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ABSTRACT 

The use of alternative sources of fuels such as biodiesel produced from cost effective processes and 

readily available waste agricultural biomass feedstocks can help to reduce the overdependence and 

the resulting adverse climate effects observed with the continuous usage of fossil-based fuels. In 

recent times, heterogeneous base-catalytic biodiesel synthesis using transesterification technology 

has gained significant attention because of its several advantages including increased catalytic 

activity, recyclability, and decreased environmental impact compared to traditional homogeneous 

catalysts. This research has introduced an in-depth evaluation for the transesterification of waste 

Carica Papaya Seed Oil (WCPSO) into Carica Papaya Oil Biodiesel (CPOB) using three green 

heterogeneous catalysts (Calcined Kola Nut Pod Husk Catalysts- CKNPH A, B, & C) developed 

from waste kola nut pod husks. The linear, two-factor interaction, and quadratic polynomial models 

were compared and used to fit the data obtained in this study. The quadratic model was selected as 

the best model due to its high f-value (162.55), low p-value (<0.0001) and had the highest adjusted 

R2 value (0.9964). The yield of biodiesel was studied under different conditions which include 

temperature, time, methanol-oil molar ratio and quantity of catalysts. Statistical and graphical 

optimization have been used to optimize the process conditions to ensure maximization of synthesis 

of CPOB. This is observed in the yield of biodiesel as obtained from experiments, which was 96%, 

while the predicted yield was 95.66%. This biodiesel yield was obtained using CKNPH A catalyst 

quantity of 2.5g, reaction time of 70 min, methanol-oil molar ratio of 4:1, and at a flow rate of 1000 

Kg/hr. The economic feasibility studies of CPOB production process were carried out using 

AspenPlus simulation. The Profitability index (PI) of the process was found to be relatively low 

(1.29). To better understand the low PI, sensitivity analysis was carried out, and it revealed that for 

the PI to improve, the minimum selling price per Kilogram of biodiesel must be above 0.887 $/Kg, 

equivalent to 0.77 $/Liter. 
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Chapter 1 

Introduction 

1. Background  

Energy consumption will continue to increase exponentially due to the rising global 

population, urbanization, and industrialization. The world's energy consumption from coal, 

oil, and renewable energy sources has increased to meet this need. For instance, Awogbemi 

et al. (2021) reported that the amount of energy from renewable sources will increase from 

27 exajoules (EJ) in 2018 to 114 EJ in 2040, and this is expected to further increase to 161 

EJ in 2050. A response to the increasing demand for energy sources to match the rate of 

consumption has necessitated the continuous exploration and use of fossil fuels. However, 

it is accepted globally that the current climate challenge which could be traced to increasing 

emissions is due to overdependence on fossil-based fuels as sources of energy. It is on this 

premise that the search for alternative fuel sources with low global warming potential has 

been carried out, and biodiesel has been investigated as a reliable alternative to fossil fuels 

due to the relatively low carbon footprints as compared to fossil fuel that are observed during 

combustion.  

In the United Kingdom, the major greenhouse gas emissions include carbon dioxide, 

methane, nitrous oxide, and fluorinated gases (F-gases). The contribution of each of these to 

the overall emission is shown in Figure 1.1. 
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Figure 1.1: Image showing the total UK territorial greenhouse gas emissions from 1990-

2023 (Source: Department for Energy Security & Net Zero 2025) 

Figure 1.1 shows that 79 % of greenhouse emissions are CO2. A significant part of CO2 

emission is from the energy sector of which the use of fossil derived fuels in internal 

combustion engines is one of the main culprits (Sharma and Maréchal, 2019). Global CO2 

emissions were estimated to be 35.3 billion metric tons in 2018, and if the current trend 

continues, it is projected that these emissions will reach 43.08 billion metric tons in 2050 

(Bhowmik, 2020). Apart from CO2 emission, carbon monoxide, Sulfur dioxide, nitrogen 

oxides, etc. released from combustion of fuels also contribute to the overall emissions as 

shown in Figure 1.1 (Rokni et al., 2016.; Dmitrienko et al., 2017). In the UK, the 

contribution of different sectors to the overall greenhouse emissions is shown in Figure 1.2. 
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Figure 1.2: Contributions of each sector to the total greenhouse gas emissions in the United 

Kingdom (Source: Department for Business, Energy & Industrial Strategy, 2019) Note: 

LULUCF is land use, land use change and forestry 

As shown in Figure 1.2, the transport and energy sectors are the major contributors to CO2 

emissions. This could be attributed to overdependence on fossil fuel as the primary source 

of energy. A synopsis of the world climate change conference (COP 26) held in Glasgow, 

United Kingdom in 2021 included the following: Recognition of the present state of the 

climate as an emergency, accelerating action by moving away from fossil fuels among 

others.  The United Kingdom and indeed most countries have already set things in motion 

by enacting laws and legislation geared towards achieving a net zero by 2050. 

The efforts of different countries in reaching this target are shown in Figure 1.3.  
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Figure 1.3: Data showing the share of global GHG emissions covered by national net zero 

emission targets based on data from the Net Zero Tracker (2023) and Climate 

Watch (2023) as of 5 October 2023 and complemented by CAT analysis. 

A shift from fossils to renewable fuels has become one of the major strategies of most 

nations. This has been deemed essential to provide energy that satisfies performance and 

environmental requirements. Over the past few decades, a significant amount of financial 

and human resources has been dedicated to the exploration, production, and utilization of 

renewable fuels, such as biodiesel, bioethanol, and biogas, among others, as viable 

alternatives to conventional non-renewable fuels (Awogbemi et al., 2021).  

Compared to fossil diesel, biodiesel has relatively lower GHG footprint because it is derived 

from biomass sources which are carbon neutral (Mathur et al., 2022). Regarding energy 

security and environmental protection, alcohol, vegetable or animal fat, is chemically reacted 

to produce biodiesel, an alternative fuel for diesel engines, with a significant potential to 

reduce carbon dioxide emissions across the whole biodiesel production cycle (Lin and Lu, 
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2021). Specifically, edible oil-seed crops provide more than 95% of the feedstock for 

biodiesel synthesis (Aransiola et al., 2019).  

In terms of its composition, biodiesel consists of methyl esters of various fatty acids 

(Kaushik et al., 2021). The differences in the physical and chemical properties of different 

biodiesel fuels have been attributed to the variations in the fatty acid profiles (Hoekman et 

al., 2012). In the literature, different feedstocks have been used as raw materials to produce 

biodiesel. These include: muster oil (Rezania et al., 2022), sunflower oil (Zahed et al., 2021), 

palm oil (Zabaruddin et al., 2019), non-edible oil (Arshad et al., 2023), Jatropha curcus 

(Ruatpuia et al., 2023), neem oil (Dhinagaran et al., 2023), rubber seed oil (Ridwan et al., 

2023), soybean oil (Sarkar et al., 2023), waste cooking oil (Zhang et al., 2023), waste fish 

oil (Kiehbadroudinezhad et al., 2023), as well as algae (Namitha et al., 2021). 

Transesterification is a sequence of chemical reactions that converts an alkyl ester into a new 

ester by the replacement of the alkoxide group of the ester used as starting material with the 

alkoxide group of the alcohol. A representation of this mechanism is shown in Figure 1.4 

which is indicated by the presence of triglycerides, catalysts, and methanol reacting to 

produce glycerol as a byproduct and fatty acid methyl ester, one of the main products 

(Rezania et al., 2019; Sahani et al., 2020).  The mechanism of the reaction can be described 

in two steps: The first step involves a nucleophilic attack of the alkoxide group from the 

alcohol on the carbonyl group of the ester to form an intermediate. This is followed by the 

second step, which is a rearrangement due to the instability of the intermediate to eliminate 

the alkoxide group of the ester. 
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Figure 1.4: Mechanism of transesterification 

In industry, it is quite beneficial to use cost efficient routes that would yield pure biodiesel 

in less time for this type of production (Salaheldeen et al., 2021). However, 

transesterification without a catalyst is a very slow reaction and takes a lot of time to obtain 

a reasonable yield which is not ideal for industries (Hajek et al 2020). Apart from the 

duration of the process, the cost of the reactants is also quite important. In this study, and 

indeed most transesterification reactions, methanol has been used as the preferred reactant 

over ethanol because it is less expensive (Rahimi et al., 2020). Moreover, the efficiency of 

the reaction is also influenced by the nature of the catalyst. In the literature, the catalysts that 

have been explored for this type of reaction are either bio-based (Nguyen et al., 2021), 

homogeneous (Mandari and Devarai, 2021), heterogeneous (Faruque et al., 2020); acidic or 

alkaline (Athar and Zaidi, 2020). According to Isahak et al. (2015), acid and base catalysts 

are typically divided into two categories: homogeneous acidic/basic catalysts and 

heterogeneous acidic/basic catalysts. A catalyst is said to be homogenous when it is in the 

same phase as the reactants and heterogenous when the phases are different. Homogeneous 
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catalysts exhibit a high yield at moderate heating, a short reaction time, and atmospheric 

pressure. However, emulsification, increased power consumption, catalyst removal from the 

blend, and the generation of excess water are some of the main disadvantages of using a 

homogeneous catalyst for this application (Sahu, 2021).  

On the other hand, heterogeneous catalysts have been reported to be quite useful in 

overcoming most of the challenges reported with the homogenous catalysts (Ravi et al., 

2020). According to Mandari and Devarai (2021), a heterogeneous catalysts have several 

technical advantages, including being less expensive and reusable, having a high surface 

area, being more accessible to separate from the product, and having less resistance to mass 

transfer. The heterogeneous catalysts were made using various metal and biomaterial kinds; 

however, their cost was higher than that of the homogeneous catalysts (Scarsella et al., 2020; 

Mukhtar et al., 2022).  

Research is currently focused on developing biomass waste-based solid catalysts and their 

application in transesterification reactions to produce biodiesel (Betiku et al., 2019). One of 

these biomasses is kola nut pod husk, derived from the tropical Kola tree, a member of the 

Sterculiaceae family that is widely distributed throughout the nations of West Africa 

(Ariwaodo et al., 2020). In Nigeria, the kola nuts known as Abata (Cola acuminata) and 

Nitida (also known as ‘‘Goro’’ or ‘‘Obi gbanja’’) hold significant social and economic 

importance even though there are over forty varieties of kola nuts (Betiku et al., 2019). The 

proper disposal of kola nut pod husks is a significant challenge that must be addressed due 

to their contribution to environmental pollution. Water purification absorbents have been 

made from the husk (Lateef, 2023). According to Asogwa et al. (2021), it has also been 
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utilized as a source of potash in the manufacturing of soap, which implies that it might be 

developed as a catalyst for the transesterification reaction (Betiku et al., 2019).   

Carica papaya seed oil, a by-product of papaya fruit that is underutilized and frequently 

classified as waste. Although its properties indicate that it is a promising product, the scarcity 

in the number of studies assessing its usage as a potential raw material for energy 

applications is sufficiently evidencing that it is an underexplored feedstock. Carica papaya, 

a tropical plant primarily grown in Nigeria and other nations like Brazil, India, and Mexico, 

is a member of the Carcaceae family (Oshin et al., 2021). According to reports, papaya 

seeds can treat intestinal parasitosis (Okeniyi et al., 2007), act as a contraceptive in animals, 

and have a contraceptive effect on animals and humans (Memudu and Oluwole, 2021). It 

has been demonstrated that seed is a good source of oil (25.6%) and has potential uses in 

medicine, biofuel, and industry (Oshin et al., 2021). Saha and Jackson (2018) examined the 

fatty acid composition of oil extracted from C. papaya. In the report, it was observed that an 

oil yield of 24.01% comprises of the following acids: oleic (78.88%), palmitic (15.96%), 

stearic (4.7%), and arachidic (0.44%). Results indicate more unsaturated fatty acids in the 

seed oil than saturated ones.  

According to Hasanah et al. (2014), the physicochemical characteristics of oil, however, 

dictate its quality and suitability for human consumption. According to Agunbiade and 

Adewole (2014), Carica papaya seed oil produced 31.2% of the biodiesel used in the 

process. The oil's characterized qualities were acceptable and on par with other oils used in 

biodiesel production. Therefore, Papaya seeds (Carica papaya L.) were chosen as the source 

material for sustainable biodiesel because they are categorized as non-edible waste products 
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(Suprianto et al., 2019). Hence, this study is aimed at preparing heterogeneous catalysts from 

kola nut pod husks to convert Carica papaya seed oil to biodiesel. 

1.1 Motivation of the study 

In the modern day, it is crucial to address the two most urgent global challenges: energy 

security and environmental sustainability. The prolonged dependence on fossil fuels has led 

to dire environmental outcomes, such as air pollution, climate change, and the depletion of 

limited resources. Finding sustainable and renewable energy sources has therefore become 

imperative for protecting the environment and diversifying the energy supply. 

Considering this, using waste biomass to produce biodiesel has drawn more attention as a 

workable approach. As a byproduct of the papaya fruit industry, Carica papaya seed oil is 

an abundant and underutilized resource with enormous potential for biodiesel production.  

Additionally, the existing method of producing biodiesel using conventional homogeneous 

catalysts has several disadvantages, including high energy consumption, difficult separation 

procedures, and environmental issues related to the use and disposal of these catalysts. To 

mitigate these difficulties, it is imperative to develop green heterogeneous catalysts, such as 

from kola nut pod husks, specifically designed for the conversion of waste Carica papaya 

seed oil to biodiesel. 

Furthermore, to determine the effectiveness of the transesterification process for the 

conversion of oil to biodiesel for industry deployment, and to demonstrate the significance 

of the choice of modelling and optimization methodologies for the improvement of the 

process, the current study will use ASPEN PLUS modelling to assess the feasibility of 

converting waste Carica papaya oil to biodiesel and the possibilities of optimization for 

large scale production.  Therefore, this research is inspired by the passion to convert waste 
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materials into highly efficient products that could serve as solutions to the ongoing climate 

change, and it will also address environmental concerns related to poor waste management 

in some underdeveloped and developing countries where these products are cultivated. 

1.2 Statement of the problem 

The local communities in which the kolanuts used in this study were cultivated and harvested 

have challenges with its sustainable disposal. As the husks of kolanut are inedible, instead 

of landfilling these materials, which further contribute to greenhouse gas emissions and 

gives poor aesthetics, the idea behind this research is to gather these materials from these 

locations and assess the possibilities of converting it into useful products that could facilitate 

the production of biodiesel. 

In addition, the use of conventional homogeneous catalysts in the conversion process poses 

considerable problems despite the increased interest in biodiesel production as a sustainable 

energy option. Many of the existing techniques rely on catalysts that are complicated to 

separate, energy-intensive, and harmful to the environment. Also, poor waste management 

culminating in environmental deterioration is facilitated by the underutilization of waste 

biomass, such as Kola nut pod husk and Carica papaya seed oil. 

One significant gap in the current research is the need for effective and eco-friendly 

heterogeneous catalysts designed for biodiesel synthesis. Such catalysts can be prepared 

from agricultural wastes such as Kola nut pod husk which is both economically feasible in 

terms of being cost effective, readily available and environmentally sustainable. Currently, 

there is limited literature on the conversion of waste Carica papaya seed oil to biodiesel. To 

the best of my knowledge, the use of Kola nut pod husks as heterogeneous catalysts has not 

been applied to waste Carica papaya seed oil for biodiesel production in the literature 
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despite being used for several other applications. Therefore, it will be interesting to explore 

the possibilities of converting waste C. papaya seed oil to biodiesel using catalyst extracted 

from kolanut pod husk and compare its effectiveness with other biomass that have been 

investigated in the literature for similar applications. 

1.3 Aims and objectives of the study 

This research project is aimed at solving two key issues which include: The provision of 

suitable material (catalysts) to facilitate the conversion of waste oil to biodiesel and the 

provision of an alternative energy source with low carbon footprint. These would be 

achieved by the following procedures: 

(1) The synthesis of a green heterogenous catalyst from inedible biomaterial (Kolanut pod 

husk) to facilitate the transesterification of waste C. papaya seed oil to biodiesel, as well as 

investigation of its physical and chemical properties using Scanning Electron Microscopy 

(SEM), Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction Spectroscopy 

(XRD), Branuer-Enmett-Teller Analysis (BET) and Thermogravimetric Analysis (TGA). 

(2) Investigation of the reaction conditions and physicochemical properties that would result 

in optimum yield and the desired characteristics required to achieve a relatively low carbon 

footprint when compared to fossil diesel. This study aims to produce biodiesel from Carica 

papaya (pawpaw) oil seeds using kola nut pod husk as green heterogeneous catalysts. This 

aim will be achieved by: 

• Extraction of oil from ripened Pawpaw seeds via Soxhlet extraction, to determine the 

physicochemical properties of the extracted oil for suitability for biodiesel synthesis 

and optimize the process variables via Analysis of Variance (ANOVA) and Response 

Surface Methodologies (RSM). 
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• Development of green heterogeneous catalysts from fermented Kola nut pod husk 

and the characterization of the calcined kola-derived catalysts using Scanning 

Electron Microscopy (SEM), Fourier Transform Infrared Spectroscopy (FTIR), X-

ray Diffraction Spectroscopy (XRD), Branuer-Enmett-Teller Analysis (BET) and 

Thermogravimetric Analysis (TGA). 

• Production of biodiesel via transesterification of the extracted oil using the developed 

green catalysts, determine the physicochemical properties of the biodiesel to assess 

its suitability for use as fuel, and to optimize the process variables via ANOVA and 

RSM. 

• Process evaluation and optimization using AspenPlus modelling. 

1.4 Contribution to knowledge 

The study contributes to the field of catalysis by introducing a novel green heterogeneous 

catalyst from waste kola nut pod husks tailored specifically for the efficient conversion of 

waste Carica papaya seed oil to biodiesel. By providing insights into the synthesis and 

optimization of catalysts that demonstrate increased catalytic activity, recyclability, and 

decreased environmental impact compared to traditional homogeneous catalysts, this 

research broadens the range of environmentally friendly catalysts now available. Also, for 

the first time, AspenPlus modelling will be used to simulate the transesterification of the 

waste Carica papaya seed oil to biodiesel. 

The study emphasizes the possibility of waste valuation in the generation of sustainable 

energy by focusing on the conversion of underutilized Carica papaya seed oil into biodiesel. 

The work contributes to the growing debate on waste management techniques and 
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sustainable energy practices by highlighting the significance of using waste biomass as a 

significant resource for biodiesel production. 

Also, this study advances the current state of knowledge of the practical implications of 

using green heterogeneous catalysts in large-scale biodiesel synthesis by analyzing the 

economic feasibility and scalability of the proposed catalytic process. The results provide 

insightful information about the financial implications and possible commercial uses of the 

developed catalysts, adding to the body of knowledge for promoting sustainable energy 

practices in an economical and scalable approach. 

1.5 Organization & structure of the thesis 

The thesis is organized into eight interrelated chapters shown in the diagram below. 
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Figure 1.5: A flowchart showing layout of chapters in this thesis 

Outline of the subsequent chapters 

Chapter 2. This presents a review of relevant literature tailored to the study’s objectives.  
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Chapter 3. This outlines the materials and methods section. This entails the materials used 

in the study and the methods applied successfully synthesizing the green heterogeneous 

catalyst for the conversion of waste Carica papaya seed oil to biodiesel.  

Chapter 4. Presents the results of the analysis and discusses these results. This comprises 

physicochemical parameters of the Carica Papaya seed oil, model fitting and adequate 

testing, impact of reaction variables, optimization of reaction variables, validation of 

predicted optimum conditions, and finally, comparing the physicochemical and fuel 

properties of the oil with EU and US Standards for Biofuels. 

Chapter 5. Entails the result and discussion segment. It comprises properties of the green 

heterogeneous catalysts synthesized from fermented, treated, and calcined kola nut pod husk 

for transesterification. Results of characterization results from BET, XRD, TGA and FTIR 

are also presented and discussed.  

Chapter 6. Entails a development and discussion segment. It comprises experimental design 

and analysis of variance, modelling and optimizing results, combined process variables on 

Carica papaya oil biodiesel yield, and comparison of biodiesel quality characteristics with 

EU and US Standards for biofuels.  

Chapter 7. Also entails a result and discussion segment comprising biodiesel process design 

and simulation.  

Finally, chapter 8 presents conclusions and offers recommendations for further study. 
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Chapter 2 

Literature review 

2. Introduction 

In this chapter, the progress that has been achieved so far in the production and usage of 

biodiesel as an alternative source of fuel is reported. Also, the catalysts that have been 

explored and the efficacy of conversion involved in the transesterification reaction are 

discussed. In addition, the economic feasibility of this process, which gives an indication of 

its application in industries, will be assessed. Firstly, the general overview of biodiesel gives 

an insight into its composition which varies with different blends. Secondly, it describes the 

various biodiesel production technologies and compares the differences between the various 

transesterification methods for biodiesel production. This chapter further describes the 

sources of feedstocks for biodiesel production such as waste kola nut pod husk for green 

catalyst development and Carica papaya oil utilization. Also in this chapter, the effects of 

different transesterification process variables on biodiesel production are highlighted. The 

physicochemical and fuel properties of biodiesel are also elaborated in this review chapter. 

Finally, the progress in transesterification biodiesel process design, simulation and 

optimization are reviewed. 

2.1 Overview of biodiesel 

The anticipated depletion of fossil fuels, geopolitical instability and environmental concerns 

prompted the quest for petroleum derivative substitutes as an alternative fuel for diesel 

engines. The need for biodiesel is rising annually, becoming increasingly significant in many 

countries’ energy systems (Oyetola et al 2019). As a result, related biodiesel research, 
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development, and innovation (R&D&I) are likewise progressing at a comparable rate 

(Rezende et al., 2021).  

In terms of production, alcohol, vegetable or animal fat is chemically reacted to produce 

biodiesel, the most often utilized acyl acceptors are alcohols, specifically methanol. 

Although they are far more expensive, other alcohols such as propanol, butanol, isopropanol, 

tert-butanol, branched alcohols, and octanol can also be utilized. Methanol is more 

affordable, more reactive, and produces fatty-acid methyl esters (FAME) that are more 

volatile than fatty-acid ethyl esters (FAEE) compared to ethanol. However, methanol is 

currently mostly made from non-renewable fossil fuels, such as natural gas. FAME and 

FAEE exhibit minor distinctions in their fuel properties; for instance, FAEE is somewhat 

more viscous and has slightly lower cloud and pour points than their comparable FAME 

(Yusuf et al., 2011; Tamjidi et al., 2021). FAME reaction, also known as transesterification 

reaction, creates new chemical compounds known as methyl esters and calls for a catalyst, 

typically a strong base like potassium or sodium hydroxide. These esters have become 

recognized as biodiesel (Elgharbawy et al., 2021). 

According to Gbashi et al. (2019), biodiesel is a transparent, amber-yellow liquid with a 

viscosity akin to petroleum diesel. With a flash temperature of 423 K compared to 337 K for 

petroleum diesel, biodiesel has a higher flash point than petroleum diesel and so non-

flammable and less combustible (Changmai et al., 2020). When burnt as a fuel, biodiesel 

significantly reduces harmful pollutants compared to petroleum diesel because it is non-toxic 

and biodegradable (Zhang et al., 2022). 

The Bxx nomenclature refers to biodiesel blend where xx is the proportion in the volume of 

the Petro-diesel/ biodiesel mix and was developed because of international practice and is 
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used to designate the concentration of biodiesel in blends (Soumiya and Baskar, 2017). 

There are four primary concentrations of biodiesel used in the fuel: pure (B100), blends 

(B20-B30), additive (B5), and lubricity-additive (B2). According to Cavalheiro et al. (2020), 

fuels B2, B5, B20, and B100, for instance, have a content of 2%, 5%, 20%, and 100% 

biodiesel, respectively. The most popular blends have volumetric proportions ranging from 

5% to 20%. Engine modifications are not necessary for the B5 mix. Due to its complete 

miscibility and physical and chemical similarity to mineral diesel, biodiesel can be utilized 

in compression-ignition engines without requiring major or labor-intensive modifications 

(Demirbas, 2009). 

The same equipment, procedures, and infrastructure typically used for conventional diesel 

fuel can also pump, store, and manage biodiesel (Nikolova et al., 2020). Transporting, 

handling, and storing biodiesel is safer than conventional diesel since it doesn't release 

explosive vapors and has a relatively high flash point (Malode et al., 2022). 

2.2 Research progress in biodiesel production technologies 

In the literature, different reaction pathways of producing biodiesel have been reported. 

These include homogeneous acid-catalyzed transesterification, homogeneous alkaline 

catalyzed transesterification and heterogeneous catalyzed transesterification. The details of 

these reaction mechanisms to produce biodiesel are hereby presented.  

2.2.1 Homogeneous acid-catalyzed transesterification 

Triglycerides can be processed using an acid catalyst to produce biodiesel. When using low-

cost feedstocks, acid-catalytic transesterification of biodiesel can effectively compete with 

base catalytic processes utilizing virgin oil from an economic standpoint (Athar and Zaidi, 

2020). As acid catalysts, hydrochloric and sulfuric acids are typically favored. To 
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accomplish separation and transesterification in a single step, acid-catalyzed 

transesterification begins by mixing the oil directly with the acidified alcohol. The alcohol 

serves as both an esterification reagent and a solvent in this process (Athar and Zaidi, 2020; 

Nisar et al., 2021). The homogeneous acid-catalyzed reaction's reaction time is significantly 

shortened when excessive alcohol is consumed. Therefore, to shorten the reaction time, a 

high catalyst concentration and a larger molar ratio are needed for Bronsted acid-catalyzed 

transesterification (Mandari and Devarai, 2021; Sahar et al., 2022).  

Bahadi et al. (2021) examined the homogeneous acid-catalyzed transesterification reaction 

between crude palm kernel oil (CPKO) and di-trimethylolpropane (di-TMP) to generate the 

bio lubricant product, CPKO-di-TMPTE. Reaction surface methodology using a D-optimal 

design was used to optimize the reaction process based on four reaction parameters: catalyst 

loading, temperature, time, and reactant ratio. A CPKO/di-TMP ratio of 1.6:1 (mol: mol), a 

reaction period of 4.6 hours, a reaction temperature of 150 °C, and a catalyst quantity of 

1.7% were the ideal reaction conditions. The ideal yield was 79%, with a tetraester selectivity 

of 91%. The synthetic bio lubricant exhibited a low pour point (−6 °C), a higher flash point 

(365 °C) that made it thermally safer, and a higher viscosity index of 140.1, which suggested 

its potential resistance to viscosity change at changing temperatures. 

Juera-Ong (2022) used sulfuric acid and amberlyst 15 to produce homogenous catalytic 

reactions to study the reduction of high free fatty acid (FFA) in sludge palm oil (SPO). 

Therefore, this project aimed to reduce the high FFA level in SPO to less than 1wt % so that 

it can be suitable to produce biodiesel. To investigate FFA conversion, an esterification 

process using a homogeneous catalytic reaction was conducted. The ideal parameters of 
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16.8% sulfuric acid, 79.7 minutes of reaction time, and 58.4% methanol were fulfilled to 

produce the FFA concentration of 1.03 wt.%.  

According to Rizwanul Fattah et al. (2020), homogeneous acid catalytic transesterification 

has a low susceptibility to the presence of FFA in the feedstock, which is an advantage over 

homogeneous base catalytic transesterification. Nayab et al. (2022) have observed that the 

process of homogenous acid catalytic transesterification is particularly susceptible to 

variations in water content. Ester yields were found to be impacted by water as low as 0.1 

(wt.%) in the reaction mixture, with the reaction being nearly entirely hindered at 5 (wt.%) 

water concentration (Kukkohovi, 2020). Equipment corrosion (Ghedini et al., 2021), 

increased neutralization waste (Kibar et al., 2023), recycling difficulties (Xie and Wang, 

2021), secondary product formation (Vlnieska et al., 2021), higher reaction temperature 

(Hsiao et al., 2020), extended reaction times (Martínez et al., 2019), and comparatively slow 

reaction rate (Rizwanul Fattah et al., 2020) are some of the drawbacks of homogeneous acid 

catalytic transesterification. 

2.2.2 Homogeneous alkaline-catalyzed transesterification 

The process known as alkaline catalyzed transesterification involves the reaction of an 

alcohol and a triglyceride (fat/oil) in the presence of alkaline catalysts, such as sodium or 

potassium carbonates, alkaline metal hydroxides, and esters (biodiesel) to produce glycerol 

and esters (Iqbal, 2021; Maheshwari et al., 2022; Babadi et al., 2022). According to Athar 

et al. (2020), alkali-catalyzed transesterification is substantially faster than acid-catalyzed 

transesterification. It also poses less risk to the environment and is less corrosive to industrial 

equipment. 
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Due to several factors, homogeneous alkaline catalytic catalysts are frequently utilized in 

industries, including modest operation conditions, high conversion can be obtained in a short 

amount of time, strong catalytic activity, and being readily available and reasonably priced 

(Kumar et al., 2022).  

Alkaline catalytic transesterification procedures are often conducted at low catalyst 

concentrations (0.5–2 wt.%) and low temperatures and pressures (333–338 K and 1.4–4.2 

bar) (Aderibigbe et al., 2021). Moderate process parameters are typical for homogeneous 

base catalysis: alcohol/oil molar ratio stoichiometric (or marginally higher), alcohol reflux 

temperature for the reaction, atmospheric pressure or minor overpressure, short reaction 

periods, and low catalyst concentration (Aderibigbe et al., 2021). The generation of soap as 

a byproduct and large amounts of wastewater are drawbacks of this process, which raises 

the permitted discharge costs even more (Gupta and Singh, 2023). The alkaline catalyst is 

used up in the process of making soap, which lowers catalyst efficiency because water causes 

the reaction to transition to saponification partially (Chanakaewsomboon et al., 2021). The 

soap increases viscosity and forms gels, which lowers the ester yield and complicates the 

process of separating glycerol. As a result, it is essential to minimize adverse reactions like 

hydrolysis and saponification (Mathew et al., 2021; Carlucci, 2022). As seen in Equation. 

2.1, saponification converts the excess FFA in the feedstock into soap and water.  

Additionally, as illustrated in Equation 2. 2, a second hydrolysis step converts alkyl esters 

to FFA with the aid of base catalysts (Abbaszaadeh et al., 2012). 

RCOOH + NaOH or KOH ↔ RCOONa+ or RCOOK+ + H20 …………………. (2.1) 

RCOOR⸍ + H20 ↔ RCOOH + R⸍OH ………………………………………….. (2.2) 
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Where RCOOH is the Free Fatty Acid (FFA), NaOH or KOH is the base catalyst and 

RCOONA+ or RCOOK+ is the soap produced. 

2.2.3 Heterogeneous catalyzed transesterification 

The demand for wastewater treatment and the degree of difficulty in purifying the by-

product glycerol is linked to the use of homogeneous catalysts, particularly base catalysts 

(Chong et al., 2020; Sahani et al., 2020). The benefits of using heterogeneous catalysts in 

both acid and alkaline forms were the ability to reuse the catalyst and the ability to separate 

materials quickly and inexpensively (Miceli et al., 2021; Jambhulhar et al., 2022; Mulyatun 

et al., 2022), including low reaction conditions, simple separation, high activity, and minimal 

contamination (Jambhulkar et al.,2022) 

According to Faruque et al. (2020) and Aderibigbe et al. (2023), heterogeneous solid 

catalysts can be classified into three categories: (1) acid solids that can catalyze the 

esterification of free fatty acids, (2) base solids that can catalyze the transesterification of 

triglycerides; and (3) bifunctional solids (acid-base character) that can catalyze both 

esterification and transesterification reactions at the same time. 

Qasemi et al. (2020) investigated the transesterification process of Mespilus germanica (M. 

germanica) kernel oil as a novel feedstock using the Taguchi technique using an Al2O3/CaO 

nanocatalyst and achieved a best transesterification yield of 96.68% under ideal 

circumstances (25°C, 2 hours, 12:1 methanol to oil ratio, and catalyst weight of 0.5%). 

Additionally, after declining with the methanol to oil ratio and catalyst concentration, the 

conversion yield showed an increase. Furthermore, regeneration studies demonstrated that 

three cycles of the present catalyst could be utilized with respectable conversion yields.  
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Under mild circumstances, MnCO3 was found to be an effective heterogeneous catalyst for 

the transesterification of several alcohols with dimethyl carbonate (DMC), yielding the 

necessary compounds. The analysis's findings showed that MnCO3 that had been calcined at 

300 °C had a notably larger surface area and many weak acid sites, both of which improved 

the catalytic performance during transesterification (Bi et al., 2021). 

Gogoaşă et al. (2023) developed a green-supported catalyst for the transesterification 

reaction to produce alkyl esters by employing a biodegradable superbase as a chemical 

component and bacterial cellulose as a catalytic support. At a temperature of 70 °C and a 

catalyst loading of 7.5% (1.5/20 w/w catalyst: oil), the reaction produced more than 99% of 

its content. 

2.2.4 Feedstock pre-treatment via fermentation for green heterogeneous catalysts 

development for transesterification 

Adepoju (2022) produced biodiesel (98.03 wt.%) from a mixture of pig and neem seed oil 

by using kola nut pod ash as a heterogeneous biocatalyst. It was found that fermentation had 

an impact on the CaO concentrations of kola nut pods, with fermented kola nut pods 

displaying high K and Ca amounts. With a 95.30 wt.% yield, the biocatalyst made from 

fermented kola nut pods generated biodiesel from shea butter oil.  

2.2.5 Lipase catalyzed transesterification 

At moderate reaction temperatures, enzymes such as lipases can be used to produce biodiesel 

with excellent purity (Cavalcante et al., 2021; Mathew et al., 2021). Nevertheless, the 

industrial application of lipases is limited due to their high cost, and slower reaction rates 

than that of acid and basic catalysis. Furthermore, the presence of methanol would cause 

deactivation of some enzymes. The immobilization of enzymes is an intriguing substitute 
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even though it is still a costly procedure (Ismail et al., 2021; Cavalcante et al., 2021; Mathew 

et al., 2021). For example, the method can be less expensive if the enzyme is immobilized 

in a polymer or resin and can then be used again (Wahab et al., 2020). Free fatty acids and 

the amount of water in the raw material have no effect on enzymatic processes, which results 

in a purer phase of glycerol and lower energy consumption. However, the procedure can 

only be employed on a small scale due to the high costs (Rezende et al., 2021). Only a few 

studies of the lipases have been documented in the literature Candida antarctica (Lv and Liu, 

2019), Candida sp. (Kalita et al., 2022), C. rugosa (Najjar et al., 2021), Trichosporon asahii 

MSR54 (Pradhan et al., 2022), and Yarrowia lipolytica (Vasaki et al., 2022). 

Glycerol is produced when triglycerides are transesterified using lipase enzymes. Glycerol 

can then bind to the lipase catalyst rather than the triglyceride molecule, inhibiting the 

process (Salaheldeen et al., 2021). To get around this, the glycerol can be bound by an acyl 

acceptor molecule, creating a triglyceride molecule that is unable to attach to the lipase 

catalyst's active site. The lipase catalyst can demonstrate a greater rate of turnover and more 

usefulness when an acyl acceptor is added to the reaction (Intasian et al., 2021; Mehmood 

et al., 2021; Karavannis et al., 2022). 

The lipase transesterification process is superior to the chemically catalyzed 

transesterification method in several ways, including the production of no byproduct, ease 

of product removal, need for moderate process conditions, and catalyst recycling 

(Abdulmalek et al., 2022). Lipases break down triglycerides into FFA and glycerin, which 

are most active at the oil–water interface. The hydrolysis reaction is reversible when there is 

little water present (Cieh et al., 2023). 
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2.2.6 Nano catalyzed transesterification 

Recent development has been made in the catalytic conversion of fats and oils to biodiesel, 

especially utilizing more attractive nanocatalysts and ionic liquid catalysts for the generation 

of biodiesel. Nanocatalysis is a process of using nanomaterials as catalysts for a range of 

homogeneous and heterogeneous catalysis applications. Catalytic activity is excellent in 

nanoscale catalysts due to their large specific surface area and surface energy. Nanocatalysts 

increase reaction selectivity by permitting reactions to occur at lower temperatures, 

decreasing the likelihood of side reactions, increasing recycling rates, and recovering energy 

use (Xiao et al., 2020).  

Metal oxide, carbon, mesoporous, and magnetic materials can all be used as nanocatalysts. 

Graphite, carbon black, buckyball, fullerene, and inorganic nanotubes are examples of 

carbon-based nanocatalysts; on the other hand, metal oxide nanocatalysts include silver, 

aluminum, titanium oxide, cobalt, iron oxide, cerium oxide, calcium oxide, and zinc oxide 

(Thangaraj et al., 2019). There are further types of nanocatalysts, such as quantum dots and 

clays. Since metal oxide nanocatalysts are seen to be the most promising of the many types 

of nanocatalysts, they have been extensively researched to produce biodiesels from a variety 

of feedstocks (Mofijur et al., 2021). For example, Abu-Ghazala et al. (2023) examined the 

remarkable catalytic performance of K2CO3/γ-Al2O3 as a heterogeneous nanocatalyst to 

produce biodiesel at room temperature from waste cooking oil (WCO). The response surface 

methodology (RSM) is applied to optimize the catalyst loading, reaction time, and methanol: 

oil (M:O) molar ratio, as well as the Box-Behnken Design (BBD) approach. In comparison 

to similar repeating catalysts, the ideal transesterification reaction conditions for biodiesel 

conversion (98.7%) are 5.8 wt.% catalyst loading at 25 °C for 120 minutes with a 9:1 M:O 
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molar ratio. The activation energy (Ea), activation enthalpy (ΔH#), and activation entropy 

(ΔS#) are estimated to be 18.87 kJ mol, 16.34 kJ mol, and 217.22 J mol, respectively, for 

kinetic and thermodynamic parameters. For six consecutive cycles, the catalyst retains its 

catalytic activity.  

To boost the output of palm oil biodiesel, Prabhakar et al. (2021) used titanium dioxide and 

iron oxide nanoparticles. The sol-gel and gel combustion methods were utilized to synthesize 

titanium dioxide and iron oxide nanoparticles, respectively. When compared to 82.14 for 

KOH, the improved biodiesel yield (%) for TiO2 and Fe2O3 was determined to be 91.06 and 

84.24, respectively. 

Zhu et al. (2021) investigated a heterogeneous CaO/Ag nanocatalyst with aims of producing 

biodiesel from the transesterification of soybean oil and concluded that the silver and CaO 

had synergistic effects on the yield of biodiesel. During transesterification, the mass transfer 

resistance of triglycerides was significantly reduced, and the mass transfer constants were 

improved by the CaO/Ag nanocatalysts, which showed abundant strong basic sites with 

larger BET surface area (7.02 vs. 2.05 m2/g), pore diameter (58.84 vs 37.08 nm), and pore 

volume (0.070 vs 0.016 cm3/g). The response surface approach was used to maximize the 

yield of biodiesel and examine the factors influencing reaction parameters. With a methanol: 

oil molar ratio of 13, CaO/Ag loading of 5%, reaction time of 90 min, and reaction 

temperature of 72 °C, a maximum biodiesel yield of 90.95 ± 2.56% was attained. For CaO-

catalyzed transesterification, the optimized biodiesel yield was 88.40 ± 3.34% with 180 min 

of reaction time and identical reaction conditions. Five successive reuses of both 

nanocatalysts were made.  
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High catalytic efficiency in comparison to other catalysts is one benefit of employing 

nanocatalysts in the transesterification process (Fattah et al., 2020). Nanocatalysts have 

higher activity than traditional catalysts due to their smaller surface areas. Moreover, they 

have higher reusability, an effective surface/volume ratio, and better saponification 

resistance, and are very stable (Rahmani Vahid et al., 2017). Numerous methods, such as 

vacuum coating, microwave burning, co-precipitation, impregnation, condensation, 

chemical vapor and electrochemical methods, high temperature, solvothermal, 

hydrothermal, solo-gel, and many more, can be used to create nanocatalysts (Quirino et al., 

2016; Ambat et al., 2018). The high cost of their synthesis and the requirement for more 

alcohol for an effective transesterification process are the drawbacks of nanocatalysts 

(Mofijur et al., 2021). 

2.2.7 Transesterification using ionic liquids as catalysts 

Ionic liquids (ILs) are becoming more well-known as effective catalysts or solvents for a 

range of processes (Muhammad et al., 2015; Zhang et al., 2022). Since their melting 

temperatures are lower than the boiling point of water, molten salts at ambient temperature 

are referred to as ionic liquids, a novel family of materials (Cheng et al., 2022). When 

compared with conventional chemicals, ionic liquids have several exceptional properties, 

including minimal vapor pressure, low combustibility, high thermostability and chemical 

stability, and environmental friendliness. Most ionic liquids are composed of organic 

cations, such as imidazolium, pyridinium, quaternary ammonium, and phosphonium, as well 

as organic or inorganic anions, such as halide, tetrafluoroborate, and hexafluorophosphate. 

Additionally, because of their tunable characteristics, ionic liquids can be coordinated by 

different cations and anions to satisfy specific requirements (Ong et al., 2021). When used 
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as solvents in the enzymatic production of biodiesel, ionic liquids have demonstrated 

exemplary performance, increasing the stability and catalytic efficiency of enzymes (He et 

al., 2022). 

Furthermore, pure glycerol, which can be used in the synthesis of biodegradable polymers, 

medications, cosmetics, and other value-added products, can be obtained by using ionic 

liquids as extraction solvents to improve the quality of by-product glycerol in the production 

of biodiesel (Wang et al., 2017). Ionic liquids are used as catalysts in the biodiesel synthesis 

process. They are classified as acidic or alkaline ionic liquids based on the reactive sites in 

the liquid (Sangeetha et al., 2023). 

Ionic liquids are room-temperature liquid organic compounds made up of anions and cations. 

Ionic liquids' physical characteristics, such as their density, viscosity, and melting point, are 

determined by the cations, whilst their chemical characteristics and reactivity are managed 

by the anion (Yavir et al., 2020). Their particular benefit is that they may be synthesized and 

then adjusted to the proper reaction conditions. The creation of a biphasic system at the end 

of the reaction is another fantastic benefit of employing Ionic Liquids, particularly to 

catalyze transesterification for the generation of biodiesel (Xu et al., 2021). According to 

Elgharbawy et al. (2020), the reason for this biphasic system is that the ionic liquid, which 

was insoluble in the organic phase, stays in the aqueous phase together with the catalyst that 

was utilized and the glycerol that was formed during the reaction. Because biodiesel makes 

up most of the top phase and methanol is present in tiny amounts, this makes the final 

products very easy to separate. Then, by simply vacuum evacuating this tiny amount of 

methanol, pure biodiesel can be separated (Dwivedi et al., 2022). Ionic liquids, glycerol, and 

methanol are present in the bottom phase. After three to four cycles of water rinsing, this 
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bottom phase can be used to extract high-purity glycerol (Wang et al., 2022). Alternatively, 

pure glycerol can be produced by distillation, leaving the pure Ionic Liquid behind for direct 

use in another procedure (Ahmad et al., 2012). 

Ionic liquids containing the 1-n-butyl-3-methylimidazolium cation are the most researched 

compounds among the several kinds of ionic liquids that could be used to catalyze the 

transesterification reaction for the manufacture of biodiesel (Ahmad et al., 2012).  

According to Roman et al. (2019), 1-methylimidazolium hydrogen sulphate, or 

[HMIM]HSO4, is an ionic liquid that can be successfully used as a catalyst in the 

esterification reaction between oleic acid and methanol to produce biodiesel. Twenty-seven 

trials were used in a Box-Behnken Design (BBD) to optimize the critical experimental 

conditions. The goal of the optimization was to increase the amount of Fatty Acid Methyl 

Esters (FAME) and oleic acid conversion in the biodiesel samples that were produced. The 

molar ratio of oleic acid to methanol and the dosage of the catalyst were found to be the two 

crucial parameters that affected both conversion and FAME content. The model indicated 

that 8 hours of reaction time, 110 ± 2 °C, a methanol/oleic acid molar ratio of 15:1, and a 

catalyst dosage of 15 wt.% would result in a 95% conversion as the ideal circumstances for 

reaching maximal conversion. Similarly, 8 hours of reaction time, 110 ± 2 °C, a 

methanol/oleic acid molar ratio of 14:1, and a catalyst dosage of 14 wt.% were ideal for 

obtaining the maximum FAME content, which resulted in a FAME content of 90%. 

Panchal et al. (2020) also reported the synthesis of Fatty Acid Methyl Esters (FAME) by 

transesterification of soybean oil with methanol and the use of an ionic liquid as a catalyst. 

The ionic liquid used in the transesterification of soybean oil for the manufacture of biodiesel 

was 3- (N, N-dimethyl dodecyl ammonium) propane sulfonic acid p-toluene sulfonate 
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([DDPA] [Tos]), which was synthesized, characterized, and used. The ratio of soybean oil 

to methanol (1:2 v/v), the concentration of the ionic liquid catalyst (8.0%w/v), the reaction 

period (4 hours), the agitation speed (325 rpm), and the constant refluxing reaction 

temperature were among the factors that were optimized in the study. In ideal circumstances, 

75% biodiesel output was attained. In addition, the biodiesel's characteristics were described, 

including its density at 25 oC and kinematic viscosity at 40 oC. 

Amino acids (AAs) were used as anions by Wang et al. (2022) in the synthesis of eleven 

ionic liquids. Tetraethylammonium (N2222) served as the cation in these ionic liquids, 

which were referred to as [N2222] [AA]s. The study found that a methanol/oil ratio of 10:1 

mol/mol, a reaction temperature of 100 °C, a catalyst dosage of 20 wt.% (based on the oil 

weight), and a reaction time of 60 minutes were the ideal parameters for the 

transesterification reaction of soybean oil, which produced a biodiesel conversion rate of 

98.4%. 

2.2.8 Supercritical transesterification 

A potential remedy for catalytic transesterification is the creation of supercritical biodiesel. 

Unlike other biodiesel generation systems, this process does not require the use of catalysts. 

Supercritical processing can handle a variety of feedstocks with continuity and is tolerant to 

FFA and water. Methanol has a critical temperature of 239.2 °C and a critical pressure of 

8.09 MPa. Triglycerides and methanol are frequently used as input materials in supercritical 

processes. In the supercritical technique, the methanol density rises, and its dielectric 

constant falls. The intensification of density causes a slight decrease in the polarity of 

methanol (Qadeer et al., 2021). Under supercritical circumstances, a homogenous phase 

forms because nonpolar triglycerides dissolve more readily in methanol (Ortiz, 2020). High 
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methanol-to-oil ratios, which can raise production costs, and high pressure and temperature 

requirements are just a couple of the difficulties associated with using supercritical 

technologies to produce biodiesel (Sakdasri et al, 2018). 

The possibility of producing biodiesel by supercritical transesterification has been 

investigated in a few existing studies. Singh et al. (2021) highlights the method's high 

conversion rate, rapidity, and environmental friendliness but also stresses the need for more 

research and development. Additionally, compared to other catalytic processes, this 

technique has been demonstrated to be more sustainable and efficient (Andreo-Martínez et 

al., 2020). Son et al. (2018) presented a novel method of producing biodiesel from wet spent 

coffee grounds (SCGs) without the need for pre-drying by supercritical methanol. The 

process made use of subcritical water and supercritical methanol to enable in situ 

transesterification, which produced biodiesel. This procedure increased the porosity of SCG, 

which improved lipid extraction and conversion. An optimal biodiesel yield of 10.17 wt.% 

of dry SCG mass (86.33 w/w% of esterifiable lipids in SCG) was achieved under reaction 

conditions of 270 °C, 90 bars, methanol to wet SCG ratio of 5:1, space loading of 58.4 ml/g, 

and reaction time of 20 min. The study identified space loading as a critical factor for 

biodiesel production. The typical drying procedure and the requirement for a catalyst were 

removed by using wet SCG waste as feedstock directly, which also lessened the 

environmental problems associated with landfill accumulation. 

Tobar et al. (2018) studied the non-catalytic supercritical transesterification of spirulina oil 

with alcohol (methanol and ethanol) to produce biodiesel. They investigated the effects of 

temperature (200 and 300 °C) and co-solvent amount (0.0005–0.003 g CO2/g methanol and 

0.0003–0.001 g CO2/g ethanol) on the reaction yield using a factorial experimental design. 
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The results of the investigation showed that adding more CO2 as a co-solvent enhanced the 

reaction yield, which reached 72% at 300°C and 65% at 200°C. Reducing the reaction 

mixture's critical point with the use of CO2 as a co-solvent increased the reaction yield 

overall. 

In the study of Ahmed et al. (2023), supercritical transesterification with no catalyst was 

optimized and simulated to produce biodiesel from used cooking oil. With the added benefit 

of lower pretreatment costs, the study chose a catalyst-free technique, acknowledging the 

possible detrimental effects of catalysts when water is present in used frying oil. The study 

involved two stages: response surface methodology optimization and the creation and 

verification of a process simulation program. The temperature was found to be the most 

significant process parameter after statistical analysis, including analysis of variance, was 

conducted using a face-centered central composite design of experiments for matrix creation. 

The optimization study yielded a maximum biodiesel output of 94.16% at an optimal 

temperature of 274.8 °C, pressure of 7.02 bar, oil to methanol molar ratio of 12.43. 

2.2.9 Microwave assisted transesterification 

In general, producing biodiesel using conventional heating methods utilizes a lot of energy. 

The primary issue with the conventional approach is that it only applies heat to the material's 

surface (Khedri et al., 2019). Due to this, the reactants' internal molecules can directly 

receive thermal energy from the microwave systems (Wang et al., 2021). Microwave 

radiation can shorten the reaction time from several hours to several minutes while 

maintaining other parameters such as alcohol-oil molar ratio, and dosage of catalyst 

concentration. Microwave heat is more effective than conventional heating at accelerating 
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the transesterification reaction (Buasri and Loryuenyong, 2017). Nevertheless, using 

microwaves as a heating source is more expensive (Agu et al., 2017).  

Microwave methods have been reported to be useful in the production of biodiesel. The 

primary goal is to maximize product yield while maintaining the lowest possible total cost 

of production. In the biodiesel manufacturing process, triglycerides are chemically broken 

down into smaller, straight-chain alkyl ester molecules. One mole of triglycerides reacts with 

three molar equivalents of methanol to create glycerol and fatty acid ester molecules 

(Mohamad Aziz et al., 2021). 

According to Mohamad Aziz et al. (2021), the microwave technique of biodiesel production 

has the potential to increase product yield and energy efficiency, especially when paired with 

other technologies such as: ultrasound assisted technologies, microemulsion and 

supercritical methods. Optimization models for this process have been presented by 

Silitonga et al. (2020) and Qadariyah et al. (2021), who focused on the production of Ceiba 

pentandra biodiesel and Chlorella sp. biodiesel, respectively. The energy efficiency and 

high yield potential with microwave-assisted transesterification were highlighted in both 

investigations. The benefits of combining microwave technology with heterogeneous 

catalysts-which can drastically shorten reaction durations while preserving or enhancing 

catalytic activity-are further highlighted by Khan et al. (2021). 

To produce olive oil methyl esters, Dehghan et al. (2019) used microwave-assisted 

transesterification (MAT) of olive oil. The effect of a variety of reaction parameters on the 

yield, purity, and physicochemical characteristics of methyl esters was examined. These 

variables included microwave power level (100-900 W), methanol to oil molar ratio (3-15), 

catalyst concentration (0.4-2.0%), and reaction time (3-15 min). The best response 



59 
 

conditions attained with MAT were compared to those attained with the conventional 

heating system in the study. The methanol-to-oil molar ratio, power level, reaction time, and 

catalyst amount all increased the methyl ester production and purity proportionately. MAT 

effectively enhanced the yield of methyl ester while consuming less energy and reaction time 

than the traditional magnetic stirrer transesterification process. 

In their study, Falowo et al. (2019) investigated the possibility of using a combination of 

neem-rubber seed oil and calcined elephant-ear tree pod husk as a catalyst for the 

transesterification process that yields biodiesel with the help of microwave radiation. The 

study employed response surface methods in conjunction with a central composite rotatable 

design to optimize key process parameters. With a 60:40 ratio of neem to rubber seed oils, a 

25:1 methanol/oil blend ratio,10 wt.% catalysts (Fe2(SO4)3), a 120-minute reaction period, 

and a 65°C reaction temperature, the free fatty acid content was successfully lowered from 

17.76 to 0.67%. High catalytic activity was shown by the calcined ash of E. cyclocarpum 

pod husk, which was rich in K, Mg, Ca, and Fe. Microwave-assisted transesterification of 

ferric sulphate (Fe2(SO4)3) - pretreated oil blend worked best when the molar ratio of 

methanol to oil was 11.44:1, the catalyst dose was 2.96 wt.%, and the reaction time was 5.88 

min. The microwave heating power was 150 W, and a biodiesel yield of 98.77 ± 0.16 wt.% 

was obtained. 

2.2.10 Ultrasound assisted transesterification 

Recent studies have focused on ultrasound-assisted transesterification for biodiesel 

synthesis, showing that it can improve mixing and use less energy (Tan et al., 2019). This 

procedure falls under the larger category of transesterification, which also includes lipase-

mediated transesterification and reactions that are catalyzed by bases, acids, and acid-bases 
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(Kulkarni et al., 2019). Transesterification using ultrasound is just one of the cutting-edge 

methods being investigated along with others such as microemulsion and pyrolysis. 

Ultrasonic radiation in the transesterification reaction produces many microbubbles by 

creating bubble cavitations close to the alcohol-oil phase boundary. Certain bubbles remain 

stable for the subsequent cycle, while the remaining ones will undergo dramatic collapse 

when they reach a crucial size. The phase boundary is disrupted by micro-turbulence created 

by the asymmetric collapse of the cavitation bubbles. The immiscible reactants are 

intimately mixed along the phase boundary by the microjets produced by the liquid 

impingement, which can reach speeds of up to 200 m/s and cause emulsification. The 

development of emulsion results in an increase in the mass transfer and interfacial region 

between the oil and alcohol phases, which accelerates the reaction kinetics (Tan et al., 2019). 

The total reaction rate increased because of the microbubbles that were created and burst by 

ultrasonic cavitation, which also energized the molecules of the reactant and increased local 

energy transfer (Fallah et al., 2023).  

By creating microjets and raising the localized temperature, the use of ultrasound in the 

biodiesel synthesis process eliminates the need for external agitation and heating. According 

to Xuan (2019), the chemical effect of ultrasound can be accelerated by the production of 

highly reactive species such as OH*, HO2*, and H* radicals from the dissociation of solvent 

vapor trapped in the bubble during a transient implosive collapse of bubbles. 

2.3 Comparison between transesterification technologies 

There are benefits and drawbacks to each of the various transesterification methods (Mumtaz 

et al., 2017). The costs of input materials, the amount of trash generated, the cost of 

production, the purity of the product, the yield percentage, and the risks to the environment 
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and human health are just a few of the factors that impact these benefits and drawbacks. The 

advantages and disadvantages of these main transesterification procedures are summarized 

in Table 2.1, together with the characteristics of appropriate feedstock that are needed for 

each approach (Gebremariam and Marchetti, 2018). 

Table 2.1: Comparison of different methods for transesterification of oil and/or fat 

for biodiesel production (Gebremariam and Marchetti, 2018). 

Transesterification 

method 

Suitable 

feedstock 

character 

Advantages Disadvantages 

Homogeneous 

Acid catalyzed 

Any type of 

oil/fat feedstock 

including 

those with high 

free fatty acid 

Gives relatively high 

yield. Insensitive to 

FFA content in 

feedstock, thus 

preferred method if low-

grade feedstock is used 

Esterification and 

transesterification occur 

simultaneously 

Less energy intensive 

Corrosiveness of 

acids damage 

equipment. 

More amount of free 

glycerol in the 

biodiesel. 

Requires higher 

temperature 

operation but less 

than supercritical. 

It is relatively 

difficult to separate 

catalyst from 

product. Has slower 

rate of production 

(relatively takes 

longer time) 

Homogeneous 

Base catalyzed 

Oil/fat feedstock 

with 

FFA content is 

less than 

0.5% by weight 

of the oil 

Faster reaction rate than 

acid catalyzed 

transesterification 

Reaction can occur at 

mild reaction conditions 

and less energy 

intensive 

Common catalysts such 

as NaOH and KOH are 

relatively cheap and 

widely available 

less corrosive 

Sensitive to FFA 

content in the oil 

Saponification of oil 

is the main problem 

due to the quality of 

feedstock 

Recovery of glycerol 

is difficult, 

Alkaline wastewater 

generated requires 

treatment 

Heterogeneous 

Base Catalysis 

Oil/fat feedstock 

with 

Improved selectivity 

Easy to separate catalyst 

from reaction mixture 

Catalysts might be 

poisoned when 



62 
 

FFA content is 

less than 

0.5% by weight 

of the 

oil 

Reduced process stages 

and wastes 

Enable to regenerate 

and reuse the catalyst 

Reaction can occur at 

mild reaction conditions 

and less energy 

intensive 

exposed to ambient 

air. 

Sensitive to FFA 

content in the oil so 

selective to feedstock 

type. 

Soap will be formed 

if there is high FFA 

content. Soap 

formation is 

associated with 

reduced biodiesel 

yield and problem in 

product purification. 

Leaching of catalyst 

active sites may 

result in product 

contamination 

Heterogeneous 

Acid Catalysis 

Any type of 

oil/fat feedstock 

including those 

with high free 

fatty acid. 

Catalyst separation from 

reaction mixture is easy. 

It has reduced process 

stages and waste. 

Insensitive to 

feedstocks’ FFA 

content. Preferred 

method if low-grade oil 

is used. Esterification 

and transesterification 

occur simultaneously. 

Solid acid catalysts can 

be easily removed and 

recycled 

Complicated catalyst 

synthesis procedures 

lead to higher cost 

Requires high 

reaction temperature, 

high alcohol to oil 

molar ratio and long 

reaction time. 

Relatively energy 

intensive. 

Lipase catalyzed 

transesterification 

Any type of 

oil/fat feedstock 

including those 

with high free 

fatty acid and 

water content. 

Insensitive to FFA and 

water content in the oil, 

thus preferred when low 

grade feedstock is used. 

It is carried out at low 

reaction temperature. 

Purification requires 

simple steps, by 

enabling easy separation 

from the byproduct, 

glycerol. It gives high 

purity products (esters). 

The cost of enzymes 

is usually very high. 

Gives relatively low 

yield. It takes high 

reaction time. The 

problem of lipases 

inactivation caused 

by methanol and 

glycerol. 
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Enables to reuse 

immobilized enzyme 

Nano catalyzed 

transesterification 

Any type of 

oil/fat feedstock 

including those 

with high free 

fatty acid and 

water content 

Relatively with shorter 

reaction time. 

Less amount of catalyst 

can be enough since it 

has a high specific 

surface area. Catalyst 

can be reused many 

times. Wide range of 

catalyst choice. 

Requires relatively 

more alcohol for 

effective yield  

In some cases, 

preparation of 

appropriate catalysts 

costs more. 

Ionic liquid 

catalyzed 

transesterification 

Any type of 

oil/fat 

feedstock 

including those 

with high free 

fatty acid and 

water content 

but dependent 

on which type of 

ionic liquid is 

used 

(Acidic/basic) 

Easy to separate final 

products due to 

formation of biphasic. 

Efficient and time 

saving while preparing 

catalysts their properties 

can be designed to suit a 

particular need. Catalyst 

can be easily separated 

and reused many times. 

High catalytic activity, 

excellent stability 

High cost of ionic 

liquid production. 

Requires relatively 

more alcohol for 

effective yield 

Supercritical 

transesterification 

Any oil and fat 

with greater 

range and water 

content and high 

FFA content (in 

particular, used 

cooking oil) 

It takes very little time 

to complete. Insensitive 

to greater water content 

of the feedstocks. 

Produces more than a 

kilo of fuel per kilo of 

feedstock. No need to 

wash the product as 

there is no catalyst used. 

It is easier to design as a 

continuous process. 

Requires higher 

temperature and 

pressure. It is not an 

economic alternative 

due to its high 

operating cost, due to 

high pressures and 

high temperatures. 

Relatively there is 

high methanol 

consumption (high 

methanol/crude-oil 

molar ratio of 40/1) 
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2.3.1 The mechanism of transesterification 

The most widely used method for producing biodiesel is transesterification, which involves 

treating oils (triglycerides) with alcohol to produce biodiesel (known as fatty acid alkyl 

esters, or FAAE) as the primary product and glycerin as a byproduct. Triglycerides are 

initially converted to diglycerides, which are then converted to monoglycerides and finally 

to glycerol. At each stage, one methyl ester molecule is produced from each glyceride (Ma 

and Hanna, 1999; Abbaszaadeh et al., 2012). Transesterification, also known as alcoholysis, 

is the process of replacing one ester's alcohol with another alcohol. It is comparable to 

hydrolysis but uses alcohol instead of water (Mandari and Devarai, 2021). According to 

Günay et al. (2019), the most critical operational factors influencing the transesterification 

process are reaction temperature, time, pressure, alcohol-to-oil ratio, concentration and 

nature of the catalyst, mixing intensity, and feedstock type. 
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Figure 2.1: The overall transesterification reaction and the stepwise process (Figueiredo et 

al 2022). 

2.4 Availability and current usage of Kola nut   

Kola is a member of the Sterculiaceae family and are mostly cultivated in Africa largely in 

Nigeria. It is also known to grow in Ivory coast, Ghana, Brazil and the West Indian Islands 

(Eijnatten, et al 1973, Opeke 1982, Oludemokun 1983). The total annual production of Kola 

nut from these countries is over 250,000 tons compared to total world production of about 

300,000 tons. Nigeria alone accounts for about 70% of the total world production of kola 

nuts (Quarcoo 1973, Pala 1976, Oluokun et al 1999). The two main kola species that are of 

economic importance are Cola nitida (Vent) Schott and Endl and C. acuminata (P. Beav) 

Schott and Endl. (Oladokun 1982). Cola nitida is also referred to as “the true kola of trade” 

has featured in the internal trade of West Africa since the 19th century (Nzekwe1961, 

Eijnatten et al 1969). 
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Kola nuts are chief economic cash crops to a large resident of Nigerian farmers who are 

involved in the cultivation, trading and industrial utilization (Asogwa et al 2012). The nut is 

used as a masticatory and stimulant and has social and traditional importance in many 

traditional ceremonies in Nigeria. It is widely used industrially in the production of soft 

drinks and beverages, pharmaceuticals, wines and confectioneries (Beattie 1970, Ogutuga 

1975). Kola nut pod husks which are waste products from processing the nut, are commonly 

used for animal feeds as it has great nutritional value. It is believed that broilers fed with 

kola husk meal diets had a tremendous growth accomplishment (Babatunde et al 2005). 

2.5 Waste Kola nut pod husk for catalyst development 

Several studies have explored the possibility of using waste kola nut pod husk as a catalyst 

in numerous biodiesel production processes. Although kolanut pod husk is used as an 

ingredient in animal feeds, there are several other alternatives such as cocoa pod husks, 

cassava peels, palm kernel cake, among others that can also be used as ingredient in animal 

feeds, which reduces the likelihood of competition for biodiesel production. In the literature, 

Osakwe et al. (2018) developed kola nut pod as a bio-based catalyst for biodiesel production 

from yellow oleander seed oil. At a reaction temperature of 60 °C for 90 minutes, a 

maximum yield of 84.50% was obtained using 1.5 wt.% kola nut pod ash.  

Betiku et al. (2019) catalyzed Kariya seed oil using a heterogeneous catalyst made from kola 

nut pods, producing a 98.67 wt.% biodiesel output. Due to the considerable K and Ca 

present, the catalyst, which was made by burning dry pod powder to ash and then calcifying 

it further, demonstrated catalytic activity. 

In related work, Falowo et al. (2020) reported using kola nut pod ash as a catalyst to produce 

98.45 wt.% biodiesel from a combination of honne, rubber, and neem oil. The components 
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of the calcined pod ash were heterogeneous, containing 4.21% magnesium, 5.56 % calcium, 

and 47.67% potassium. 

Betiku and Ishola (2020) reported a biodiesel production of > 99.0 wt.% using C. nitida 

calcined pod ash as a heterogeneous catalyst in an optimized system using a neural-fuzzy-

genetic algorithm instead of a neuro-fuzzy-genetic algorithm. Similarly, Oladipo and Betiku 

(2020) used the Taguchi optimization technique to create a biocatalyst from kola nut pods 

on rubber seed oil for transesterification, resulting in the production of biodiesel (96.97 

wt.%). 

A unique biocatalyst was presented by Falowo and Betiku (2022), which was made of a 

blend of calcined ashes from pumpkin, cocoa, and kola nut pods (1:1:1). This biocatalyst 

produced biodiesel with a 95.02 wt.% yield by catalyzing the transesterification of a 50:50 

combination of yellow oleander and rubber oil. 

The production of green heterogeneous biocatalysts by the valorization of readily available 

kola nut waste was highlighted by Lateef (2023). It was discovered that these biocatalysts 

were efficient, providing a lengthy catalyst life as well as a wide range of catalysts for the 

generation of biodiesel from different kinds of oils with microbial, plant, and animal origins. 

Ajewole et al. (2022) employed a combination of cocoa and kola nut pods to hydrolyze acid 

and then ferment the resulting bioethanol with yeast. Promising energy generation was 

shown by the 10% bioethanol-fuel blend, which produced 13.1 Nm torque and 2953 W 

power, more than gasoline's 12.4 Nm torque and 2574 W power. 
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Figure 2.2: Kolanut (cola nitida) inside its protective pod (Sanders, 2008) 

 

2.6 Sources of oil feedstock for biodiesel synthesis 

A variety of feedstocks, including vegetables, algal, microbial, and animal fats, can be used 

to produce biodiesel. Biodiesel derived from diverse feedstocks exhibits variations in both 

composition and purity. The important stage in the production of biodiesel is choosing the 

feedstock, which affects several variables, including yield, composition, cost, and purity of 

the fuel. The feedstock for biodiesel production can be obtained from edible, non-edible, and 

waste materials (Singh et al., 2020). Regions also play a role in the feedstock selection 

process for biodiesel manufacturing. When choosing feedstock, availability and cost are the 

primary factors that should be taken into consideration (Avagyan and Singh, 2019).  

In Canada, canola oil is used as feedstock, while soybean oil is used in Brazil and the United 

States. Rapeseed oil is utilized as a biodiesel feedstock in Italy, Germany, Finland, and the 

United Kingdom, whereas coconut and palm oils are used as biodiesel feedstock in Indonesia 

and Malaysia. In India, karanja and jatropha have been proposed as potential future 

feedstocks for biodiesel. Among these, sunflower oil, rapeseed oil, soybean oil, and mustard 
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oil have all been utilized as feedstocks for biodiesel in the past; however, their use has slowed 

down because of adverse effects on food production (Garg et al., 2023; Ghosh et al., 2023). 

Because it directly affects the food chain, using edible oils as feedstocks for biodiesel is a 

significant problem (Gebremariam, 2021). It has been determined that using non-edible oil 

as a feedstock for biodiesel offers numerous advantages, including being biodegradable, 

having low Sulphur content, not affecting the food chain, and having low aromatic content 

and availability (Shaah et al., 2021; Devarajan et al., 2022). Biodiesel can also be produced 

from a variety of feedstocks, including fish oil, tallow oil, animal fats, and microalgae (Singh 

et al., 2020). 

2.7 Waste Carica papaya seed oil a prospective feedstock 

Papaya seeds were reported to be extracted into oil using soxhlation and distillation 

techniques by Sarianto et al. (2019). Papaya seed oil was shown to contain oleic acid 

according to GCMS analysis. Strombus canarium shells have been used as a source of CaO 

catalyst for biodiesel transesterification. The papaya oil to methanol molar ratio was 1:6, the 

catalyst was present at 5 wt.% to the oil, and the reaction was run for two hours at 65 °C. 

The results of the GC/MS analysis revealed that the content of methyl esters is 50.35%, with 

10-octadecenoic acid having the highest abundance and 9-octadecenoic acid having the 

lowest abundance. 

Carica papaya L. seed oil was studied by Suprianto and Gunawan (2019) as a potential 

renewable energy source to replace petroleum diesel fuel. The oil was extracted from papaya 

seeds using the Soxhlet method and n-hexane solvent. This was followed by 

transesterification reaction using 1wt.% NaOH as the catalyst and 20 wt.% methanol at 400 

rpm for one hour. The fuel qualities of CPSB-10, a blend of 10% C. papaya seed biodiesel 
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and 90% petroleum diesel fuel, satisfy the required specifications. According to the results 

of the performance test conducted in a diesel test engine, the highest brake thermal efficiency 

is 32%, the lowest sfc is 268 g kW–1 h–1, and the maximum brake power and thermal are 

30.6 kW and 140.23 N m, respectively. 

The extraction of Carica papaya seed oil (CPSO) using a solvent technique was described 

by Abubakar and Uthman (2020). The oil's physicochemical properties were examined. With 

a 31.60% oil output, the seed is commercially sustainable. The following parameters were 

measured using conventional procedures: specific gravity (0.94), viscosity at 40 0C (49.20 

cp), iodine value (53.80 g/100g), saponification value (158.60 mg/g), peroxide value (6.70 

m mol/kg), calorific value (44.37 MJ/kg), and free fatty acid (0.34). The oil's fatty acid 

profile revealed that it is highly unsaturated (67.4%), which suggests that the seed oil 

contains more unsaturated fatty acids than saturated ones. This implies that when oil is added 

to engines, it will flow as oil rather than fat and not readily solidified. Therefore, the seed 

can be used to extract oil, which can then be used as a feedstock to produce biofuel. 

According to Sultana et al. (2020), papaya seed waste has the potential to be used as a 

feedstock due to its high lipid content and inedibility, which makes it ideal for making 

biodiesel. The papaya fruit is year-round. In tropical nations, it is always available, and the 

glove produces over 75% of the total papaya. Therefore, oil yields from wasted papaya seeds 

can be predicted using a variety of soft computing or data mining techniques, including 

Response Surface Methodology (RSM), Artificial Neural Networks (ANNs), and Support 

Vector Regression (SVR). The experiments used in this study to get the oil yield data were 

based on a central composite design. The suggested models were then developed, contrasted, 

and compared with the experimental data. According to several performance-measuring 
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metrics, the SVR model outperformed the ANN and RSM models in predicting oil yields 

(i.e., relative error, correlation coefficient, mean absolute error, and root mean squared 

error). It has been noted that oil yields rise with longer extraction times but fall with larger 

particle sizes. An interface based on the SVR and crow search algorithms was developed to 

determine the global optimal set. With a particle size of 0.85 mm and a maximum oil 

production of 28.55%, the extraction process took 6.5 hours. With an error rate of less than 

5%, the expected oil output was confirmed through experimental validation. 

Adepoju et al. (2021) developed an effective CaO-based catalyst by synthesizing it from a 

binary mixture of seashells, Mactra coralline, periwinkles, Lattorina littorea and using it to 

transesterify a quaternary mixture of waste, Carica papaya, Citrus Sinensis, and Hibiscus 

sabdariffa. Process parameters for the transesterification process were optimized to find the 

best yield of biodiesel from the oil blend. After drying, Lattorina littorea and Mactra 

coralline were ground into a powder and combined in an identical ratio to create a produced 

catalyst that was then subjected to characterization. Oil was recovered from the powdered 

seeds of Carica papaya, Citrus sinesis, and Hibiscus sabdariffa by using a solvent extraction 

method. The extracted oil was combined with waste-used oil in a quaternary ratio, and its 

qualities were assessed prior to transesterification with ethanol. Response Surface 

Methodology (RSM), in conjunction with Central Composite Design (CCD), was used to 

optimize the process while considering four independent variables: reaction time, 

temperature, reaction temperature, and EtOH/OMR. The catalyst recyclability test was run, 

and the physicochemical parameters of the biodiesel were used to assess its quality. The 

25:25:25:25 quaternary combination produced oil with low viscosity and significant 

volatility, according to the results. The generated catalyst was utilized for base 
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transesterification for a maximum of three cycles. The statistical optimization predicted a 

biodiesel yield of 99.8044 (wt.%); however, the most significant experimental yield of 99.95 

(wt.%) was attained at a reaction period of 60 min, DCCP amount of 3.0 (g), reaction 

temperature of 70 °C, and EtOH/OMR of 6:1 (ml/ml). This yield was confirmed in triplicate, 

and an average biodiesel yield of 99.7800 (wt.%) was produced at a reaction duration of 

57.72 min, DCCP amount of 3.0 (g), reaction temperature of 69.54 °C, and EtOH/OMR of 

6:1 (ml/ml). The chosen variable factors were highly significant, according to the analysis 

of variance and p-value (p-value<0.0001). The coefficient of determination (R squared) was 

found to be 99.84%, with the adjusted R2 of 99.68 and the expected R2 of 99.06 showing 

reasonable agreement based on fit statistics and model comparison statistics. The quality of 

the produced biodiesel fell within the biodiesel standard's specified bounds. 

Oshin et al. (2021) studied the physiochemical characterization of C. papaya seed oil extract 

for the generation of biodiesel. The physical characteristics of Carica papaya seed oil yielded 

the following results: oil yield (30.31±2.38%), color (golden yellow), specific gravity 

(0.9162±0.012), viscosity (22.45±2.00 mms-1), melting point (42.30±3.0°C), smoke point 

(212.13±9.0°C), and flash point (274.74±12°C). Acid value (2.848±0.28%), free fatty acid 

(1.29±0.16%), saponification value (mg KOH/g) (192.06±1.62), iodine value (70.78±1.69 

gI2/100 g), and peroxide value (5.079±0.079 meq/kg) are all present according to the 

chemical properties. The seed oil's fatty acid profile reveals that it comprises the following: 

stearic acid (5.09±0.5%), linoleic acid (4.56±0.20%), oleic acid (73.36±1.07%), and palmitic 

acid (14.36±0.96%). The seed oil's overall percentage of unsaturated and saturated fatty 

acids was 20.48% and 79.52, respectively. The oil demonstrated feasible prospects as a 

feedstock for biodiesel, as indicated by the outcomes of the physicochemical characteristics. 
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The transesterification method of using Carica papaya (pawpaw) and Citrullus lanatus 

(watermelon) seed oil to create biodiesel was reported by Nkeiru et al. (2023). To evaluate 

the differences in reaction circumstances between the homogeneous (KOH) catalyst and the 

heterogeneous (alumina-chitosan nanocomposite biocatalyst), experiments were conducted 

to determine the % yield of biodiesel in relation to reaction parameters, molar ratio, and 

catalyst dose. To enhance the performance of biodiesel, a novel and cost-effective 

environmentally friendly catalyst was developed. The production of biodiesel using a 

homogenous catalyst, potassium hydroxide (KOH), was compared to the production of 

biodiesel using a heterogeneous catalyst, alumina-chitosan nanocomposite. Using 

conventional techniques reported by Nkeiru et al. (2023), the hard shell of Rhynchophorus 

phoenicis was used to create the alumina-chitosan nanocomposite. The ethyl ester yield of 

the biodiesels for 1g, 2g, 3g, 4g, 5g, and 6g ranges from 53.40 ± 0.55 - 72.36 ± 0.17%, 64.70 

± 0.40 - 86.40 ± 1.10%, 80.10 ± 0.40 - 97.00 ± 0.50%, 79.60 ± 0.55 - 97.10 ± 1.05%, 74.70 

± 0.45 - 95.40 ± 1.55.%, and 77.40 ± 0.88 - 96.40 ± 0.95%, respectively. Citrullus lanatus 

seed oil with KOH catalyst had the lowest measured temperature, whereas Carica papaya 

seed oil with nanocomposite catalyst had the highest. A 4g dosage of catalyst and a 12:01 

molar ratio of ethanol to extracted oil were the ideal parameters for the transesterification 

process. 

The potential of Carica papaya seeds as a feedstock for the generation of bio-oil was 

examined by Tagarda et al. (2023). Pentane was utilized as the solvent in the extraction 

process, which was optimized by applying the central composite design of the response 

surface technique. Examined were the effects of extraction time and the biomass-to-heptane 

ratio on oil yield. An ideal oil yield of 45.77±0.057% was obtained under the optimized 
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conditions of 1:11 biomass to heptane ratio (g: mL) and 4-hour extraction time. The chemical 

composition analysis demonstrated that the material had a high heating value of 37.52 

MJ/Kg, indicating its potential for energy, and a kinematic viscosity of 12.58 mm2/S at 40°C, 

indicating favorable flow qualities. Alkanes and carbonyl functional groups were found by 

Fourier transform infrared (FTIR) analysis, suggesting that Carica papaya seed oil is 

suitable for the generation of biodiesel. The results demonstrated the potential of Carica 

papaya seeds as a sustainable feedstock for bio-oil and supported the advancement of 

sustainable energy. 

2.8 Effects of different transesterification variables on biodiesel production 

2.8.1 Effect of reaction temperature 

The reaction temperature is one of the critical factors that influence the rate of 

transesterification reaction. It has been observed that raising the temperature accelerates the 

reaction and increases yield. This could be because of the oil's reduced viscosity, which 

improves oil-alcohol mixing and speeds up the process of separating glycerol from biodiesel. 

Nevertheless, a considerable decrease in biodiesel yield was seen with each rise in 

temperature. This may be because the transesterification reaction proceeds more slowly at 

higher temperatures than the side reactions, which, for instance, hydrolyze fatty acid methyl 

esters into corresponding acid and alcohol, producing a lower yield of biodiesel (Verma and 

Sharma, 2016). 

The rate of reaction rises with increasing reaction temperature, according to reaction 

kinetics, even though the reaction can be carried out successfully at room temperature (Yang 

et al., 2018). Additionally, higher temperatures during the transesterification of oils result in 

a decrease in the oil's viscosity and improved reactant mixing (Takase et al., 2014). There 
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is, however, a temperature threshold that must be reached to prevent increased saponification 

(in the case of alkaline-type homogenous catalysts) and rapid evaporation of the alcohol used 

(methanol boils at 64.6 °C at 1 atm pressure) from reducing the yield of biodiesel (Abbah et 

al., 2016). As a result, the reaction temperature is typically maintained below the alcohol's 

boiling point. At the same time, reflux conditions allow for the reaction to be carried out at 

a higher temperature (Abbah et al., 2016) or under subcritical conditions such as high 

pressures up to 2.5 MPa and temperatures up to 200 °C (Jiang et al., 2010). 

2.8.2 Effect of time 

Higher biodiesel yields are generally associated with longer reaction times. The type of 

feedstock, the concentration of the catalyst, and other variables all affect the completion time 

of the transesterification reaction. All these factors work together to determine the ideal time 

required for a successful biodiesel production process. Base catalysts significantly increase 

the pace at which biodiesel is produced, almost 4000 times quicker than acid catalysts 

(Suzihaque et al., 2022). Acid catalysts are frequently used as pretreatment prior to the 

transesterification process. Even though acid catalysts help to speed up the transesterification 

reaction, alcohol and raw materials still need to be sufficiently mixed or dispersed in 

situations where the reaction time is insufficient. Early in the process, this reaction time 

deficit results in a meagre yield of biodiesel. The feedstock first changes to monoglycerides 

and diglycerides, the two primary triglycerides. This change makes it easier to synthesize 

biodiesel. As soon as a suitable concentration of mono and diglycerides is obtained, the 

manufacturing reaction picks up speed and eventually reaches equilibrium at the ideal 

reaction time. However, when the reaction time is longer than the ideal amount of time, two 

unfavorable outcomes occur. The saponification process follows the hydrolysis of the ester. 
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Reduced biodiesel yields are the result of these two processes happening during extended 

reaction durations (Suzihaque et al., 2022). 

2.8.3 Effect of alcohol to oil molar ratio 

One crucial factor impacting the output of biodiesel is the molar ratio. While a larger molar 

ratio may reduce the yield, a lower alcohol-to-oil molar ratio will impact on the ability of 

triglycerides to be converted into methyl esters. The polar hydroxyl group in methanol 

causes the glycerol and the biodiesel produced during the process to emulsify. This promotes 

the reverse reaction, which reduces the output of biodiesel by recombining glycerol and 

esters. It is essential to keep in mind that the transesterification process is reversible, 

necessitating the use of a significant amount of alcohol to enhance the forward reaction 

(Verma and Sharma, 2016). 

Alcohols such as methanol, ethanol, propanol, butanol, pentanol, and amyl alcohol are 

frequently utilized in transesterification reactions (Romero et al., 2011). Among alcohols, 

methanol is the most utilized due to its short chain and high polarity, with ethanol being the 

next. Both methanol and ethanol have benefits and drawbacks. According to Meneghetti et 

al. (2006), the methanol reaction is faster at a lower optimal temperature than the ethanol 

reaction. Additionally, the methanol reaction may result in a higher biodiesel yield, as in the 

case of transesterification of sunflower oil (Sankaranarayanan et al., 2011). However, 

according to Demirbas et al. (2005), ethanol produced using renewable resources is less 

harmful than methanol, and in some circumstances—like the transesterification of soybean 

oil—it may even react more quickly than methanol (Ghesti et al., 2009). 

According to Romero et al. (2011), the alcohol-to-oil ratio has virtually no upper limit; 

however, raising it above a certain degree is ineffective. According to Wen et al. (2010), an 
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alcohol-to-oil ratio of more than 15 complicates the heating and post-separation processes 

during the transesterification of soybean oil by methanol over a Li-doped MgO catalyst. In 

the literature, the complication has been reported during the separation of the by-product 

(glycerol) from the biodiesel. Hence, the researchers found that the ideal ratio falls between 

12 and 15. Furthermore, Xie et al. (2013) discovered that because of the increased solubility 

of the glycerin product in the reaction mixture, an alcohol-to-oil ratio higher than 30 was 

even more harmful. Higher alcohol-to-oil ratios, however, were shown to be advantageous 

when transesterification reactions were conducted in high-temperature and pressure 

autoclaves, as demonstrated by the transesterification of rapeseed oil by methanol using 

Zn/Al catalyst (Jiang et al., 2010). 

2.9 Physicochemical and fuel properties of biodiesel 

2.9.1 Acid number  

Acid number is defined by the quantity of free fatty acids in the fuel sample (AN). The acid 

number is expressed in mg KOH/g. A high acid number, which is caused by a high free fatty 

acid content, causes corrosion in the engine's fuel delivery channel (Singh et al., 2019; 

Bothon et al., 2020). In addition, the acid number can serve as a signal for lubricants in the 

fuel channel. For biodiesel fuel, acid number (AN) is empirically evaluated using ASTM 

D664, EN 14,104, and P1. The highest allowable amount of acid number, according to 

current regulations, is 0.5 mg KOH/g (Singh et al., 2019). 

2.9.2 Boiling point  

A substance reaches its boiling point (BP) at the temperature at which its vapor pressure 

matches the ambient pressure. The typical boiling point may also function as an indicator of 

an element's overall volatility. Any substance with a higher boiling point indicates that the 
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element is less volatile, whereas one with a lower boiling point indicates that the element is 

more volatile. The type of bond between an element's molecules determines its boiling point 

(BP). With the aid of the ASTM-D7398 standard, gas chromatography is utilized to 

determine the boiling point range. According to ASTM-D7398 standards, the BP point 

ranges from 100 to 615 °C (Singh et al., 2019). 

2.9.3 Calorific value  

The amount of energy released when a unit amount of fuel burns is known as the fuel's 

heating value or calorific value (CV). Fuel with a higher calorific value is preferable for 

internal combustion engines (Bukkarapu et al., 2022). Diesel fuel has a larger calorific value 

than biodiesel fuel. Compared to petroleum diesel, biodiesel fuel has a lower energy content 

(approximately 10%) due to its high oxygen concentration. Accordingly, the amount of 

energy decreases as the blend level of the biodiesel mixture increases (Pullagura et al., 2021). 

At a constant degree of unsaturation, the mass fraction of oxygen decreases as the length of 

the fatty acid carbon chain increases, and the calorific value rises (Kalsoom et al., 2017; 

Niyas and Shaija, 2022). The degree of unsaturation in biodiesel has a significant impact on 

heating values (Kumbhar et al., 2022). Compared to saturated esters, unsaturated esters have 

a more incredible volumetric energy amount (MJ/gal.) and a lower mass energy amount 

(MJ/kg) (Zhang et al., 2020). According to Paul et al. (2020), the minimum calorific value 

for biodiesel intended for heating purposes is 35 MJ/kg, as stated in EN 14213. 

2.9.4 Cetane number  

The primary factor influencing the fuel's ignition delay phase is its cetane number. An 

ignition delay is the amount of time between when fuel is released into the cylinder or 

combustion chamber and when ignition starts. A high cetane number indicates that the fuel 
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can ignite rapidly once it is introduced into the combustion chamber (Ge et al., 2020; 

Thiruselvam et al., 2023). According to Kamaruddin et al. (2020), a low Cetane level 

signifies more engine exhaust emissions, more deposits from incomplete combustion, and a 

rise in knocking. With respect to biodiesel, cetane number increases with fatty acid chain 

length and saturation level. Due to its higher oxygen content and improved combustion 

efficiency, biodiesel has a higher cetane number (Yesilyurt, 2020). The guidelines provided 

by ASTM D613, EN ISO 5165, and ISO 5156/P9 specify the cetane number of biodiesels. 

The European standard for Cetane number is 51; however, the ASTM standard states that it 

must be at least 47 (Singh et al., 2021). 

2.9.5 Density 

Density is a measure of how much fuel the injector supplies to the combustion process 

(Sakthivel et al., 2018). The energy content and the air-fuel (A/F) ratio in the combustion 

chamber are influenced by the fuel density. The methyl ester profile, feedstock type, and 

method of biodiesel synthesis all affect the density of the fuel (Neupane et al., 2021). The 

ASTM D1298, ISO 3675/P32, and EN ISO 3675/12185 test procedures can be used to 

evaluate the density of biodiesel. Biodiesel derived from different feedstock generations has 

a density ranging from 832 to 982 kg/m3. According to Singh et al. (2019), biodiesel derived 

from neem seed pyrolysis oil has the highest density (982 kg/m3), whereas biodiesel derived 

from beef tallow oil has the lowest density (832 kg/m3). 

2.9.6 Viscosity 

The fuel's viscosity indicates how well it flows. Compared to conventional fossil fuel, 

biodiesel has a higher viscosity because of its larger molecular mass and chemical structure 

(Singh et al., 2019; Neupane et al., 2021; Hassan et al., 2022). While lower viscosity makes 
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it easier to transport fuel to the combustion chamber, a higher viscosity decreases thermal 

efficiency (Dehhaghi et al., 2021; Padmanabhan et al., 2022). The ASTM D445, ISO 

3104/P25, and EN ISO 3104 guidelines are followed to calculate the biodiesel kinematic 

viscosity. The range of kinematic viscosity for biodiesel fuel, as per ASTM standards, is 1.9 

mm2/S to 6 mm2/S, whereas the range for EN standards is 3.5 mm2/s to 5 mm2/S (Singh et 

al., 2019). 

2.9.7 Water (moisture) and sediment content 

The amount of moisture and sediment present in the biodiesel fuel indicates the fuel's purity 

(Brahma et al., 2022). Biodiesel may contain water in the form of suspended or dissolved 

droplets (Johnson et al., 2022). The presence of water in fuel reduces the calorific value of 

biodiesel and causes the corrosion of the components of the engine, which in turn reduces 

the efficiency of the engine (Hosseinzadeh-Bandbafha et al., 2019; Hoang et al., 2020). 

Also, dirt particles in the sediment found in biodiesel fuel have the potential to choke fuel 

lines (Micic, 2020). The hydrolysis reaction of the fatty acids in biodiesel is enhanced by 

high water content (Lin and Ma, 2020). The ASTM D2709, EN ISO 12,937, and D2709/P40 

standards specify the methodology to determine the amount of water and sediment present 

in biodiesel (Singh et al., 2019). 

2.9.8 Iodine number 

The amount of iodine absorbed by the double bonds of FAME molecules in a 100 g fuel 

quantity is indicated by the iodine number (Huang et al., 2022). When fuel reacts with air, 

its degree of unsaturation and propensity to oxidize are measured using the iodine number 

(Folayan et al., 2019; Cavalheiro et al., 2020; Varghese et al., 2022). The location of the 

double bonds that are accessible for oxidation is irrelevant to the iodine number. Further 
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research revealed a connection between the iodine number and the viscosity of biodiesel, 

cetane number, and cold filter plugging point. While ASTM D6751 does not provide an 

iodine number, EN 14111 states that the maximum iodine value is 120 (Singh et al., 2019; 

Bukkarapu and Krishnasamy, 2022). 

2.9.9 Flash point  

The lowest temperature at which fuel would ignite when they are exposed to an ignition 

source is known as the flashpoint (FP) (Lefebvre et al 2010). Most biodiesel fuels have a 

flashpoint of over 150 °C, while regular diesel has a flashpoint of 55–65 °C. The procedures 

for flash point evaluation are described using ASTM D93, P21, and EN ISO 3679 standards. 

The biodiesel made from linseed has been found to have a maximum FP value of 241 °C, 

while the biodiesel made from neem seed pyrolysis oil has a minimum FP value of 55 °C 

(Alagu and Sundaram, 2018; Neupane et al., 2021). 

Biodiesel derived fuels possess better safety characteristics, especially for storage and 

transport from one place to another. Due to their reduced volatility, methyl ester straight 

vegetable oils have a higher flash point than petroleum diesel (Mulula and Manoka, 2021). 

The flash point has an inverse relationship with fuel volatility (Jamil et al., 2021). The flash 

point criteria are primarily used to ensure that the generated FAME has been sufficiently 

purified by eliminating highly volatile undesirable products, primarily excess methanol left 

over after product stripping techniques (Singh et al., 2019). 

2.9.10 Lubricity 

The frictional force existing between two machine parts that are moving relative to one 

another is known as lubricity (Hsieh et al., 2015). Biodiesel Fuels derived from various 

feedstocks have been reported to possess good lubricating properties (Fevzi 2020). Through 
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mixing, they can be utilized to increase the lubricity of ultra-low sulphur diesel. Due to its 

high lubricity, biodiesel (B100) is exempt from US and European standard lubricity 

specifications. The ester of FAME components and contaminants is responsible for this. The 

lubricity of biodiesel fuel is found to diminish when impurities are eliminated by a 

distillation process, where the biodiesel is heated under reflux to boiling point and the vapour 

is collected using a cooling system (Singh et al., 2019). 

2.9.11 Pour point 

The pour point (PP) is the lowest temperature at which liquid fuel flow properties are lost 

(Sakthivel et al., 2018). Compared to biodiesel fuels, diesel fuel often has a lower pour point 

and cloud point. The pour point value for biodiesel fuel is calculated using the ASTM D97 

standard. The European Union has not specified any requirements for pour point (Singh et 

al., 2019). 

2.9.12 Cloud point  

The lowest temperature at which the fuel's wax crystallizes to give the appearance of clouds 

is known as the cloud point (CP) (Sakthivel et al., 2018). The manufacturing of biodiesel 

involves the use of many feedstocks, each of which has unique fatty acid content. As a result, 

the cloud point of the biodiesel generated varies depending on the feedstock used (Singh et 

al., 2019). The quantity and kind of saturated fatty acids affect the cloud point. Due to the 

higher melting temperatures of saturated fatty acids compared to unsaturated fatty acids, 

biodiesel has higher cloud points (Neupane et al., 2021). ASTM D2500 describes the 

standard process for determining the CP for biodiesel at temperatures ranging from 3 to 12 

degrees Celsius (Singh et al., 2019). 
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2.9.13 Oxidative stability 

Oxidative stability is a crucial component that greatly affects the length and state of storage 

(Fattah et al., 2014). It refers to the fuel's resistance against oxidation. The higher oxygen 

content in biodiesel makes it more prone to oxidative deterioration (Hosseinzadeh-

Bandbafha et al., 2022). The level of oxidation in biodiesels varies according to the type of 

fatty acids they contain. Polyunsaturated FAME has a significant impact on the stability of 

fuel oxidation (Neupane et al., 2021). 

The stability of oxidation of biodiesel is influenced by the quantity of bis-allylic sites found 

in its unsaturated constituents. This is illustrated in the organic moiety shown in Figure 2.2 

where the bis-allylic site is represented by the methylene group sandwiched between two 

double bonds. Fuel oxidation is determined by factors such as storage conditions, FAME 

content, and biodiesel age. The presence of antioxidants such as pyrogallol and butylated 

hydroxytoluene in biodiesel fuel has been reported to increase its stability. The state of the 

double bond determines whether unsaturated FA can self-oxidize, and more unsaturation 

results in less stability. To verify that biodiesel is stable during oxidation, the oxidative 

degradation method can be employed. According to the British Standard (BS EN 

14112:2020), the induction time of biodiesel is the period from the start of the test where a 

refined dry air is bubbled through biodiesel to the formation of volatile secondary products. 

The lowest permitted induction time for biodiesel fuel is three hours, according to BS EN 

14112, while ASTM D6751 does not specify a minimum induction time (Singh et al., 2019). 
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Figure 2.3: The location of mono and bis-allylic sites in unsaturated hydrocarbons 

(Petrovic, 2008). 

The location of double bonds influences fuel oxidation; for example, a cis arrangement is 

less stable than a trans arrangement. Most natural oils have a cis configuration. Blending 

two biodiesels made from different feedstocks might increase the stability of the biodiesel 

since their oxidation stability values vary. A further option for improving biodiesel's stability 

is to include antioxidant compounds (Singh et al., 2019). 

2.9.14 Cold filter plugging point  

The lowest temperature at which sample fuel is discharged via a typical precision filter is 

known as the cold filter plugging point (CFPP) (Sakthivel et al., 2018; Neupane et al., 2021). 

To evaluate a fuel's capacity to flow under cold conditions, the CFPP is utilized. The highest 

value of filterability is described by the terms CP and CFPP. Compared to the CP, the sample 

fuel's CFPP value is less. The CFPP of biodiesels is described in different standards such as 

ASTM D6371 and EN 14,214 standards (Singh et al., 2019).  Poor cold flow characteristics 

are a problem for biodiesel containing long-chain fatty acids and saturated fatty acid esters 

(Sia et al., 2020; Hazrat et al., 2020). The pour point and cloud point are improved when 
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diesel fuel is combined with saturated methyl esters longer than C-12. Longer carbon chains 

generally raise melting points and decrease performance at low temperatures (Singh et al., 

2019). 

Since the PP, CP, and CFPP are all intimately related, any one of these points can be used 

to calculate other parameters (Gomez-Rodriguez et al., 2021). The average chain length does 

not distinguish between the saturated and unsaturated portions of fatty acids. In the study of 

FAME, it is difficult to establish a relationship between temperature and chain length. The 

degree of unsaturation is directly correlated with the low-temperature properties of FAME. 

Many variables affect the quality of fuel; hence a more complex procedure is needed to 

determine the effect. As the blend proportion of biodiesel fuel improves, the low-temperature 

performance decreases. The mixture of different components causes non-linear variations in 

low-temperature characteristics (Singh et al., 2019). 

2.10 Biodiesel standards 

Every biodiesel fuel must meet the standard established by the European Union (EN) and 

the American Society of Testing and Materials (ASTM). These guidelines define acceptable 

levels for several chemical and physical properties of oil that should be used in the engine 

sequentially, as well as providing principles for testing fuels. These specifications cover a 

number of important chemical and physical properties of the fuel, including density (kg/m3), 

heating value (MJ/kg), kinematic viscosity (mm2/S), oxidation, glycerin (% m/m), cetane 

number, Sulphur content, copper strip corrosion, pour point, acid number (mg KOH/g), 

boiling point (°C), cloud point (°C), flash point (°C), and many more. Notable standards 

include ASTM D6751, EN 14,214, and IS 15,607 for biodiesel (B100) and ASTM D975 for 

diesel fuel (Singh et al., 2019). 
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2.11 Research progress in transesterification biodiesel process design and simulation 

Despite the advancements in research and the marketing of high-quality biodiesel as drop-

in biofuel in accordance with standard specifications (EN14214 or ASTM6751), the 

production of biodiesel and the effort to optimise its prospect for real life application is still 

a complicated process; thus, there is need for both empirical study and modelling approach. 

The production of biodiesel as reported in different literatures has involved the use of a wide 

variety of catalysts, reaction and separation conditions, and feedstock, including edible and 

inedible oil crops and waste oils. To address the complexity of biodiesel production, several 

modelling tools have been used, such as process design and simulation, sustainability 

evaluation, and optimization (Pasha et al., 2021). 

A model-based representation of technical processes and unit operations in software, such 

as chemical, biological, and physical ones, is called process simulation. The production 

processes of biodiesel can be designed, developed, analysed, and optimized with its help. 

Process simulation has two benefits: (a) it speeds up plant design by enabling designers to 

test different plant configurations quickly, and (b) it helps to improve existing processes by 

providing answers to "what if" questions, identifying ideal process conditions, and guiding 

the identification of process constraints (Pasha et al., 2021). 

Choosing an appropriate thermodynamic model and determining the chemical components 

are typically the first steps in process simulations. Next, it is necessary to specify plant 

capacity, input conditions, operating conditions, and unit operations. The software library 

contains most of the component property data (Nasir et al., 2013; Gmehling et al., 2019). 

Real-time optimization, online performance monitoring, and quicker troubleshooting are the 

ultimate goals of process simulation. Researchers and engineers can model, simulate, and 
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design their processes using a range of modelling tools, including Aspen Plus, Aspen 

HYSYS, and SuperPro Designer (Mahmud et al., 2021; Kasani et al., 2022). 

There are multiple challenges when utilizing these modelling systems. Determining and 

choosing the proper chemical species involved in the entire process is typically the first 

difficulty faced by researchers (Pasha et al., 2021). Yun et al. (2013) included one 

triglyceride (tri-olein) and three distinct free fatty acids (oleic acid, stearic acid, and palmitic 

acid) as model components to simulate the process of producing biodiesel from leftover 

vegetable oil. Abdulrahman et al. (2018) used five different triglycerides (tri-palmitin, tri-

stearin, tri-olein, tri-linolein, tri-linolenic) and five FFA (linoleic acid, oleic acid, palmitic 

acid, stearic acid, linolenic acid) as model components to compile a more thorough 

representation of the waste vegetable oil. Research has demonstrated that using actual feed 

compositions and accounting for compositional changes is crucial for producing a more 

accurate assessment of large-scale plants (Abdurakhman et al., 2018). The integration of all 

the components in a process simulator is another complex problem because of the 

changeable composition of biodiesel feedstock. The Aspen Plus databanks contain several 

triglycerides with different fatty acid chains, but the physical property data for these 

triglycerides is poorly characterized. Furthermore, some components—like enzymes—

remain non-databank components. It is still difficult to incorporate these components into 

process simulators because they typically have vague structures and are hard to characterize 

(Pasha et al., 2021). 

Finding the chemical and physical properties that are available in the database presents the 

second difficulty when utilizing modelling platforms. The polar chemicals (glycerol, 

methanol, and water) and the non-ideal nature of the transesterification reaction system 
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typically led to the use of either the NRTL or UNIQUAC thermodynamic models for 

modelling the biodiesel synthesis system in these simulators. Zong et al. (2010) estimated 

the thermo-physical characteristics of triglycerides using the chemical ingredient fragment 

technique. Then, individual mono- and diglycerides were included in this manner (Zong et 

al., 2010). NRTL coefficients of the triolein-methanol and triolein-glycerol binary systems 

were reliably predicted using the UNIFAC method, which was used in most simulation 

studies for biodiesel production (Sotoft et al., 2010; West et al., 2008; Yun et al., 2013; 

Pasha et al., 2021). 

Integrating solids, batch, and custom processing unit modelling presents another difficulty 

when utilizing modelling systems (Pasha et al., 2019). The membrane is one tool that can be 

used to achieve the required product purity and recovery of recyclable materials (such as 

methanol, water, and liquid lipase) in the synthesis of biodiesel, for instance, which requires 

many separation and FAME purification phases (Hobden, 2013; Kumar et al., 2020). In 

addition to these difficulties, several crucial variables must be obtained before designing and 

simulating a process flowsheet. These include the kind of reactor and catalyst, the rate of 

reaction or conversion, the stoichiometry of the reaction, the process conditions, the 

production capacity, and the mode of operation, among many other factors. Reactor selection 

is the starting point of the method that is frequently used in the process design and simulation 

of production facilities. Separation and recycling systems are incorporated later (Smith et 

al., 2005; Nasir et al., 2013; Pasha et al., 2021). The transesterification process and the kind 

of catalysts used are two of the most critical steps in determining the purity of the final 

product and the separation and purification processes (Glisic et al., 2014). 



89 
 

2.11.1 Process design and simulation of bio-catalyzed biodiesel production processes 

There are numerous studies available on process design and simulation for the manufacture 

of biodiesel (Pasha et al., 2021). Salehi et al. (2019) designed and simulated five continuous 

biodiesel production processes using the Aspen Plus v8.6 software in their study. The first 

three processes used both alkali- and acid-catalyzed methods to convert virgin vegetable oil 

(VVO) and waste cooking oil (WCO) into biodiesel. Hexane extraction was used in the 

fourth and fifth processes to convert WCO into biodiesel using the two-step supercritical 

method (noncatalytic) and the acid-catalyzed procedure. The two-step supercritical 

methanol process had the fewest operational units (98.47%) but the lowest FAME purity 

(98.47%), per the technical assessment. Processes 3 and 1 have the purest glycerol (99.98%) 

and FAME (99.7%), respectively. Consequently, of all the processes that were examined, 

the two-step supercritical methanol process and the homogeneous acid catalytic process of 

WCO are the best options in terms of technical evaluation. 

Ihoeghian and Usman (2020) used exergy analysis to determine the location, magnitude, and 

sources of thermodynamic inefficiencies in a heterogeneously catalyzed rice bran oil 

biodiesel production plant. The study compared how the exothermic energy of the 

transesterification reaction may drive the system and showed how inappropriate utility 

placement can result in energy losses in a heterogeneously catalyzed rice bran oil biodiesel 

production facility. Aspen HYSYS was used to simulate two rice bran oil biodiesel 

production facilities designated as schemes 1 and 2. The difference in both production lines 

is that scheme 1 has hot utility supplies to the reactor, while the second scheme does not. 

Energy efficiency for scheme 1 was 63.92%, with 94.2% of the total energy destruction 

occurring in the reactor, according to the overall analysis. In contrast, scheme 2's efficiency 
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was seen to improve to 75.15%, with 1.63% of the energy consumption occurring in the 

reactor. 

The whole process of biodiesel fuel production using solid acid catalysts has been simulated 

by Gebremariam and Marchetti (2021) using the commercially known software SuperPro 

Designer, and the effects of some selected market variables on the economic feasibility of 

the whole process have been investigated. The price of oil, biodiesel, alcohol, labor, 

maintenance, tax variance, catalyst, oil, and glycerol were among the market variables 

considered. The metrics used to assess how changes in these market variables affect the 

process's economic viability are net present value and project payback period. The feasibility 

of the production process is significantly impacted by potential market fluctuations in the 

price of biodiesel and oil, whereas labor and equipment maintenance costs may have less 

impact. 

Im-Orb et al. (2021) studied the design of the biodiesel production from palm fatty acid 

distillate (PFAD) using process intensification approach. To select the best intensifying unit, 

a transport phenomenon investigation was carried out. This involves the application of 

reactive distillation step to the hydrolysis-esterification and esterification-transesterification 

processes. Aspen plus V 8.4 was used to construct the models for producing biodiesel 

through the esterification-transesterification and hydrolysis-esterification reactions using 

both standard and enhanced procedures. The optimal conditions for reactive distillation in 

esterification and transesterification were reached when the liquid holdup was kept at 6m3, 

and the methanol was fed at the third stage of the 4-stage column. In comparison to the 

intensified hydrolysis-esterification process, the intensified esterification-transesterification 

method yields more biodiesel while using less energy. The enhanced esterification-
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transesterification process is determined to be economically feasible, according to the 

economic analysis. Lastly, life cycle analysis (LCA)-based environment evaluation revealed 

that both procedures have comparable environmental effects. 

In their investigation, Liu et al. (2021) produced biodiesel using waste cooking oil (WCO) 

as a feedstock. The financial viability of WCO biodiesel production was examined using the 

Life Cycle Cost (LCC) approach. They were successful in proving that the price of 

manufacturing one tonne of WCO biodiesel is 6291.56 RMB, which is 65.28% more 

expensive than diesel. Further analysis was done on the variables affecting the cost of 

producing WCO biodiesel. While WCO is inexpensive for commercial applications, it must 

undergo pretreatment, which adds to processing costs because WCO cannot be utilized 

directly for transesterification to make biodiesel. Pretreatment costs make up 15.60% of the 

total cost, which is significant. A two-step strategy was employed to model the production 

process of biodiesel from WCO using Aspen Plus software. For creating a trustworthy 

benchmark for the industrial production of biodiesel from WCO, the processing parameters 

of the methanol and biodiesel rectification towers were optimized in the simulation. 

The techno-economic feasibility, optimization, and predictive modeling with uncertainty 

analysis of bio-catalyzed biodiesel production from Azidirica Indica oil (BCBPAIO) were 

studied by Oke et al. (2021). Design Expert software was used to build the BCBPAIO 

optimal conditions and the Central Composite Design (CCD) predictive model. Monte Carlo 

simulation was used for the model uncertainty analysis. The economic analysis and 

simulation were carried out using ASPEN Batch Process Developer V10. The CCD model 

yielded an adjusted R2 value of 0.9780 and a correlation coefficient (R2) of 0.9922. The oil 

transesterification optimum circumstances yielded 87.04% conversion with 3.62 wt.% of 
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catalysts methanol to oil molar ratio of 8:1 at 59 °C for 4 hours, while the CCD model 

certainly gave 73.51% with 100,000 trials. The internal rate of return, payback period, total 

capital investment, and yearly production cost are 43%, 2.67 years, $5,243,784, and 

$3,537,105, respectively. This analysis demonstrates that production is viable from a 

financial standpoint. 

The simulation and multi-objective optimization (MOO) of a dry microalgae-based in-situ 

biodiesel plant using the Aspen Plus V11 was investigated by Ahmed et al. (2022). 

Considering the non-dominated genetic algorithm-II (NSGA-II), the process optimization 

was completed using Excel-based multi-objective optimization (EMOO). For a limited 

multi-objective optimization (MOO), total annualized cost (TAC), organic waste, and CO2 

emissions were the goals. Economic and environmental factors were also considered. The 

effects of the choice variables on the selected objectives were evaluated to analyze the 

statistical trade-offs. Investigations were conducted on tri-objective and bi-objective 

optimization scenarios. When the production of organic waste and CO2 emissions decline, 

the TAC rises. In the created Pareto-optimal front, the net flow method (NFM) selected the 

first-rank solution. Scenarios A, B, and C produced an optimal plant operation with a TAC 

of 62.64 million USD, 61.52 million USD, and 60.23 million USD, respectively, with 

savings of 6.67 million USD, 7.79 million USD, and 9.08 million USD in comparison to the 

base case study with a TAC of 69.31 million USD. Concurrent optimization of the three 

contrasting objectives resulted in notable decreases in TAC (13.1%), organic waste (55%), 

and CO2 emissions (41%), in that order. 

Techno-economic prediction models, multi-objective optimum profitability scenarios, and 

optimal laboratory experimental data were used by Oke et al. (2022) to examine ASPEN 
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Base Case Simulation (BCS) of biodiesel synthesis from palm kernel oil. The ASPEN Batch 

Process Developer V10 environment was used to design the BCS. In Historical Data Design 

of Design Expert, predictive models were developed for forecasting and optimizing techno-

economic parameters, such as production capacity (PC), ROI, payback time (PBT), and Net 

Present Value (NPV). The sensitivity and model uncertainty of the Monte Carlo Simulation 

(MCS) were verified using the Oracle Crystal Ball. Batch size, production rate, production 

batch number, and BCS results for 3,000,000 kg/year were 13,482.48 kg, 5.72 kg/min, and 

223 batches/year, respectively. ROI, PBT, NPV, and PC predictive models have correlation 

values of 0.969, 0.982, 0.987, and 0.987, respectively. The techno-economic models' MCS 

certainly provided a negligible uncertain value (confidence = 100%). As for ROI, PBT, 

NPV, and PC, the optimal values were 39.9%, 2.48 years, $1,001,320, and 3,000,690 kg, 

respectively. Techno-economic and sensitivity evaluations for the manufacture of palm 

kernel biodiesel can, therefore, be carried out using ASPEN Batch Process Developer and 

Monte Carlo Simulation. 

Trirahayu et al. (2022) modeled and simulated the production process of biodiesel from RSO 

via transesterification reaction by employing methanol and a heterogeneous catalyst. 

ASPEN HYSYS v11 was used to carry out the simulation. The use of acid-based catalyzed 

esterification was made to prevent soap production, which could drastically reduce the 

output of biodiesel. They found that producing biodiesel at an RSO inlet rate of 1100 L/h 

and a methanol-to-oil molar ratio of 1:6 could yield about 1146 L/h. Approximately 95% of 

the extra methanol could be recovered after methanol recovery was carried out. The results 

of the simulation showed that the characteristics of the generated biodiesel are suitable for 

use with contemporary diesel engines. The economic study demonstrates the potential of this 



94 
 

technology and significant investment criteria such as reduced Capital Expenditure 

(CAPEX), reduced Operating Expenditure (OPEX), improved Return on Investment (ROI) 

and safety and sustainability. 

Elavazhagan et al. (2023) examined the process simulation of biodiesel production on a large 

scale using the ASPEN process simulator. To identify the most effective mode of 

transesterification under various initial feedstock raw material conditions, simulations of 

catalytic transesterification and non-catalytic supercritical methods of transesterification 

were conducted using experimental data. Supercritical processing (280℃; 276.4 atm; 42:1 

alcohol to oil ratio) is a cost-effective and high-quality product technology for feedstocks 

containing a high percentage of free fatty acids (FFAs). Alkali-catalyzed homogeneous 

transesterification (60–65°C; 4 atm; 6:1 alcohol: oil ratio) was effective for feedstocks with 

very little FFA, but it was more expensive than the supercritical method of 

transesterification. However, it produced products with better quality and yield. The ASPEN 

simulation was used to investigate pre-treatment procedures such as simple esterification 

and glycerolysis for feedstocks with high levels of FFA. The Cantera combustion chamber, 

which is scripted in Python, was used to study the combustion characteristics of the biodiesel 

blend and n-heptane, a substitute for Petro-diesel. The results showed that the combustion 

process was complete and efficient because there was very little soot and carbon monoxide 

emission. The DWSIM simulation program was used to conduct simulation investigations. 

The technical competence and economic viability of producing biodiesel on an industrial 

scale using two different catalysts: CaO and sulphonated carbon were evaluated by Qian and 

Huey (2023). ASPEN HYSYS was used in the process simulation of the efficiency of the 

acid and base catalysts including the computation of the material and energy balances for 
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both process configurations. The equipment sizing and costs were completed before 

beginning the economic analysis. For every process, the following important performance 

metrics were determined: total capital investment, total production cost, payback time, 

breakeven point, and net profit after tax rate. The computed Return On Investment (ROI), 

which has a short payback period of 0.94 years to recover its initial investment, is 105.36%, 

according to the economic study. According to the Discounted Cumulative Profit (NPV) 

analysis, which represents the total sum of cash inflow and outflow, the third year's 

breakeven point was reached. However, for the plant that uses sulfonated carbon in the 

transesterification procedure, the breakeven point was reached in the ninth year, and the 

calculated ROI was 14.02% with a payback duration of 7.13 years. Therefore, the most 

promising route in terms of both technology and economics seems to be the 

transesterification reaction manufacturing plant that is catalyzed by CaO catalyst. 

2.11.2 Process optimization 

With consideration for the interplay between subsystems and economic trade-offs, 

mathematical programming has been widely used to optimize the biodiesel process synthesis 

problem. Heat exchanger network synthesis, separation sequences, and superstructure 

optimization for various technologies are by far the most methodically studied synthesis 

challenges in biodiesel production (Plesu et al., 2015; Kianimanesh et al., 2017; Pasha et al., 

2021).  

To meet the highest performance standards, it is imperative to optimize the biodiesel 

production process by identifying the values of critical variables. Better personnel 

utilization, lower energy usage, lower maintenance costs, less equipment wear, and 

increased plant performance were all beneficial to plant operations (Cardoso et al., 2021). 
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To achieve the goal of maximum profit, a critical analysis of the process design is quite 

crucial (Nasir et al., 2013). In fact, the kinds of systems used also influence how well a 

biodiesel plant is optimized. Cost minimization and the maximization of economic potential, 

or the "objective function," are commonly considered in optimization. For instance, the best 

conversion is significantly impacted by heat integration, heat exchanger network costs, and 

utility costs. Moreover, reactor conversion may be impacted by the separator system's order 

if there are two separators (Nasir et al., 2013; Gonçalves et al., 2020). 

The variables involved in the process itself determine how the optimization process is carried 

out during the design stage (Osaba et al., 2021). After identifying the objective function, a 

one-dimensional search is used for a single variable. Newton's method and region 

elimination are techniques for searching in a single variable. There are two types of search 

methods utilized in multivariable optimization: deterministic and stochastic. Stochastic 

search techniques include evolutionary algorithms and simulated annealing, while 

deterministic search techniques include direct and indirect search techniques. According to 

the literature, most process optimization are composed of three fundamental components: 

objective function, equality, and equality restrictions. The objective function is the 

mathematical expression that defines the targeted profit, the equality relates to the function 

that yields the targeted value, while the mandatory conditions that the mathematical function 

must satisfy are the equality restrictions. Linear programming is used to design search 

strategies for situations when all the elements are linear. However, optimization turns into a 

nonlinear programming problem if the objective function, equality, or inequality constraints 

are nonlinear (Smith, 2005).  
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The techno-economic potential of ultrasonic cavitation was evaluated by Gholami et al. 

(2021). Aspen HYSYS V8.4 was used to build two plants based on the traditional 

mechanical stirring and ultrasonic cavitation processes. The net present value, internal rate 

of return, total investment, and product costs were all used to compare the two procedures 

together. The ultrasonic cavitation procedure required a total expenditure of about 20.8% 

less than the mechanical stirring method. The expenses of the products decreased by 5.2% 

when ultrasonic reactors were used instead of the traditional method. It was better to use the 

ultrasonic cavitation technique since it had an internal rate of return of 18.3% and a positive 

net present value. Furthermore, there was a noticeable drop in the amount of energy used 

and waste generated because of ultrasonic cavitation. Using ultrasonic cavitation resulted in 

a 6.9% reduction in total energy consumption. One-fifth of the waste generated by the 

mechanical stirring process was generated by the ultrasound-assisted method. 
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 Chapter 3 

Materials and methods 

3. Introduction 

This chapter contains the overall experimental plan, analytical analyses and process design 

and simulation for biodiesel synthesis. The materials, standard operating protocol, and the 

characterization methods employed in achieving the research objectives are described in this 

chapter. This chapter is comprised of three major parts which includes: (i) The experimental 

procedures for the extraction and characterization of oil from Carica papaya seeds (ii) 

Catalysts preparation and characterization (iii) Experimental steps for biodiesel synthesis via 

transesterification using final products from (i) and (ii) above, and (iv) AspenPlus process 

design and simulation of the extraction steps and feasibility of the synthesized biodiesel. 

3.1 An overview of the experimental plan 

This section contains a detailed presentation of the methods of oil extraction, catalyst 

preparation, biodiesel synthesis, characterization of both the extracted oil and the prepared 

catalyst, as well as quality control tests of the prepared biodiesel. Standard methods reported 

in ASTM D6751 were used for oil extraction, EN14241were used for catalyst preparation 

and quality control tests.  The sequence and plan for this chapter are as follows: 

i. C. papaya seed oil extraction and physicochemical analysis, as well as assessment of the 

fatty acid composition using GCMS analysis. The results are compared to US and EU quality 

standards EN 14214 and ASTM D 6751 specifications respectively.  

ii. Catalysts preparation and development from waste kola nut pod husks to calcined 

catalysts CKNPH A, B, C. Catalysts characterization using Powder X-ray Diffraction 

(PXRD), X-Ray Fluorescence (XRF), Scanning Electron Microscopy - Energy Dispersive 
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Spectroscopy (SEM-EDX), Fourier Transform Infrared Spectroscopy (FTIR), BET surface 

area and porosity analysis, as well as TGA-DSC analysis 

iii. Transesterification reactions involving the reaction between the extracted oil, synthesized 

green heterogeneous catalysts and methanol under different reaction conditions. The 

produced FAME was analyzed to determine the physicochemical properties, the conversion, 

yield and purity of the methyl esters synthesized from the transesterification from the 

different produced catalysts. The biodiesel synthesized are also compared to US and EU 

quality standards EN 14214 and ASTM D 6751 specifications respectively 

iv. Process design and simulation of the bio-catalyzed biodiesel production system to study 

the feasibility of the transesterification process for industrial application. The feasibility and 

economic analysis of the process will also be determined via AspenPlus modelling. 

3.2 Materials 

Waste kola nut pod husks and Maradol Carica papaya L cultivars were collected from a 

nearby farm at Mkpat Enin, Southern Nigeria. These were used as the starting materials for 

oil extraction and green heterogeneous catalysts development. 

List of the feedstock utilized in this present study are presented in Table 3.1. 

Table 3.1: List of feedstocks 

Materials Purity/specification Supplier 

Waste Carica Papaya L 

oil seeds 

Pure and meets ASTM and EU 

biodiesel standards 

Local farm in 

Nigeria 

Waste Kola nut pod 

husk 

Waste biomass Local farm in 

Nigeria 
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3.3 Experimental methods 

3.3.1 Oil seed preparation and extraction 

The steps involved in the extraction of oils from C. papaya seeds are shown in Figure 3.1. 

Fresh C. papaya fruits were obtained from the local stores and cut into halves to reveal the 

seeds which were collected and washed with distilled water to remove any adhering fruit 

particles. 

 

Figure 3.1: Oil extraction processes and steps 

 

The seeds were then dried in a hot air oven at 80 ºC for 24 hours and weighed repeatedly 

until a constant weight was obtained. The dry seeds were then pulverized using a mortar and 

pestle before being passed through a sieve shaker with a 0.4-0.5 mm mesh size. The powder 

was kept in an airtight plastic bag for oil extraction.  

3.3.2 Solvent - aided oil extraction 

The extraction process was carried out using Soxhlet apparatus as shown in Figure 3.2. 

Soxhlet extraction was chosen because it offers a closed system where the oil can be 

continuously extracted in a reflux pattern with no loss of material to the environment. Also, 

a non-polar organic solvent (n-hexane) was chosen as the solvent because of its properties 
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such as solubility in oils without reacting with it (inertness). Also, its relatively low boiling 

point (68.7 ºC) is quite ideal for extraction without decomposing the oils and so aid rapid 

recovery of the solvent.   

The prepared papaya seeds powder was weighed and placed in the extraction muslin thimble. 

250 mL n-hexane was measured into the reaction flask and placed on a heating mantle. The 

temperature for the oil extraction was set within the range of 68-70 0C. As the temperature 

reaches the target extraction temperature, isolation of oil from the seed sample was achieved. 

After successful oil extraction, the oil is rotary evaporated to remove n-hexane, after which 

it was then filtered and centrifuged to remove any remaining seed particles and moisture. 

The oil yield was calculated using Equation 3.1. 

y
oil(

v

v
)

=  
m extracted oil

m seeds sample
 x 100 … … … … … … … … … … … … … … … . (Eq. 3.1) 

 

Figure 3.2: Soxhlet oil extraction lab set-up (left); schematic diagram (right) 
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3.3.3 Design of experiment for seed oil extraction 

Experimental treatments for oil extraction were designed using JMP software (version 16). 

The Design of Experiment (DOE) was conducted with three core components, namely 

sample weight, extraction time, and solvent volume. The full factorial randomized design 

resulted in 27 experimental scenarios as shown in Table 3.3. Minitab version 20 was used 

for data analysis to assess the effects of the three variables' interactions: sample weight, 

solvent volume, extraction time, and temperature, on the final response, which was the oil 

yield. The independent process parameters and their coded levels are shown in Table 3.2. 

Table 3.2: Factor information and their coded levels 

Factor Code Levels Values 

Sample weight (g) X1 3 50, 60, 70 

Solvent volume(ml) X2 3 250, 300, 350 

Extraction time(min) X3 3 55, 65, 75 

 

3.3.4 Linear regression model 

A linear first-order regression model was used to analyse the experimental data for oil yield. 

In theory, it is expected that the oil yield will increase as the quantity of the starting material 

increases. For this reason, the linear regression model was used to assess the relationship 

between oil yield and sample weight, solvent volume and the extraction time. Equation 3.2 

provides the general regression equation for this model: 

y = b0 + b1x1 + b2x2 + b3x3 + b12x1x2 + b13x1x3 + b23x2x3 + b123x1x2x3 … (Eq.3.2) 

Where 𝑦 (oil yield v/v%) is the response (dependent variable), 𝑏0 is the constant regression 

coefficient, b1 is the linear regression coefficient, bij and bijk (ijk = 1, 2, 3) are the 
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regression coefficients of 2- and 3-factor interactions, respectively and 𝑥1, 𝑥2 and 𝑥3 are the 

factors (independent variables). A positive value of the regression coefficients indicates a 

synergistic effect, while a negative sign indicates an antagonistic effect. The coefficients in 

the regression equation were for analyzing the relevance of each term relative to others. 

Table 3.3: Matrix for oil extraction experiments 

Run 

Order 

Variables 

Sample weight (g) Solvent volume (ml) Extraction time (min) 

1 70 300 55 

2 60 250 75 

3 50 250 75 

4 70 300 65 

5 50 300 65 

6 50 250 55 

7 70 350 65 

8 70 250 55 

9 60 250 55 

10 50 300 55 

11 50 350 75 

12 70 250 75 

13 60 350 75 

14 70 300 75 

15 60 300 55 

16 70 250 65 

17 60 350 65 

18 60 350 55 

19 50 250 65 

20 70 350 55 

21 60 300 65 

22 70 350 75 

23 60 300 75 

24 60 250 65 

25 50 300 75 

26 50 350 55 

27 50 350 65 
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3.4 Evaluation of the physicochemical properties of the extracted oil 

Physicochemical characterization of the extracted oil was carried out to assess the suitability 

of the extracted oil for use as a biodiesel. This is to assess key properties such as the pour 

point, moisture content, acid value, iodine value, saponification value, peroxide value, 

saponification value, cetane number, heating value, among others, which are crucial 

variables expected to attain a certain value to be suitable for use as a biodiesel.  The 

physicochemical properties were assessed based on the AOAC (1997) standard and Wijs 

method reported by Adepoju et al. (2018). The fuel properties such as Higher Heating Value 

(HHV), Cetane number (CN), Diesel Index (DI), and Aniline Point (AP) were also 

determined. 

3.4.1 Pour Point (PP) 

In this method, a cylindrical test tube was filled with the sample to a specific level (5 cm3) 

and clamped with a wooden clamp bearing a thermometer the sample was then allowed to 

cool below 0 ºC in an ice/salt bath. At this point it was removed and tilted on a clamp and 

was observed at intervals. The lowest temperature at which the sample was observed to flow 

was recorded as the pour point. 

3.4.2 Moisture content (MC) 

A small portion of the oil sample was placed in a dried and weighed crucible and then placed 

in a griffin temperature adjustable oven at 105℃. Heating and weighing were recorded at 

hourly intervals until the weight of the sample remained constant. The crucible was then 

cooled, and the moisture content determined. 

3.4.3 Acid Value (AV) 
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The British Standards Institute (BSI 684) was employed for the determination of acid value. 

1 g of the sample was placed in a 250 cm3 conical flask and warmed. 25 cm3 of propan-2-ol 

was then added with thorough stirring followed by 2 drops of phenolphthalein indicator. The 

contents were then titrated with 0.1 M KOH solution until a light pink colour which persisted 

for 1 minute was observed. The endpoint was recorded and used to calculate the acid value 

using the equation below: 

Acid Value =
Molarity of KOH ×  Molar mass of KOH ×  titre Value)

Mass of sample
… … . (Eq. 3.3) 

3.4.4 Iodine Value (IV)  

The iodine value was determined using Wijs method as described in IUPAC (1979). Exactly 

1g of oil sample was weighed into a conical flask and 25 cm3 Wijs reagent was added, then 

shaken and placed in the dark for 1 hour. After the set time, it was titrated against 0.1M 

sodium thiosulphate using 2 cm3 starch solution as indicator. A blank test was carried out 

simultaneously under the same condition. The Iodine value was calculated as: 

Iodine value =
12.69T(V1 − V2)

M
… … … … … … … … … … … … … … … … … … … . (Eq. 3.4) 

Were 

T = Molarity of sodium thiosulphate solution  

V1 = volume of thiosulphate solution used for the blank  

V2 = volume of the thiosulphate solution used for the sample  

M = Mass of sample (g) 

3.4.5 Saponification value (SV) 

The saponification value was determined using the method described by IUPAC (1979). 2g 

of the oil sample was weighed into a conical flask, and 25 cm3 of 0.5 M ethanolic KOH was 
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added. Antidumping was added and the mixture was boiled for one hour in a reflux 

condenser. After 60 minutes, 0.5 cm3 of phenolphthalein was added and titrated with 0.5M 

HCL solution. A blank test excluding the oil was carried simultaneously. The saponification 

value was calculated using the equation below: 

Saponification Value =
V1 − V2 T 0.5

M
… … … … … … … … . . … … … … … … … … . . (Eq. 3.5) 

Were 

T = Concentration (Molarity) of HCl used  

V1 = Volume of HCl used for the blank  

V2 = Volume of HCl used for the sample  

M = Mass of test sample (g) 

3.4.6 Peroxide Value (PV) 

The peroxide value was determined using IUPAC (1979) method. 4g of the sample was 

weighed in a conical flask and 10 cm3 of chloroform was added to dissolve the sample. This 

was followed by the addition of 15 cm3 of acetic acid and 1cm3 of 15% of potassium iodide 

solution. The mixture was shaken and kept in the dark for 5 minutes. Thereafter, 25 cm3 

water was added and titrated with 0.002 M sodium thiosulphate. The peroxide value was 

calculated using the following expression: 

Peroxide value =
V T100

M
… … … … … … … … . … … … … … … … … … … … … … … … (Eq. 3.6) 

Were 

T = Concentration (molarity) of thiosulphate used  

V = Volume of thiosulphate solution used  

M = Mass in gram of test sample 
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3.4.7 Cetane Number (CN) 

The expression reported by Eevera et al. (2009) was employed to calculate the cetane 

number: 

CN = 46.3 + 5458 (SV) + 0.225 (IV) … … … … … . . … … … … … … … … … … … … . . (Eq. 3.7) 

3.4.8 Higher Heating Value (HHV) 

The higher heating value was calculated using equation 3.8 as reported by Ababu et al. 

(2021) as: 

HHV = 49.43 − 0.041 (SV) + 0.015 (IV) … … . . … … … … . … … … … … … … … … . . (Eq. 3.8) 

3.4.9 Diesel Index (DI) 

The diesel index (DI) was calculated according to the following expression: 

DI =
CN−10

0.72
… … … … … … … … … … … … … … . … … … … … … … … … … .. (Eq.3.9) 

3.5 GC-MS analysis for fatty acid composition of Carica Papaya Oil (CPO) 

The GC-MS analysis was carried out using a combined 7977A gas chromatograph 

instrument (Agilent, U.S.) and mass spectrophotometer. The spectrophotometer was 

equipped with a 5977B MSD detector and an HP-5 MS Ultra inert column (30.0m × 250 μm 

x 0.25 μm). Helium gas was employed as the carrier gas, and the column velocity flow was 

set at 0.53 mL/min. At an injection temperature of 250 °C, the sample (1 μL) was introduced 

in a split mode with a 5:1 split ratio. The column temperature began at 120 °C for 4 minutes 

and gradually increased to 170 °C at a rate of 6.5 °C/min. With a rate of 2.75 °C/min, the 

temperature was increased to 250 °C and maintained for 5 minutes. The entire elution time 

was 30 minutes. The relative percent amount of each component was determined by 

comparing the average peak area of each component to the total areas. The data acquisition 

and system control were both accomplished using Mass Hunter (Agilent) software. 
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Based on their retention indices, the components present in the seed oil were identified, and 

the National Institute of Standards and Technology (NIST) database was used to interpret 

the mass spectrum. 

 

 

Figure 3.3 Agilent GC-MS analyser used for this study 

 

3.6 Green heterogeneous catalysts synthesis and characterization 

3.6.1 Feedstock preparation and pre-treatment via fermentation 

The fresh kola pods were washed with distilled water to remove wax and any unwanted 

materials. 5 kg of the clean pods were placed in a bucket, soaked, and completely submerged 

in distilled water. Fermentation of the Pods was carried out for 10 days following the 

procedure as reported by Adepoju et al. (2020). The fermented product at the end of 10 days 

was rinsed thoroughly in distilled water and oven dried at 85 0C to a constant weight. The 
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dried pods were ground using a blender and sieved to particle size of 0.5 mm. The sieved 

powder was divided into 3 equal portions of 10 g each before pre-treatment with methanol 

and calcination (Adepoju et al. (2018); Udoetuk et al. (2018); Balajii and Niju (2019). Figure 

3.4 presents the workflow for catalysts synthesis and characterization. 

 

 

Figure 3.4 Catalysts preparation workflow 

 

3.6.2 Catalyst calcination 

 Catalyst calcination was performed to investigate the impact on the surface areas and 

elemental compositions of the three generated catalysts. The catalysts were subjected to a 

distinct calcining process for four hours at a temperature of 700 oC using a Thermoconcept 

KLS 10/12/WS furnace (Adepoju et al. (2018); Udoetuk et al. (2018); Balajii and Niju, 

(2019). Following calcination, the biocatalysts were placed in sealed glass vials and stored 

in a desiccator for further processing. The three calcined catalysts were utilized as renewable 

heterogeneous catalysts without any further treatment. 
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Figure 3.5: Calcination furnace-balance system 

Three catalysts were produced: Calcined Kola Nut Pod husk Catalysts (CKNPH) A, B and 

C. The Calcined catalyst A was not pre-treated with MeOH and so no drying was required, 

and the ash content after calcination was not removed. Catalyst B was pre-treated with 

MeOH, it was therefore dried before and after calcination, and the ash content was shaken 

off. Catalyst C was not pre-treated with MeOH, therefore drying was not required and the 

ash content was shaken off. All three catalysts were calcined at 700℃ for 4 hr. The catalysts 

were labelled CKNPH-A, CKNPH-B and CKNPH-C while the raw sample was labelled 

FKNPH. Table 3.4 presents the treatment matrix for catalysts preparation. 
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Table 3.4: Types of treatment methods for catalysts development 

CKNPH Catalyst Pre-treatment with MeOH Drying Ash removal 

A NA NA NA 

B YES YES YES 

C NA NA YES 

 

3.6.3 Catalysts’ yield 

The equation which was used to calculate the yield is shown in equation 3.10. 

% Catalyst yield =
(W2)

(W1)
× 100 … … … … … … … … … … … … … … … … . (Eq. 3.10) 

Where W2 represents the mass of the produced catalysts. W1 is the mass of the starting 

material utilized in the production of the catalysts. 

3.6.4 Catalysts characterization techniques 

The catalyst analysis equipment used in this study is shown in Figure 3.6. 

3.6.4.1 Powder x-ray diffractometer 

Powder x-ray diffraction patterns of the synthesized catalysts were recorded at room 

temperature using a Rikagu MiniFlex 600 analyzer x-ray diffractometer with Cu-Ka 

radiation (λ = 0.154060 nm). The diffractometer was operated at 40 kV and 44 MA, scanned 

with a step size of 0.02 o and a count time of 1o/min in the 2q range 2o to 70o. The Scherrer 

formula (Equation 3.10) was used in determining the crystallite sizes of the catalysts.  

𝐷 =
𝑘𝜆

𝛽𝐶𝑂𝑆Ө
… … … … … … … … … … … … … … … … … … … … … … … . (𝐸𝑞 3.11) 

Where λ (nm) is the wavelength characteristic of the Cu-Kα radiation, k is a constant (0.9) 

β is the full width at half maximum (in radians) and Ө is the Bragg angle. 
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Figure 3.6: Key catalysts characterization analysis equipment used in this study 

 

3.6.4.2 Brunaer-Emmett-Teller (BET) surface area and pore size determination 

A BET Micrometrics ASAP 2420 Surface area and porosity was used to analyse the surface 

area, pore-volume, and pore size distributions of the synthesized catalysts using N2 sorption 

isotherm. The surface area of the synthesized materials was calculated using the Brunaer-

Emmett-Teller (BET) equation at 0.07-0.28 relative pressure P/Po. The pore volume was 

calculated from the amount of nitrogen adsorbed at the highest relative pressure P/Po = 0.99 
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diameter, and pore size distribution plots were generated by fitting the isotherm to the 

Barrett-Joyner Halenda (BJH) model. 

3.6.4.3 Scanning Electron Microscopy – Energy Dispersive X-ray spectroscopy (SEM-

EDX) 

A Field Emission Scanning Electron Microscope coupled with EDX was used to examine 

the surface morphology of the catalysts (PhenomProX). The catalyst was placed on a clean 

carbon strap attached to a sample holder that fits into the SEM chamber, and some allowance 

was made to prevent charge build up and the sample from contacting the detector. The 

secondary electron mode was activated for imaging, and a homogeneous region on the 

catalyst was identified. The microscope was operated with a high electron tension of 15 kV 

for both imaging and EDX.   

3.6.4.4 X-ray fluorescence analyser 

A Xenemetrix Genius IF X-Ray Fluorescence analyser was used to ascertain the elemental 

and metal oxide compositions of the FKNPH raw material and the produced CKNPH 

catalysts.  

3.6.4.5 Fourier-Transform Infra-Red (FTIR) spectroscopy  

The FTIR spectrum was recorded on an ABB Spectra FTIR Spectrophotometer MB 3000. 

3.6.4.6 Thermogravimetric Analysis-Differential Scanning Calorimetry (TGA-DSC) 

The thermal and energy profiles of the catalysts were investigated using TGA-DSC. To 

determine the thermal properties of the nanoparticles, a NETZSCH STA 449F3 

Simultaneous Thermal Analyzer with a heating rate of 10 K/min in Nitrogen (N2) 

atmosphere was used. Thermal analysis detects interatomic and inter-/intra-molecular 
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interactions caused by an external temperature change. The inert gas was nitrogen, and the 

oxidative gas was oxygen. The catalysts were then placed in the specimen holder and heated  

from 30°C to 900°C. Before starting the heating program, the initial weight was set to 

100%. 

 

Figure 3.7 Thermal analyser  

3.7 Biodiesel synthesis via transesterification 

3.7.1 Acid value test 

The Acid value is a major determining factor for successful transesterification of 

triglycerides from seed oil to biodiesel. This is because it is an indicator of the quantity of 

free fatty acids (FFAs) present in the extracted oil. An idea of the FFAs content of oils would 

determine the choice of other parameters such as choice of catalyst and reaction conditions 
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which must be controlled to reduce the likelihood of soap formation (saponification) which 

adversely affects the yield of biodiesel. In this study, the acid value test was carried out using 

standard methods reported by Adepoju et al. (2018a). Prior to the transesterification reaction, 

the free fatty acid content was determined to check whether a single step base-catalysed 

process was appropriate, or an acid pre-treatment step would be necessary. The formation of 

soap through the saponification reaction that occurs when excess FFAs react with the base 

heterogeneous catalyst results in lower biodiesel yield. The FFA content of the Carica 

papaya oil (CPO) to be used for the transesterification was determined by calculating the 

acid value. 1g of the sample was placed in a 250 cm3 conical flask and warmed. 25 cm3 of 

propan-2-ol was added with thorough stirring followed by 2 drops of phenolphthalein 

indicator. The contents were then titrated with 0.1M KOH solution until a light pink colour, 

which persisted for 1 minute was observed. The endpoint was recorded and used to calculate 

the acid value according to Equation.3.4. The %FFA was simply calculated as follows: 

%FFA =
Acid Number

2
… … … … … … . . … … … … … … … … … … … … . . . … … … . . (Eq. 3.12) 

Acid and FFA values for CPO used in this research were obtained as 0.56 mgKOH/g and 

0.28% respectively. These values are compliant with EN14214 and ASTM D6751 standards 

that specifies that the acid value should not exceed 0.5 and 0.8 respectively. In addition, the 

fact that the FFA values are below 1 wt. %, implies that a single-step alkali transesterification 

was considered suitable. 

3.7.2 Transesterification reaction 

Figure 3.8 shows the biodiesel production process. This section describes the 

transesterification reactions involving the extracted and characterized Carica papaya seed 

oil, the calcined kola nut pod husk catalysts without pretreatment with alcohol designated as 
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CKNPH A, and the calcined catalyst following pretreatment with methanol designated as 

CKNPH B. For CKNPH C catalyst, due to funding constraints, the transesterification results 

were only assessed for CKNPH A and CKNPH B. This decision was necessary because the 

properties of CKNPH C was quite similar to CKNPH B; moreover, the focus of the research 

was on preparation of biodiesel rather than catalyst. 

The reaction is a stepwise process based on stoichiometry a 3:1 ratio and can be increased 

to ensure maximum biodiesel conversion. Biodiesel was synthesized by a single alkali 

transesterification process using the produced catalysts. The reaction was carried out as a 

batch process in a glass reactor following the conditions set out on Table 3.6. The biodiesel 

yields were calculated as follows: 

Biodiesel Yield (%) =
 Volume of biodiesel produced (ml)

  Volume of oil used (ml)
× 100 … … . . … … (Eq. 3.13) 

 

 

Figure 3.8: Biodiesel production process  

3.8 Procedures for the transesterification reaction batch experiments 

A similar procedure was employed (Omotola 2011) for the transesterification of sunflower 

oil to biodiesel. Similarly, in this current study, the transesterification reactions under the 

laboratory batch experiments were done in a fume cupboard using 100g of the Carica 
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papaya oil samples which were weighed and introduced into a 500ml three necked Pyrex 

flask as the reactor. The produced green kola catalysts were weighed accordingly between 

1.5 – 3.5g and then suspended in the specified amount of methanol after which the mixtures 

were introduced to the oil in the 500ml reactor reflux flask. To maintain the reaction 

temperatures between 60 - 80°C, the oil samples were heated on a hot plate fixed with a 

mechanical stirrer operating at speed of 600rpm. Immediately upon introduction of the 

catalysts and methanol mixtures into the reactor, the reaction time range of 60 – 80 min was 

monitored using a timer. After the reaction time had elapsed, the reaction was stopped and 

allowed to cool under ambient temperature after which the mixture was collected using a 

suction flask. The mixture was then introduced into a separating funnel and left to stand for 

24hrs to ensure proper separation of the biodiesel phase from glycerol. After 24hrs, two clear 

phases where visible, the methyl esters formed the upper phase while glycerol formed the 

bottom phase, and these were separated by decanting the biodiesel phase into a flask. To 

ascertain that the final biodiesel product is devoid of any remaining methanol, glycerol and 

catalysts, it was washed thoroughly with three volumes of water until it was clear. Lastly, 

the Carica papaya oil biodiesel (CPOB) samples were dried by heating on a heating mantle. 

These batch processes were carried in duplicate using catalysts CKNPH A and B for 

comparison and ensure accuracy of the results.  

3.8.1 Purification and drying of product 

The reaction mixture, which included the catalysts, methanol, and glycerol, were separated 

by gravity settling with a separating funnel and allowed overnight to allow the biodiesel 

(polar) and glycerol to separate. The glycerol was extracted from the bottom of the separating 
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funnel by opening the tap. The final biodiesel products were washed with water to eliminate 

any contaminants and physically dried with constant heating to 150 0C. 

3.9 Experiment design for biodiesel production 

The transesterification experiments were performed using different conditions of reaction 

time, quantity of catalyst, reaction temperature and methanol/oil molar ratio. Considering 

the synthesis conditions reported in the literature for an enhanced biodiesel yield, five levels 

of reaction time (60, 65, 70, 75 and 80 min), quantity of catalyst (1.5, 2.0, 2.5, 3.0 and 3.5g), 

reaction temperature (60, 65, 70, 75 and 80 oC) and meth/OMR (4:1, 5:1, 6:1, 7:1 and 8:1) 

were selected for the study. The responses chosen are active value and percentage biodiesel 

yield, as reported by Danbaba et al. (2015). 

Initially, a full factorial design involving 625 experimental runs (54 design) with no 

replication was proposed. However, this number will be too cumbersome and expensive. 

Therefore, a fractional factorial design (FFD) was adopted for the biodiesel production 

experiments. 

The coded and actual levels of the 54 fractional factorial design are presented in Table 3.5, 

while the experimental matrix of the level combinations of the biodiesel production process 

conditions for 20 experimental runs of FFD are presented in Table 3.6. 

  



119 
 

Table 3.5: Five level- four variable- factors experimental design 

Variables 

 

Units Code  

Levels 

1 2 3 

 

 

4 

 

 

5 

 

 

Reaction time 

 

 

(min) 

 

 

X1 60 65 70 

 

 

75 

 

 

80 

 

Quantity of Cat. 

 

(g) 

 

 

X2 1.5 2.0 2.5 

 

 

3.0 

 

 

3.5 

 

Reaction temp. 

 

 

 (oC) 

 

 

X3 60 65 70 

 

 

75 

 

 

80 

 

MeOH/OMR 

 

 

- 

 

 

X4 4 5 6 

 

 

7 

 

 

8 

 

3.9.1 Linear regression model 

Table 3.6 shows the coded and actual levels of experimental variables and the resulting 

responses, which are biodiesel yield and acid values, respectively. The experimental data of 

mineral yield was analyzed with a linear first-order regression model. The general regression 

equation of this model is given in Equation 3.2.  

The significant changes in oil yield and biodiesel yield content in relation to the changes in 

the independent variables (𝑥1, 𝑥2, 𝑥3) are presented in Table 3.6.  
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Table 3.6: Experimental design matrix for biodiesel production from C. Papaya oil 

Runs 

Order 

Variables 

Reaction 

time(min) 

Catalyst 

quantity(g) 

Reaction 

temp(oC) Meth/OMR 

1 60 3 60 7:1 

2 65 2 70 6:1 

3 75 2.5 75 5:1 

4 80 2.5 65 

 

8:1 

5 80 2 60 4:1 

6 80 1.5 75 7:1 

7 80 3 80 5:1 

8 60 3.5 75 4:1 

9 65 3.5 80 7:1 

10 75 1.5 60 6:1 

11 70 3.5 60 5:1 

12 65 3 75 8:1 

13 60 1.5 70 5:1 

14 70 2.5 70 4:1 

15 75 3.5 70 8:1 

16 65 1.5 65 4:1 

17 75 2 65 7:1 

18 60 2.5 80 6:1 

19 70 2 80 8:1 

20 70 3 65 6:1 
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3.9.2 Analysis of Variance (ANOVA) 

The biodiesel data was statistically analysed using SPSS software (version 26.0).Various 

procedures, including preparation, transformation, and description of data, hypothesis 

testing, t-tests, one-way/ two-way ANOVA, cross tabulations, correlation analysis, ordinary 

least squares regression, discriminant analysis, logistic regression, cluster analysis, factor 

analysis, reliability analysis, nonparametric tests, general linear models with ANOVA, 

nested effects, repeated measures and split plot designs, profile analysis, will be done using 

SPSS. 

3.10 Physicochemical and fuel property analysis of the produced biodiesel 

The physical, chemical and fuel properties of the produced biodiesel were determined using 

the same procedures and calculations using Equations 3.3 – 3.9 above. 

3.11 GC-MS analysis for FAME profile of Carica Papaya Oil Biodiesel (CPOB)  

Fatty Acid Methyl Esters (FAME) found in biodiesel derived from Carica papaya oil (CPO) 

were analyzed using the same chromatographic instrument employed for CPO GC-MS 

analysis for fatty acid composition. Helium gas was chosen as the carrier gas, and the column 

velocity flow was set to 0.73781 mL/min. The National Institute of Standards and 

Technology (NSIT) database was used to interpret the mass spectra and identify FAMEs 

based on their retention indices. 

3.12 Biodiesel process simulation and optimization  

This section presents the methodology involved in the simulation of biodiesel production 

from Carica papaya seeds oil in the presence of an heterogenous catalyst. AspenPLUS V12 

software package was used to simulate the process. Figure 3.9 depicts the process steps in 

execution of the biodiesel production process in AspenPLUS.  
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Figure 3.9: AspenPlus simulation process steps 

3.12.1 Process data 

Process data used in this study are the constituent components of vegetable (Carica papaya 

seeds) oils. The simulation model utilizes the new biodiesel databank which offers physical 

properties of triglycerides, diglycerides and monoglycerides with kinetic model for 

transesterification. Table 3.7 presents the reported fatty acid components from GCMS 

analysis of Carica papaya seed oil from this present study. 

Since fatty acid of an oil reflects the triglycerides present in the oil, the fatty acid constituents 

in Table 3.7 are represented in the simulation model by their corresponding triglycerides 

while the corresponding esters (biodiesel) products are represented as Methyl-Oleate, 
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Methyl-Palmitate, Methyl-Myristate, Methyl-Linoleate, etc. as major products, with 

glycerol as a by-product. Table 3.8 presents the components representing the chemical 

species present in the simulation model. 

Table 3.7: Fatty acid profile of CPO 

Fatty Acid % Composition 

Palmitic acid 0.27 

Oleic acid 64.11 

cis-Vaccenic acid 23.35 

9-Eicosenoic acid 7.44 

Myristoleic acid 4.31 

cis-5-Dodecenoic acid 0.52 

Saturated Fatty Acid 0.27 

Unsaturated Fatty Acid 99.73 

 

Table 3.8: Components used in biodiesel simulation model 

Component ID Component name Formula 

TRIPALM TRIPALMITIN C51H98O6 

TRIOLEIN TRIOLEIN C57H104O6 

TRILINOL TRILINOLEIN C57H98O6 

TRIEICOS TRIEICOSENIN C63H122O6 

TRILAURA TRILAURIN C39H74O6 

TRIMYRIS TRIMYRISTIN C45H86O6 

M-PALMIT METHYL-PALMITATE C17H34O2 

M-OLEATE METHYL-OLEATE C19H36O2 

M-LINOLE METHYL-LINOLEATE C19H34O2 
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M-EICOS METHYL-ARACHIDATE C21H42O2 

M-MYRIST METHYL-MYRISTATE C15H30O2 

M-DODECA METHYL-DODECANOATE C13H26O2 

METHANOL METHANOL CH4O 

GLYCEROL GLYCEROL C3H8O3 

CATALYST   

WATER WATER H2O 

 

The power expression was used for the rate-controlled transesterification reactions in the 

simulation model according to the Equation 3.14. 

𝑟 = 𝑘 (
𝑇

𝑇𝑂
)

𝑛
𝑒𝑥𝑝 (

𝐸

𝑅𝑇
) ∏ 𝐶𝑖

𝑎𝑖𝑁
𝑖=1 (

1

𝑇
−

1

𝑇𝑜
)………………………….. (Eq.3.14) 

Where: 

r = Rate of reaction   k = Pre-exponential factor 

T = Absolute temperature  To = Reference temperature 

n = Temperature exponent  E = Activation energy 

R = Universal gas constant  N = Number of components in the reaction 

Ci = Concentration of component i 

ai = The stoichiometric coefficient of component i in the reaction equation 

In Equation 3.14, the concentration basis is Molarity, the factor n is zero, and k and E are 

given in Table 3.9, adopted from Narvaez et al. (2007). Narvaez et al. (2007) just proposed 

the transesterification kinetics of the oil instead of the individual triglycerides that make up 

the oil. Hence, it is assumed that the kinetics of all the constituent triglycerides are the same 

as that for the triglyceride mixture (oil).  
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Table 3.9: Kinetic parameters 

Reaction k (To = 303.15K) Ea (kcal/mol) 

TG → Esters (FAME): 

Example: 

TRIPALMITIN + 3 

METHANOL + 0 CATALYST 

→ 3 METHYL-PALMITATE 

+ GLYCEROL 

0.05754 6.2 

Esters (FAME) → TG: 

Example: 

3 METHYL-PALMITATE + 

GLYCEROL + 0 CATALYST 

→ TRIPALMITIN + 3 

METHANOL 

0.000267 11.9 

Source: Narvaez et al. (2007) 

3.12.2 Process description 

The process simulation model covers the set of chemical species and property parameters 

used for this process, as well as transesterification, methanol recovery, water washing, 

FAME purification, catalyst removal, glycerol purification, feed stock recovery and the 

streams connecting these units. It also covers the reaction kinetics of transesterification, and 

key process control specifications such as pure methanol to oil flow ratio, phosphoric acid 

flow rate, and specifications for distillation columns.  

The property method used in this biodiesel simulation model is NRTL (Non-Random Two 

Liquid), because NRTL give more accurate results, though, requires estimation of some 

NRTL binary interaction parameters (Zong et al., 2010). Thermophysical property model 

parameters of tri-, di-, and even mono-glycerides are currently available in the new biodiesel 

databank in version 12 and above. It includes vapor pressure, heat of vaporization, ideal gas 
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heat of formation, ideal gas heat capacity, liquid heat capacity, liquid molar volume and 

liquid viscosity. The study considers a flow basis of 1000 kg/hr oil flow rate.  

CPO at 25 oC and 1 atm is pumped via PUMP-1 to deliver a discharge pressure of 3 bar, 

prior to heating to 60 oC at constant pressure in HEATER-1. Similar, equivalent methanol 

flow rate at a methanol to oil molar ratio of 4:1 (optimum determined experimentally) and a 

CKNPH-A catalyst equivalent of 2.5% oil weight were mixed and then pumped via PUMP-

2 into the transesterification reactor, REACTOR, alongside the CPO from HEATER-1. The 

reactor utilized is a CSTR reactor and operates at the optimum condition experimentally 

determined. The reactor operates at 70 oC, with a constant pressure of 3 bars and a reaction 

residence time of 70 min. The reactor product (R-PROD) is sent into a filter, FILTER, where 

the heterogenous CKNPH-A catalyst is filtered out at constant pressure of 3 bar and 

separated from the reactor product as R-PROD1. The filtrate (R-PROD1) from the filter is 

then sent into the methanol recovery column, MEOHCOL, where excess unconverted 

methanol is vaporized and separated from the heavier component (esters, glycerol and 

residual CPO) under vacuum operation.  

The heavier component (ester, glycerol and residual CPO) from the bottom of MEOHCOL 

is then pumped via PUMP-3 to give an outlet pressure of 2 bar and then enters through 

cooler, COOLER-1, where the temperature is reduced to 60 oC prior to entering the settling 

column, SET-TK. The catalyst free mixture is separated into two layers, one rich in biodiesel 

(esters) at the top and heavy glycerol layer at the bottom at constant inlet operating condition 

to give a high purity glycerol product of 99.99wt.%. The esters rich layer from the settling 

column, SET-TK enters a distillation column, ESTE-COL, where unconverted CPO is 

separated from the biodiesel product to obtain high purity biodiesel product of 99.97 wt.%. 
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Figure 7.1 presents the process simulation flow diagram of the heterogenous base-catalyzed 

transesterification process of biodiesel production from CPO. 

The CPO conversion and biodiesel yield were estimated from the equation below: 

 

Conversion =
∑ Mole of Triglyceridesfeed−∑ Mole of Triglyceridesproduct

∑ Mole of Triglyceridesfeed

………………. (Eq.3.15) 

 

Yield =
∑ Mass of Estersproduct

∑ Mass of Triglyceridesfeed

 x 100…………………………………………… (Eq.3.16) 

3.12.3 Cost estimation and economic analysis  

The biodiesel capital investment (CAPEX) and operating cost (OPEX) were estimated using 

Aspen Process Economic Analyzer (APEA) while raw material, revenue and project cash 

flow and economic analysis were performed in Microsoft Excel (2019). The profitability of 

the biodiesel production process was determined based on the payback period (PBP), return 

on investment (ROI), Internal Rate of Return (IRR), Profitability Index (PI) and Net Positive 

Value (NPV). 

  



128 
 

Chapter 4 

Carica Papaya Oil (CPO) properties, fatty acid composition and optimization of 

reaction variables 

4. Introduction 

This chapter presents and discusses the fatty acid composition and physicochemical 

characteristics results of the extracted Carica papaya seed oil which was used for the 

synthesis of biodiesel in this research. This chapter also focuses on the impacts, validation 

and optimization of reaction variables on CPO oil yield. Finally, the physicochemical and 

fuel properties of the extracted oil are discussed and compared to EU and US standards for 

biodiesel to determine the oil’s suitability for transesterification. 

4.1 Fatty acid composition of Carica papaya oil sample 

The fatty acid profile of the extracted Carica Papaya seed oil was analyzed, and the 

quantified values are detailed in Table 4.1. 

Table 4.1: Fatty acid composition of Carica Papaya seed oil 

Fatty Acid Lipid Number % Composition 

Palmitic acid C16:0 0.27 

Oleic acid C18:1 64.11 

cis-Vaccenic acid C18:1 23.35 

9-Eicosenoic acid C20:1 7.44 

Myristoleic acid C14:1 4.31 

cis-5-Dodecenoic acid C12:1 0.52 

Saturated Fatty Acid - 0.27 

Unsaturated Fatty Acid - 93.88 
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Table 4.1 revealed that the oil is predominantly composed of unsaturated fatty acids, 

comprising 93.88% of the total composition, while saturated fatty acids, represented as 

palmitic acids constitute 0.27%.  

Specifically, the dominant fatty acid identified was in order as: oleic acid at 58.26%, 

followed by cis-Vaccenic acid (23.35%), 9-Eicosenoic acid (7.44%), Myristoleic acid 

(4.31%), and cis-5-Dodecenoic acid (0.52%). These results align with established patterns 

of fatty acid distribution as reported in literature references (Babatunde et al., 2019; Devi 

and Khanam, 2019). 

The notable prevalence of unsaturated fatty acids over saturated ones indicates that the oil is 

less prone to solidification, making it conducive potentially for applications in engines, 

where a liquid state is preferable (Agunbiade and Adewole, 2014). To produce high-quality 

biodiesel or bio lubricants, the number of fatty acids, especially oleic acid present in oil, is 

quite important (Hossain et al., 2020). High levels of oleic acid make the oil more resistant 

to oxidation and hence suitable for processes requiring high oxidative stability at high 

temperatures as in biodiesel and bio lubricants applications (Balat, 2011). 

4.2 Physicochemical and fuel properties of extracted Carica papaya seed oil 

To evaluate its suitability for the synthesis of biodiesel, it is critical to identify Carica papaya 

oil’s physical, chemical, and other fuel qualities. Table 4.2 displays the physical and 

chemical characteristics of Carica papaya seed oil as determined by standard methods 

(AOAC 1997) and Wij's method (Adepoju et al., 2020).  

The extracted oil was liquid at room temperature and had a yellowish hue. According to Sim 

et al. (2020), colour plays a significant role in handling and processing applications and can 
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provide an initial insight into the oil's purity and processing conditions. Figure 4.1 show 

some samples of the Waste carica Papaya Oil (WCPO) extracted in this current research. 

 

Figure 4.1: Some samples of waste CPO lab extractions 

 

Table 4.2: Physical, Chemical and fuel properties of Carica papaya oil extracted 

Parameters CPO 

Physical properties: 

Physical state at 25℃ 

Moisture content (wt.%) 

Specific gravity at 25℃ 

Density (g/cm3) 

Dynamic viscosity (mPaS) 

Kinematic viscosity (mm2s-1) 

pH 

 

Yellowish in colour 

0.0012 

0.86 

0.85 

9.9 

11.56 

5 – 5.5 

Chemical properties 

%FFA (Oleic acid) 

Acid value (mg KOH/g oil) 

Saponification value (mg KOH/g oil) 

 

0.2869 

0.57 

61.71 
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Iodine value (gI2/100g oil) 

Peroxide value (meq O2/kg oil) 

Calorific value (MJ/kg) 

59.39 

Not detected 

47.85 

Fuel properties 

Cetane Number 

API 

Diesel Index 

Aniline point℃ 

 

121.38 

33.61 

154.69 

237.92 

 

4.2.1 Iodine value 

The degree of unsaturation of oils can be inferred from their iodine value (Nduka et al., 

2021). According to Maliki and Ifijen (2020), higher unsaturation levels are associated with 

higher iodine values. The Iodine value was determined to be 59.3892 gI2/100g.  This value 

is higher than that reported by Abubakar et al. (2020), Oyelaran et al. (2020) and Adeleke et 

al. (2023) for Carica papaya seed oil. This finding reveals that the oil is highly unsaturated, 

non-drying, and has a high oleic acid content (Gbonjubola et al., 2023). 

4.2.2 Acid value 

The acid value, which is a measure of free fatty acid content due to enzymatic activity, was 

found to be 0.57%.  The oil has a comparatively low acid value. Oil with low acidity is safe 

to consume (Jimenez-Lopez et al., 2020). Acidity levels of less than 0.1mgKOH/g are 

typically ideal. Due to its strong acidity, the oil extracted from Carica papaya seeds is unfit 

for human consumption. It can, however, be used as a feedstock for vegetable oil-based 

chemicals like biodiesel (Evwierhoma and Ekop, 2016). This acid value indicates a high 

resistance to hydrolysis, which is required for successful transesterification to biodiesel 

(Senrayan and Venkatachalam 2020; Asuquo et al., 2021). The acid value found in this study 
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is lower than that reported in the literature for Carica papaya seed oil (Oshin et al., 2021; 

Oguntoye et al., 2023). 

4.2.3 Moisture content 

The moisture content of the Carica papaya seed oil was determined to be 0.0012 wt. % 

(Table 4.2). Compared to the moisture content of Carica papaya seeds reported in the 

literature (Oshin et al., 2021; Tagarda et al., 2023; Salsabila and Broto, 2023), this moisture 

content is comparatively low. During transesterification, a high moisture content in the 

vegetable oil feedstock might cause soap formation (Chanakaewsomboon et al., 2021; 

Ahmed Elgharbawy, 2021). Moisture content affects oil yield, viscosity, specific gravity and 

iodine value as revealed in Table 4.2. Viscosity will decrease with increase in moisture 

content. The specific gravity which is the density of substance to that of water will also 

increase with increase in moisture content. The higher the moisture content the lower the 

iodine value (Adejumo et al., 2013). The oil's low moisture content will improve biodiesel 

production due to increased oil yield that gives higher conversion possibilities to biodiesel 

(Adepoju et al., 2018; Udoetuk et al., 2018; Adepoju et al., 2018a; Adepoju et al., 2020). 

4.2.4 Saponification value 

Saponification value is a measure of oxidation during storage and shows oil deterioration 

(Zhang et al., 2021). An increase in saponification value in oil enhances its volatility. It 

improves the oil's quality since it demonstrates that 1 g of the oil contains lower molecular 

weight components, which when burned, will provide more energy (Aremu et al. 2015). On 

the other hand, a lower saponification value suggests that the glycerol backbone of a sample 

contains long-chain fatty acids (Ivanova et al., 2022). Table 4.2 reveals a high saponification 
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value of 61.71 mg KOH/g. Notably, triacylglycerols with substantial unsaturation are 

indicated by a high saponification value (Ivanova et al., 2022). 

4.3 Physicochemical and fuel properties of oil compared with EU and US standards for 

biofuels 

The physicochemical and fuel properties were obtained and compared with the US and EU 

biofuel standards as presented in Table 4.3. The oil extracted was liquid and yellowish in 

colour with moisture content of 0.0012 wt. %. It is widely acknowledged that a low moisture 

content of the oil will give a better conversion to biodiesel (Adepoju et al., 2018) The results 

show that the value obtained for moisture content is similar and better than that obtained by 

Adepoju et al 2018, who reported a moisture content of 0.013 wt. %. The moisture content 

of the waste Carica papaya oil (WCPO) is within the range specified by ASTM D6751 and 

EN 14214, which recommends a value less than 0.03% and 0.02% respectively. The specific 

gravity of WCPO (0.857) falls within the range specified by ASTM D751, and the density 

of 0.854 g/cm3 agrees with EN 14214 specification. The percentage FFA and acid values of 

the oil were observed to be 0.2 wt. % and 0.5 mg KOH/g respectively. These results indicate 

high resistance to hydrolysis which is desirable for the successful transesterification of oil 

to biodiesel (Adepoju et al., 2018). The peroxide value which is an indication of the presence 

of hydroperoxides in the oil was not detected and this is a good sign that the oil has a high 

resistance to oxidation. A high saponification value of 61.71 mg KOH/g and high Iodine 

value of 59.39 gI2/100g, shows a bare minimum percentage of triglycerides of oil with 

significant level of unsaturation. The high HHV of 47.852 (MJ/Kg) is close to 47.312 

(MJ/Kg) calculated for Thevetia Peruviana oil for biodiesel production (Adepoju et al 2018). 

The higher the HHV of the oil, the more suitable the oil is for use as a biofuel. The value of 
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47.852 (MJ/kg) obtained from this study indicates that the WCPO is a good raw material for 

biodiesel production. The cetane number of 121.38 of WCPO was computed which is much 

higher than the biofuel standard with a minimum value of 40, indicating its fuel ignition 

delay and combustion quality. The API, aniline point, and diesel index of WCPO were 

computed (Adepoju et al 2018).  

Table 4.3: Physicochemical properties of Carica papaya oil as compared with literature on 

other seed oils 

Parameters Present 

study 

Senray

an & 

Venkat

ach 

lam 

(2020) 

DeMelo

& Sousa 

(2016) 

Yant

y et 

al. 

(201

4) 

Adepo

ju et 

al. 

(2020) 

Adepoj

u et al. 

(2018) 

Adepo

ju et 

al.(20

18a) 

Adepo

ju et 

al. 

(2018) 

Adepo

ju et 

al. 

(2018) 

Density(g/c

m3) 

0.8541

1 

 

0.45 n. d n. d n. d 0.9804 - 0.84 0.86-

0.90 

Specific 

gravity 

0.857 

 

0.879 0.900 n. d 0.919

0 

n. d 0.898

4 

0.85 0.913 

Moisture 

content (%) 

0.0012 

 

- - - 2.6 0.0011 0.013

1 

Less 

than 

0.03 

0.02 

Dynamic 

viscosity 

(mPaS) 

9.9 

 

- - - n. d - - - - 

Kinematic 

viscosity 

(mm2s-1) 

11.56 

 

- - - 4.2 - - - - 

%FFA (as 

oleic acid) 

0.2869 

 

1.29 n.d* 1.4 7.64 2.3175 1.902

4 

Less 

than 

0.40 

0.25 

max 

Acid value 

(mg 

KOH/g oil) 

0.5655

5 

 

2.52 1.03 n. d 15.28 4.6350 3.804

8 

Less 

than 

0.8 

0.5 

max 

Saponificat

ion value 

(mg 

KOH/g oil) 

61.71 

 

187.30 189.98 193.

5 

198.6

0 

75.250

0 

57.50

25 

- - 
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Iodine 

value (g 

I2/100g oil) 

59.389

2 

 

70.90 70.45 76.8 124.8

0 

87.600

0 

97.60

0 

- 120 

max 

Peroxide 

value (meq 

O2/kg oil) 

Not 

detecte

d 

- - - 20.00 33.600

0 

23.80

0 

- - 

Higher 

Heating 

Value 

(MJ/kg) 

47.85 - - - 39.44 45.358

8 

47.05

6 

-     - 

Cetane 

Number 

121.38 

 

- - - 45.70 99.121

6 

140.9

98 

- - 

API 33.61 

 

- - - 22.47 12.828

9 

26.00 36.95 - 

Diesel  

 

Index 

154.69 

 

- 

- 

 

- 

- 

 

- 

- 

 

- 

49.58 

 

- 

123.78 

 

- 

181.9

4 

50.4 

 

- 

      - 

 

- 

Aniline  

Point (0F) 

460.25 - - - 220.6 

4 

964.85 

66 

699.7 

7 

331 - 

4.4 Optimization of reaction variables 

StatEase Design Expert software (version 13) was used to analyse the experimental design 

matrix. Table 4.4 shows the optimization process results obtained from Response Surface 

Methodology (RSM) model. 

Table 4.4: Experimental and predicted oil yield using RSM custom factorial design 

Run 
Sample 

weight (g) 

Solvent 

volume (ml) 

Extraction 

time (min) 

Experiment

al oil yield 

(%) 

Predicted 

oil yield 

(%) 

1 70 300 55 25.04 24.73 

2 60 250 75 18.39 18.45 
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3 50 250 75 23.47 23.04 

4 70 300 65 29.13 28.69 

5 50 300 65 28.9 28.98 

6 50 250 55 18.06 17.90 

7 70 350 65 25.33 25.53 

8 70 250 55 18.72 18.83 

9 60 250 55 14.21 14.53 

10 50 300 55 23.73 23.80 

11 50 350 75 25.45 25.78 

12 70 250 75 21.52 21.53 

13 60 350 75 21.58 21.19 

14 70 300 75 27.23 27.43 

15 60 300 55 20.47 20.43 

16 70 250 65 22.7 22.79 

17 60 350 65 21.79 21.84 

18 60 350 55 17.55 17.27 
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19 50 250 65 23.06 23.08 

20 70 350 55 21.33 21.57 

21 60 300 65 24.89 25.00 

22 70 350 75 24.36 24.27 

23 60 300 75 24.18 24.35 

24 60 250 65 19.1 19.10 

25 50 300 75 28.8 28.94 

26 50 350 55 20.59 20.64 

27 50 350 65 25.91 25.82 

 

The oil yield ranged from 14.21% to 29.13 %. The optimum yield within the range was 

observed to be 29.13%, which was achieved at a sample weight of 70 g, solvent volume of 

300 ml and at an extraction time of 65 minutes. 

The model estimated response (predicted oil yield) was close to the experimental data for 

the system. Meanwhile, the residual values which depicted the difference between the 

predicted and the actual experimental yields was negligible, indicating a good fit of the 

model adopted for the design. 

4.5 Model fitting and adequacy testing 

Linear, two-factor interaction and quadratic polynomial model equations were used to fit the 

response of the experiment to select the best model. This is shown in Table 4.5. 
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Table 4.5: Model evaluation for best fit 

Source 

Sum of 

Squares 

df 

Mean 

Square 

F-value p-value 

Adjusted 

R2 

Linear 

Model 

103.31 3 34.44 3.07 0.0480 0.1928 

2FI 

*Model 

4.53 3 1.51 0.1190 0.9478 0.0880 

Quadratic 

Model 

252.36 3 84.12 1257.94 < 0.0001 0.9952 

*2FI means Two factor Interaction 

The Linear, two-factor interaction, and quadratic polynomial equations were used to fit the 

response of the experiment. When the fit for each model was compared, the quadratic model 

was selected as the best model. It was selected due to its highest order polynomial with 

highest F value, lowest P-value and highest adjusted R2 value as shown in Table 4.5. Table 

4.6 shows the result of a statistical analysis of variance (ANOVA). It determines the 

significant fitness of the quadratic model as well as the effect of individual terms and their 

interaction on the Carica papaya oil yield. The level of significance and adequacy of the 

generated model was assessed by ANOVA, considering the p-value. Generally, the model 

terms with p-value less than 0.05 are significant. The larger the magnitude of F-value and 

smaller the magnitude of p-value, the higher will be the significance of the corresponding 

coefficient (Obika et al.,2020; Singh and Tirkey, 2022). The F-value for the model was high 

(F = 815.67) with a very low probability (p < 0.0001), which indicates the very high 

significance of the model. The significance of each term was investigated by their respective 

p-values. In the model, all the linear terms (sample weight (A), solvent volume (B) and 

extraction time (C), two-way interactions (AC) and all the quadratic terms (A2, B2 and C2) 

were statistically significant and considerably affected the extraction yield to determine the 
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fitness of the model, the value of regression coefficient R2 for the model is 0.9967. The high 

value of R2 indicates the capability of the model to satisfactorily describe the system within 

the range of parameters that were investigated (Sulaiman et al., 2024). The model exhibited 

a high adjusted and predicted R2 values of 0.9955 and 0.9932 respectively as shown in Table 

4.6. The predicted R2 value shows that this model performs well on new data. Also, it is 

worthy to note that the higher the value of the adjusted coefficient of determination, the more 

the significant the fitted model (Rahman et al., 2020). In this study, the coefficient of 

determination (R2) is higher than the adjusted coefficient (adjusted R2) which shows that the 

fitted model is significant. The predicted sum of squares (PRESS) is 2.46. This low value of 

PRESS suggests that the model has good predictive accuracy. 

Table 4.6: Test of significance and Analysis of Variance (ANOVA) for all regression 

coefficient terms for oil extraction from Carica papaya seed 

Source 
Sum of 

Squares 

d

f 

Mean 

Square 

F-

value 
p-value  

Model 360.14 7 51.45 
815.6

7 
<0.0001 significant 

A-Sample 

Weight 
0.3785 1 0.3785 6.00 0.0242  

B-Solvent 

Volume 
33.78  1 33.78 

535.6

2 
<0.0001  

C-Extraction 

Time 
69.15 1 69.15 

1096.

29 
<0.0001  

AC 4.47 1 4.47 70.79 <0.0001  

A² 88.19 1 88.19 
1398.

21 
<0.0001  

B² 123.37 1 123.37 
1955.

87 
<0.0001  

C² 40.80 1 40.80 
646.8

9 
<0.0001  

Residual 1.20 
1

9 
0.0631    
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Cor Total 361.34 
2

6 
    

Fits Statistics       

R² 0.9967      

Adjusted R² 0.9955      

Predicted R² 0.9932      

Adeq Precision   105.7082  
 

 

PRESS   2.46  

BIC   18.89  

AICc   16.52  

     

4.6 Impact of reaction variables on oil yield 

The surface and contour plots were used to establish the interactions between the parameters 

and their effect on oil yield. Figure 4.2 shows the yield intensity guide for the extracted CPO 

and produced biodiesel from this research. The interaction of extraction time and sample 

weight on Carica papaya oil yield is presented in Figure 4.3 and Figure 4.4 for surface and 

contour plots respectively.  
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Figure 4.2: Yield intensity guide for biodiesel and CPO 

Figure 4.3 shows the interactive effect of sample weight and time of extraction on oil yield. 

The oil yield increases as extraction times increases. As extraction time increased from 55 

minutes to 75 minutes, the oil yield also increased from 23.73% to 28.8 %. Maximum yield 

was achieved at 75 minutes (28.8%). This trend agrees with the contour plot (Figure 4.4) 

whereas extraction time increased from 55 minutes to 75 minutes, there was a corresponding 

increase in the oil yield.  

Also, it can be observed that as sample weight increased from 50 g to 60 g, there was initial 

decrease in oil yield 23.73% to 20.47%. Increasing the sample weight beyond 60 g resulted 

in a corresponding increase in oil yield from 23.73% to 25.04%. Maximum yield was 

achieved at 25.04% (70 g). The initial decrease in the oil yield as the sample weight increases 

may be due to random errors. However, the overall increase of the extracted oil with sample 

weight is due to the increase of the starting material (C. papaya seeds) as would be expected. 
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The contour plot (Figure 4.4) also corroborates this trend where increase in sample weight 

resulted in a corresponding increase in oil yield. 

Its worthy to note that the contour plot reveals elliptical curves which signify that the 

interaction between the extraction time and sample weight is significant (p < 0.0001) as 

shown in the ANOVA quadratic model (Table 4.6), hence will have effect on the response 

(oil yield). 

 

Figure 4.3: 3-D surface plot showing combined effect of extraction time and sample 

weight on Carica papaya oil yield 
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Figure 4.4: Contour plot showing combined effect of extraction time and sample weight on 

Carica papaya oil yield 

Figure 4.4 shows the interactive effect of sample weight and time of extraction on oil yield. 

The oil yield increases as extraction times increases. As extraction time increased from 55 

minutes to 75 minutes, the oil yield also increased from 23.73% to 28.8 %. Maximum yield 

was achieved at 75 minutes (28.8%). This trend agrees with the contour plot (Figure 4.3) 

whereas extraction time increased from 55 minutes to 75 minutes, there was a corresponding 

increase in the oil yield.  

Also, it can be observed that as sample weight increased from 50 g to 60 g, there was initial 

decrease in oil yield 23.73% to 20.47%. Increasing the sample weight beyond 60 g resulted 

in a corresponding increase in oil yield from 23.73% to 25.04%. Maximum yield was 

achieved at 25.04% (70 g). The contour plot (Figure 4.3) also corroborates this trend where 

increase in sample weight resulted in a corresponding increase in oil yield. 
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Its worthy to note that the contour plot reveals elliptical curves which signify that the 

interaction between the extraction time and sample weight is significant (p < 0.0001) as 

shown in the ANOVA quadratic model (Table 4.6), hence will have effect on the response 

(oil yield). 

4.7 Regression Equation 

The regression equation that defines the experimental correlation is demonstrated by the 

quadratic equation (Equation 4.1). 

Oil Yield = 25 − 0.1450 A + 1.37 B + 1.96 C − 0.6100 AC + 3.83 𝐴2 − 4.53 𝐵2

− 2.61𝐶2 … … … … … … … … … … … … … … … … … … … … … … … … … (4.1) 

Where the term A is the sample weight, B is the solvent volume and C is the time of 

extraction. 

The equation shows the coefficient of the full regression, numerical significance and the 

exact impact of each model expression on the Carica papaya oil yield. 

The positive and negative sign before each term shows synergistic or antagonistic effect 

respectively. The solvent volume, time of extraction and square of sample weight has 

synergistic effect on the oil yield. This suggests that an increase in solvent volume and time 

of extraction will improve oil yield. Also, the synergistic effect of the sample weight itself 

(A2) shows that when the sample weight is increased to a certain (higher) level, it will 

improve the oil yield. 

On the other hand, sample weight, interaction between sample weight and time of extraction, 

square of solvent volume and square of extraction have antagonistic effects on the oil yield 

(Matthew et al., 2015). This implies that when the sample weight (A) is increased, it will 

lead to a decrease in the oil yield. Also, when both sample weight and time of extraction are 
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increased together (AC), the resulting effect will be a decrease in the oil yield than when 

they are increased independently. Also, at higher levels of solvent volume (B2) and 

extraction time (C2), there will be a decrease in the yield of the oil. 

4.8 Validation of predicted optimum conditions 

Figure 4.5 and 4.6 shows the normal plot of residuals and the predicted vs actual plots which 

were used confirm the validity of the model predicted by regression analyses.  
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Figure 4.5: Normal probability plot of residuals of Carica papaya oil 

 

Figure 4.6: Plot of experimental oil yield versus predicted oil yield 
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A straight line was observed that passed through the origin with nearly all points indicating 

that the residual values known as an error, are so small to be neglected (Figure 4.5). The 

close distributions of the points along the straight lines indicate the excellent relationship 

between the experimental and predicted values of the response (Figure 4.6). These plots 

validate that the chosen model was sufficient for prediction of the response variables in the 

experimental values. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Plot of residuals versus predicted response 

 

Figure 4.7 shows the plot of residuals versus predicted response. The scatter plot suggests 

the minimum value of residual for predicted data. Most of the standard residuals should lie 

in the interval of ± 3.65. Any observation outside this interval renders an operational error 

in the experimental data or a potential error in the model (Nayak and Viyas, 2018). The plot 

shows that all the standard residuals lie within the interval of ± 3.65 thereby validating the 

selected model. 
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4.9 Chapter summary 

The results of the physicochemical characterization of the extracted C. papaya oil have been 

reported. The oil was observed to be predominated by unsaturated fatty acids with a value 

of 93.88 %. The dominance of unsaturated fatty acids implies that the oil is less prone to 

solidification which is highly desirable for this process. Also, this result was confirmed by 

the iodine value of 59.38 gI2/100g which is indicative of a high level of unsaturation. Among 

the different unsaturated fatty acids (UFAs), oleic acid was observed to be the predominant 

UFA in the oil. Also, the oil showed high acidity values which suggests that it is inedible. 

It is important that the feedstock that would be employed for transesterification be unsuitable 

for consumption so that there will be no competition between its usage as a raw material for 

biodiesel production and its usage as a food ingredient. Besides, the low moisture content 

when compared to other reports in the literature is suggestive of a reduced possibility of soap 

formation which will result in improved yield of biodiesel. The cetane values, specific 

gravity and other physicochemical parameters were within the specified limits according to 

ASTM D6751 and EN 14214 standards which indicates compliance with regulations.  

Statistical analysis of the effects of the parameters with respect to the oil yield indicates that 

all the studied parameters have some effects on the final yield of the oil. The quadratic model 

showed the highest correlation coefficient of 0.99 compared to the linear and the two factor 

interaction models. This suggests a multiple parametric effects on the oil yield rather than a 

single linear relationship between each parameter and the yield of oil. 
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Chapter 5 

The Synthesis and properties of catalysts for biodiesel production 

5. Preamble 

The yield of catalysts as well as its physicochemical properties such as elemental 

composition, presence of relevant functional groups, crystallinity, porosity, surface area, 

among others, are important parameters that determine the effectiveness of the catalysts for 

its intended application. In this chapter, the yield of catalysts, as well as the results obtained 

from the investigation of these physical, chemical, and thermal characteristics are presented 

and discussed. The objective is to assess how these catalysts could be deployed for the 

conversion of waste C. papaya oil to biodiesel as well as what modifications could be made 

to enhance the efficiency of this conversion. The key characterization techniques and 

equipment used in this study for the characterization of the fermented kola nut pod husk 

(FKNPH) feedstock and the calcined kola nut pod husk catalysts (CKNPH A, B and C) were 

carried out using BET analysis, Fourier transform infrared spectroscopy (FTIR), Powder X-

ray diffraction (PXRD), scanning electron microscopy-energy dispersive X-ray (SEM-EDX) 

and Thermogravimetric Analysis/ Differential Scanning Calorimetry (TGA/DSC) analyses. 

These results will help to establish the suitability of the catalysts for biodiesel production. 

5.1 Catalysts’ yield  

The yield of a catalyst is a measure of the quantity of a catalyst that can be obtained from a 

certain quantity of feedstock. In this study, the feedstock used was kolanut pod husk and the 

entire process of converting the feedstock to the desired product has already been provided 

in the previous chapter. The results showing the catalyst yield in relation to the quantity of 

feed stock used are presented in Table 5.1. Figure 5.1 shows the pictures of the Calcined 

Kola Nut Pod Husk Catalysts (CKNPH) A, B and C. 
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Figure 5.1: Calcined Kola nut pod husk catalysts A, B and C produced in this current 

research. 

 

Table 5.1: Catalysts’ yield  

CKNPH catalyst (W1) Wt. of sample 

before calcination 

(g) 

(W2) Wt. of 

catalysts after 

calcination (g) 

Yield (%) 

A 10 0.9558 11.95 

B 10 0.5825 7.28 

C 10 0.6847 6.85 

 

Prior to discussing the yield of the catalysts, it is important to be reminded of the key 

modifications that were carried out which were labelled as CKNPH-A, B and C as shown in 

Table 5.1. CKNPH-A refers to the calcined kolanut pod husk. There was no further treatment 

on this sample apart from calcination of the raw material which was carried out at 700 oC. 

Also, CKNPH-B refers to the calcined kolanut pod husk with further treatment with 

methanol to wash off organic impurities, while CKNPH-C refers to the calcined material 

which was sieved to remove the ash using a sieve with aperture size of 212 µm. 
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The results indicate that CKNPH-A has the highest yield of 11.95%. This is as expected as 

no additional treatment that reduces its composition was carried out. On the other hand, 

CKNPH-B and CKNPH-C showed relatively lower yields of 6.85% and 7.28% respectively. 

The reduction in the yield is suggestive of the fact that organic impurities were washed off 

when treatment with methanol was carried out for CKNPH B and the reduction in the ash 

content in the case of CKNPH-C. To assess the composition of the calcined materials, an in-

depth analysis was necessary which is presented and discussed in the subsequent sections. 

5.2 X-ray fluorescence analysis  

X-ray fluorescence (XRF) spectroscopy is an analytical technique that is employed to reveal 

the elemental composition of materials. This is achieved when x-rays are incident on a 

sample of unknown composition, and the resulting emitted rays are analyzed. Each emission 

at specific energy is characteristic of an element, and the intensity of the emitted rays is 

related to the concentration of the element responsible for the emission. Therefore, this 

allows for both identification and quantification of the elements. In this study, x-ray 

fluorescence spectroscopy was employed to assess both the elemental composition and its 

concentration in the three different forms of the calcined catalysts (CKNPH: A-C) and the 

results were compared with the fermented kola nut pods feedstock (FKNPH) as a control. 

The results of these investigations are shown in Figure 5.2. 
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Figure 5.2: XRF of feedstock and calcined catalysts (a) Elemental composition (b) metal 

oxide composition 

 

The results in Figure 5.2a revealed that the catalysts were significantly enriched in elements 

like potassium, calcium, magnesium, and oxygen, even though trace levels of silicon, 

aluminum, and Sulphur were also detected. When the elemental compositions of the FKNPH 

and CKNPH catalysts A, B, and C were compared, it was evident that the elemental 

compositions of all the catalysts that were calcined (A, B, and C) were significantly higher 

than those of the feedstock (FKPH). In particular, the CKNPH-A sample showed the largest 

mole fraction of calcium (40.84 mole%) at 700°C, followed by CKNPH-C (39.39 mole%) 

and CKNPH-B (35.18 mole%), respectively. Similar patterns were observed for potassium, 

where CKNPH-A had the largest mole fraction (20.95 mole%), followed by CKNPH-C 

(20.60 mole%) and CKNPH-B (18.70 mole%). The increase in the elemental composition 

of the calcined catalysts compared to the raw material (uncalcined feedstock) is suggestive 

of a decomposition reaction and the high calcination temperature also encourages the 

existence of free elements within the sample matrix. It was observed that the CKNPH B 

catalyst had the highest magnesium content, On the other hand, magnesium was not detected 
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in the CKNPH-A catalyst; however, it was detected in the CKNPH-C sample with a mole 

fraction of 2.81 mole%. As shown in Figure 5.2b, the calcium compositions of catalysts A, 

B, and C were higher than the feedstock. The effectiveness of the MeOH pre-treatment and 

calcination processes is demonstrated by the slight increase in elemental quantities in the 

CKNPH catalysts samples when compared to the FKPH sample. The lignin-carbohydrate 

matrix has been broken down by these processes, which has made it easier to extract and 

enrich the minerals found in the FKPH sample (Adepoju et al., 2020: Krishnan et al., 2023). 

Table 5.2 presents a comparison between the results of this study and information from the 

literature regarding the composition of metals and oxides. Single base metal oxides, 

including CaO, MgO, and K2O, which are the main constituents of solid base heterogeneous 

catalysts, were found to provide similar results at low temperatures and within reduced 

reaction durations (Maroa and Inambao, 2021). Interestingly, CaO catalysts are widely used 

in the manufacture of biodiesel because they are cost effective and highly reactive in low-

free fatty acid environments (Santos et al., 2019; Ooi et al., 2021). 

In this study, the main difference between CKNPH-A and B is the treatment with methanol 

to remove the organic impurities. Based on the like dissolve like principle, the washing of 

the sample (CKNPH-B) with methanol should only remove organics; hence, it would be 

expected that the difference in the elemental compositions of both samples would be 

insignificant. However, sample B had a higher magnesium content than sample A and the 

slight difference in other elemental compositions of both samples is suggestive of the need 

for a confirmatory characterization using another spectroscopic technique, which is 

presented and discussed in the next section.
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Table 5.2: Effect of biomass pre-treatment on elemental composition of various 

heterogeneous catalysts 

Bio - catalysts Treatment 

Methods 

Calcination 

conditions 

Key 

metallic 

content 

References 

  Heat 

(0C) 

Time 

(h) 

(%)  

Musa 

acuminata 

(Red banana) 

peduncle 

Oven dried at 

650C for 4 days 

700 4 K 

(42.23), 

Ca (1.70) 

(Adepoju et al., 

2020) 

Carica papaya 

peels 

Sun-dried for 2 

weeks 

700 4 K (30.74) 

Cl (10.3) 

P (3.64) 

S (4.31) 

(Domingos et al., 

2008) 

Kola nut pod 

husk 

Burnt to ash in 

open air 

500 4 K (47.14) 

Ca (7.59) 

Mg (5.32) 

(Rakopoulos et al., 

2006) 

Kola nut husk 

 

Sun drying for 30 

days 

600 3 K (33.91) 

Ca 

(25.38) 

Mg 

(12.39) 

(Haldar et al., 

2009) 

Cocoa pod 

husk, plantain 

peel 

 

Open combustion 

in air 

500 4 K (47.6) 

Ca (5.56) 

Mg (4.21) 

(Senrayan and 

Venkatachalam, 

2018). 

Calcined kola 

nut pod husk A 

 

Fermentation 700 4 K (20.95) 

Ca 

(40.84) 

Al (2.44) 

Mg (0.00) 

This study 

Calcined kola 

nut pod husk B 

 

Fermentation, pre-

treatment with 

MeOH 

700 4 K (18.70) 

Ca 

(35.18) 

Al (2.48) 

Mg (8.40) 

 

This study 

Calcined kola 

nut pod husk C 

 

Fermentation, ash 

removal after 

calcination 

700 4 K (20.60) 

Ca 

(39.39) 

Al (2.55) 

Mg (2.81) 

This study 
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5.3 Energy dispersive x-ray analysis 

Energy Dispersive X-ray spectroscopy (EDX) is another analytical technique that is used in 

investigating the elemental composition of a sample. Unlike x-ray fluorescence 

spectroscopy, EDX uses an electron beam to excite the target analyte, and the emitted beam 

is collected and analyzed. This technique is more useful for the investigation of elemental 

composition at the microstructural level. The elemental composition of the feedstock 

(FKNPH) and the catalysts CKNPH-A, CKNPH-B, and CKNPH-C were confirmed using 

energy-dispersive X-ray spectroscopy, and the results are shown in Figures 5.3a-d for each 

catalyst. Additionally, Tables 5.3–5.6 provide an overview of the elemental compositions 

(atomic concentration) of all catalysts and feedstock.  

 

Figure 5.3a: EDX spectra of FKPH feedstock 

 

Figure 5.3b: EDX spectra of CKNPH A 
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Figure 5.3c: EDX spectra of CKNPH B 

 

Figure 5.3d: EDX spectra of CKNPH C 

The spectrum of the feedstock, FKNPH (Figure 5.2a), revealed the presence of carbon (72.86 

atomic conc.) and oxygen (24.59 atomic conc.). The trace levels of additional elements, 

including iron, Sulphur, gallium, chromium, germanium, zinc, copper, manganese, nickel, 

and sulfur indicate the complexity of the feedstock and may be caused by contaminants. The 

spectra of the catalysts for CKNPH-A (Figure 5.2b), CKNPH-B (Figure 5.2c), and CKNPH-

C (Figure 5.2d) also revealed the presence of carbon (73.13 wt. %; 79.01 wt. %; 78.35 wt. 

%;) and oxygen (17.09 wt. %; 11.07 wt. %; 11.53 wt. %;). In addition, potassium, calcium, 

and magnesium were also detected in all the catalysts. This could be attributed to the 
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effectiveness of the calcination and MeOH pre-treatment processes. The atomic 

concentrations of potassium, calcium, and magnesium were estimated to be 3.17, 4.83, and 

1.65, respectively, for the CKNPH-A catalyst (Table 5.4), while the atomic concentrations 

of potassium, calcium, and magnesium were estimated to be 2.76, 1.37 and 0.72 respectively 

for CKNPH-B catalyst (Table 5.5). The CKNPH-C catalyst (Table 5.6) showed atomic 

concentrations of 1.61, 1.53, and 0.86 for potassium, calcium, and magnesium, respectively. 

The presence of potassium and calcium were confirmed using EDX which is consistent with 

previous results obtained using XRF spectroscopy. However, EDX showed the presence of 

magnesium in all the catalysts which differs from the result obtained from XRF for CKNPH-

B. It is evident that elemental compositions vary (increase or decrease) in the EDX analysis 

conducted before (FKNPH) and after (CKNPH) catalysts calcination. However, the 

calcination process improves the concentration of some elements like potassium, calcium, 

and magnesium, which are essential for the transesterification process (Kolakoti et al., 

2022). Due to crystalline and lattice rearrangement, some elements may have improved 

(Aleman-Ramirez et al., 2021). These findings are consistent with earlier research that has 

been published in the literature (Balajii and Niju, 2020; Aleman-Ramirez et al., 2021; 

Kolakoti et al., 2022). Consequently, because CKNPH catalysts have important elemental 

compositions that enhance catalytic activity during the manufacture of biodiesel, it may be 

used as an effective heterogeneous catalyst. 
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Table 5.3: EDX elemental composition of FKPH feedstock 

Element 

 

Atomic 

concentration 

Weight 

concentration 

Carbon 72.86 61.16 

Oxygen 24.59 27.49 

Germanium 0.63 3.22 

Zinc 0.59 2.68 

Copper 0.33 1.45 

Manganese 0.28 1.08 

Nickel 0.25 1.03 

Gallium 0.21 1.03 

Chromium 0.12 0.44 

Iron 0.06 0.22 

Sulfur 0.09 0.19 

 

Table 5.4: EDX elemental composition of CKNPH-A catalyst 

 
 

Element Atomic 

concentration 

Weight 

concentration 

Carbon 73.13 57.66 

Oxygen 17.09 17.95 

Calcium 4.83 12.72 

Potassium 3.17 8.14 

Magnesium 1.65 2.63 

Silver 0.13 0.90 
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Table 5.5: EDX elemental composition of CKNPH-B catalyst 

Element 

name 

Atomic 

concentration 

Weight 

concentration 

Carbon 79.01 63.93 

Oxygen 11.07 11.93 

Potassium 2.76 7.28 

Calcium 1.37 3.69 

Nickel 0.70 2.78 

Zinc 0.61 2.71 

Nitrogen 2.65 2.50 

Copper 0.34 1.47 

Magnesium 0.86 1.40 

Manganese 0.34 1.25 

Cobalt 0.14 0.55 

Chromium 0.08 0.29 

Iron 0.06 0.21 

 

Table 5.6: EDX elemental composition of CKNPH-C catalyst 

Element 

 

Atomic 

concentration 

Weight 

concentration 

Carbon 78.35 69.20 

Oxygen 11.53 13.56 

Nitrogen 6.00 6.18 

Potassium 1.61 4.63 

Calcium 1.53 4.52 

Magnesium 0.72 1.29 

Scandium 0.12 0.40 

Sodium 0.13 0.22 

5.4 Scanning electron microscope analysis  

Scanning Electron Microscopy (SEM) is an analytical technique that uses a beam of 

electrons to create topographic images at the micro and nano structural levels. The results 
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obtained from an SEM analysis primarily reveal the shape as well as porosity of the material 

under investigation. In catalysis, the shape of a catalyst as well as its porosity influences 

three important parameters, namely: selectivity, availability of active site and mass transport. 

These parameters determine the efficacy of catalysts for synthetic applications. The ability 

to influence these parameters depends on the extent to which the morphology of the catalytic 

material and its pore size distribution can be controlled during synthesis. 

In this study, the surface morphology of the fermented feedstock and the calcined kola nut 

pod husk catalysts were examined using micrographs obtained from scanning electron 

microscopes. These micrographs are depicted by Figures 5.4 a-d. These results indicate the 

porosity of the catalysts, and the effect of the calcination process on the prepared samples. 

Figure 5.4a shows the micrograph for the FKNPH feedstock. FKNPH is characterized by a 

flat surface, a flake particle structure that is irregular and rough, and particles at the pore 

position that are relatively loose (Gao et al., 2020). There are fewer pores on the surface of 

the FKNPH. The carbohydrate-lignin matrix during calcination could be responsible for the 

rough surface of the FKPH catalyst.  

The micrographs for CKNPH-A, CKNPH-B, and CKNPH-C are displayed on figures 5.4b, 

c and d, respectively. The CKNPH catalysts exhibited pores and an uneven, honeycomb-like 

structure (Santana et al., 2022). As can be seen, the CKNPH-C catalyst exhibited more pores 

than the CKNPH-A and CKNPH-B catalysts. 

  



161 
 

 

Figure 5.4: scanning electron micrographs of (a) FKNPH feedstock (b) CKNPH-A catalyst 

(c) CKNPH-B catalyst (d) CKNPH-C catalyst 

According to previous studies, calcined biomass ash can be used as a solid heterogeneous 

base catalyst for the synthesis of fatty acid methyl esters, since it exhibits little mineral 

aggregate caused by the sintering of metal oxides (Balajii and Niju, 2020). Sequel to the 

enlarged surface area as corroborated by BET analysis and ordered, smooth, and flat surfaces 

with many pores and perforations, the biocatalysts CKNPH-A, CKNPH-B, and CKNPH-C 

that were generated is expected to enhance the conversion of biodiesel (Oloyede et al., 2023). 
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The micro changes in the morphology of the calcined catalysts indicate that the calcination 

temperature and the MeOH pre-treatment have a substantial effect on the morphology of the 

FKNPH feedstock. The development of pores because of thermally cracked organic 

compounds and successful treatment is suggested by the SEM micrographs of CKNPH-A, 

CKNPH-B, and CKNPH-C (Wang L et al., 2022). It is evident from the XRF data that K 

and Ca are the main constituents. Furthermore, trace amounts of Mg, Mn, Zn, Cu, N, Cr, Fe, 

and Ni were also discovered in the CKNPH-B catalyst sample. Notably, S and Cl were absent 

in the catalysts. The particles are clear and bright, mostly made of inorganic materials, 

primarily iron, alkali and alkaline earth metals. The SEM micrographs also highlight the 

catalytic function of minerals and their oxides at the micro-level by showing the release of 

a more significant number of pores in tiny spots or points during thermal cracking influenced 

by the presence of mineral oxides like CaO and K2O (Wang L et al., 2022). 

5.5 BET surface area analysis (N2 adsorption) 

Brunnaeur-Emmett-Teller (BET) analysis is a characterization technique that is used to 

assess the surface area as well as the pore size distribution of materials. The surface area is 

an indication of the degree of active sites where intended reactions take place. In this study, 

the pore size distribution is demonstrated using the nitrogen adsorption-desorption isotherms 

as shown in Figures 5.5 (a-c), which describes the nature of the catalyst when an inert gas 

nitrogen is passed through it. The corresponding pore size distribution of the material is 

plotted and shown in Figures 5.6 (a-c). A summary of the surface area, pore-volume, and 

pore sizes of the calcined catalysts is presented in Table 5.7. 

In this study, the relative pressure (P/Po) covering a range of 0.05 to 0.1 were used to 

compute the BET surface area using the multipoint BET technique. The nitrogen adsorption 
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volume at P/Po = 0.99 was used to calculate the average pore size and pore volume. 

According to the IUPAC classification, it was found that all the calcined catalysts showed 

type-IV physisorption isotherms, with a H3-type hysteresis loop indicating that these 

materials are mesoporous. Also, in literature, slit-shaped pores and well-ordered porous 

materials have been linked to this hysteresis (de Oliveira et al., 2022). The isotherm of the 

calcined kola nut pod husk catalyst that had previously been documented in the literature 

showed no discernible differences (Betiku et al., 2019).  

The presence of large pores in the catalysts is indicated by a rapid spike in the adsorption 

curve at P/Po ratios approaches unity. This is corroborated by the pore size distribution, 

which ranges from 2 to 50 nm (López et al., 2019; Saputra) (Betiku et al., 2019), as shown 

in Figures 5.5a-c. 
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Figure 5.5: Nitrogen Adsorption-Desorption isotherm of catalysts (a) CKNPH-A, (b) 

CKNPH-B and (c) CKNPH-C 

 

The pores of a material serve as conduits through which the active sites could be accessed 

(Leofanti et al 1998). The active sites are specific areas within a catalyst surface where the 

intended chemical reactions take place. The porosity of materials occurs in different sizes, 

which have been grouped into microporous for sizes less than or equal to 2 nm, mesoporous 
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for sizes between 2 nm and 50 nm, and macroporous for sizes greater than 50 nm according 

to IUPAC classifications. Pore size distribution shows the occurrence of these various sizes, 

which gives an idea of the predominant size range. The activity of catalysts during chemical 

reactions is also influenced by the pore size distribution. In this study, the Barrett–Joyner–

Halenda (BJH) method was utilized to compute the pore size distribution as shown in Figure 

5.6a-c. For each catalyst, the distribution curve shows a narrow unimodal pattern. While 

CKNPH-A indicated a pore diameter of 3.53 nm, the pore size distribution of all the catalysts 

reveals a peak value of 3.48 nm for CKNPH-B and 3.32nm CKNPH-C.  

The pore size distribution plot shown in Figure 5.6a-c is not and average value but a range 

of pore volumes relative to the pore diameter across the sample. It is possible that there might 

be variation in the porosity distribution of different batches if repeated. In this study only a 

single measurement was carried out as the focus of the work was on the conversion of C. 

Papaya oil to biodiesel. 
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Figure 5.6: Pore size distribution of catalysts (a) CKNPH-A, (b) CKNPH–B and (c) 

CKNPH-C 
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Table 5.7: Summary of BET analysis results of CKNPH Catalysts 

Catalyst BET Surface Area (m
2
/g) Pore Volume 

(cm
3
/g) 

Pore diameter (nm) 

CKNPH-A 420 0.25 3.53 

CKNPH-B 430.5 0.26 3.48 

CKNPH-C 432.6 0.25 3.32 

 

The pore size distribution of all the catalysts appears to be within the mesoporous range 

(between 2–50 nm), as shown in Figure 5.6 except for CKNPH-A that was only calcined at 

700 oC with no further treatment. The catalyst (CKNPH-A), unlike others, shows pore size 

distribution that spans across the microporous, mesoporous and macroporous ranges. This 

unique feature is typical of hierarchical porous architectures. The uniform pore 

characteristics observed between CKNPH-B and CKNPH-C may be attributed to the 

treatment with methanol and sieving respectively. During the preparation of a catalyst, the 

use of methanol to wash the catalyst have been reported to block micropores due to 

carbonaceous deposits especially when they are reduced to olefins (Zapater et al., 2024). The 

consequence of this would be variation in the pore volume. In this study, there was no 

significant change in the pore volume across the three catalysts as presented in Table 5.7, 

which suggests little or no formation of carbon deposits that would culminate in pore 

constriction or blockage. 

An overview of the BET results is provided in Table 5.7. It was discovered that the BET 

surface areas of CKNPH-A, CKNPH-B, and CKNPH-C were 419.9049 m2/g, 430.5414 m2/g 

and 432.5738 m2/g, respectively. There was a noticeable increase in the values of the BET 
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surface area, pore volume, and pore size. This demonstrates the effectiveness of the methanol 

pre-treatment and calcination method on the calcined kola nut pod husk catalysts. 

Furthermore, the catalysts all had large surface areas ranging from 420-432.6 m2/g which 

are expected to possess sufficient active sites to facilitate the conversion of the extracted oil 

to biodiesel. In addition, higher levels of unburnt carbon which may be attributed to the 

porous nature of the ash particles, could also contribute to the observed high specific areas 

(Pathak et al., 2018). 

Furthermore, the results obtained in this study were compared with other catalysts reported 

in the literature. A summary of the BET results obtained on several biomass catalysts is 

presented in Table 5.8. Comparing the generated CKNPH-A, CKNPH-B, and CKNPH-C 

catalysts to other ash-contained solid catalysts reported by Adepoju et al. (2020), they have 

higher surface areas. It was noted that CKNPH-A had the lowest surface area, as shown in 

Table 5.7. This might be explained by the glycerol, esters, and biomass ash content clogging 

the pores (Adepoju et al., 2020). The enhanced surface area of CKNPH-B may have resulted 

from pre-treatment with methanol and sieving to remove ash content. The sample with the 

largest surface area was CKNPH-C. This increased surface area can be the consequence of 

the ash content being removed from the catalyst surface that was created during the 

calcination process. According to reports, the high surface area of the biomass solid catalysts 

produced could be aided by size reduction, screening, and calcination temperature (700℃ 

for 4 hours) processes (Adepoju et al., 2018; Udoetuk et al., 2018; Adepoju et al., 2020; 

Balajii and Niju, 2020). 
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Table 5.8: Summary of BET analysis reported on different biomass catalysts 

Catalyst 

Source/Catalyst/Catalyst 

Support 

Surface 

area 

(m2/ g) 

Pore 

volume 

(cc g−1) 

Pore 

diameter 

or radius 

(nm) 

Biodiesel 

yield or 

conversion 

(%) 

References 

Calcined Kola Nut Pod 

husk catalyst A 

Calcined Kola Nut Pod 

husk catalyst B 

Calcined Kola Nut Pod 

husk catalyst C 

Mesua ferrea Linn seed 

derived char 

 420 

 

430.5 

 

432.6 

 

23.419 

0.25 

 

0.26 

 

0.25 

 

7.5206 

3.53 

 

3.48 

 

3.32 

 

- 

       96 

 

96 

 

- 

         

         - 

          

This study 

 

     This study 

 

     This study 

 

  (Gohain et al., 

2017) 

Mesua ferrea Linn seed 

derived AC 

333.833 115.63 - - (Gohain et al., 

2017) 

Mesua ferrea Linn seed 

derived sulfonated carbon 

150.326 55.32 - - (Gohain et al., 

2017) 

Date pits powder 432 0.22C 6.62D - (Betiku et al., 

2019) 

Date pits derived carbon 

catalyst (C3) 

211 0.14C 5.98D 91.6 (Betiku et al., 

2019) 

Flamboyant pods derived 

carbon catalyst 

820 0.3534C - 89.81 (Chin et al., 

2009) 

Char 354 0.34C 3.8R - [35] 

Wood char catalyst 337 0.24C 2.7R 96 [35] 

Pomelo peel bio char 

catalyst 

6.7 24.4MM - 98 (Adepoju, 

2020) 

Wood ash 9.38 - 25 40.2 (Rasoulinezhad 

et al., 2020) 

Calcined wood ash 

catalyst (CWC800) 

3.72 - 26 98.7 (Rasoulinezhad 

et al., 2020) 

Activated wood ash 

catalyst (AKWC1) 

0.65 - 53 99 (Rasoulinezhad 

et al., 2020) 

Lemna perpusilla Torrey 

ash 

9.622 2.170 × 

10−8 M 

4.512 × 

10−9 R, M 

89.43 (Betiku et al., 

2017) 

Musa ‘Gross Michel’ 

peel ash 

4.442 0.020C 17.86D 98.5 (Chinyere et al., 

2017) 

Tucuma peel ash 1.0 - - 97.3 (Ogunsua and 

Badifu,1989) 

Musa balbisiana Colla 

peel 

10.176 0.065 1.60R - (Barnwal and 

Sharma, 2005) 

Musa balbisiana Colla 

peel ash 

14.036 0.074 2.603R 100 (Barnwal and 

Sharma, 2005) 

Uncalcined red banana 

Peduncle 

24.466 0.083 11.754 - (Danbaba et al., 

2015) 
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Calcined red banana 

Peduncle 

45.992 0.145 9.770D 98.73 ± 

0.50 

(Danbaba et al., 

2015) 
 

RPore radius, R, Mpore radius expressed in m, Dpore diameter, Sparticle size expressed in µm, Cpore volume 

expressed in cm3 g−1, Mpore volume expressed in m3 g−1, MM pore volume expressed in mm3 g−1. 

 

5.6 Powder X-ray Diffraction (PXRD) analysis  

Powder X-ray crystallography is an analytical technique that produces diffraction patterns 

when x-rays interact with the material under investigation. These results can reveal the 

crystallinity as well as the phases in which the intended materials occur. In principle, 

catalysts with less crystallinity are known to possess higher surface areas with more defects 

compared to catalysts with more crystalline structures (Arghaei and Haghighi, 2014). 

Moreover, increased crystallinity of catalytic materials enhances the predictability of active 

sites as well as increased stability and performance (Arghaei and Haghighi, 2014). In this 

study, powder x-ray diffraction study was carried out to identify the crystalline phases of the 

catalysts, and the results are shown in Figures 5.7(a-d). The diffractogram revealed the 

phases that were present in the catalysts. The Joint Committee on Powder Diffraction 

Standards (JCPDS) data was used to match the diffraction patterns and the average crystallite 

size for the predominant phase was calculated using the Scherrer model as presented in Table 

5.9. Figure 5.7a displays the diffraction patterns of the FKNPH catalyst, with distinct peaks 

at 2θ = 20.98° (100), 25.86° (101), 36.87° (110), 39.86° (102), 40.40° (111), 49.64° (112), 

54.53° (103), 60.10° (211), and 66.76° (300) which indicate a hexagonal quartz phase as 

verified by the ICDD file number 00-002-0458. 
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Figure 5.7: Powder x-ray diffraction pattern of (a) FKNPH feedstock (b) CKNPH-A (c) 

CKNPH-B (d) CKNPH -C 

 

The X-ray diffraction patterns for the CKNPH-A catalyst are displayed in Figure 5.7b. Peaks 

at 29.57 0, 39.580, 43.320, 48.680, which correspond to the (104), (113), (202) (116) planes 

(ICDD: 01-086-4274), clearly demonstrated the calcite phase in the diffraction patterns. This 

suggests that the catalyst's diffraction patterns differ from those of FKNPH, which indicates 

that the material's structural integrity was lost during pretreatment and calcination. 

Additionally, it was found that the quartz phase's average crystallite size was 24 nm. 

Figure 5.7c displays the diffraction pattern of the CKNPH-B catalyst. The pattern has 

distinct peaks at 2θ = 29.58⁰, 39.55⁰, 43.33⁰, and 68.54⁰. ICDD reference number 00-002-
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0623 confirms that these peak positions correspond to the calcite quartz phase. The 

diffraction patterns also deviate from those of FKNPH, indicating that pretreatment and 

calcination were successful in generating phase transitions from the quartz to the calcite 

phase. The Scherrer equation was used to estimate the crystallite size to be 18 nm.  

The diffraction pattern for the catalyst CKNPH-C is displayed in Figure 5.7d. The diffraction 

patterns predominantly showed calcite phase with peaks at 29.58⁰, 39.55⁰, 43.33⁰ and 68.54⁰ 

with peaks corresponding to the (202), (116), (104), and (113) planes. The patterns matched 

the ICDD reference card number 00-002-0623, which indicates a rhombohedral crystalline 

structure. The catalyst's diffraction patterns, like those of CKNPH-A and CKNPH-B 

catalysts, do not match those of FKNPH. This suggests that the material's structural integrity 

was lost during pretreatment and calcination. The average crystallite size was determined to 

be 26 nm as well. 

When the XRD patterns of FKNPH and CKNPH-A, CKNPH-B, and CKNPH-C were 

compared, it was observed that most of the peaks recorded for the CKNPH catalysts were 

absent in the FKNPH catalyst. This could be attributed to the presence of the carbohydrates 

and lignin matrices (Balajii and Niju, 2019). Furthermore, it was observed that all the 

CKNPH catalysts, except for FKNPH, showed a strong similarity to the natural mineral 

calcite, a calcium carbonate compound (Ogunkunle and Laseinde, 2023).   

Also, the transesterification reaction is significantly influenced by the crystallite size 

(Sulaiman et al., 2023). The surface area of the catalyst increases when the size of the 

crystallites decreases (Somvanshi et al., 2020). Also, the surface area increases because of 

smaller crystallites exposing a larger percentage of their atoms or molecules on the surface 

(Seal et al., 2020). It has been reported that a small crystallite size can lead to increased 
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reactivity, since they have more surface area accessible for interactions with other materials 

(Mazari et al., 2021). The calcined kola nut pod husk - B catalyst exhibited the smallest 

crystallite (18 nm). This is an indication that pretreatment with MeOH and calcination 

reduces the crystallite size and enhances the surface area, pore volume and pore diameter as 

confirmed by the BET results.  

Table 5.9: Crystallite sizes of feedstock and Catalysts 

Catalyst Crystallite Size (nm) Crystal Phase Crystal System 

FKNPH - Quartz Hexagonal 

CKNPH-A 24 Calcite Rhombohedral 

CKNPH-B 18 Calcite Rhombohedral 

CKNPH-C 26 Calcite Rhombohedral 

 

5.7 Thermogravimetric Analysis-Differential Thermal Analysis (TGA-DTA) 

TGA-DTA was used to study the thermal degradation of the CKNPH-A catalyst. This was 

accomplished by placing 30.697 mg of the catalyst in an alumina pan and heating it at a rate 

of 10 K/min under a nitrogen atmosphere over a temperature range of 30°C - 900°C. TGA 

curve, which is supported by DSC, was used to observe structural transformations. The 

TGA-DTA curve is shown in Figure 5.8. 
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Figure 5.8: TGA-DTA thermogram for CKNPH-A Catalyst 

 

The TGA curve revealed four distinct weight-loss stages. The first stage showed a weight 

loss of 3.68 % in the temperature range of 30 °C - 150 °C, which might be attributable to the 

removal of moisture adsorbed on the surface of the catalyst and the crystal lattice (Roy et 

al., 2020). This is consistent with FTIR data, which showed that water (O-H group) was 

removed during pretreatment and calcination. The second stage showed a weight loss of 

18.28 % in the temperature range 160 °C - 718 °C. This loss could be attributed to the 

degradation of organic matter, which may be required for the formation of active sites on the 

catalyst. In the third step, a 14.34 % weight loss was recorded at temperatures ranging from 

725 °C to 890 °C, indicating the breakdown of complex organic structures and the creation 

of a more porous and active catalyst structure. The last stage showed a weight loss of 43.78 

% at the temperature range of 895 °C - 900 °C. This suggests that a phase transition or 
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structural rearrangement has occurred. The notable reduction in weight observed in this 

phase may be attributed to the removal of any residual organic matter, resulting in the 

development of a more stable catalyst structure. This agrees with the XRD data that showed 

a phase change from quartz (SiO2) to calcite (CaCO3).   

On the other hand, the DSC curve showed a broad endothermic peak, with a maximum point 

observed at 80 °C for a temperature range of 19 °C to 122 °C, which indicates a slow process. 

This process, like the TGA which involves the elimination of water that is bonded to the 

catalyst's surface. There was also a sharp endothermic peak at a temperature range of 675 

°C - 742 °C, with a maximum around 729 °C, indicating that the process was fast. This could 

be due to structural alterations or phase transitions. This demonstrates the catalyst's thermal 

stability and resistance to high temperatures, which are essential for its possible application 

in high-temperature reaction-based biodiesel manufacturing processes. 

Furthermore, it was important to note that the TGA data indicated that organic impurities 

were efficiently removed during the calcination process at 700 oC, which yielded a catalyst 

with a stable inorganic framework. The organic components are expected to decompose at 

this temperature without causing the catalyst particles to agglomerate or sinter excessively. 

5.8 Fourier Transform Infra-Red (FTIR) analysis 

An FTIR examination is a characterization technique that reveals the presence of functional 

groups within a substance. Identification of the functional groups is particularly important 

for this study because the intended chemical reaction (transesterification) is expected to 

occur at specific sites (active sites). The type and number of these active sites represented 

by the presence of the functional groups in the substrate is directly related to the efficiency 

of the intended reaction. Therefore, the transesterification process is anticipated to be 

significantly aided by these important functional groups on the catalysts. In addition to 
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increasing the surface area and porosity, these functional groups improve selectivity and 

provide binding sites. They facilitate significant chemical interactions, which improves the 

catalysts' capacity for adsorption even further (Idowu et al., 2023). The FTIR spectra of the 

CKNPH and FKNPH catalysts are displayed in Figures 5.9a-d. Figure 5.9a shows the FTIR 

spectra of FKNPH feedstock. FTIR spectra consists of two distinct sections: (1) The region 

where chemical bonds are observed to undergo bending vibrations are indicated by 

frequencies below 1500 cm-1, and (2) the region where functional groups undergo stretching 

vibrations are indicated by frequencies greater than 1500 cm-1. In this study, an absorption 

band observed at 3313.54 cm⁻¹ is indicative of the O-H stretching vibration of water 

molecules, which is visible in the FKNPH sample (Betiku et al., 2019). Also, the band 

observed at 1604.48 cm⁻¹ is indicative of the stretching vibration of the carbonyl group C=O 

that is present in the fresh sample. The peak at 1051.74 cm⁻¹ corresponds to C-O stretching. 

Similar peaks are shown by the CKNPH-A, CKNPH-B, and CKNPH-C catalysts (figures 

5.9b-d). The band at 1420.86 cm⁻¹ could be linked to alcohol O-H bending vibrations. The 

absorption peak at 1051.55 cm⁻¹ is attributed to the presence of C-O stretching vibration, 

which is like the FKNPH catalyst. This suggests that the C-O functional group which is 

recorded in the spectra of all the catalysts plays an important role in the transesterification 

reaction. Adsorption of ambient CO2 on metal oxide surfaces can result in the formation of 

metal carbonates. This suggested that the catalysts contained Ca, K, and other metal 

carbonates (Pathak et al., 2018). It was noted that after pretreatment and calcination, the 

peak at 3313.54 cm⁻¹ in the FKNPH catalyst disappeared. The reason for this is the 

elimination of water molecules that adheres to the surface of the catalysts (Santos et al., 

2020). The peak at 860.85 cm⁻¹ is assigned to O-C-O in-plane bending vibration, which is 
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sufficient evidence for the presence of carbonate (CO3 
2-) moiety, as validated by the XRD 

analysis (Roy et al., 2020). 

 

Fig.5.9: FTIR Spectra of (a) FKNPH (b) CKNPH A (c) CKNPH B (d) CKNPH C 

5.9 Chapter summary 

In this chapter, the yield obtained from the preparation of the catalyst as well as the properties 

of the catalysts were assessed using different characterization techniques such as X-ray 

fluorescence spectroscopy and Energy dispersive x-ray spectroscopy for elemental analysis, 

powder x-ray diffraction for crystallinity, FTIR for surface functionalities, BET for surface 
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area and porosity analysis, SEM for morphological assessment and TGA for thermal stability 

evaluation. 

The yield of the catalysts was obtained as 11.95% after calcination at 700 °C but reduced to 

7.28 % after treatment with methanol which is believed to have washed off organic 

impurities and a further decrease to 6.85 % after sieving. The elemental composition of the 

catalysts was evaluated using both X-ray fluorescence spectroscopy and energy dispersive 

x-ray spectroscopy. Both results indicated that the catalyst was rich in magnesium, 

potassium, calcium and oxygen when compared to the feedstock. However, XRF, 

Magnesium was not detected in the sample that was treated with methanol, but it was 

detected with EDX. 

The results obtained from the scanning electron microscope, showed small pores with 

honeycomb-like structures were observed. This observation agreed with similar reports in 

the literature. The tiny pores were believed to be formed during the thermal cracking steps 

which is believed to be influenced by the presence of mineral oxides such as calcium oxide 

and potassium oxide. These were also confirmed by the BET results as the predominant 

pores that were observed within the mesoporous range of 2nm – 50 nm. In addition, the 

nitrogen adsorption isotherm showed a type IV physisorption isotherm according to IUPAC 

classifications which is characteristic of slit shaped pores and well-ordered materials. 

Moreover, the surface area of the catalysts was observed to range between 420-432.6 m2/g, 

pore volume ranged between 0.25-0.26 cm3/g and pore diameters were between 3.32-3.53 

nm.    

Furthermore, the FTIR results indicated the presence of O-H and C-O groups with their 

characteristic stretching bands. The thermal stability of the catalyst was investigated from 
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30 °C to 900 °C. The loss in materials was observed in stages; the first stage was observed 

from 30 °C to 150 °C with a loss of 3.68 % representing the removal of moisture. The second 

stage was from 160 °C- 718 °C representing the degradation of organic matter giving a loss 

of 18.28 %. The breakdown of complex organic materials was believed to occur between 

725 °C-890 °C resulting in a loss of 14.34%. After this stage, a loss of 43.78% was observed 

between 895 °C – 900 °C which could be attributed to phase transition or structural 

rearrangement as confirmed a change from the quartz phase to the calcite phase when 

assessed using powder x-ray diffraction spectroscopy. 
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Chapter 6 

Biodiesel synthesis using developed green heterogeneous catalysts 

6. Introduction 

Sequel to the extraction of oil from C. papaya seeds and subsequent preparation of catalysts 

from kolanut pod husks, the results obtained when the prepared catalysts were deployed 

through transesterification reaction to produce biodiesel is presented and discussed in this 

chapter. In addition, the results obtained for different process variables for the three 

developed catalysts in this study: CKNPH A, B, and C, which serve as the basis for 

optimization are also discussed. Biodiesel is comprised of fatty acid methyl esters (FAME); 

therefore, in this study, the technical name (FAME) reveals its chemical composition would 

be used where necessary. The process parameters optimization was also carried out to study 

the FAMEs production by changing the quantity of catalysts, methanol-oil ratio, and the 

reaction times. Figure 6.1 show sample of Carica Papaya Oil Biodiesel (CPOB) produced 

in this current research. 

 

Figure 6.1: Carica Papaya Oil Biodiesel (CPOB) sample produced in this study 
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6.1 Statistical significance of the input parameters with respect to biodiesel yield. 

 In this section, statistical analyses of the results were carried out to assess the importance of 

each parameter to the overall biodiesel yield. To achieve this, a linear, two-factor interaction 

and quadratic polynomial models were used to fit the response of the experiment to select 

the best model. In addition, a one-way analysis of variance (ANOVA) was used to evaluate 

the significance of multiple parameters on the yield of biodiesel. The input parameters used 

for analysis included: temperature, quantity of catalyst, methanol-oil molar ratio and the 

reaction time, while the output variable was the biodiesel yield. The results showing the 

outcome of the linear, two factor interactions and quadratic models are presented in Table 

6.1, while the results obtained for the Anova is presented in Table 6.2.  

Table 6.1: Model evaluation for best fit 

  Source Sum of Squares df Mean Square F-value p-value Adjusted R2 

Linear Model 201.87 4 50.47 0.5956 0.6713 -0.0931 

2FI Model 1088.98 6 181.50 8.98 0.0022 0.7392 

Quadratic Model 180.54 4 45.13 162.55 < 0.0001 0.9964 

2FI represents a two-factor interaction model. 

The linear, two-factor interaction, and quadratic polynomial models were used to fit the data 

obtained in this study. When the fit for each model was compared, the quadratic model was 

selected as the best model due to its high f-value (162.55), low p-value (<0.0001) and has 

the highest adjusted R2 (0.9964) value. Also, it is interesting to note that there is a significant 
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improvement in the values of the correlation coefficients as the model is changed from linear 

to quadratic models. This improvements in the correlation coefficients suggest that the 

observed biodiesel yield is a consequence of a multiple effects of the input parameters.  Table 

6.2 shows the result of the ANOVA. It determines the significance fitness of the quadratic 

model, the interactions of the parameters as well as the contributions of each parameter to 

the biodiesel yield using catalyst A. 

The level of significance and adequacy of the generated model was assessed by ANOVA, 

using the p-values. Generally, the model terms with p-value less than 0.05 are significant. In 

the literature, the larger the magnitude of the f-value and the smaller the p-value, the higher 

will be the significance of the corresponding coefficient (Obika et al.,2020; Singh and 

Tirkey, 2022). In this study, the f-value for the model was high (f= 499.95) with a very low 

probability (p < 0.0001), which indicates a very high significance of the model. The 

significance of each term was investigated by their respective p-values. In the model, the 

linear terms (reaction time (A), catalyst amount (B) and Meth/OMR (D)), two-way 

interactions (AD, BC and BD) and the quadratic terms (B2 and D2) were statistically 

significant and considerably affected the biodiesel yield.  

To determine the fitness of the model, the value of regression coefficient R2 for the model is 

0.9982 which implies that 99.82 % of the variability in the response can be explained by the 

model. In fact, this high value of R2 indicates the capability of the model to satisfactorily 

describe the system within the range of parameters that were investigated (Sulaiman et al., 

2024). The model exhibited a high adjusted and predicted R2 values of 0.9962 and 0.9871 

respectively as shown in Table 6.2. The predicted R2 value shows that this model performs 

well on new data. Also, it is worthy to note that the higher the value of the adjusted 
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coefficient of determination, the greater the significance the fitted model (Rahman et al., 

2020). The coefficient of determination (R2) is higher than the adjusted coefficient (adjusted 

R2) which shows that the fitted model is more significant. Also, the predicted sum of squares 

(PRESS) was obtained as 18.95, which suggests that the model has good predictability. 

Table 6.2: Test of Significance and ANOVA for all regression coefficient terms for 

biodiesel yield for catalyst A 

Source 
Sum of 

Squares 
df Mean Square  f-value    p-value  

Model 1470.12 10 147.01 499.95 < 0.0001 significant 

A-Reaction 

Time 
6.73 1 6.73 22.89 0.0010  

B-Catalyst 

Amount 
20.13 1 20.13 68.46 < 0.0001  

C-Reaction 

Temperature 
0.0728 1 0.0728 0.2477 0.6306  

D-Meth/OMR 20.56 1 20.56 69.93 < 0.0001  

AB 1.04 1 1.04 3.52 0.0932  

AD 3.02 1 3.02 10.26 0.0108  

BC 104.87 1 104.87 356.65 < 0.0001  

BD 132.63 1 132.63 451.03 < 0.0001  

B² 478.14 1 478.14 1626.03 < 0.0001  

D² 99.03 1 99.03 336.78 < 0.0001  

Residual 2.65 9 0.2941    

Cor Total 1472.77 19     

       

Fits Statistics       

R² 0.9982      

Adjusted R² 0.9962      

Predicted R² 0.9871      

Adeq. 

Precision 
  105.7082    

PRESS   18.95    

BIC   49.26    

AICc   71.31    
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6.2 Effects of process parameters on biodiesel yield 

In this study, the yield of biodiesel was studied under different conditions which include 

temperature, methanol-oil ratio and quantity of catalysts. By varying the parameter of 

interest, while ensuring that other variables are kept constant, the resulting yield of biodiesel 

under these conditions were assessed. The results showing the effects of temperature of 

reaction, quantity of catalyst used, and the methanol-oil ratio are presented and discussed. 

At the end of this section, a comparative analysis is carried out to determine the strength of 

the effect of each parameter on biodiesel yield. These results are expected to provide insight 

into the various combinations that could be useful for process optimization as well as 

measures of improving the yield of biodiesel for real life applications.  

6.2.1 Effects of temperature on biodiesel yield 

Temperature plays a crucial role in transesterification reactions. In theory, an increase in 

temperature is expected to result in a corresponding increase in the yield of fatty acid methyl 

esters. However, there is a threshold beyond which further increase in temperature may 

culminate in undesired reactions resulting in the formation of unwanted side products or 

even enhancing the evaporation of the alcohol resulting in lower yield of biodiesel 

(Istiningrum et al., 2017). In this study, the effect of the temperature of reaction on the yield 

of biodiesel was assessed between the temperature range of 60°C - 80°C, for both the 

calcined catalyst (CKNPH-A) and the catalyst with treatment with methanol following 

calcination (CKNPH-B), while maintaining other parameters and the result is shown in 

Figure 6.2. 
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Figure 6.2: The effects of temperature on biodiesel yield for CKNPH A and B (reaction 

time: 70 min., quantity of catalyst: 2.5g, methanol-oil ratio: 4:1, flow rate: 1000 Kg/hr). 

Error bars indicate the standard deviation of four replicate measurements. 

The results shown in Figure 6.2 indicates an initial increase in biodiesel yield from 77 wt.% 

to 83 wt.% as the temperature is increased from 60 °C to 70 °C as expected. This increase 

in the biodiesel yield when the temperature is increased is fundamentally attributed to the 

increased kinetic energy of the reactants as the temperature is increased which results in 

effective collision resulting in an increased conversion to the desired products. In this study, 

the optimum biodiesel yield is observed at 70 °C, which indicates the climax of these 

molecular interactions devoid of any significant interfering reactions. However, when the 

temperature is further increased beyond 70 °C, the yield of biodiesel decreases significantly 

to 74 %. The fact that there is a significant increase in the yield of biodiesel across 65 °C to 

70 °C is suggestive of the fact that the evaporation of methanol has little or no effect on the 

observed results as methanol has a boiling point of 64.7 °C. Besides, the closed nature of the 
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reacting system suggests a continuous mixing of the alcohol in both the liquid and gaseous 

phases with little or no loss of methanol in the process. The main reason for the decrease in 

the biodiesel yield at temperatures exceeding 70 °C may be due to the formation of 

undesirable side products. To convert esters to biodiesel through transesterification, a major 

limitation has been the co-formation of saponified products, predominantly soap 

(Istiningrum et al. 2017).  

Furthermore, there are several options that could be explored to resolve the issues of co-

formation of side products to produce biodiesel from natural oils. The first option would be 

to carry out the reaction over different temperature ranges to assess the optimum temperature 

at which little or no side products are formed. The second option would be to use an enzyme 

that suppresses soap formation even at elevated temperatures. In the literature, some 

researchers have employed different enzymes such as lipase to suppress saponification 

reactions during biodiesel production (Andrade et al., 2017; Istiningrum et al., 2017). 

However, this is an expensive option as the cost of enzyme in addition to more stringent 

reaction conditions to prevent enzyme denaturation are major limitations. In this study, the 

first option was followed and the optimum temperature requirements required to obtain the 

maximum biodiesel yield was observed at 70 °C.  

A comparative assessment of the yield of biodiesel at different temperatures obtained in this 

study with the published reports in the literature was carried out and the outcome is shown 

in Figure 6.3. The conditions under which each study was carried out is also reported. 

Istiningrum et al (2017) studied the effects of temperature on biodiesel production in the 

presence of lipase as a biocatalyst. The results also indicated a similar initial increase in the 

yield of biodiesel as temperature was increased from 45 °C up to 55 °C resulting in a yield 
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of 64.89 wt. % and 81.19 wt.% respectively. A further increase in temperature beyond 55 

°C resulted in a decrease in the yield of biodiesel. According to the authors, the denaturation 

of lipase is expected at 60 °C; however, they suspected some initial inactivation of the 

enzyme as the temperature approaches its denaturation point which explains why the 

decrease in the biodiesel yield was observed. 

Figure 6.3: A comparative assessment of the yield of biodiesel as reported in the literature 

with this study 

In another study, a chemical catalyst (sulphuric acid) was used in the conversion of 

Chrysophyllum albidum seed oil to biodiesel. The result of this study is also shown in Figure 

6.3. In this report, a similar increase in the yield of biodiesel was observed as the temperature 

was increased from 40 °C to 65 °C. This corresponded to an increase in the yield of biodiesel 

from 51 wt.% to 96 wt.%. However, the authors did not report what should be expected if 

the temperature is further increased beyond 65°C. Most of the results of the yield of biodiesel 

reported in the literature are similar to the results of this study. The existing differences could 

be attributed to the differences in other parameters such as the type and quantity of catalyst 
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used, reaction times, among others.  A different temperature range was used in this study to 

accommodate the specific feedstock properties, catalyst behavior, and reactor design, and to 

optimize reaction efficiency while minimizing side reactions and improving energy 

efficiency. 

6.2.2 Effects of methanol-oil ratio on biodiesel yield 

The alcohol-oil molar ratio is another important process parameter that affects the yield of 

biodiesel. This is based on the reversibility of transesterification reaction which implies that 

as the alcohol and oil reacts in the presence of a catalyst to produce biodiesel, there is a 

possibility of the products (biodiesel) reacting or dissolving in solution to form the reactants 

again. The implication of this is that the overall yield of the intended products will be 

reduced. For transesterification, the reversibility of the reactions is mostly observed in the 

dissolution of the glycerol products in the presence of excess alcohol, which shifts the 

chemical equilibrium in the opposite direction favouring reactant formation (Musa, 2016). 

To prevent this, a definite methanol-oil ratio is required to ensure that only the forward 

reaction is favoured resulting in the yield of biodiesel. In this study, the results obtained for 

four replicate measurements for the effects of methanol-oil ratio is shown in Figure 6.4. 
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Figure 6.4: Effects of methanol-oil ratio on the yield of biodiesel 

In Figure 6.4, the methanol/oil ratio tends to increase with the yield of biodiesel. However, 

the observed variability may be attributed to the fact that the biodiesel yield is also affected 

by other factors such as the sample weight and the reaction time. The observed increase 

indicates that the chemical equilibrium of the reaction is shifted to the right favouring the 

formation of biodiesel. This enhanced yield is possible due to the conversion of the esters in 

the oil to biodiesel with little or no side reactions. A similar increase in the yield of biodiesel 

as the methanol-oil molar ratio was increased was reported by Kasirajan et al (2021). This 

increase was observed from an initial methanol-oil ratio of 3 to 9 which corresponded to a 

yield increment from 42 wt.% to 81 wt.%. However, on further increase in the methanol-oil 

molar ratio beyond 9, a decrease in the yield of biodiesel was observed. The reduction may 

be attributed to the presence of excess alcohol resulting in the dissolution of the products to 

give the reactants, thereby shifting the equilibrium in the reverse direction.  
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6.2.3 Effects of the quantity of catalyst on biodiesel yield  

The quantity of catalyst used is another important factor that influences the degree of 

conversion of oils to biodiesel. The ability of catalysts to influence biodiesel yield lies in the 

degree of available active sites that promote transesterification reactions. In fact, the more 

the number of active sites on the surface of the reaction substrate, the higher the conversion 

from oils to biodiesel would be possible. Moreover, the quantity of catalyst required to 

convert natural oils to biodiesel also contributes to the overall cost of production. Therefore, 

this section aims to assess the minimum quantity of catalyst required to obtain the maximum 

biodiesel yield. In real life applications, the lower this value, the more feasible the production 

would be which is quite desirable in industry. The results for four replicate measurements 

showing the effect of the quantity of catalyst for both CKNPH A and B are shown in Figure 

6.5.  
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Figure 6.5: Effects of the quantity of catalyst on biodiesel yield for both CKNPH A and B. 

The results shown in Figure 6.5 indicates an initial decrease in the yield of biodiesel when 

the quantity of catalyst was increased from 1.5 g to 2.5 g. However, as the quantity of catalyst 

is further increased up to 3.5g, the oil yield is observed to increase. This variability in the oil 

yield with respect to the quantity of catalyst used is suggestive of the fact that there are other 

factors that may have stronger influence on biodiesel yield. The degree of conversion of 

esters to biodiesel during transesterification is determined by several factors, such as reaction 

time, temperature, nature of catalyst, stirring speed, alcohol/oil ratio, among others. 

Moreover, there is a possibility that these parameters may exert a cumulative effect that 

determines the overall yield that could be obtained. Based on this insight, it will be 

interesting to assess the combined effects of these parameters on the yield of biodiesel as 

well as analyse the results statistically to evaluate the significance of each input parameter 

to the overall biodiesel yield. To achieve this, the results of two randomly selected 
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parameters and the oil yield will be analysed in a three-dimensional space to assess the 

interactions between the parameters and the resulting effects on the overall biodiesel yield. 

6.3 The synergistic effects of process variables on biodiesel yield 

In this section, the results showing the combined effects that temperature, reaction time, 

methanol-oil ratio and quantity of catalyst have on biodiesel yield are presented and 

discussed. The surface and contour plots were used to establish the interactions between the 

parameters and their effect on biodiesel yield. As the model has four variables, the plots were 

formed each with two targeted variables, while two variables were held constant at zeros in 

their coded values. The interaction of reaction time and Meth/OMR on biodiesel yield using 

catalyst A is presented in Figure 6.6 and Figure 6.7 for surface and contour plots 

respectively. 

Figure 6.6 shows the interactive effect of Meth/OMR and reaction time on biodiesel yield. 

The biodiesel yield increases as the reaction time increases. As the reaction time increased 

from 60 minutes to 80 minutes, the biodiesel yields also increased from 69.8 % to 73.1 %. 

The maximum yield was achieved at 70 minutes (73.1 %), which agrees with the contour 

plot (Figure 6.7), whereas when the reaction time was increased from 60 minutes to 80 

minutes, there was a corresponding increase in the biodiesel yield. 

Also, it can be observed that as Meth/OMR increased from 4 to 8, there was a corresponding 

increase in the biodiesel yield from 69.8 % to 73.1 %. The maximum yield was achieved at 

4 ml/ml (73.1%). The contour plot (Figure 6.7) also corroborates this trend where an increase 

in the Meth/OMR from 4 to 8 resulted in a corresponding increase in biodiesel yield. 

It is important to note that the contour plot showed elliptical curves which indicates that the 

interaction between the Meth/OMR and reaction time is significant (p = 0.0108) as shown 
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in the ANOVA quadratic model (Table 6.2), hence, this will have effect on the response 

(biodiesel yield). 

 

Figure 6.6: 3-D Surface plot showing the combined effect of reaction time and Meth/OMR 

on biodiesel yield using catalyst A 

 

 

Figure 6.7: Contour plot showing the combined effect of reaction time and Meth/OMR on 

biodiesel yield using catalyst A 
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Figure 6.8 shows the interactive effect of the quantity of the catalyst and the reaction 

temperature on biodiesel yield. The biodiesel yield increases as the reaction temperature 

increases. As the reaction temperature increased from 60 oC to 80 oC, the biodiesel yields 

also increased from 65.04 % to 83.9 %. The maximum yield was also achieved at 80 oC 

(83.9 %). While this trend agrees with the contour plot shown in Figure 6.7, as the reaction 

time was increased from 60 oC to 80 oC, there was also a corresponding increase in the 

biodiesel yield.  

Also, it can be observed that as the quantity of the catalyst was increased from 1.5 wt.% to 

3.5 wt.%, there was a corresponding increase in the biodiesel yield from 71.5 % to 75.5%. 

In this case, the optimum yield was achieved at 3.5wt.% (75.5%). The contour plot (Figure 

6.9) also corroborates this trend where an increase in the catalyst amount from 1.5g to 3.5g 

resulted in a corresponding increase in the biodiesel yield. 

It is crucial to note that the contour plot reveals elliptical curves which suggests that the 

relationship existing between the catalyst amount and reaction temperature is significant (p< 

0.0001) as shown in the ANOVA quadratic model (Table 6.1), hence, this will have effect 

on the response (biodiesel yield). 
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Figure 6.8: A 3-D surface plot showing the combined effect of the reaction temperature 

and the quantity of catalyst on biodiesel yield using catalyst A 

Figure 6.9: A contour plot showing the combined effect of the reaction temperature and the 

quantity of catalyst on biodiesel yield using catalyst A 
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Figure 6.10: A 3-D surface plot showing a combined effect of Methanol/OMR and catalyst 

amount on biodiesel yield using catalyst A 

Figure 6.11: A contour plot showing combined effect of Meth/OMR and the quantity of 

catalyst on biodiesel yield using catalyst A 
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6.4 Chapter Summary 

In this chapter, the yield of biodiesel as well as the effects of different process parameters 

such as temperature, methanol-oil molar ratio and the quantity of catalyst on biodiesel yield. 

The results showed that as the reaction temperature increased from 60 °C to 70 °C, there was 

a corresponding increase in the biodiesel yield from 77 wt.% to 83 wt.%. However, when 

the reaction temperature was further increased to 80 °C, the yield of biodiesel was observed 

to decrease significantly to 74 °C. This significant reduction in the yield of biodiesel could 

be attributed to the shift in the equilibrium of the reaction in which the reverse reaction is 

favoured culminating in the formation of side products (saponification). This has also been 

reported by other researchers at different reaction temperatures. However, a major limitation 

with the use of enzymes was the likelihood of denaturation, where the enzymes are 

deactivated because of the increased temperature of reaction culminating in reduced 

biodiesel yield. 

In addition, the effect of the methanol-oil ratio on biodiesel yield was assessed in this study. 

The results indicate an increase in the biodiesel yield as the methanol-oil ratio was increased 

which suggests that the forward reaction was favoured. Other researchers, especially those 

with enzyme-based catalysts have reported a decline at some threshold, beyond which the 

reversible reaction predominates culminating in soap formation which significantly reduced 

the yield of biodiesel (Istiningrum et al., 2017; Kasirajan et al., 2021). Also, the effects of 

the quantity of catalyst on biodiesel yield was observed to be variable, which may be because 

of the influence of other contributing variables. This was confirmed by statistical analysis 

using linear, two-factor interactions and quadratic models. The coefficient of determination 

as derived from the plot of these models significantly favoured the quadratic model 

compared to the other models, suggesting the dependence of the yield of biodiesel on 
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multiparameter rather than a single parameter. These observations were also confirmed by 

the results of the one-way ANOVA which indicates an increase in the statistical significance 

values (p-values) as the models were changed from linear to quadratic. 

 



199 
 

Chapter 7 

AspenPlus biodiesel process design and simulation 

7. Introduction 

This chapter presents the results obtained from Aspen Plus simulation of heterogeneous catalyzed 

biodiesel production from Carica papaya oil (CPO) using calcined kolanut pod husk catalyst A 

(CKNPH-A). The result of the Techno-Economics Analysis (TEA) of the biodiesel production is 

presented to demonstrate the economic feasibility of the process. The Profitability Analysis results 

are also presented to show the profits that could be derived from the biodiesel production plant. 

Finally, the sensitivity analysis results are presented to show the potential for improvement of the 

profitability indices of the biodiesel production process. 

7.1 Process design and simulation  

 

Figure 7.1: Process flow diagram of the heterogenous base-catalyzed transesterification process 

(Adapted from Omotola 2011) 
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Details of the Aspen PLUS simulation models and the results obtained are presented in the 

appendix section, simulation results are presented in Table 7.1. 

Table 7.1: Process simulation results 

Parameters Value 

Plant Capacity, kg/hr biodiesel 956.865 

CPO Feed, kg/hr 1000 

Methanol Feed (4:1 molar ratio), kg/hr 145.715 

Catalyst Feed (2.5wt.%), kg/hr 25.000 

Transesterification Reactor Biodiesel 

Composition, wt.% 

81.709 

Transesterification Reaction Time, min 70 

Transesterification Reaction Temperature, oC 70 

Transesterification Reactor Size, m3 1.696 

Transesterification Reactor Heat Duty, kJ/hr 59188.792 

Glycerol purity (wt.%) 99.989 

Biodiesel purity (wt.%) 99.970 

 

Table 7.2 presents the fuel properties of the biodiesel produced experimentally in comparison to 

that of the simulation.  
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Table 7.2: Biodiesel fuel quality using catalyst CKNPH A 

 Fuel quality Experimental-This 

study 

Simulation results 

 Moisture Content 

(%) 

0.0137 – 

 Density (g/cm3) @ 

25 oC 

886 868.408 

 Kinematic Viscosity 

(mm2s-1) 

3.71 3.796 

 Iodine Value 

(gI2/100g) 

91.2 – 

 Acid Value (mg 

KOH/g) 

0.48 – 

 Calorific Value 

(MJ/kg) 

38.26 39.982 

 Saponification Value 

(mg KOH/g) 

0.43 – 

 Cetane Number 57.63 56.830 

 

From Table 7.2, the biodiesel density obtained from the simulation is 868.408 kg/m3 at 25 oC which 

is close to that obtained experimentally with an absolute error of 1.99%. Also, the obtained 

biodiesel density from the simulation agrees with EN14214 standard quality specification required 

for biodiesel density which range from 860 – 900 kg/m3. Indicating that the simulation model 

results agree with those obtained experimentally.  

The conversion and yield obtained from the Continuous Stirred Tank Reactor (CSTR) for the 

simulation process are presented in Table 7.3. 
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Table 7.3: Transesterification and biodiesel yield 

Parameters Simulation value Experimental value 

Conversion 0.952 - 

Yield (%) 95.66 96.00 

 

Also, Table 7.3 shows that the biodiesel yield obtained from the simulation results (95.66%) is in 

close agreement with 96.00% obtained experimentally, suggesting that simulation model agrees 

with the experimental results and adequately describes the experimental process.  

7.2 Techno-economics analysis  

This study also carried out the Techno-Economic Analysis (TEA) of the biodiesel production 

process to assess the economic feasibility of the process. AspenPLUS process economic analyzer 

was used for the estimation of the capital investment cost while utilities and operating cost were 

estimated from material and energy balance from the biodiesel process flowsheet. The economic 

analysis of the biodiesel production process was assessed using profitability indicators such as net 

present value (NPV), internal rate of return (IRR), return on investment (ROI), payback period 

(PBP) and profitability index (PI). The TEA study was based on the economic parameters and 

assumption presented in Table 7.4, like those obtainable in previous studies. 
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Table 7.4: Economic parameters and assumptions 

Parameters Value 

Operating life of plant 15 years 

Operating days per year 345 days 

Engineering, procurement and construction 

(EPC) period (40% first year and the remaining 

60% second year) 

2 years 

Depreciation type Straight line depreciation method 

Depreciation period 13 years zero (0) salvage value 

Income tax rate 35% 

Production volume in first year of operation 70% 

Production volume in second year of operation 90% 

Ramp up production to 100% 3rd year of operation 

Interest rate 10% 

Unit prices of papaya oil $0.5/kg 

Unit prices of methanol (99.9%) $0.51/kg 

Unit prices of catalyst $0.2/kg 

Unit prices of glycerol $0.7/kg 

Unit prices of biodiesel $0.8/kg 
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The total capital investment (CAPEX) and the operating/production cost (OPEX) of the biodiesel 

production plant are presented in Table 7.5. The capital investment requirement of the plant is 

$9,798,540 and the operating/production cost requirement is $5,216,078. The raw material cost 

accounted for about 85% of the operating/production of the biodiesel plant. This is consistent with 

the fact that the raw material cost has been reported to exceed 50% of the total production cost 

(Peters and Timmerhau, 1991). 

Table 7.5: Total capital and operating/production cost of the biodiesel plant (Peters and 

Timmerhau, 1991) 

Items  Value 

Purchase Equipment Cost [$]  535,200 

Total Installed Cost [$]  1,836,200 

Total Capital Cost [$]  9,798,540 

Total Raw Materials Cost [$/yr]  4,422,220 

Total Utilities Cost [$/yr]  59,457 

Total Operating Cost [$/yr]  5,216,078 

 

Figure 7.2 presents the contribution of the different items that make up the operating/production. 

The raw material cost which comprises of papaya oil, methanol and catalyst contributes the largest 

cost of the operating/production cost while utilities contribute the least. This is consistent with 
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report from previous studies where raw material cost accounted for over 80% of biodiesel 

production cost (Wood et al., 2014; Tibesigwa et al., 2023). 

The low utilities contribution could be attributed to low operating condition requirement and less 

waste generation of the heterogenous catalyzed transesterification process of the biodiesel 

production.  

 

Figure 7.2: Contribution to operating/production cost 

 

An economic analysis of the biodiesel process was conducted utilizing a 15-year operating life of 

the plant and 345 operating days per year (94.50 stream factor). Also, the economic assessment 

considers engineering, procurement and construction period of 2 years with 40% of total capital 

investment expended in the first year while the remaining 60% in the second year. Details of the 

economic analysis is presented in the Appendix while Table 7.6 present a summary of the income 

and expenses. 

 

85%

1%
14%

Total Raw Material Cost

[$/yr]

Utilities Cost [$/yr]
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Table 7.6: Summary of income and expenses  

Year Total 

Production 

Cost [$/yr] 

Revenue 

[$/yr] 

Depreciation 

[$] 

Profit 

Before 

Tax [$] 

Tax 

35% [$] 

Net 

Income 

[$] 

Cash Flow, 

CF [$] 

Discounted 

Cash Flow 

[$] 

1 - - - - - - - 3,919,415 -  3,563,105 

2 - - - - - - - 5,879,123 -  4,858,779 

3 3,651,255 5,527,404 753,734 1,122,415 392,845 729,570 1,483,304 1,114,428 

4 4,694,471 7,106,662 753,734 1,658,458 580,460 1,077,998 1,831,731 1,251,097 

5 5,216,078 7,896,291 753,734 1,926,479 674,268 1,252,212 2,005,945 1,245,534 

6 5,216,078 7,896,291 753,734 1,926,479 674,268 1,252,212 2,005,945 1,132,304 

7 5,216,078 7,896,291 753,734 1,926,479 674,268 1,252,212 2,005,945 1,029,367 

8 5,216,078 7,896,291 753,734 1,926,479 674,268 1,252,212 2,005,945 935,788 

9 5,216,078 7,896,291 753,734 1,926,479 674,268 1,252,212 2,005,945 850,717 

10 5,216,078 7,896,291 753,734 1,926,479 674,268 1,252,212 2,005,945 773,379 

11 5,216,078 7,896,291 753,734 1,926,479 674,268 1,252,212 2,005,945 703,072 

12 5,216,078 7,896,291 753,734 1,926,479 674,268 1,252,212 2,005,945 639,156 

13 5,216,078 7,896,291 753,734 1,926,479 674,268 1,252,212 2,005,945 581,051 

14 5,216,078 7,896,291 753,734 1,926,479 674,268 1,252,212 2,005,945 528,228 

15 5,216,078 7,896,291 753,734 1,926,479 674,268 1,252,212 2,005,945 480,207 
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Table 7.7: Profitability indicators 

Profitability Indicators Value 

NPV 2,842,444 

IRR 15% 

ROI 10.60% 

PBP [yr] 7.25 

Profitability Index 1.29 

 

7.3 Profitability analysis  

To assess the profitability of investment in the biodiesel production plant, key economic indices 

such as NPV, IRR, ROI and PBP and profitability index were used to assess the viability of the 

investment. Table 7.7 presents the profitability performance of the biodiesel production process.  

The NPV, a key economic performance indicator of an investment that considers the time value of 

money and its effect on project profitability was used to assess the investment, which is the 

algebraic sum of the discounted values of the cash flows of each year during the life of a project 

(Winston, 1995). A NPV > 0 implies that the project will return more than opportunity cost of 

investment while a NPV < 0 implies that the project is not profitable (Ward, 1994; Couper, 2003; 

Anderson and Fennell, 2013). From Table 7.7, the NPV of the biodiesel production process is 

positive, indicating that the project is viable and profitable. Also, IRR, which is the discounted rate 

when NPV equals zero, was used to assess the profitability of the investment. An IRR value of 

15% and ROI of 10.60% were obtained for the biodiesel production process. This implies that 

biodiesel production process will break even at IRR of 15%, resulting in a return on invest after 

tax of 10.60%. However, the ROI value for biodiesel production process is low compared to 15 - 

30%, commonly considered as reasonable for investment in production processes.  
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Similarly, the profitability of the biodiesel production process was analyzed using payback period 

(PBP), which is the time required for a project to return the initial investment (Couper, 2003; 

Anderson and Fennell, 2013). The PBP of the biodiesel production process was found to be 7.25 

years while the profitability index for the biodiesel production process is 1.29. This implies that 

the process is relatively profitable and that it will take 7.25 years to recover the total initial 

investment in the biodiesel production process. The relatively low profitability indices obtained in 

this study could be attributed to the low unit selling price of biodiesel and the relatively high unit 

price of raw material considered in this study. 

7.4 Sensitivity Analysis 

 To assess the potential for improvement of the profitable indices of the biodiesel production 

process, sensitivity analysis was performed on the economic indicators. The effect of variation in 

biodiesel selling price and papaya oil price on the profitability indicator were analyzed. Figure 7.3 

shows the effect of biodiesel selling price and papaya oil price on the profitability indices. 

 

Figure 7.3: Effect of variation in selling price on NPV, PBP and Profitability Index 
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Figure 7.3 shows the effect of variation in biodiesel selling price from 0.59 – 1.07 $/kg on NPV, 

PBP and Profitability Index (PI). Decrease in biodiesel selling price below 0.8 $/kg resulted in a 

more unfavorable profitability indices which resulted in a negative NPV of –$795,464 and PI of 

0.92 with a PBP of 9.56 years at a biodiesel selling price of 0.69 $/kg. The negative NPV and PI < 

1 indicating that the project is not profitable (Ward, 1994; Couper, 2003; Anderson and Fennell, 

2013).  

A comparison of this estimated cost with the commercial biodiesel also known as hydrogenated 

vegetable oil indicates that it is less expensive compared to the commercial biodiesel which cost 

about 1.62-1.95 $/kg. The difference in cost might be attributed to further purification processes 

with the commercial biodiesel. 

The Internal Rate of Return (IRR) is a valuable indicator of probability. A positive IRR indicates 

that the return on investment outweighs the investment cost. In this study, the IRR is observed to 

increase with the selling price. The value of the IRR at the basic selling price of 0.8 $/kg indicates 

a value of 10%. This positive value indicates that the return on investment outweighs its capital 

cost. 

Similarly, Figure 7.4 presents the effect of variation in biodiesel selling price from 0.59 – 1.07 $/kg 

on internal rate of return (IRR) and return on investment (ROI). A decrease in the biodiesel selling 

price below 0.8 $/kg also indicates a more unfavorable profitability indices which resulted in an 

IRR and ROI of 8.31% and 5.01% respectively at a biodiesel selling price of 0.69 $/kg. The lower 

IRR and ROI demonstrate that the project is less profitable (Ward, 1994; Couper, 2003; Anderson 

and Fennell, 2013).  
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Figure 7.4: Effect of variation in selling price on IRR and ROI  

Hence, biodiesel selling price below the basic selling price of 0.8 $/kg portrays a poor profitability 

index. For improve economic indices with a positive NPV, better PBP and PI, and at least 20% 

IRR and 15% ROI, the minimum biodiesel selling price must not go below 0.887 $/kg. Therefore, 

to attract investment in papaya oil-based biodiesel, the minimum selling price/kg must go beyond 

0.887 $/kg (0.77 $/liter). 

Similarly, the return on investment is an indication of how much profit can be made compared to 

the initial capital. A positive ROI is an indication that the returns made are higher than the capital 

cost. The results of the cost analysis as shown in Figure 7.4 indicate a positive return on investment 

of about 8% at the basic selling price of 0.8 $/kg. This implies that the returns are higher than the 

capital cost. These results will help to determine net present value which is an indication of profits 

that could be made if discounts are applied to the initial cost. Also, it will help to determine the 

payback period on the capital to make profits and reduce the risk of accruing high interests. 
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7.5 Chapter summary 

The profitability analysis as well as sensitivity analysis were carried out to determine the price 

range of the produced biodiesel with considerable profits as well as measures of enhancing these 

profits if they are observed to be low or at a loss. The indices of profitability considered in this 

study included the net present value (NPV), the return on investment (ROI), the payback period 

(PBP), the internal rate of return (IRR). First, the total raw material cost was estimated to be over 

80% of the production cost. An economic analysis carried out over a 15-year plant life cycle over 

an operation of 345 days/year revealed the following results NPV 2842, 444, IRR 15%, ROI 

10.60%, PBP 7.25%, and a profitability index of 1.29.  

In addition, the payback period was observed to be 7.25 years for a profitability index of 1.29 

which is relatively low. This low profitability index could be attributed to the low unit selling price 

of biodiesel and the relatively high unit cost price of the raw materials. To enhance the profitability 

index, it is important that a price sensitivity analysis be carried out. The results obtained from the 

sensitivity analysis revealed that for the profitability index to be enhanced, the minimum selling 

price per kilogram of biodiesel must be above 0.887 $/kg, which is equivalent to 0.77 $/liter. 
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Chapter 8 

Conclusions 

8. Introduction 

This chapter presents the key concerns raised and addressed in the previous chapters considering 

to what extent the laid-out objectives were actualized. The summary of the main findings and 

contributions made to the body of knowledge are also highlighted here. Also highlighted are 

likely directions and recommendations for further work. 

8.1 Final conclusions 

In chapter 1, two main objectives were defined to be achieved, and these have been carried out 

and evaluated in the results chapter 4 – chapter 7. The two objectives include: the provision of 

green catalysts to facilitate the conversion of waste seed oil to biodiesel and the provision of 

alternative and viable energy sources for achieving net zero carbon emissions. The main 

outcomes of this PhD study are presented below: 

• Carica papaya oil properties, fatty acid composition and optimization of reaction 

variables 

The results of the physicochemical characterization of the extracted C. papaya oil have been 

carried out and reported. The oil was observed to be predominated by unsaturated fatty acids with 

a value of 93.88 %. The dominance of unsaturated fatty acids implies that the oil is less prone to 

solidification which is highly desirable for this process. Also, this result was confirmed by the 

iodine value of 59.38 gI2/100g which is indicative of a high level of unsaturation. Among the 

different unsaturated fatty acids (UFAs), oleic acid was observed to be the predominant UFA in 

the oil.  
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Also, the oil showed high acidity values which suggests that it is inedible. It is important that the 

feedstock that would be employed for transesterification be unsuitable for consumption so that 

there will be no competition between its usage as a raw material for biodiesel production and its 

usage as a food ingredient. Besides, the low moisture content when compared to other reports in 

the literature is suggestive of a reduced possibility of soap formation which will result in improved 

yield of biodiesel. The cetane values, specific gravity and other physicochemical parameters were 

within the specified limits according to ASTM D6751 and EN 14214 standards which indicates 

compliance with regulations. 

Statistical analysis of the effects of the parameters with respect to the oil yield indicates that all 

the studied parameters have some effects on the final yield of the oil. The quadratic model showed 

the highest correlation coefficient of 0.99 compared to the linear and the two factor interaction 

models. This suggests a multiple parametric effects on the oil yield rather than a single linear 

relationship between each parameter and the yield of oil.  

• The synthesis and properties of catalysts for biodiesel production 

In this section, the yield obtained from the preparation of the catalyst as well as the properties of 

the catalysts were assessed using different characterization techniques such as X-ray fluorescence 

spectroscopy and Energy dispersive x-ray spectroscopy for elemental analysis, powder x-ray 

diffraction for crystallinity, FTIR for surface functionalities, BET for surface area and porosity 

analysis, SEM for morphological assessment and TGA for thermal stability evaluation. 

The yield of the catalysts was obtained as 11.95% after calcination at 700 °C but reduced to 7.28 

% after treatment with methanol which is believed to have washed off organic impurities and a 

further decrease to 6.85 % after sieving. The elemental composition of the catalysts was carried 

out using both X-ray fluorescence spectroscopy and energy dispersive x-ray spectroscopy. Both 
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results indicated that the catalyst was rich in magnesium, potassium, calcium and oxygen when 

compared to the feedstock. However, XRF, Magnesium was not detected in the sample that was 

treated with methanol, but it was detected with EDX. 

The results obtained from the scanning electron microscope, small pores with honeycomb-like 

structures were observed. This observation agreed with similar reports in the literature. The tiny 

pores were believed to be formed during the thermal cracking steps which is believed to be 

influenced by the presence of mineral oxides such as calcium oxide and potassium oxide. These 

were also confirmed by the BET results as the predominant pores that were observed within the 

mesoporous range of 2nm – 50 nm. In addition, the nitrogen adsorption isotherm showed a type 

IV physisorption isotherm according to IUPAC classifications which is characteristic of slit shaped 

pores and well-ordered materials. Moreover, the surface area of the catalysts was observed to range 

between 420-432.6 m2/g, pore volume ranged between 0.25-0.26 cm3/g and pore diameters were 

between 3.32-3.53 nm. Furthermore, the FTIR results indicated the presence of O-H and C-O 

groups with their characteristic stretching bands. The thermal stability of the catalyst was 

investigated from 30 °C to 900 °C. The loss in materials was observed in stages; the first stage was 

observed from 30 °C to 150 °C with a loss of 3.68 % representing the removal of moisture. The 

second stage was from 160 °C- 718 °C representing the degradation of organic matter giving a loss 

of 18.28 %. The breakdown of complex organic materials was believed to occur between 725 °C-

890 °C resulting in a loss of 14.34%. After this stage, a loss of 43.78% was observed between 895 

°C – 900 °C which could be attributed to phase transition or structural rearrangement as confirmed 

a change from the quartz phase to the calcite phase when assessed using powder x-ray diffraction 

spectroscopy. 
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• Biodiesel synthesis using developed green heterogeneous catalysts 

In chapter 6, the yield of biodiesel as well as the effects of different process parameters such as 

temperature, methanol-oil molar ratio and the quantity of catalyst on biodiesel yield were carried 

out. The results showed that as the reaction temperature increased from 60 °C to 70 °C, there was 

a corresponding increase in the biodiesel yield from 77 wt.% to 83 wt.%. However, when the 

reaction temperature was further increased to 80 °C, the yield of biodiesel was observed to 

decrease significantly to 74 °C. This significant reduction in the yield of biodiesel could be 

attributed to the shift in the equilibrium of the reaction in which the reverse reaction is favoured 

culminating in the formation of side products (saponification). This has also been reported by other 

researchers at different reaction temperatures. However, a major limitation with the use of enzymes 

was the likelihood of denaturation, where the enzymes are deactivated because of the increased 

temperature of reaction culminating in reduced biodiesel yield. 

In addition, the effect of the methanol-oil ratio on biodiesel yield was assessed in this study. The 

results indicate an increase in the biodiesel yield as the methanol-oil ratio was increased which 

suggests that the forward reaction was favoured. Other researchers, especially those with enzyme-

based catalysts have reported a decline at some threshold, beyond which the reversible reaction 

predominates culminating in soap formation which significantly reduced the yield of biodiesel 

(Istiningrum et al., 2017; Kasirajan et al., 2021). Also, the effects of the quantity of catalyst on 

biodiesel yield was observed to be variable, which may be because of the influence of other 

contributing variables. This was confirmed by statistical analysis using linear, two-factor 

interactions and quadratic models. The coefficient of determination as derived from the plot of 

these models significantly favoured the quadratic model compared to the other models, suggesting 

the dependence of the yield of biodiesel on multiparameter rather than a single parameter. These 



216 
 

observations were also confirmed by the results of the one-way ANOVA which indicates an 

increase in the statistical significance values (p-values) as the models were changed from linear to 

quadratic. 

• AspenPlus biodiesel process design and simulation 

The profitability analysis as well as sensitivity analysis were carried out to determine the price 

range of the produced biodiesel with considerable profits as well as measures of enhancing these 

profits if they are observed to be low or at a loss. The indices of profitability considered in this 

study included the net present value (NPV), the return on investment (ROI), the payback period 

(PBP), the internal rate of return (IRR). First, the total raw material cost was estimated to be over 

80% of the production cost. An economic analysis carried out over a 15-year plant life cycle over 

an operation of 345 days/year revealed the following results NPV 2842, 444, IRR 15%, ROI 

10.60%, PBP 7.25%, and a profitability index of 1.29.  

In addition, the payback period was observed to be 7.25 years for a profitability index of 1.29 

which is relatively low. This low profitability index could be attributed to the low unit selling price 

of biodiesel and the relatively high unit cost price of the raw materials. To enhance the profitability 

index, it is important that a price sensitivity analysis be carried out. The results obtained from the 

sensitivity analysis revealed that for the profitability index to be enhanced, the minimum selling 

price per kilogram of biodiesel must be above 0.887 $/kg, which is equivalent to 0.77 $/liter. 
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APPENDICES 

Appendix I: Process Modelling and Simulation 

 

 

Plate 1: Component Selection 
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Plate 2: Property Method Selection 

 

 

Plate 3: Feed Stream Definition 

 

 

Plate 4: Kinetics Reaction Definition 
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Plate 5: Definition of Kinetics Reaction Parameters 

 

 

Plate 6: Definition of Reactor Operating Condition 
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Plate 7: Reaction Outcome on mass basis 

 

 
Plate 8: Reaction Outcome on molar basis 
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Plate 9: Filter Outcome  

 

 

Plate 10: Excess Methanol Recovery Column Outcome  
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Plate 11: Biodiesel-Glycerol Settling Column Outcome  

 

 

Plate 12: Biodiesel-Oil Separation Column Outcome  
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Plate 13: Biodiesel-Oil Separation Column Outcome  
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Appendix II: Techno-Economic Analysis 

 

Purchase Equipment Cost and Capital Investment  

Name Installed Cost [USD] 

MEOHCOL 451200 

SET-TK 100300 

COOLER-1 50700 

HEATER-1 47600 

PUMP-3 31300 

ESTE-COL 636979 

PUMP-2 28100 

REACTOR 246300 

FILTER 163800 

PUMP-1 28000 

COOLER-2 51900 

Total Equipment Purchase Cost 1,836,179 

Fixed Capital Investment 9,308,613 

Working Capital Investment 489,927 

TCI 9,798,540 

 

Sensitivity Analysis Data 

Selling Price NPV IRR ROI PBP [yr] Profitability Index 

0.59 - 4,175,915 -0.28% -0.14% 15.27 0.57 

0.62 - 3,117,632 2.70% 1.44% 12.74 0.68 

0.65 - 2,118,340 5.26% 2.98% 11.08 0.78 

0.69 -    795,464 8.31% 5.01% 9.56 0.92 

0.72 196,692 10.40% 6.53% 8.73 1.02 

0.76 1,519,568 13.00% 8.57% 7.88 1.16 

0.80 2,842,444 15.43% 10.60% 7.23 1.29 

0.84 4,165,319 17.72% 12.64% 6.72 1.43 

0.88 5,488,195 19.90% 14.67% 6.31 1.56 

0.93 7,141,789 22.49% 17.21% 5.89 1.73 

0.97 8,464,665 24.48% 19.24% 5.62 1.86 

1.02 10,118,260 26.87% 21.79% 5.33 2.03 

1.07 11,771,854 29.18% 24.33% 5.09 2.20 
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Economics and Cash Flow Data 

Items EPC Period Production Period 

Year 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Production Volume [%] 0% 0% 70% 90% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 

Product Unit Price                               

Biodiesel Unit Selling 

Price [$/liter] 

  
0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 

Glycerol Unit Selling 

Price [$/kg] 

  
0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 

SP Unit Selling Price 

[$/kg] 

  
0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

Production Rate                               

Biodiesel Production 

Rate [liter/yr] 

  
 

6,386,

384  

  

8,211,

065  

 

9,123,

406  

             

9,123,406  

 

9,123,

406  

 

9,123,

406  

 

9,123,

406  

 

9,123,

406  

   

9,123,

406  

   

9,123,

406  

   

9,123,

406  

   

9,123,

406  

   

9,123,

406  

Glycerol Production 

Rate [kg/yr] 

  
    

577,8

50  

    

742,95

0  

    

825,5

00  

                

825,500  

   

825,5

00  

    

825,5

00  

    

825,5

00  

    

825,5

00  

      

825,50

0  

     

825,50

0  

      

825,50

0  

     

825,50

0  

      

825,50

0  

SP Catalyst Production 

Rate [kg/yr] 

  
    

138,0

18  

    

177,45

2  

    

197,1

69  

                

197,169  

   

197,1

69  

    

197,1

69  

    

197,1

69  

    

197,1

69  

      

197,16

9  

     

197,16

9  

      

197,16

9  

     

197,16

9  

      

197,16

9  

Revenue [$/yr]      

6,083,

019  

  

7,821,

025  

 

8,690,

028  

             

8,690,028  

 

8,690,

028  

 

8,690,

028  

 

8,690,

028  

 

8,690,

028  

   

8,690,

028  

   

8,690,

028  

   

8,690,

028  

   

8,690,

028  

   

8,690,

028                  

Raw Material Unit 

Price 

                              

Papaya Oil Unit Selling 

Price [$/kg] 

  
0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 

Methanol Unit Selling 

Price [$/kg] 

  
0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 

Catalyst Unit Selling 

Price [$/kg] 

  
0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 

Feed Rate                               

Papaya Oil Feed Rate 

[liter/yr] 

  
 

5,520,

684  

  

7,098,

022  

 

7,886,

691  

             

7,886,691  

 

7,886,

691  

 

7,886,

691  

 

7,886,

691  

 

7,886,

691  

   

7,886,

691  

   

7,886,

691  

   

7,886,

691  

   

7,886,

691  

   

7,886,

691  

Methanol Feed Rate 

[kg/yr] 

  
    

603,1

54  

    

775,48

4  

    

861,6

49  

                

861,649  

   

861,6

49  

    

861,6

49  

    

861,6

49  

    

861,6

49  

      

861,64

9  

     

861,64

9  

      

861,64

9  

     

861,64

9  

      

861,64

9  
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Catalyst Feed Rate 

[kg/yr] 

  
    

138,0

17  

    

177,45

1  

    

197,1

67  

                

197,167  

   

197,1

67  

    

197,1

67  

    

197,1

67  

    

197,1

67  

      

197,16

7  

     

197,16

7  

      

197,16

7  

     

197,16

7  

      

197,16

7  

Total Raw Material 

Cost [$/yr] 

     

3,095,

554  

  

3,979,

998  

 

4,422,

220  

             

4,422,220  

 

4,422,

220  

 

4,422,

220  

 

4,422,

220  

 

4,422,

220  

   

4,422,

220  

   

4,422,

220  

   

4,422,

220  

   

4,422,

220  

   

4,422,

220  

Utilities Cost [$/yr] 
  

      

41,62

0  

      

53,511  

      

59,45

7  

                  

59,457  

     

59,45

7  

     

59,45

7  

      

59,45

7  

      

59,45

7  

       

59,457  

       

59,457  

       

59,457  

       

59,457  

        

59,457  

Other OpEx Cost [$/yr] 
  

    

514,0

81  

    

660,96

1  

    

734,4

02  

                

734,402  

   

734,4

02  

    

734,4

02  

    

734,4

02  

    

734,4

02  

      

734,40

2  

     

734,40

2  

      

734,40

2  

     

734,40

2  

      

734,40

2  

Total 

Production/Operating 

Cost [$/yr] 

     

3,651,

255  

  

4,694,

471  

 

5,216,

078  

             

5,216,078  

 

5,216,

078  

 

5,216,

078  

 

5,216,

078  

 

5,216,

078  

   

5,216,

078  

   

5,216,

078  

   

5,216,

078  

   

5,216,

078  

   

5,216,

078  

 Capital Cost [$]     

3,919,

415  

  

5,879,

123  

                          

 Depreciation [$]  
  

    

753,7

34  

    

753,73

4  

    

753,7

34  

                

753,734  

   

753,7

34  

    

753,7

34  

    

753,7

34  

    

753,7

34  

      

753,73

4  

     

753,73

4  

      

753,73

4  

     

753,73

4  

      

753,73

4  

 Profit Before Tax [$]  
  

 

1,678,

031  

  

2,372,

821  

 

2,720,

216  

             

2,720,216  

 

2,720,

216  

 

2,720,

216  

 

2,720,

216  

 

2,720,

216  

   

2,720,

216  

   

2,720,

216  

   

2,720,

216  

   

2,720,

216  

   

2,720,

216  

 Tax @ 35% [$]  
  

    

587,3

11  

    

830,48

7  

    

952,0

75  

                

952,075  

   

952,0

75  

    

952,0

75  

    

952,0

75  

    

952,0

75  

      

952,07

5  

     

952,07

5  

      

952,07

5  

     

952,07

5  

      

952,07

5  

Net Income [$]      

1,090,

720  

  

1,542,

333  

 

1,768,

140  

             

1,768,140  

 

1,768,

140  

 

1,768,

140  

 

1,768,

140  

 

1,768,

140  

   

1,768,

140  

   

1,768,

140  

   

1,768,

140  

   

1,768,

140  

   

1,768,

140  

Cash Flow, CF [$] -  

3,919,

415  

- 

5,879,

123  

 

1,844,

454  

  

2,296,

067  

 

2,521,

874  

             

2,521,874  

 

2,521,

874  

 

2,521,

874  

 

2,521,

874  

 

2,521,

874  

   

2,521,

874  

   

2,521,

874  

   

2,521,

874  

   

2,521,

874  

   

2,521,

874  

Disconted Factor @ 

r=10% 

0.9091 0.8264 0.751

3 

0.6830 0.620

9 

0.5645 0.513

2 

0.466

5 

0.424

1 

0.385

5 

0.3505 0.3186 0.2897 0.2633 0.2394 

 Discounted Cash Flow 

[$]  

-  

3,563,

105  

- 

4,858,

779  

 

1,385,

765  

  

1,568,

245  

 

1,565,

885  

             

1,423,532  

 

1,294,

120  

 

1,176,

473  

 

1,069,

521  

    

972,2

92  

      

883,90

1  

     

803,54

7  

      

730,49

7  

     

664,08

8  

      

603,71

7  

 Acumulated CF [$]  -  

3,919,

415  

- 

9,798,

538  

-

7,954,

085  

- 

5,658,

018  

-

3,136,

144  

-               

614,270  

 

1,907,

604  

 

4,429,

478  

 

6,951,

352  

 

9,473,

226  

 

11,995

,099  

 

14,516

,973  

 

17,038

,847  

 

19,560

,721  

 

22,082

,595  

 Acumulated DCF [$]  -  

3,563,

105  

- 

8,421,

884  

-

7,036,

119  

- 

5,467,

874  

-

3,901,

989  

-            

2,478,457  

-

1,184,

337  

-      

7,864  

 

1,061,

657  

 

2,033,

948  

   

2,917,

850  

   

3,721,

396  

   

4,451,

893  

   

5,115,

982  

   

5,719,

698  
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PUMP-1

HEA TER-1

B3

PUMP-2

COOLER-1

MEOHCOL PUMP-3

REA CTOR

SET-TK

ESTE-COL

FILTER

25

1

1000

OIL-FD

25

3

1000

OIL-1

60

3

1000

OIL-2

25

1

10

CATALYST

25

1

104

METHANOL

26

0

156

MIX

26

3

156MIX-1

60

2

100AQ U1

257

0

1104

EST1

257

2

1104

EST2

60

2

1104

EST3

60

2

1004

EST4

28

0

42

MEOHREC

70

3

1156

R-PROD

252

0

957

FAME1

586

1

48R-OIL

70

3

10

SP-CA T

70

3

1146

R-PROD1

Temperature (C) 

Pressure (bar) 

Mass Flow Rate (kg/hr) 


