodiesel which are within ASTM D 6751 standard properties for 100% biodiesel.
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Figure 49: Biodiesel yield obtained in the use of banana peel catalysts

Catalyst Viscosity (mm?/s) | Density (g/cm®) | Acid Value (mgKOH/g)
BP600 2.541 0.8293 0.1119
BP800 2.835 0.8327 0.1008
BP900 4.125 0.8574 0.0547

Table 15: Biodiesel characteristics in the use of banana peel catalysts

4.3.6.1 Effect of Banana peel catalyst characteristics on transesterification

performance

The CO, TPD characterization shows that the catalysts with high basic site strength
influenced the performance where the catalyst with the strongest basic sites had the
lowest performance (BP600). Strong basic sites make it difficult for adsorbed
products to desorb form the catalyst surface hence hindering the catalysis process and

causing low catalyst performance as observed in Figure 57
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Figure 50: Catalyst characteristics that influence performance

It was observed in the SEM/EDS results that, as the banana peel calcination
temperature increased, the carbon content was reduced and the potassium content
increased. The increasing catalyst calcination temperature also saw an increase in
biodiesel yield. This shows a positive direct correlation between the banana peel
catalyst potassium content and the biodiesel yield as shown in Figure 58. Carbon is
known to reduce catalyst selectivity though it has good basic properties and hence it
was observed that as its quantity reduced the basicity also reduced but led to high

potassium content with high selectivity for biodiesel production.
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Effect of catalyst elemental composition on performance
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Figure 51: Relationship between potassium and silicon content on banana peel
catalyst performance

4.3.7 Comparing Inorganic equivalent of banana peel catalysts based on

transesterification performance

The inorganic replica of the best performing biobased catalyst (Banana peel catalyst)
prepared using coprecipitation method (BPIn 2) and that prepared via co impregnation
(BPIn 1) of precursors had a similar performance as shown in Figure 59 with a
biodiesel yield of 84.58% and 84.47% respectively. The respective acid values were
0.0709 mgKOHY/g biodiesel and 0.0955 mgKOH/g biodiesel.

BPIn 3 which entailed the addition of extra precursors (iron, zinc, aluminum, and
manganese) yielded a slightly lower biodiesel amount 83.26% and an acid value of
0.1368 mgKOHY/g biodiesel. Since all the produced inorganic replicas had comparable
results, the coprecipitated catalyst, BPIn 2 was selected for further studies due to its
calcination yield and the low acid value of its produced biodiesel which signifies high
purity. Table 16 shows the characteristics of the obtained biodiesel which are within

ASTM D 6751 standard properties for 100% biodiesel.
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Figure 52: Biodiesel yield obtained in the use of inorganic equivalent of banana peel

heterogeneous catalysts

Catalyst Acid Value (mgKOH/q)
BPInl 0.0955
BPIn2 0.0709
BPIn3 0.1368

Table 16: Biodiesel characteristics in the use of inorganic equivalent of banana peel
catalysts

4.4 Catalyst (BPIn 2) stability

The stability of BPIn2 in was determined by subjecting the catalyst to five
transesterification runs at 60°C reaction temperature, 2wt% catalyst dosage, four-hour
reaction time and 21:1 ethanol to oil ratio. The performance in terms of biodiesel
yield remained constant with a 1.3 difference in biodiesel yield between the first and
fifth run indicating a stable catalyst as shown in Figure 60. After each
transesterification run, the next run followed without washing and drying the catalyst
(no regeneration). Its stable nature based on preliminary analysis makes its suitable
for continuous biodiesel production (preferrable due to ease of operation and

automation) requiring less frequent catalyst replacement over time. This reduces
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operational costs as opposed to low stability catalysts requiring frequent regeneration

or replacement.

BPIn2 catalyst stability

100

90 86.78 86.44 85.81 85.52 85.48
. 80
& 70
©
K9] 60
= 50
b
2 40
©
S 30
o
20
10
0
1 2 3 4 5
Run number

Figure 53: Stability of BPIn 2 catalyst

Run Acid Value (mgKOH/qg)
1 0.0717
2 0.0724
3 0.1113
4 0.1118
5 0.0553

Table 17: Acid value of biodiesels obtained in stability studies

4.5 Effect of reaction conditions on performance

(F. Ma & Hanna, 1999c) reported that the effect of rection conditions on biodiesel
yield was also dependent on the catalyst used. Therefore, different catalysts have
different responses to biodiesel yield with varying reaction conditions. This section
analyses the effect of reaction temperature, time, catalyst dose and ethanol to oil ratio

on the biodiesel yield in the use of BPIn 2 catalyst.
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4.5.1 Effect of catalyst amount (wt%) on performance

Reactions in this comparison were carried out at 60°C reaction temperature, 6hour
reaction time and 15:1 ethanol to oil ratio while varying the catalyst dosage. (F. Ma &
Hanna, 1999c) reported that at high catalyst dosage of 10wt% the reaction mixture
becomes too viscous leading to mixing limitations and ineffective reaction. It was
observed in Figure 61 that the biodiesel yield increased significantly from 77.75% to
84.58% when the catalyst dosage increased from 1wt% to 2wt% respectively. The dip
observed at 3wt% catalyst dosage could be attributed to experimental error. However,
it was not worth increasing the catalyst dosage to 4wt% from 2wt% since doubling the
mass of catalyst did not affect any significant increment in biodiesel yield (less than
1% vyield increment). Table 18 shows the acid values of the biodiesels obtained.
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Figure 54: Effect of Catalyst amount on performance

Catalyst dosage (wt%) | Acid Value (mgKOH/q)
1 0.0656
2 0.0709
3 0.0667
4 0.1082

Table 18: Acid value of biodiesels obtained in using BPIn 2 and varying catalyst
dosage
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4.5.2 Effect of Ethanol to oil ratio on performance

Reactions in this comparison were carried out at 60°C reaction temperature, 6-hour

reaction time and 2wt% catalyst dosage while varying ethanol to oil ratio. According

to literature (F. Ma & Hanna, 1999c) biodiesel yield increases with increasing ethanol

to oil ratio. Significant difference in biodiesel yield was observed when the ethanol

ratio was increased recording a 29% biodiesel yield at a 6:1 ethanol to oil ratio,

65.82% biodiesel yield at a 12:1 ethanol to oil ratio, an 84.58% biodiesel yield at a

15:1 ethanol to oil ratio and ultimately a 94.37% biodiesel yield at a 21:1 ethanol to

oil ratio as shown in Figure 62. Table 19 shows the acid values of the biodiesels

obtained.
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Figure 55: Effect of Ethanol to Oil Ratio on Performance

Ethanol: oil | Acid Value (mgKOH/qg)
6:1 0.1111
12:1 0.0878
15:1 0.0709
21:1 0.0540

Table 19: Acid value of biodiesels obtained in using BPIn 2 and varying ethanol to

oil ratio
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4.5.3 Effect of reaction Time on performance

Reactions in this comparison were carried out at 60°C reaction temperature, 2wt%
catalyst dosage and a 21:1 ethanol to oil ratio while varying the reaction time for BPIn
2 catalyst. The effect of reaction time on biodiesel yield was checked for both BPIn 2
catalyst and BP900 catalysts. In Figure 63 it is observed that the biodiesel yield
obtained in the use of BPIn 2 catalyst increases as the reaction time increases from an
82.2% biodiesel yield at half an hour to 94.05% after a six-hour reaction time. It is
worth nothing that there was a significant increase in biodiesel yield between the 4-
hour run (86.2%) and the 6-hour run (94.05%). Table 20 shows the acid values of the

biodiesels obtained.
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Figure 56: Effect of Reaction Time on Performance (BPIn2 catalyst)

Reaction time (hours) | Acid Value (mgKOH/qg)
0.5 0.1665
1 0.0992
4 0.0612
6 0.0552

Table 20: Acid value of biodiesels obtained in using BPIn 2 and varying reaction time

For BP900 the same reaction conditions were used except for the ethanol to oil ratio

which was 15:1. In the use of BP900 catalyst, the biodiesel yield was also observed to
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increase with increasing reaction time as shown in Figure 64. However, the highest
increase in yield was from the second hour (81.09%) to the fourth hour (91.05%)
unlike in BPIn 2 where the most significant increment was between the fourth and
sixth hour. The highest biodiesel yield for BP900 was recorded to be 96.16% after a

six-hour reaction time. Table 21 shows the acid values of the biodiesels obtained.
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Figure 57: Effect of Reaction Time on Performance (BP900 catalyst)

Rection time (hours) | Acid Value (mgKOH/g)
0.5 0.0882
1 0.0655
2 0.0445
4 0.0496
6 0.0492

Table 21: Acid value of biodiesels obtained in using BP900 and varying reaction time

4.5.4 Effect of reaction Temperature on performance

Reactions in this comparison were carried out at 4-hour reaction time, 2wt% catalyst
dosage and a 21:1 ethanol to oil ratio while varying the reaction temperature. It was

observed in Figure 65 that the biodiesel yield increased significantly with increasing
temperature from 40°C to 70°C with 80.58% and 94.11% respectively. (Buasri et al.,

2013) reported an increase in biodiesel yield with increasing reaction temperature.
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Because transesterification reaction is endothermic and is facilitated by high reaction
temperatures, this observation is in line with literature reported trends. Table 22
shows the acid values of the biodiesels obtained.
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Figure 58: Effect of Reaction Temperature on Performance

Reaction temperature (°C) | Acid Value (mgKOH/g)
40 0.0983
50 0.0713
60 0.0612
70 0.0554

Table 22: Acid value of biodiesels obtained in using BPIn 2 and varying reaction
temperature

4.6 BPIn2 catalyst reaction kinetics

The kinetic model in the use of BPIn 2 was developed for easy determination of
required reactor volume for upscale production. There is need to ensure the Kinetic
rates obtained are solely due to chemical reaction and hence eliminate mass transfer-
controlled reaction. Kinetic studies conducted by (Bambase et al., 2007; Kumar et al.,
2010; Okullo et al, 2015; Noureddini, 1997) concluded that during transesterification,
at stirring rates from 400rpm to 600rpm and above, the mass transfer-controlled

reaction is eliminated, and only chemical reaction controls the reaction kinetics.
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Hence, since a 600rpm stirring rate was used in this work, the reaction kinetics is said
to be solely dependent on the rate of chemical reaction.

Three power law models are developed for prediction of reaction rate for a given the
reaction conditions. The overall transesterification reaction equation is given in
Equation 4 where three moles of ethanol are required for each mole of oil which is
used synonymously as triglyceride.

Oil + 3Ethanol — 3Biodiesel + Glycerol Equation 4

This implies that the rate of consumption of products and generation of products in an

uncatalyzed rection is given in Equation 5

N _ (1) dhy _ (1) _ dg -
dt ~ \3/) dt 3/ dt ~  dt Equation 5

Table 23 shows the experimental data obtained for the kinetic studies of BPIn 2
catalyst transesterification. Various biodiesel yields were obtained in varying reaction
temperature, reaction time and the ethanol to oil ratios.

Table 23: Experimental data obtained for the kinetic studies of BPIn 2 catalyst

No Reaction
Temperature | Catalyst Reaction Ethanol: oil | Biodiesel
(K) mass (g) Time (hr) ratio yield (%)

1 343 4 0.5 21;1 83.73

2 343 4 1 21;1 90.70

3 343 4 4 21;1 94.11

4 333 4 0.5 21;1 82.20

5 333 4 1 21;1 84.56

6 333 4 4 21;1 86.20
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7 323 4 1 21;1 80.20
8 323 4 4 21;1 85.66
9 313 4 1 21;1 75.82
10 313 4 4 21;1 80.58
11 333 4 1 15;1 78.92
12 333 4 2 15;1 79.65
13 333 4 4 15;1 84.58
14 313 4 1 15;1 73.37
15 313 4 2 15;1 78.56
16 313 4 4 15;1 80.13
17 333 4 1 6;1 23.93
18 333 4 2 6;1 27.84
19 333 4 4 6;1 29.00
20 313 4 1 6;1 20.38
21 313 4 2 6;1 25.26
22 313 4 4 6;1 26.76

The following steps were taken to obtain the parameters required to calculate the rate
of reaction.
1. The mass of biodiesel at time t (Mmp;ogiesere), iN the reaction was calculated
using Equation 6

__ Biodiesel yield x my;1 o .
Mpjodieselt = 100 Equatlon 6

2. The moles of biodiesel at any time t (N pjpgieser ¢), Was calculated using

Equation 7

MBiodiesel,t

Mpiodiesel

NBiodiesel,t = Equation 7
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3. The moles of ethanol reacted at any point in the reaction (N g¢panotreacted 1S
equal to the moles of biodiesel produced (N pjogieser) Since they have the

same stoichiometric coefficients in the reaction Equation 8

NEthanol,reacted = NBiodiesel,t Equation 8

4. The initial moles of oil, N,;; ¢ (at time = 0) was calculated by dividing the
mass of oil used by the molar mass of the waste cooking oil as shown in
Equation 9

Noio = '1';"—;’;’ Equation 9

5. The initial moles of ethanol, Ng;panor 0 (at time = 0) was calculated by
dividing the mass of ethanol used by the molar mass of the ethanol as shown
in Equation 10

m .
NEthanol,O = % Equation 10

6. The moles of oil reacted (N gy reactea) 1S given by Equation 11 and is based on

the reaction stoichiometry with respect to biodiesel

NBiodi .
NOil,reacted = % Equation 11

7. The moles of ethanol remaining unreacted at any time t (N g¢panor ), 1S
calculated using Equation 12

NEthanol,t = NEthanol,O - NEthanol,reacted Equation 12

8. Finally, the rate of reaction with respect to biodiesel production (rgisdieset)
which is the same as that with respect to ethanol consumed (—7gthanot) due to
the reaction stoichiometry is calculated using Equation 13. W represents the

catalyst amount in grams and t is the reaction time in hours.
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TBiodiesel = —TVEthanol =

ANpiodiesel

WAt

Equation 13

Table 24: Moles and mass of the reactants before and after transesterification.

Ethanol oil

moles Initial | Initial Final Initial | Initial | moles moles
reacted Mass | moles moles mass | moles | reacted unreacted
(mol) (9) (mol) (mol) (mol) | (mol) (mol) (mol)
0.541076215 | 240 5.20969 | 4.668614 | 200 0.23568 | 0.180358738 | 0.05531773
0.586076367 | 240 5.20969 | 4.623614 | 200 0.23568 | 0.195358789 | 0.040317679
0.608124938 | 240 5.20969 | 4.601565 | 200 0.23568 | 0.202708313 | 0.032968155
0.53113579 | 240 5.20969 | 4.678554 | 200 0.23568 | 0.177045263 | 0.058631205
0.546393337 | 240 5.20969 | 4.663297 | 200 0.23568 | 0.182131112 | 0.053545356
0.55696481 | 240 5.20969 | 4.652725 | 200 0.23568 | 0.185654937 | 0.050021531
0.518198701 | 240 5.20969 | 4.691491 | 200 0.23568 | 0.1727329 0.062943568
0.553548131 | 240 5.20969 | 4.656142 | 200 0.23568 | 0.184516044 | 0.051160424
0.48993816 | 240 5.20969 | 4.719752 | 200 0.23568 | 0.16331272 | 0.072363748
0.520701306 | 240 5.20969 | 4.688989 | 200 0.23568 | 0.173567102 | 0.062109366
0.509992181 | 172 | 3.733611 | 3.223619 200 | 0.23568 | 0.169997394 | 0.065679074
0.514688981 | 172 3.733611 | 3.218922 | 200 0.23568 | 0.171562994 | 0.064113474
0.546568171 | 172 | 3.733611 | 3.187043 | 200 | 0.23568 | 0.18218939 | 0.053487078
0.474136021 | 172 3.733611 | 3.259475 | 200 0.23568 | 0.15804534 | 0.077631128
0.507609612 | 172 | 3.733611 | 3.226002 200 | 0.23568 | 0.169203204 | 0.066473264
0.517798872 | 172 3.733611 | 3.215812 | 200 0.23568 | 0.172599624 | 0.063076844
0.154641458 | 68.57 | 1.488452 | 1.33381 | 200 0.23568 | 0.051547153 | 0.184129315
0.179908356 | 68.57 | 1.488452 | 1.308543 | 200 | 0.23568 | 0.059969452 | 0.175707016
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0.187404181 | 68.57 | 1.488452 | 1.301048 | 200 | 0.23568 | 0.06246806 | 0.173208408
0.131723822 | 68.57 | 1.488452 | 1.356728 | 200 | 0.23568 | 0.043907941 | 0.191768528
0.163257997 | 68.57 | 1.488452 | 1.325194 | 200 | 0.23568 | 0.054419332 | 0.181257136
0.17290966 | 68.57 | 1.488452 | 1.315542 | 200 | 0.23568 | 0.057636553 | 0.178039915

The Kkinetic equation is given by.

Where.

Thiodiesel =

ANy -E
lodiesel a 0 e
- koe /RT- Noil,t -Nethanol, t

W * At

" Thiodieser 1S the rate of reaction in terms of biodiesel production

" Npiodieser are the moles of biodiesel

= W is the weight of catalyst in grams

= tis the reaction time in hours

=k, is the pre-exponential factor

= E, is the activation energy in J/mol

= T is the reaction temperature in K

= o isthe order of reaction with respect to WCO

= e is the order of reaction with respect to ethanol

NLReg software was used to regress the kinetic data in Table 24 to obtain the

activation energy and order of reaction with respect to ethanol and oil reactants

(Model 1).

Table 25: Data for NLReg regression as well as the predicted rates and absolute

deviations
No | Experimental | Reaction Moles of Moles of oil | Predicted Absolute
rate Temperature | ethanol (mol) rate deviation
(K) (mol)
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1 ]0.270538108 | 343 4.668613808 | 0.05531773 | 0.283602083 | 0.048288856
2 |0.146519092 | 343 4.623613656 | 0.040317679 | 0.104821494 | 0.28458815
3 | 0.038007809 | 343 4.601565085 | 0.032968155 | 0.055939872 | 0.471799465
4 10.265567895 | 333 4.678554233 | 0.058631205 | 0.198613846 | 0.252116505
5 10.136598334 | 333 4.663296687 | 0.053545356 | 0.149003642 | 0.090815953
6 |0.034810301 | 333 4.652725214 | 0.050021531 | 0.120187122 | 2.452630985
7 1 0.129549675 | 323 4.691491322 | 0.062943568 | 0.140173191 | 0.082003418
8 |0.034596758 | 323 4.656141893 | 0.051160424 | 0.072675371 | 1.100641075
9 10.12248454 | 313 4.719751863 | 0.072363748 | 0.118822946 | 0.029894339
10 | 0.032543832 | 313 4.688988718 | 0.062109366 | 0.072942956 | 1.241375779
11 | 0.127498045 | 333 3.223619002 | 0.065679074 | 0.067413552 | 0.471258155
12 | 0.064336123 | 333 3.218922202 | 0.064113474 | 0.06231353 | 0.0314379
13 | 0.034160511 | 333 3.187043012 | 0.053487078 | 0.034643455 | 0.0141375
14 | 0.118534005 | 313 3.259475162 | 0.077631128 | 0.035689661 | 0.698907829
15 | 0.063451202 | 313 3.226001571 | 0.066473264 | 0.021440596 | 0.66209314
16 | 0.03236243 | 313 3.215812311 | 0.063076844 | 0.018070806 | 0.441611562
17 | 0.038660365 | 333 1.333810395 | 0.184129315 | 0.052421012 | 0.355936812
18 | 0.022488545 | 333 1.308543498 | 0.175707016 | 0.042280411 | 0.880086589
19 | 0.011712761 | 333 1.301047673 | 0.173208408 | 0.039605336 | 2.381383368
20 | 0.032930955 | 313 1.356728032 | 0.191768528 | 0.019352307 | 0.412336919
21 | 0.02040725 | 313 1.325193857 | 0.181257136 | 0.014910915 | 0.269332454
22 | 0.010806854 | 313 1.315542194 | 0.178039915 | 0.013734116 | 0.270870938

The NLReg results are displayed in Figure 66
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---- CGalculated Parameter Values ----
Parameter Initial quess Final estimate Standard error t Prob(t)

1 3313275740 8 1.8E+8308 0.06861
1 51334.9848 8 1.8E+830 0.00801
e 1 3.8246973 8 1.8E+830 0.00801
1 3.0296 0545 8 1.8E+830 0.00801

Figure 59: Results from NLReg software regression.

The absolute standard deviation obtained was 0.2869 with an R square of 69.37%
The overall kinetic equation obtained is Equation 14.

I —51.33kJ/mol
_ ANpiodiesel = 3.3 % 108 e 1/ /RT_ 3.82

3.03
Thiodiesel = WAL Noil,t -Nethanol, t
Equation 14

The parity plot was drawn to check the correlation between experimentally
determined rates and the rates predicted by the obtained kinetic equation as shown in
Figure 67. The R square obtained was 0.7398. The reduction in predictability
accuracy could be because of fixing the drying time for excess ethanol removal from

biodiesel prior to weighing.
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Figure 60: Parity plot of predicted and experimentally acquired rate of reaction
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In a second analysis (Model 2), data points with absolute deviations greater than 10%
in the previous analysis were discarded prior to this nonlinear regression.

The obtained NLReg result is displayed in Figure 68

—---— Calculated Parameter Ualues -—--
Parameter Initial guess Final estimate Standard error t Prob(t)

1 1476953 .11 a 1.0E+0838 0.00001
Ea 1 39071.1935 a 1.8E+0838 0.00001
1 3.2124857 a 1.6E+038 0.00061
1 2.32917143 a 1.8E+038 0.00001

Figure 61: NLReg results in using Model 2 data

The absolute standard deviation obtained was 0.2243 with an R square of 84.65%
The overall kinetic equation obtained is Equation 15.

I —39.071kj/mol
_ ANpiodiesel =1.5 % 106 e J/ /RT_ 3.21

2.33
Thiodiesel = WAL Noil,t -Nethanol, t
Equation 15

Parity plot was drawn to check the correlation between experimentally determined
rates and the rates predicted by the obtained kinetic equation as shown in Figure 69.

the R square obtained was 0.8468.

NON LINEAR REGRESSION ANALYSIS 2
PARITY PLOT
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0 0.05 0.1 0.15 0.2 0.25 0.3
EXPERIMENTAL RATE OF REACTION

Figure 62: NLReg Model 2 Parity plot of predicted and experimentally acquired rate
of reaction
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In a third kinetic analysis (Model 3), the rate equation was linearized as shown in

Equation 16 and MS excel was used to regress the data to obtain the kinetic

parameters.

In Tyiogieset

Table 27 shows the data used in this regression analysis and Table 28 shows the

absolute deviation of the predicted reaction rate from the experimentally determined

rate.

_ ANpiodiesel _
WAt

Ink, — % + 0In Ny + e In Neppanot, (Equation 156

Table 26: Regression data used in linear regression

Inr 1RT In Nethanol, ¢ In Ny ¢
-1.30734 0.000351 1.540862 -2.89466
-1.9206 0.000351 1.531177 -3.21097
-3.26996 0.000351 1.526396 -3.41221
-1.32588 0.000361 1.542989 -2.83649
-1.99071 0.000361 1.539723 -2.92723
-3.35784 0.000361 1.537453 -2.9953
-2.04369 0.000372 1.545751 -2.76552
-3.364 0.000372 1.538187 -2.97279
-2.09977 0.000384 1.551756 -2.62605
-3.42517 0.000384 1.545217 -2.77886
-2.05965 0.000361 1.170505 -2.72297
-2.74363 0.000361 1.169047 -2.7471
-3.37668 0.000361 1.159094 -2.92832
-2.13256 0.000384 1.181566 -2.55579
-2.75748 0.000384 1.171243 -2.71096
-3.43076 0.000384 1.16808 -2.7634
-3.25294 0.000361 0.28804 -1.69212
-3.79475 0.000361 0.268915 -1.73894
-4.44708 0.000361 0.26317 -1.75326
-3.41334 0.000384 0.305076 -1.65147
-3.89187 0.000384 0.281559 -1.70784
-4.52757 0.000384 0.274249 -1.72575

The obtained kinetic parameters using Ms. Excel regression analysis is as follows:

_ ANbpiodiesel _ 3253 6_24'-93k]/m01/RT

2.00 3.02 H
Tpiodiesel = WAL - : Noil,t -Nethanol, t Equatlon 17
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Table 27: Absolute deviation of predicted reaction rate from experimental rates

Predicted rate | Experimental rate | Absolute deviation
0.167317 0.270538 0.381541
0.086395 0.146519 0.410352
0.056972 0.038008 0.498953
0.145469 0.265568 0.452234
0.120167 0.136598 0.12029
0.104175 0.03481 1.99264
0.127901 0.12955 0.012725
0.082637 0.034597 1.388589
0.12791 0.122485 0.044298
0.092425 0.032544 1.84003
0.059324 0.127498 0.534704
0.056285 0.064336 0.125136
0.038034 0.034161 0.113385
0.048179 0.118534 0.593542
0.034256 0.063451 0.460116
0.030557 0.032362 0.055803
0.032454 0.03866 0.160537
0.0279 0.022489 0.240617
0.026647 0.011713 1.275046
0.020843 0.032931 0.367068
0.017348 0.020407 0.149902
0.016374 0.010807 0.515106

The obtained absolute average deviation was 29.37% comparable to that obtained in
using non-linear regression analysis. Figure 70 shows a parity plot between the

predicted rate and the experimental rate, and the R square obtained was 0.6357.
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Figure 63: Linear regression results parity plot of predicted and experimentally
acquired rate of reaction

On comparing the three kinetic models obtained, model two and model three showed
similarity in the values of the orders of reaction and activation energy. Since the R
square of Model 2 is high (0.8468) with a lower AAD (22.42%), It is the concluded
model for the use of BPIn 2 catalyst. A low activation energy is desired so that the
energy barrier to be overcome by reactants to form products is less leading to the ease
of product formation. From literature a low 27.24kJ/mol activation energy was
obtained (Mercy Nisha Pauline et al., 2021) in the use of waste cooking oil, methanol
and sodium hydroxide catalyst which is comparable to the 39.07kJ/mol obtained in
this work with the use of WCO, ethanol, and a heterogeneous base catalyst. Xiao
Yang et al, 2010 recorded a 111.6kJ/mol transesterification activation energy in the
use of a heterogeneous base catalyst. This indicates that the catalyst developed in this
work falls within the low activation energy spectrum implying a low energy intensive

process.
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CHAPTER 5: CONCLUSION AND RECOMMENDATION

5.1 Conclusions

The production of biodiesel using waste cooking oil and ethanol as feedstock via
transesterification reaction was optimized by using heterogeneous catalysts to obtain
high biodiesel yield.

Initially, calcined eggshell(ES), fish scale (FS) and cow bone (CB) catalysts were
used in biodiesel production and the obtained yields were low recording 64.42%,
68.44% and 68.15% respectively. Mixing the individual catalysts in al:1:1 mix ratio
via physical mixing and hot water mixing significantly increased the biodiesel yield to
70.79% and 71.04% respectively. On varying the ES:FS:CB mix ratio, the mix ratios
with low amount of eggshell reflecting high fish scale and cow bone ratios had better
biodiesel yields though the percentage increase was not significantly higher than the
1:1:1phy catalyst (approximately 3% increment). Impregnating 1wt% potassium as a
promoter had the best biodiesel yield of relative to impregnating 5wt% and 10wt%.
however, the 10wt% impregnated catalyst yielded a low acid value biodiesel which is
desirable. On impregnating 10wt% potassium on the best performing tri-blend
catalyst, 75.34% biodiesel yield was achieved.

Unsatisfied with the biodiesel yields obtained in the use of the tri-bled catalysts,
banana peel which is potassium rich was explored and optimized in terms of
calcination temperature. It was observed that on increasing the calcination
temperature from 600°C through 800°C to 900°C sintering occurred and the carbon
content reduced which was evident in the color change from brown through grey to
turquoise. However, this led to the production of BP900 which yielded the highest

biodiesel yield of 96.16% because the carbon content reduced and potassium content
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increased, leading to high selectivity for the biodiesel. Also, strength of the basic sites
decreased as the calcination temperature increased causing ease in product desorption
and hence good catalyst performance under reaction conditions of 60°C reaction
temperature, 6 hour reaction time and 15:1 ethanol to oil ratio and 2wt% catalyst
dosage (same as conditions were used with the other bio-based catalysts) making it
the best performing bio-based catalyst. Potassium chloride was the active sites found
on BP800 and BP900 catalysts which had the highest performances. BP600 however
had a low biodiesel performance, and its active site was made of potassium
bicarbonate (presence of carbon).

Due to the low calcination yield of BP900 (10%), and low availability to feed a large-
scale production plant, inorganic precursors were used to synthesize three replicas
using co-precipitation and co-impregnation methods based on a literature reported
composition of banana peel calcined at 700°C. All three replicas produced
comparable biodiesel yields under the same conditions as used in BP900
transesterification and the highest obtained biodiesel yield was 84.58%.

The effect of reaction conditions on the biodiesel yield was checked in the use of
BPIn 2 catalyst and the performance increased with increasing reaction temperature,
time, ethanol to oil ratio and catalyst dosage. The optimum condition was 70°C
reaction temperature, 6hour reaction time and 21:1 ethanol to oil ratio and 2wt%
catalyst dosage.

On performing kinetic analysis in the use of BPIn 2 catalyst for transesterification of
waste cooking oil and ethanol, three kinetic models were developed out of which the
one with the highest R square was selected the obtained activation energy is

39.07kJ /mol, a collision factor of 1.5 * 10° /[g(cat). h.mol>®] an order of reaction
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with respect to oil of 2 and an order of reaction with respect to ethanol of 3 with an

AAD of 22%.

5.1 Recommendations

Although much research has been done with regards to optimizing waste sourced
biobased catalysts and synthesizing and in organic replica of the best performing
biobased catalyst for high yield biodiesel production using waste cooking oil and
ethanol as feedstock. Future research can improve this work with the following
recommendations.

1. Pelletizing catalysts with the use of appropriate binder to ensure easy
separation of catalyst and product mixture.

2. Explore alternative thermal degradation methods (such as pyrolysis) aside
calcination which have the potential of increasing BP900’s catalyst yield.

3. Use a more analytical approach to determine the biodiesel yield by performing
GC MS analysis on product samples to ascertain fatty acid ethyl ester (FAEE)
composition of the produced biodiesel samples for a more accurate Kinetic
model.

4. Drying biodiesel fractions of products to get rid of excess ethanol should be
carried out till the mass of biodiesel remains constant on further drying and
not on an overnight limited time basis.

5.  Optimize the production of the inorganic equivalent of banana peel catalyst
by including a chloride (CI) precursor and basing composition on BP900 EDS

results.
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6. Carry out qualitative tests to determine the cloud point, calorific value, pour
point and flash point of the biodiesel samples to determine their impact on
diesel engine performance.

7. Perform a detailed cost benefit analysis on the economic feasibility of a large-

scale biodiesel production plant in the use of BP90O catalyst.
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APPENDICES

Appendix A: Calculation of amounts or reactants, catalyst, biodiesel yield and acid

value

A 200g fixed amount of waste cooking oil was used for all experimental runs. The
amount of ethanol was then calculated based on the required ethanol to oil ratio. For

an x:1 ethanol to il ratio the required ethanol mass is calculated as follows.

Nao =
oil MW,
Methanol

n =
ethanol MW athanol

Nethanol __ X __ Methanol * MW i1
Noil 1 MW ethanol * Moil

m _ X * MWethanol * Moy
ethanol —
MW,

For a 95% ethanol concentration the require mass is given by

100 * x = MWethanol * Moy
Methanol = 95 « MW,
oil

Where MW is the molar mass, n is number of moles and m is the mass.

The molar mass of ethanol is 46.068g/mol and that of the waste cooking oil is
848.6621g/mol.

Therefore, for a 15:1 ethanol to oil ratio, the required mass of ethanol is,

100 * x * MWethanol * Myiy
methanol = 95 % MW
oil

_ 100 * 15 = 46.068 * 200
Meothanol = 95 x 848.6621

Methanot = 171.42g of ethanol
The amount of catalyst for each run was calculated as a percentage of the mass of

waste cooking oil. For an x wt% catalyst dosage, the mass of catalyst used is.
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X
Megtalyst = 100 * Moy

For a 2wt% catalyst dosage, and 200g waste cooking oil amount, the actual mass of
catalyst is.
X

Meatalyst = 100 * My

Megtalyst = M * 200

Meatatyst = 49 of catalyst
The biodiesel yield is calculated using the equation below.

m . .
Biodiesesl yield = —blodiesel , 100%
Mo

For an obtained biodiesel mass of 153.067g the biodiesel yields is.

m . .
Biodiesesl yield = —biodiesel . 100%
Moy
. ) 153.067
Biodiesesl yield = T T 100%

Biodiesesl yield = 76.53%
The acid value was obtained by using the average titre value of two titrations.
The acid values were calculated using the equation below.

Concentration of KOH * Molar mass of KOH * Titre value (ml)
mass of oil (g)

Acid value =

A 0.1M KOH concentration was used and the molar mass of KOH is 56.1g/mol. For a
biodiesel sample with 0.1ml and 0.1ml recorded titre values and a 5.0145¢g average
sample mass, the avid values obtained are calculated as.

Concentration of KOH * Molar mass of KOH * Titre value (ml)
mass of oil (g)

Acid value =

0.1x56.1x0.1

Acid value = T 0145

Acid value = 0.1119mgKOH /g
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Appendix B: Calculation of the amounts of precursors for Inorganic equivalent of

banana peel synthesis

BPIn 3 catalyst was prepared via co-impregnation of 10 precursors. The amount of

each precursor required to prepare 10g of catalyst is outlined below.

Table B-1: Amount summary

Component | Literature amount (%) | Amount in this work Mass in catalyst
(%)

K20 65.11 68.737 6.879
SiO2 10.864 11.469 1.15¢
CaOo 7.787 8.221 0.82g
P20s 6.068 6.406 0.649g
MgO 2472 2.610 0.269
Fe203 1.152 1.216 0.129
Al203 0.737 0.778 0.08g
MnO 0.227 0.240 0.02g
CuO 0.192 0.203 0.02g
Zn0O 0.114 0.120 0.02g
Total 94.723 100 10g

1. K20 precursor (KNO3) amount calculation

2KNOs + 1/,0, - K,0 + 2NO5

n(K,0) 1

n(KNO3) 2

m(KNO3) =

m(KNO3) =

2 *m(K,0) x M(KNO3)

M(K,0)

2%6.87*101.10
94.196
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m(KNOs) = 14.7471g
2. SiO2 precursor (SiO2) amount calculation
Since the precursor used is already in the actual expected final catalyst and
does not undergo any reaction during the preparation stages the amount
required is 1.15g

3. CaO precursor (Ca(N0O3),.4H,0) amount calculation
Ca(NO3),.4H,0 = Ca0 + 2NO, + 4H,0 + 1/, 0,

m(Ca0) * M(Ca(NO3),.4H,0)

m(Ca(NOs3),.4H,0) = M(Ca0)

(Ca(NO,),.4H,0) = 0.82 x 236.15
m(Ca(NOs)z- 4H,0) = — 5772
4. P20s precursor (H;P0,) amount calculation

2+ m(P,05) *» M(H3PO,)

H.PO,) =
m( 3 4) M(P,05)
(H PO)_2*0.64*98
M) = 741 9445

m(H;P0,) = 0.8837g
5. MgO precursor (Mg(NO3),.6H,0) amount calculation
Mg(NOs),.6H,0 > MgO + 2NO, + 6H,0 + 1/, 0,

m(Mg0O) x M(Mg(NO5),.6H,0)

m(Mg(NO3),.6H,0) = M(MgO0)

0.26 * 256.41

6. Fe2Os precursor (Fe20O3) amount calculation
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Since the precursor used is already in the actual expected final catalyst and
does not undergo any reaction during the preparation stages the amount
required is 0.12g

. AlLOgz precursor (AI(NO3)3.9H,0) amount calculation

241(NOs)3.9H,0 - Al,05 + 6NO, + 9H,0 + 3/, 0,

2+ m(Al,05) * M(AL(NO3)3.9H,0)
M(Al,05)

m(Al(NO3)5.9H,0) =

2% 0.08x375.134

m(AL(NO3)3.9H,0) = 101.96

m(Al(NO3)5.9H,0) = 0.5887g
MnO precursor (MnQO) amount calculation
Since the precursor used is already in the actual expected final catalyst and
does not undergo any reaction during the preparation stages the amount
required is 0.02g
. CuO precursor (Cu(NOs3),.H,0) amount calculation
Cu(NOs),. H,0 = Cu0 + 2NO, + H,0 + 1/, 0,

m(Cu0) * M(Cu(NO3),.H,0)
M(Cu0)

m(Cu(NO3),.H,0) =

0.02 * 232.59

m(Cu(NOs),. H,0) = 0.0585g

10. ZnO precursor (Zn(N03),.6H,0) amount calculation

Zn(NOs),.6H,0 > Zn0 + 2NO, + 6H,0 + 1/, 0,

m(Zn0) * M(Zn(NO3),.6H,0)
M(Cu0)

m(Zn(NOs3),.6H,0) =

0.02 = 297.49
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m(Zn(NOs),.6H,0) = 0.0731g
Appendix C: Calculation of kinetic parameters
The kinetic regression was carried out using NLReg software with data and results

resented below.

“ OPEN TRAMS - NLREG — Nonlinear Regression Analysis
File Edit Show Run View Evaluate Save-plot Colors Help

Djc|d| & 4|s|e] 2|2

Title " TRANSESTERIFICATION";

Variables r, T, A, B;

Parameters k0, Ea, e, o;

Tolerance 1e-10;

Iteration =1e¥;

Function r=(k0%exp[-Ea{(8.31 4%T]))*[A"e]*(B"0):
Nplot;

Data;

0.270538108 343 4.668613808 0.05531773
0.146519092 343 4.623613656 0.040317679
0.038007809 343 4.601565085 0.032968155
0.265567895 333 4.678554233 0.058631205
0.136598334 333 4.663296687 0.053545356
0.034810301 333 4.652725214 0.050021531

Adjusted coefficient of multiple determination (Ra™2) = 0.6937 (69.37%)
Durbin-Watson test for autocorrelation = 1.943

Warning: Covariance matrix could not be computed because the finite-difference Hessian was indefinite.

Analysis completed 18-0ct-2624 12:58. Runtime = 0.17 seconds.

---- Descriptive Statistics for Variables --—-

Variable Minimum value  Haximum value Hean wvalue Standard deu.
[ 0.01080685 0.2705381 0.08129843 8.07545981
T 313 3u3 326.1818 11.29111
A 1.301848 4719752 3.35084 1.514732
B 0.083296815 01917685 0.089154318 8.85678015
---- Calculated Parameter Values ----
Parameter Initial guess Final estimate Standard error t Prob(t)
ka 1 331327578 a 1.0E+830 0.00001
Ea 1 513349848 a 1.8E+08308 0.88881
e 1 3.8240973 a8 1.8E+030 B6.80881
L] 1 3.02960545 [:] 1.0E+830 ©.80001

Ready

Figure C-1: Data for NLReg analysis
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'l,':' OPEN TRAMS - NLREG -- Nonlinear Regression Analysis
File Edit Show Run View Evaluate Save-plot Colors Help

D|cm| @ ¢ |a &2

Title ™ TRANSESTERIFICATION":

: Variables r, T, A, B;

: Parameters k0O, Ea, e, o

: Tolerance le-10;

: Iteration =le7;

: Function r=(k0*exp(-Ea/(8.314*T)))*(2*e)*(B"0);
: Nplot;

: Data;

I

Beginning computation...

Error executing line 7: Function r=(k0*exp(-Ea/(8.314*T)))*({A"e)* (B o)’
Error: Argument to exp function is tooc large (3430.41)

Error executing line 7: Function r=(k0*exp(-Ea/(B.314*T}})*(A%e)*(B*o);
Error: Argument to exp function is too large (12041.9)

Error executing line 7: Function r=(k0*exp(-Ea/(8.314*T)))*(A"e)* (B 0)s
Error: Argument to exp function is too large (66845.7)
Stopped due to: Relative function convergence.

---- Final Results ————

WLREG veraion 6.3
Copyright (c) 1992-2005 Phillip H. Sherrod. RAll rights reserved.
This is a registersd copy of NLREG that may not be redistributed.

TRENSESTERIFICATION

Fumber of cbservations = 22

Maximum allowsd number of iterations = 10000000
Convergence tolerance factor = 1.000000E-010
Stopped due to: Relative function convergence.
Number of iterations performed = 180

Final sum of squared deviations = 3.1394214E-002
Final sum of deviations = 4.89507171E-002
Standard error of estimate = 0.0417627

Average deviation = 0.0278717

Maximum deviation for any ckservation = 0.0853768

lesults of analysis

Figure C-2: NLReg result sheet 1

NS - NLREG -- Non s
File Edit Show Run View Evaluate Save-plot Colors Help

Djca| @] 4]>8| &2

“ QPEN TR

Average deviation = 0.0279717

Maximum deviation for any cbservation = 0.0853768

Proportion of wariance explained (R"2) 0.7375 (73.75%)

Adjusted coefficient of multiple determination (Ra*2) = 0.6%37 (€9.37%)
Durbin-Watson test for autocorrelation = 1.943

Warning: Covariance matrix could not be computed because
the finite-difference Hessian was indefinite.

Analysis completed 18-Oct-2024 12:50. Runtime = 0.17 seconds.

—-—--- Descriptive Statistics for Variables --——-

Variable Minimum walue Maximum value Mean value Standard dev.
r 0.01080685 0.2705381 0.08129843 0.07545901
T 313 343 326.1218 11.28111
L 1.301048 4.719752 3.35934 1.414732
B 0.03296815 0.1917685 0.09154318 0.05678015

- Calculated Parameter Values -

Parameter Initial guess Final estimate Standard error t Prob(t)
k0 1 331327570 0 1.0E+030 0.00001
Ea 1 51334.9848 0 1.0E+030 0.00001
e 1 3.8240973 0 1.0E+030 0.00001
o 1 3.02860545 0 1.0E+030 0.00001

- HAnalysis of Variance -

Source DF Sum of Sguares Mean Square F wvalue Prob(F)
Regression 3 0.088158109 0.0293937 1€.85 0.00002
Error ] 0.03139421 0.001744123
Total 21 0.1195753

Results of analysis

Figure C-3: NLReg results sheet 2
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“F Untitled - NLREG -- Nonlinear Regression Analysis - u]
File Edit Show Run View Evaluate Save-plot Colors Help
D|ld| @] &|=lel =g
title "transesterification" ;
Variables T, A, B:
Parameters kD, Ea, e, o;
Tolerance 1e-10;
Iteration =1e7;
Function r=[k0%exp[-Eal[8.31 47T)))*[A"e)*[B"0);
Nplot;
Data;
0.270538108 343 4.666613808 0.05531773
0.146519092 343 4.623613656 0.040317679
0.038007809 343 4.601565085 0.032968155
0.265567895 333 4.678554233 0.058631205
0.136598334 333 4.663296687 0.053545356
. - .P N
Variable Minimum value  Maximum value Hean value Standard dev.
r 6.610880685 8.27085381 8.0692368501 B.0787870M1
T 313 343 326.3333 11.88177
] 1.308543 4. 719752 3.256532 1.382271
B 8.63296815 B8.1917685 6.09319168 B.85778470
--—- CGalculated Parameter Values ----
Paraneter Initial quess Final estimate Standard error t Prob{t)
k@ 1 1476953 .11 8 1.8E+038 0.060081
Ea 1 39871.1935 [:] 1.8E+030 0.088681
e 1 3.2124857 (] 1.08E+030 0.008081
o 1 232917143 8 1.8E+038 0.060081
---- Analysis of Variance ----
Source DF Sum of Squares Hean Square F value Prob{F}
Regression 3 8.88932789 0.82977596 25.73  6.00061
Error 14 8.816200821 8.881157158
Total 17 8.1855281
Edit program source
Figure C-4: NLReg results for Model 2
B Autosave (@ off ) 2~ = ThesisExcelfile-. P Search @ - u]
File Home Insert Draw  Page Layout Formulas Data  Review View  Automate  Help |2 comments | fEg
Calibri .= o] [EH Conditional Formatting ~ = ]
fy * U %o =
Pacte -~ B I U~ A A * Number [ Format as Table ~ Cells  Editing Add-ins | Analyze
- B &« A~ - [ Cell Styles ~ ~ ~ Data
Clipboard [F Font [F Alignment [Pl Styles Sensitivity Add-ins
E23 ~ fx
A B C D E F G H I 1
P
3 Regression Statistics
4 Multiple R 0.780168296
5 |RSquare 0.60866257
6 |Adjusted R Sguare 0.543439665
7 |Standard Error 0.626864475
& |Observations 22
9
10 |ANOVA
11 df 55 MS F Significance F
12 |Regression 3 11.00132587 3.667108624 9.332037097 0.000610315
13 |Residual 18 7.073263271 0.392959071
14 |Total 21 18.07458914
15
16 Coefficients  Standard Error t Stat P-value Lower95%  Upper$95% Lower$5.0% Upper95.0%
17 |Intercept 8.087532752 5.442579457  1.485974218 0.154591048 -3.346902386 19.52196789 -3.346902386 19.52196789
18 |1/RT -24530.25079 12549.28703 -1.986587025 0.062408342 -51295.32451 1434.822929 -51255.32451 1434.822929
19 |In NE;t 3.0166066823 0.851502165 3.542758842 0.002325058  1.227727158 4.805606489 1.227727158 4.805606489
20 [In No,t 1.9972736339 0.857017081  2.330454553 0.031611092  0.196747565 3.797799714 0.196747565 3.797799714
21
22
2| |
=
24
< we  linearreg  Ter2 + « N
Ready ')',’>’<Accesswm\ity: Investigate @Dlsp\aysmmg; @ EI -———t

Figure C-5: MS excel obtained Linear regression results
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