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RESUMO 

Os resíduos de pescado, seus subprodutos encontrados na natureza ou gerados pela indústria de 

processamento representam uma parcela significativa na obtenção de produtos de alto valor.  

Entre os produtos que podem ser obtidos a partir desses resíduos estão: fertilizantes, 

biomateriais, cosméticos, biolubrificantes e biodiesel. Dessa maneira, realizou-se uma análise 

bibliométrica acerca do potencial de produção de biodiesel a partir da utilização do óleo residual 

de peixe e foi observada uma lacuna a respeito da síntese enzimática de biodiesel possuindo o 

óleo residual de tilápia (Oreochromis Niloticus) como substrato e empregando a Lipase 

Eversa®Transform 2.0 como catalisador. Em sequência, foi realizado um estudo teórico e 

experimental sobre a produção biocatalítica de biodiesel através da hidroesterificação 

enzimática do óleo residual de tilápia. A metodologia Taguchi foi aplicada durante a etapa de 

esterificação onde foram avaliados os parâmetros: temperatura (25, 40 e 55 ºC), razão molar 

(1:1, 1:5 e 1:9), porcentagem de biocatalisador (1, 5 e 9%), e o tempo reacional (1, 3 e 5 h). 

Aplicou-se o delineamento experimental e os resultados de conversão variaram entre 19,3 ± 

0,38 % (1:9, 3 h, 55 ºC e 1% de biocatalisador) a 83,8 ± 0,29% (1:5, 3 h, 25 ºC e 9% de 

biocatalisador). Os fatores que se destacaram foram a quantidade de biocatalisador seguida pela 

temperatura. Os níveis de reação ideais obtidos após o tratamento estatístico foram 5 h de reação 

a 25 °C na proporção molar de 1:1 (AGL/etanol) utilizando 9% do biocatalisador indicando 

uma conversão teórica de 96,73%. Após a realização da reação com os parâmetros indicados 

obteve-se uma conversão experimental de 89,94 ± 0,09%. Denota-se, que o valor de conversão 

experimental foi inferior ao da conversão teórica. O bioproduto foi devidamente caracterizado 

quanto as propriedades de viscosidade e densidade e obtendo os valores de 2,47 cSt e 883,6 

Kg/m³, respectivamente. Além disso, foi realizado um estudo de docking e dinâmica molecular 

que avaliou a estabilidade da Lipase Eversa Transform 2.0 com os AGLs e observou-se o 

acoplamento do sítio catalítico da enzima com o substrato. Por fim, o óleo residual de tilápia 

mostrou-se uma matéria-prima alternativa para síntese de bioprodutos e o presente estudo 

colabora na elaboração de processos bioquímicos sustentáveis. 

 

Palavras-chave: Produção de Biodiesel; Valorização de Óleo Residual de Peixe; Biocatálise 

Enzimática; Simulação Molecular; Química Verde. 



 

 

ABSTRACT 

Fishing waste and its by-products found in nature or generated by the processing industry 

represent a significant portion in producing high-value products. Among the products that can 

be obtained from these residues are: fertilizers, biomaterials, cosmetics, biolubricants, and 

biodiesel. Thus, a bibliometric analysis was carried out on the potential for biodiesel production 

from the use of residual fish oil and a gap was observed regarding the enzymatic synthesis of 

biodiesel using residual tilapia oil (Oreochromis Niloticus) using Lipase Eversa®Transform 2.0 

as a catalyst. Subsequently, a theoretical and experimental study was carried out on the 

biocatalytic production of biodiesel through enzymatic hydroesterification of tilapia waste oil. 

The Taguchi methodology was applied during the esterification step, where the following 

parameters were evaluated: temperature (25, 40, and 55 ºC), molar ratio (1:1, 1:5, and 1:9), 

biocatalyst percentage (1, 5, and 9%), and reaction time (1, 3, and 5 h). The experimental design 

was applied and the conversion results ranged from 19.3 ± 0.38% (1:9, 3 h, 55 ºC, and 1% 

biocatalyst) to 83.8 ± 0.29% (1:5, 3 h, 25 ºC, and 9% biocatalyst). The factors that stood out 

were the amount of biocatalyst followed by temperature. The ideal reaction levels obtained after 

statistical treatment were 5 h of reaction at 25 ºC in a molar ratio of 1:1 (AGL/ethanol) using 

9% of the biocatalyst, indicating a theoretical conversion of 96.73%. After carrying out the 

reaction with the indicated parameters, an experimental conversion of 89.94 ± 0.09% was 

obtained. It is noted that the experimental conversion value was lower than the theoretical 

conversion. The bioproduct was properly characterized regarding viscosity and density 

properties, obtaining values of 2.47 cSt and 883.6 kg/m³, respectively. Furthermore, a docking 

and molecular dynamics study was performed to evaluate the stability of Lipase Eversa 

Transform 2.0 with FFAs and observed the coupling of the enzyme's catalytic site with the 

substrate. Finally, tilapia waste oil proved to be an alternative raw material for the synthesis of 

bioproducts and the present study contributes to the development of sustainable biochemical 

processes. 

 

Keywords: Biodiesel Production; Fish Waste Oil Valorization; Enzymatic Biocatalysis; 

Molecular Simulation; Green Chemistry. 
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1.1 Introduction 

In recent years, there has been a notable global emphasis on the sustainability of 

fuel and energy sources, primarily attributed to the limited availability of petroleum reserves 

(Hassan et al., 2024; Holechek et al., 2022; Sharma; Shrestha, 2023). The increasing attention 

towards biodiesel is driven by pressing concerns regarding the sustainability of current energy 

consumption and supply practices (Ali Ijaz Malik et al., 2024; Gonçalves et al., 2023; Suhara 

et al., 2024). Biodiesel is a versatile fuel that functions both as a blending component and a 

direct alternative to conventional petrodiesel, easily used in current engines and produced from 

widely available bio-based resources (Benti et al., 2023; Maheshwari et al., 2022).  

Biodiesel, produced from vegetable oils or animal fats, provides important 

environmental benefits (Brahma et al., 2022; Demirbas; Karslioglu, 2007; Issariyakul; Dalai, 

2014). These include reduced greenhouse gas emissions and lower toxicity. However, the use 

of traditional raw materials like edible vegetable oils raises concerns about competition with 

the food chain and long-term sustainability (Abdullah et al., 2024). Therefore, alternative 

sources, such as waste oils, have become more important. 

In Brazil, tilapia (Oreochromis niloticus) stands out as the leading fish species in 

aquaculture (Carvalho et al., 2022; Valenti et al., 2021). In 2023, farmed fish production 

reached approximately 887,029 tons, a 3.1% increase compared to 2022, according to the 

Brazilian Association of Aquaculture. Among the most cultivated species, tilapia leads with 

579,080 tons, accounting for 65.3%. States such as Paraná, São Paulo, Minas Gerais, Santa 

Catarina, Mato Grosso do Sul, and Pernambuco are the top producers, contributing a significant 

portion of this output (Associação Brasileira de Piscicultura, 2023). With a large amount of 

waste generated by this activity, tilapia residual oil emerges as a potentially underutilized 

feedstock for biodiesel production. 

In recent times, enzymatic biodiesel production has garnered significant attention 

owing to its potential to mitigate environmental impacts and bolster process efficiency (Kamal 

Pasha et al., 2024; Xia et al., 2024). Additionally, the utilization of non-traditional raw materials, 

such as waste oils derived from animals, aligns with prevailing global principles of circular 

economy and sustainability (Sundaram et al., 2024). Thus, examining tilapia residual oil for 

enzymatic biodiesel production presents a distinct opportunity to foster innovation in both the 

biofuel industry and aquaculture waste management. 

In this research, we aim to assess the potential for producing biodiesel from tilapia 

waste oil using enzymatic processes. We will analyze the process yield, evaluate the efficiency 

of the lipases utilized, and investigate the sustainability of this innovative approach. Chapter 2 
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will feature a comprehensive literature review encompassing relevant topics to provide a 

thorough contextualization and enhance comprehension of the study. 

In Chapter 3, a bibliometric analysis was carried out of scientific works published 

on the potential of residual fish oil in biodiesel production from 2010 to 2024. This analysis 

highlights the countries that contributed the most publications, the main organizations involved 

in the development of the research, the journals with the largest number of publications on the 

subject, the most productive authors, in addition to an analysis of the interactions between 

organizations, authors, journals and countries.  

In Chapter 4, a theoretical and experimental study of the enzymatic biodiesel 

production from tilapia (Oreochromis niloticus) waste oil is presented. Initially, enzymatic 

hydrolysis of the substrate was performed and, subsequently, the experimental planning was 

outlined, and a free enzymatic catalyst was used to conduct the reaction. The experimental 

design was based on the Taguchi methodology. The physicochemical characterization of the 

bioproduct was performed aiming at future applications. In addition, a theoretical docking and 

molecular dynamics study was conducted to evaluate the coupling of the catalytic site between 

the enzyme and the substrate. In Chapter 5, the final considerations on the chapters discussed 

are presented. 

1.2 Objectives 

1.2.1 Main objective 

 

Conduct a theoretical and experimental study on the production of biodiesel via 

enzymatic route, using residual tilapia (Oreochromis Niloticus) oil as a substrate and the 

Eversa® Transform 2.0 enzyme as a biocatalyst, to evaluate the process efficiency and the 

properties of the biodiesel produced. 

1.2.2 Specific objectives 

a. To conduct a bibliometric analysis of the scientific production related to biodiesel 

production from fish waste oil, identifying major research trends, leading authors, 

institutions, countries, and key journals, as well as research gaps and future perspectives 

on the topic; 

b. To perform the physicochemical characterization of residual tilapia oil; 

 

c. To synthesize biodiesel via the enzymatic route using residual tilapia oil and Eversa® 

Transform 2.0 as a biocatalyst; 



 
20 

 

 

d. To evaluate the influence of temperature, molar ratio, reaction time, and biocatalyst 

concentration on process efficiency; 

 

e. To report the physicochemical properties of ethyl esters derived from residual tilapia 

oil; 

 

f. To develop and validate the structure of Eversa® Transform 2.0 through homology 

modeling; 

 

g. To conduct in silico analyses to theoretically evaluate molecular docking and calculate 

the interaction energies between the enzyme and the substrate; 

 

h. To investigate the stability of lipase-ligand complexes through molecular dynamics 

simulations. 
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2.1 Biodiesel 

The global energy and environmental crisis have driven the development of 

renewable energy sources, therefore, aiming to reduce the amount of carbon released into the 

atmosphere due to the worsening greenhouse effect (Alves et al., 2024; Ismaeel et al., 2024; 

Sánchez-Solís et al., 2024). Thus, biodiesel, a mixture of fatty acids, presents itself as an 

alternative to traditional fuels from non-renewable and highly polluting sources (Bhattacharyya, 

2022). Biodiesel has advantages such as lower toxicity, lower corrosion, and greater 

biodegradability (Cruz et al., 2019). The combustion of biodiesel produces smaller amounts of 

carbon dioxide, one of the main greenhouse gases, compared to traditional diesel (Rathore et 

al., 2022). This reduction is because the carbon dioxide released during the combustion of 

biodiesel is part of the natural carbon cycle being originally absorbed by the plants used to 

produce the raw material (Monika; Banga; Pathak, 2023). 

These triglycerides can be obtained from raw materials of organic and renewable 

origin. Renewable lipids such as microalgae, vegetable oils, residual cooking oil, and animal 

fats may be turned into biodiesel (Fayyazi et al., 2015; López-Yerena et al., 2022). One of its 

primary benefits is the ability to blend biodiesel and petroleum diesel in certain ratios to give 

sustainable fuel choices. Blends with varying percentages of biodiesel blended with petroleum 

diesel are known as B5, B10, B20, and B100 (Tamrat et al., 2024). By including biodiesel into 

the fuel blend, we can reduce our reliance on fossil fuels and mitigate the environmental damage 

caused by traditional diesel use (Babadi et al., 2022).  

2.1.1 Raw materials for production 

The choice of primary material is subject to climatic conditions specific to the 

national territory, and selecting the right raw material can save production costs and streamline 

the process, with free fatty acids (FFA) being an important component of raw materials 

converted into biodiesel (Mizik; Gyarmati, 2021; P. Ramos et al., 2017). An excess of free fatty 

acids can negatively impact biodiesel production, leading to undesirable characteristics such as 

saponification (Babadi et al., 2022). The raw components include vegetables, algae, animal 

fats, and microbial oil. It is important to note that the purity and content of biodiesel vary 

according to the type of feedstock employed, with cost, composition, conversion, and local 

considerations all influencing the material choice (Li et al., 2016). 

Biodiesel may be produced using a variety of raw materials. Thus, four generations 

are organized to group substrates with similar characteristics.  
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2.1.1.1 First generation 

The first generation of biodiesels was produced from edible feedstocks such as 

rapeseed oil, soybean oil, coconut oil, corn oil, palm oil, mustard oil, olive oil, rice oil, and 

others during the first stage of biodiesel synthesis (Mahdavi; Abedini; Darabi, 2015). Because 

these feedstocks were readily available and easily converted, they were employed widely. 

Nevertheless, a significant disadvantage of employing edible feedstocks is the significant 

chance of reducing the food supply, which eventually raises the price of food goods (Aransiola 

et al., 2014). Additionally, there aren't many places available for growing these feedstocks, the 

cost of producing biodiesel from them is somewhat expensive, and their environmental 

adaptability hampers the production of biodiesel from edible feedstocks (Tariq; Ali; Khalid, 

2012). 

2.1.1.2 Second generation 

Non-edible feedstocks such neem oil, jatropha oil, nagchampa oil, karanja oil, 

Calophyllum inophyllum oil, rubber seed oil, Mahua indica oil, and others are used in the 

manufacturing of second-generation biodiesels (Peer et al., 2017; Roy; Abedin, 2022; Shameer; 

Ramesh, 2017). Non-edible feedstocks have several advantages over first-generation feedstocks, 

such as being less expensive, more environmentally friendly, and not causing food 

disparity(Abdul Hakim Shaah et al., 2021). Additionally, they do not require farmland for 

cultivation. However, the yields of non-edible plants like Jatropha oil, Jojoba oil, and Karanja 

oil are lower, which can impact the economy and food production. To address these 

socioeconomic issues, researchers are exploring economically feasible and easily accessible 

alternate solutions. One drawback to note is the increased requirement for alcohol in second 

generation biodiesel production (Mofijur et al., 2021). 

2.1.1.3 Third generation 

The biodiesel produced from microalgae and waste oils, termed as third-generation 

biodiesel, offers significant benefits, including reduced greenhouse emissions, faster growth 

rates, and higher productivity, less reliance on farming land, and a higher percentage of oil 

content, all with minimal impact on the food supply (Chintagunta et al., 2021; Ma et al., 2018). 

However, there are also some disadvantages to consider, such as the need for significant 

investment, sunlight requirements, large-scale production issues, and oil extraction challenges 

(Chaos-Hernández et al., 2023; Mofijur et al., 2019). Currently, researchers are exploring ways 

to improve the production rate and extraction process for biodiesel from algal biomass, with 
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primary sources for third-generation biodiesel including fish oil, animal fat, microalgae, and 

waste cooking oil (Xie, 2017). 

The third generation of biodiesel resources presents a viable solution to the issues 

posed by earlier-generation feedstock that affect the food chain, availability, flexibility with 

environmental parameters, and economic feasibility. In dire situations, certain algal species can 

survive and produce high lipid content, making microalgae a promising future source for third-

generation biodiesel production (Thanigaivel et al., 2022). Waste oils, such as used cooking oil, 

waste fish oil, and waste animal tallow oil, also serve as sources for third-generation biodiesel, 

while simultaneously reducing the burden on waste handling facilities and mitigating water 

pollution (Zulqarnain et al., 2021). Currently, animal fats, such as pork, beef, goat, and poultry, 

are emerging as a promising and dependable source for biodiesel production (Neupane, 2022). 

2.1.1.4 Fourth generation 

The fourth generation of biodiesel includes photobiological solar fuels and electro-

fuels, produced by converting solar energy into biodiesel using readily available and 

inexpensive raw materials (Mahapatra et al., 2021). This innovative method of conversion is 

still a new area of research. Synthetic biology is an essential technology enabling this 

transformation. To achieve sustainable development, we must discover new-to-nature solutions 

that can create synthetic living forms and stylish microorganisms to efficiently and directly 

convert solar energy into fuel, with another promising method being the combination of 

photovoltaic or inorganic water-splitting catalysts with metabolically engineered microbial fuel 

for efficient development and liquid fuel storage (Singh, Narender et al., 2024). 

2.2 Fish oil as a feedstock for biodiesel 

Farmed fish production in the Northeast of Brazil has shown steady growth, 

consolidating the region as the second-largest producer in the country. In 2023, production 

reached 170,933 tons, an increase of 0.51% compared to the previous year, with the state of 

Ceará standing out by registering 8,300 tons, 21% more than in 2022. Tilapia is the predominant 

species in Ceará's fish farming, accounting for 8,200 tons of total production(Associação 

Brasileira de Piscicultura, 2023). This growth in fish production, especially tilapia, generates a 

significant amount of aquaculture waste, creating opportunities for valorizing these byproducts 

in sectors such as biofuels. 

In the context of biodiesel production, waste generated by aquaculture, such as that 

from fish processing plants and cuts from the filleting process, can be used as raw material for 
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the synthesis of biofuels (Ambaye et al., 2021). While vegetable oils and animal fats are 

traditionally used as reagents, utilizing fish waste, such as residual tilapia oil, represents a 

promising alternative (Anu Prasanna et al., 2023). This waste offers a renewable and sustainable 

source for biodiesel production, in addition to providing a solution for managing by-products 

from the fishing industry, thereby promoting a more circular and ecological economy. Figure 

2.1 presents some of the products that can be derived from using such waste as raw material. 

Figure 2. 1 – Products that can be derived from utilizing fish processing waste as a raw 

material 

 

Source: Author (2024). 

Aquaculture production grew due to satisfactory results obtained after the insertion 

of advanced practices to supply the global food chain. Therefore, there was a substantial 

increase in the supply of fish, which grew due to the increase in per capita consumption from 

9.0 kg in 1961 to 20.5 in 2015, showing the relevance of fishing activity in maintaining the 

global food chain (Anu Prasanna et al., 2023). Fish is a source of animal protein containing 

value-added compounds, such as enzymes, bioactive peptides, oils, and biopolymers. 

Additionally, collagen, chitin, and polyunsaturated fatty acids (PUFAs) – long-chain omega-3 

fatty acids. 

It is reported that 2/3 of fish is discarded with residue showing potential to be added 

to the circular economy as raw material for the synthesis of high value-added products (Borges 
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et al., 2023). Globally, it is estimated that 250 billion tons of fish processing waste are generated 

and is expected to increase annually, making it a promising agent for sustainable development 

(Yahyaee; Ghobadian; Najafi, 2013).  

Free fatty acid (FFA) content is a critical parameter in the conversion of fish oils to 

methyl esters (Unugul et al., 2020). Fish oil, characterized by a high content of polyunsaturated 

fatty acids, typically exhibits longer carbon chains compared to common vegetable oils, which 

primarily consist of palmitic, oleic, linoleic, and linolenic acids (Lin; Li, 2009). The increased 

cetane number of biodiesel derived from fish oil enhances engine performance and lowers 

pollutant emissions (Gharehghani; Mirsalim; Hosseini, 2017) 

Mixing fish oil with diesel oil could help reduce emissions of particulate matter 

(PM), carbon monoxide (CO) and sulfur dioxide (SO2) by more than 60%, 30% and 75%, 

respectively, when compared to fuels of fossil origin alone. (Preto; Zhang; Wang, 2008). Preto 

et al (2008) obtained similar results showing that fish oil has good combustion properties 

offering significant advantages in the environmental and economic sector. 

2.2.1 Extraction of fish oil 

In the context of fish oil manufacturing, physical extraction encompasses wet 

rendering techniques, namely pressing, homogenization, heating, and filtering, widely utilized 

across the industry. Chemical extraction involves the use of organic solvents, while biological 

processes involve leveraging residual enzymes from fish viscera, enzymatic extractions from 

oil (autolysis), and other sources of enzymes (hydrolysis). 

2.2.1.1 Physical method 

In industrial manufacturing, the physical method is widely used and involves four 

main stages: frying, pressing, decantation, and centrifugation (Pudtikajorn; Benjakul, 2020). It 

is critical to note that the increased temperatures and pressures used in these techniques may 

have a minor impact on polyunsaturated fatty acid levels due to protein coagulation and oil 

release, potentially promoting breakdown processes such as oxidation and hydrolysis (Linder; 

Fanni; Parmentier, 2005; Mbatia et al., 2010). Understanding these effects is crucial to 

maintaining the desired quality in the profile of biodiesel. 

2.2.1.2 Chemical method 

Chemical extraction techniques use solvents to separate fats from other components 

by taking advantage of fats' solubility in organic solvents (Atabani et al., 2013). Fats are 

insoluble in water, which aids their segregation. However, solvents have limitations, notably 
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their acceptability for use in the food sector, restricting their applicability to analytical rather 

than industrial-scale manufacturing (Torres-Valenzuela; Ballesteros-Gómez; Rubio, 2020).  

2.2.1.3 Biological processes 

Biological approaches are used to concentrate proteins on a big scale and produce 

huge amounts of oil (de Jesus; Filho, 2020; Saini et al., 2021). The absence of solvents or high 

temperatures is a significant benefit of this technique, since it decreases microbiological and 

physicochemical changes, allowing better efficiency in the elimination process while avoiding 

undesired processes such as fat oxidation. Furthermore, this technology enables the recovery of 

functional components such as collagen and protein hydrolyzate, as well as essential fatty acids 

(Rigogliuso et al., 2023; Robalo et al., 2024). 

2.2.1.3.1 Fermentation 

This biological process comprises the conversion of minced fish into silage and oil 

using bacteria, carbohydrate resources (such as molasses or sugar), or organic acids (such as 

lactic acid) (Zhao et al., 2019). The level of effectiveness of this process is dependent on 

microorganisms producing lactic acid, which must reach significant quantities to drop the pH 

of the process to around 4.5 and remain stable throughout storage to limit bacterial development 

(Marti-Quijal et al., 2020; Rai et al., 2010). Centrifugation is then used to extract the oil 

generated from the fish components during the fermentation process (Ma et al., 2022). 

However, silage is prone to oxidation, especially when the oil has a high concentration of 

polyunsaturated fatty acids (PUFA)(Koch; Kampschulte; Schebb, 2022). 

2.2.1.3.2 Hydrolysis 

Enzymatic hydrolysis is a widely used method in the fish processing industry to 

extract protein from fish (Qian et al., 2023). This process involves the breakdown of fish muscle 

using enzymes (Zhang et al., 2019). Fish silage production, a common method involving the 

autolysis of fish muscle, uses fish visceral enzymes to stabilize fish digestion, resulting in an 

aqueous solution rich in small peptides and amino acids, with enzymes facilitating the release 

of oil (FAO, 2018). 

2.3 Influential reaction parameters in biodiesel synthesis 

2.3.1 Molar ratio 

The molar ratio between oil and alcohol in the biodiesel synthesis reaction is a 
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significant parameter since it directly affects the conversion efficiency and consequently the 

reaction yield (Musa, 2016). Therefore, the molar ratio must exceed the stoichiometric one, 

corroborating the miscibility and contact between the alcohol and the triglyceride/acid (Verma; 

Sharma, 2016). However, the excessive amount of alcohol must be carefully evaluated, because 

despite indicating high conversions in relatively short periods, the amount of reagent used will 

affect the production costs of biodiesel, making it competitive or not with other energy sources. 

2.3.2 Catalyst concentration 

The concentration of the catalyst used in the synthesis of biodiesel is a crucial 

parameter, as it affects the reaction rate and conversion efficiency since high catalyst 

concentrations will present a greater amount of available active sites, facilitating the reaction 

and subsequently accelerating the conversion of triglycerides, therefore, the yield (Atadashi et 

al., 2013). However, the growth of the reaction rate decreases with the disproportionate increase 

in the use of the catalyst, which may lead to the generation of undesirable by-products (soaps 

when the reaction occurs in the presence of an alkaline catalyst), making the separation and 

purification of biodiesel difficult. Therefore, optimal catalyst concentration values must be 

analyzed to optimize the process and obtain significant conversions with reduced operating 

costs and without the generation of undesirable waste, mitigating possible environmental 

impacts (Kosuru et al., 2024). 

2.3.3 Temperature 

 

Temperature is a relevant parameter in biodiesel production because it affects the 

reaction rate, affecting the conversion of reactants and, consequently, the overall efficiency of 

the process (Weldeslase et al., 2023). The reaction rate increases as the temperature increases, 

because according to chemical kinetics, the reactant molecules gain more energy, resulting in 

more frequent and effective collisions, facilitating the reaction. Esterification or 

transesterification reactions are classified as endothermic, as they are favored by increased 

temperature (Sarve; Varma; Sonawane, 2016). In addition, high temperatures favor the chemical 

equilibrium of the reaction to obtain products; however, this increase must be evaluated, as 

excessively high temperatures can cause the decomposition of reactants/products, the 

generation of unwanted co-products and greater energy consumption, increasing operating costs. 

2.3.4 Type of alcohol 

The yield of biodiesel is determined by the amount of alcohol used, as it implies 
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that the reaction is not reversible (Miyuranga et al., 2023). Excess alcohol increases 

productivity and reduces time, since large amounts of alcohol will aid in the dissociation 

between triglycerides and fatty acids. Therefore, the type of alcohol used must be investigated 

and evaluated. Among the alcohols used are methanol, ethanol, propanol, butanol, and tert-

butanol. Methanol is generally used in the production of biodiesel due to its high reactivity, 

availability, and low cost. In addition, it has a simple and small molecular structure, facilitating 

the occurrence of the reaction, resulting in significant conversion rates. Ethanol, despite being 

less reactive than methanol, is a sustainable alternative, as it can be obtained from renewable 

sources (sugar cane) and is less toxic. Therefore, it is the alcohol used in this process. 

2.4 Production routes 

2.4.1 Hydroesterification 

Hydroesterification presents a viable solution for addressing the challenges of 

producing biodiesel from raw materials characterized by elevated levels of free fatty acids (FFA) 

and water (Pourzolfaghar et al., 2016). This approach is commonly utilized to tackle issues in 

the traditional production of second-generation substrates, such as animal fat and a range of 

non-edible oils (Guedes Júnior et al., 2022). The production of biodiesel through 

hydroesterification involves a two-stage process, comprising successive hydrolysis and 

esterification reactions (Domingues et al., 2022; dos Santos et al., 2019). Upon initial 

processing, mono- and triacylglycerols undergo hydrolysis, yielding fatty acids and glycerol. 

In the subsequent stage, the isolated fatty acids are subject to esterification, there by converting 

them into biodiesel (See Figure 2.2) (Costa et al., 2020). 
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Figure 2. 2 – Operational schematic of the hydroesterification process to produce biodiesel 

 

Source: Author (2024) 

This process, known as hydroesterification, can be achieved through catalyst-free 

reactions (under supercritical temperature and pressure conditions), combined enzymatic and 

chemical catalysts (hybrid catalysts), or reactions using only enzymatic catalysts (Ketzer et al., 

2022). The hydroesterification process offers the advantage of producing glycerol devoid of 

contaminants like methanol and salts, resulting in high-quality glycerol for industrial 

applications (Wancura et al., 2023). Additionally, this process expands the potential for using 

inexpensive raw materials such as animal fats containing significant amounts of water, fatty 

acids, and unreacted esters. 

2.4.2 Transesterification 

The transesterification process entails the reaction of a vegetable oil or animal fat 

with a short-chain alcohol, such as methanol or ethanol, facilitated by a specific catalyst to yield 

ethyl esters (biodiesel) and glycerol (Figure 2.3) (Orege et al., 2022). Another name for the 

transesterification process is alcoholysis the reaction of the original ester with alcohol. The 

transesterification reaction may be facilitated by either chemical or enzymatic catalysts, 

wherein the quantity of alcohol utilized exerts influence over the chemical equilibrium of the 

reaction, thereby amplifying the conversion of the product (Nayab et al., 2022). 

Transesterification, being a reversible reaction, requires a rapid separation process to avoid the 

possibility of reversal (Salaheldeen et al., 2021). After the reaction, the resulting products are 
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typically transferred to a separatory funnel. The biodiesel phase rises to the top while the 

resulting glycerol settles to the bottom. 

Figure 2. 3 – Transesterification reaction of a triglyceride in the presence of short-chain 

alcohol (methanol) to obtain fatty acid methyl esters 

 

Source: Author (2024) 

It is important to highlight those alcohols such as ethanol, propanol, butanol and 

pentanol are also used in the transesterification process (Kant Bhatia et al., 2021). However, 

the most used are methanol and ethanol (Mofijur et al., 2021). Methanol stands out due to its 

physical and chemical properties, high polarity and short chain. Biodiesel produced from the 

use of methanol is called fatty acid methyl ester (FAME). In contrast, ethanol also stands out 

for its high enthalpy, low toxicity and significantly favorable effect on the cetane number (a 

property relevant to the commercialization of the bioproduct). Biodiesel obtained from the 

reaction of free fatty acids with ethanol is called fatty acid ethyl ester (FAEE). 

2.4.3 Esterification 

Esterification is an important industrial process used in the pharmaceutical, food, 

flavoring, and biofuel (biodiesel) industries (Khan et al., 2021). Esterification consists of a 

reaction between free fatty acids obtained from lipid sources, a short-chain alcohol (such as 

ethanol or methanol), and a catalyst, which can be either chemical or biochemical (Ahmed; 

Huddersman, 2022). Figure 2.4 shows the esterification reaction between fatty acids and 

alcohol, where esters and water are produced. This method offers advantages over 

transesterification as it uses fatty acids instead of triglycerides, enabling the use of low-cost raw 

materials such as waste oils (Perumal et al., 2024). It is noteworthy that glycerol is not produced. 

However, the conversion is directly influenced by the acidity level of the raw material used. 
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Additionally, the availability of the waste materials employed will affect the feasibility of large-

scale production. 

Figure 2. 4 – Esterification reaction between fatty acids and short-chain alcohol to obtain 

ethyl esters of fatty acids 

 

Source: Author (2024). 

2.5 Types of Catalysts 

2.5.1 Homogeneous catalyst 

In the field of biodiesel synthesis, homogeneous catalysts— which work in the same 

phase as the reactants— are essential for promoting reactions. One key benefit is their ability 

to effectively convert triglycerides into esters that may be used as fuels. Homogeneous 

catalysts, with their high catalytic activity, guarantee efficient conversion rates. Furthermore, 

the need for extremely high or low pressures is lessened when they operate under mild reaction 

circumstances. Because of these intrinsic qualities, homogeneous catalysts are a highly 

advantageous choice in the biodiesel production environment, supporting both economic 

viability and operational efficiency. 

2.5.1.1 Alkaline catalysts 

In the industrial production of biodiesel, strong alkaline catalysts like sodium 

hydroxide (NaOH) and potassium hydroxide (KOH) are widely used (Tubino; Junior; 

Bauerfeldt, 2014). These catalysts are highly effective in facilitating the transesterification 

process, which involves converting vegetable oils or animal fats into biodiesel using alcohols 

such as methanol or ethanol (Farouk et al., 2024). During this reaction, hydroxide ions (OH⁻) 

break down the ester bonds in the fats or oils, resulting in the formation of methyl or ethyl esters 

of fatty acids— the primary components of biodiesel. Additionally, glycerol is produced as a 

by-product. The use of alkaline catalysts is favored due to their high reaction rates and relatively 

mild operating conditions, making the production process more efficient and cost-effective 

(Granjo; Duarte; Oliveira, 2009). However, careful handling and precise control of reaction 
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conditions are essential to minimize soap formation and ensure high yield and purity of the 

biodiesel (Chanakaewsomboon et al., 2023). 

2.5.1.2 Acid catalysts 

Acid catalysts such as sulfuric acid (H₂SO₄) and hydrochloric acid (HCl) are 

common in biodiesel production (Ryu et al., 2018; Su; Chou, 2019). These catalysts are 

particularly effective for processing raw materials with high acidity or high-water content, as 

they remain unreactive with water and free fatty acids (Rizwanul Fattah et al., 2020). This 

characteristic makes acid catalysts suitable for a broader range of feedstocks, including those 

that might be less refined or of lower quality (Esmi; Borugadda; Dalai, 2022). However, it is 

important to acknowledge that acid catalysts have their drawbacks. They tend to exhibit lower 

selectivity, which can result in the formation of unwanted byproducts (Wang, Baohua et al., 

2023). This necessitates additional purification steps, potentially increasing the overall cost and 

complexity of the biodiesel production process (Hamza et al., 2021). Therefore, while acid 

catalysts are valuable for their versatility, their use must be carefully managed to balance 

efficiency and product purity. 

2.5.2 Heterogeneous catalysts 

Heterogeneous catalysts are characterized by having a phase distinct from the 

matter relating to the reaction medium (Semwal et al., 2011). Heterogeneous catalysts present 

themselves as an alternative to the barriers faced in homogeneous reactions such as the presence 

of water, limitation in the content of free fatty acids, and difficulties in the purification process 

(Maroa; Inambao, 2021). Since heterogeneous catalysts reduce problems related to 

saponification and contribute to the synthesis of pure biodiesel and glycerol. Therefore, ideal 

solid catalysts would present characteristics such as a network of pores connected, a 

hydrophobic surface, and the ability to control the hydrophobicity of the surface to interrupt the 

deactivation process (Abou-Elyazed et al., 2020). Furthermore, heterogeneous catalysts offer 

the benefit of facilitating the separation of biodiesel and enabling recovery and reuse, resulting 

in increased efficiency and reduced costs. 

 

2.5.2.1 Alkaline catalysts 

The use of alkaline solid derivatives in biodiesel synthesis has shown significant 

results (Maleki; Ashraf Talesh; Mansouri, 2022). Since these discussions present superior 

catalytic potential about the solid acid aspects (Mandari; Devarai, 2022). Furthermore, alkaline 
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solid investors have activity composed of their homogeneous counterparts (Faruque; Razzak; 

Hossain, 2020). Another aspect to be highlighted is the economy and non-corrosion of the 

equipment (Gupta; Pal Singh, 2023). However, some consequences must be measured, such as 

the vulnerability of the finding to air occurring upon its deactivation, the increase in the molar 

ratio (alcohol: oil) and its sensitivity to primary materials containing higher levels of free fatty 

acids and the possibility of leaching. of active sites (Aderibigbe et al., 2021). Therefore, 

damaging the purity and making it necessary to add product purification steps (Maleki; Ashraf 

Talesh; Mansouri, 2022). Examples include hydrotalcite, basic zeolites, and alkaline earth metal 

oxides (MUKHTAR et al., 2022). 

 

2.5.2.2 Acid catalysts  

Solid acid catalysts are used in making biodiesel because they can handle high 

levels of free fatty acids and moisture in input oils (Šánek et al., 2016). This means that low-

quality and low-cost raw materials can be used without the need for acid pre-treatment(Chouhan; 

Sarma, 2011). Additionally, the use of solid acid catalysts results in the production of biodiesel 

and high-quality glycerol (Sreeprasanth et al., 2006). Switching from homogeneous to 

heterogeneous catalysts also eliminates concerns about equipment corrosion (Esmi; Borugadda; 

Dalai, 2022). An ideal heterogeneous catalyst should have a significant pore size, strong acidic 

site specifications, and hydrophobic characteristics (Mukhtar et al., 2022). Promising options 

include metal oxides known for their high acidity (Guo et al., 2023). Some examples of solid 

acid catalysts are zeolites, mixed oxides, and sulfated metal oxides (Okechukwu et al., 2022). 

2.5.3 Enzyme catalysts 

Enzymatic results are biological proteins that act in specific chemical reactions 

(Cavalcante et al., 2021). They stand out for being highly selective, resulting in the reduction 

of unwanted by-products and consequently the formation of clean products. Another advantage 

of conventional chemical catalysts is their ability to be operational at moderate reaction 

parameters (Pasha et al., 2021). Therefore, production processes are expanded and reduced 

costs are involved in maintaining and controlling reaction conditions (Kalita et al., 2022). The 

use of enzymes as catalysts in biodiesel synthesis is attractive, since their applicability will 

assist in the product's superior characteristics regarding purity and stability, meeting the 

standards set in normative acts, by industry and by environmental regulatory institutions (Arcus 

et al., 2020). 
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2.6 Enzymes 

Enzymes are biological macromolecules that aim to increase the speed of recurring 

chemical reactions in cells or organisms without altering themselves (Zhang; Narlikar; 

Kutateladze, 2021). Therefore, the molecules involved in reactions catalyzed by enzymes are 

known as substrates. Each enzyme has a high degree of specificity to act on an individual 

substrate and convert it into a specific product (Barelli et al., 2021). This specificity is essential 

in biochemical processes, as it brings security to the results and operational control of the 

enzymatic system (Costa et al., 2023). Enzymes have several advantages when compared to 

chemical catalysts due to their region and stereoselectivity, resulting in the obtaining of 

enantiomerically pure products (Monteiro et al., 2021). 

These biocatalysts are efficient from an energy point of view, as they operate at 

moderate reaction parameters (pressure and temperature) and act in a moderate range of pH 

values (Garcia-Silvera et al., 2023). Enzymes accelerate the reaction without altering the 

chemical equilibrium characteristic of each reaction and accelerate reversible reactions in both 

directions (Katsimpouras; Stephanopoulos, 2021). Therefore, the reaction speed is equivalent 

to converting some moles of substrate per unit of time (Chukwuma et al., 2020). Measuring the 

enzymatic activity of an enzyme is crucial to characterize the enzymatic reaction system since 

enzymes have characteristic activity under different operating conditions (Victorino da Silva 

Amatto et al., 2022). 

Given the reported advantages and the importance of implementing biological 

catalysts in industrial processes using biotechnological tools, Table 2.1 presents the 

classification of enzyme types according to the International Union of Biochemistry (IUB).  

Table 2. 1 – Analysis of enzyme classifications and their pertinent attributes 

Class Name Characteristic Reference 

1 Oxidoredutases The oxidation or reduction process involves 

the transfer of hydrogen or electrons, or the 

use of acceptor groups to modify substrates. 

(Athiappan et al., 

2022) 

2 Transferases The process involves the removal of 

substrate groups, followed by their transfer 

to acceptor molecules. 

(Paul; Sangeetha; 

Deepika, 2019) 

3 Hydrolases The involvement of water in the hydrolysis 

of substrate covalent bonds. 

(JAEGER; 

EGGERT, 2004) 

4 Lyases Participation of water in the cleavage of (Manubolu et al., 
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substrate covalent bonds. 2018) 

5 Isomerases They promote the isomerization of 

substrates. 

(Yan et al., 2024) 

6 Ligases Catalysis of covalent bonds between two 

molecules. 

(Manubolu et al., 

2018) 

Source: Author (2024). 

2.6.1 Lipases 

The global industrial enzymes market has seen significant expansion from $6.4 

billion in 2021 to an expected $8.7 billion in 2026 (Mesbah, 2022). Lipases are the third most 

widely used enzyme type, after amylases and proteases (Gonçalves Filho; Silva; Guidini, 2019). 

Lipases, also known as triacylglycerol hydrolases (EC 3.1.1.3), are a subclass of hydrolases and 

are used in the hydrolysis of free fatty acids from long-chain triacylglycerols by breaking the 

ester bond between glycerol and the fatty acid of triacylglycerides (Ishak et al., 2024). These 

enzymes are attractive to industry because of their versatility in acting in various 

transesterification, esterification, and interesterification reactions (Ferreira Mota et al., 2022). 

In addition, they can operate under mild reaction parameters such as temperature, pressure, and 

pH. 

The properties of interface activation are unique to lipases. Given this, it is crucial 

to emphasize that the active sites are protected by an amphipathic α-helix, referred to as a "lid" 

that can open to let substrates enter the site when it encounters the water-oil interface component 

that makes up the enzyme's active ingredient (de Sousa et al., 2023). Moreover, most of its 

substrates are fat-soluble, yet it like to dissolve in an aqueous medium. A broad area of the 

water-oil contact is crucial for lipase-catalyzed processes to be as effective as possible 

(Cavalcante et al., 2021). 

Therefore, these enzymes are important for several sectors, such as the food, 

pharmaceutical and chemical industries. In the food industry, they are used in several 

applications, such as the manufacture of dairy products, oil processing and the formulation of 

various dietary supplements (Ortega-Requena et al., 2024). In the pharmaceutical industry, they 

are a marker enzyme in the prevention of disease occurrence (Wang, Hong hai et al., 2023). In 

the chemical industry, they are used for washing due to their hydrolysis ability (Freije García; 

García Liñares, 2024). In addition, they are widely used in the synthesis of biodiesel, which is 

the interest of the present study. 

Lipases can be obtained from several sources: plants, animals, and bacteria (Bullo 
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et al., 2024). However, in biodiesel production, microbial lipases (obtained from bacteria, 

yeasts and fungi) stand out when compared to other sources due to their specificity, ease of 

growth and thermal and pH stability (Ali et al., 2023; Singh; Jana, 2023; Zhao, Junxin et al., 

2024). Among the frequently used microbial lipases are: Rhizopus oryzae, Aspergillus oryzae, 

Aspergillus niger, Thermomyces lanuginosus, Geobacillus thermocatenulatus and 

Burkholderia cepacia. In this study, two lipases will be used for the synthesis of ethyl esters via 

enzymatic hydroesterification, Thermomyces lanuginosus (during hydrolysis) and Eversa 

Transform 2.0 lipase (during esterification). 

2.6.1.1 Thermomyces lanuginosus lipase 

Thermomyces laguginosus lipase (TLL) is a basophilic and thermostable enzyme. 

Commercially available in soluble and immobilized form, TLL is the active enzyme in 

Lipolase®, a commercial soluble lipase preparation from Novozymes, and is also available in 

immobilized form (Lipozyme TL IM®) (Fernandez-Lafuente, 2010). Composed of 269 amino 

acids, TLL has a molecular weight of 31,700 g/mol and an isoelectric point of 4.4. The active 

site presents the typical catalytic triad Ser-His-Asp (Abreu Silveira et al., 2019). 

2.6.1.2 Eversa® Transform 2.0 lipase 

Eversa Transform 2.0 (ET2) lipase is a genetically modified enzyme industrially 

derived from Thermomyces lanuginosus lipase (TLL), produced by submerged fermentation of 

a genetically modified Aspergillus oryzae strain (Monteiro et al., 2021). ET2 was designed 

primarily to produce biodiesel using feedstocks with any free fatty acid content, i.e., from low 

acidity oils to high acidity oils such as residual oils. ET2 has 269 amino acid residues, a 

molecular weight corresponding to 31.5 kDa and has an activity of 9100 IU/mL (Acherki; 

Bouaid; Marchetti, 2022). Its catalytic triad is composed of serine (153), aspartic acid (206) and 

histidine (268) like other natural lipases (Brandão et al., 2021; Ding et al., 2019; Xu et al., 

2021). Its catalytic site is in a cavity protected from the external solvent, resulting in a selective 

interaction with substrates. 

2.7 Taguchi methodology 

The Taguchi methodology is a technique that uses orthogonal experimental design 

matrices to evaluate significant quantities of variables, reducing the number of experiments to 

be performed (Li et al., 2019). It is important to emphasize that the conclusions obtained from 

small-scale experimental executions are valid for the experimental region covered by their 

control factors and settings (Abou‐Taleb et al., 2016). The Taguchi method evaluates the signal-
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to-noise (S/N) obtained from a logarithmic function of the desired result and serves for 

optimization, data analysis, and prediction of optimal results (Aziri et al., 2024). The S/N ratios 

are divided according to their characteristics: smaller-is-better, larger-is-better, and nominal-is-

better (Neag et al., 2022). Given the advantages reported, the aforementioned method is used 

in this work to optimize biodiesel production by evaluating significant parameters and reducing 

the number of reagents to be used. 

2.8 Theoretical study  

Theoretical study is a relevant approach in the academic community that involves 

the formulation of concepts, hypotheses, and models without the urgency of practical 

experiments (López et al., 2022). Thus, this technique enables the exploration and 

understanding of complex phenomena through analysis and synthesis of existing information 

(Jain et al., 2023). In the development of theoretical approaches, a wide range of conditions are 

used to predict results. Therefore, several reactions can be studied under severe operational 

conditions and possible results obtained can be evaluated (Karimi et al., 2023; Kaya; 

Kökkülünk, 2023). Among the computational tools widely used to evaluate routes, behaviors, 

and results in chemical or biochemical processes are molecular docking and molecular 

dynamics. 

2.8.1 Molecular docking 

Molecular docking is a computational tool that aims to predict the coupling between 

a ligand (small molecules) and a protein (receptor) (Naqvi et al., 2018). In our study, an enzyme. 

Therefore, this process performs a simulation of the interaction between the ligand and the 

protein to determine the binding position and affinity of the complex (Morris; Corte, 2021). The 

applicability of this tool includes drug discovery, protein engineering, and understanding of 

protein-ligand interactions. In drug discovery, it is widely used in screening potential drug 

candidates about target proteins to identify promising leads (Agu et al., 2023). In protein 

engineering, coupling is evaluated to optimize proteins in the search for better interactions with 

ligands or to design new proteins with required properties and/or functions (Modenutti et al., 

2019). Furthermore, it makes it possible to elucidate the mechanisms involved in reactions and 

understand the interaction that occurs between the ligands and the target protein, which is the 

objective of this work. 

2.8.2 Molecular dynamics  

Another tool widely used in the development of biotechnological processes is 

molecular dynamics, which consists of a method for computational simulation to evaluate the 

physical movements of atoms and molecules in a given space of time (Singh; Bani Baker; Singh, 
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2022). Therefore, in an approach with classical mechanics, molecular dynamics enables 

simulations of time-dependent behaviors in molecular systems, enabling researchers to observe 

the interaction of molecules, their movements and changes and conformation in a dynamic 

environment (Filipe; Loura, 2022). Applications of this tool include protein folding, studying 

protein-ligand interactions, exploring conformational changes, and investigating allosteric 

regulation (Vidal-Limon; Aguilar-Toalá; Liceaga, 2022).  

This tool is used in protein folding to study the processes involved in this 

phenomenon and to help understand the range of their functional conformations (Melo et al., 

2024b). In the study of protein-ligand interactions, this technique provides relevant information 

about the dynamics and stability of protein-ligand complexes by evaluating the effects of 

solvents and ions (Jin; Wei, 2024). While for exploring conformational changes, the method is 

used to understand the alterations of proteins or other biological molecules during biological 

processes (Cieślak; Kabelka; Bartuzi, 2024; Zhao, Zhen et al., 2024). Finally, in the 

investigation of allosteric regulation, molecular dynamics is used to explore allosteric sites and 

the effects of ligand binding on protein function (Kairys et al., 2024).  
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3.1 Abstract 

Biodiesel, generally obtained from the transesterification of vegetable oils, is an alternative to 

the use of fossil fuels. Among the advantages of its use: lower toxicity, resistance to corrosion, 

greater biodegradability and a reduced carbon footprint, since the CO₂ (carbon dioxide) released 

during combustion is part of the natural carbon cycle and is absorbed by raw material plants. It 

is worth noting that several raw materials are used, such as vegetable oils (soybean, palm, 

sunflower and pequi), animal fats and residual oils. Because of this, residual fish oil, a 

byproduct of the fishing industry, has gained notoriety due to its low cost and high potential in 

the production of biodiesel. The conventional method used is chemical transesterification, 

however, the higher content of free fatty acids can complicate this process, making pre-

treatment steps such as esterification necessary. Therefore, research and development of 

alternative routes become relevant to guarantee the efficiency and guidelines of the production 

process. Thus, the present study aims to carry out a bibliometric analysis, a tool conventionally 

used to quantitatively and qualitatively investigate scientific productions on a given topic, about 

biodiesel derived from residual fish oil and the production routes commonly employed. The 

investigation period was delimited between the years 2010 to 2024, where the keywords 

“biodiesel production”, “fish oil” or “residual fish oil” were used, where the types of 

scientific documents used to construct the database were articles, conference papers and review 

articles only in the English language. Among the countries that published the most on the topic 

investigated are Brazil (20 documents), India (17 documents) and Iraq (16 documents). In 

addition, collaboration between the countries was observed: Brazil, Spain, Canada, England 

and India. The University of Mosul, located in Mosul, Iraq; leads the list of institutions that 

published the most regarding the production of biodiesel obtained from residual fish oil (15 

documents). Meanwhile, the National Council for Scientific and Technological Development 

(CNPQ), located in Brazil, stands out for the number of funded works (13 documents), followed 

by the Coordination for the Improvement of Higher Education Personnel (CAPES) (10 

documents) and finally the Science and Technology Foundation (FCT) (6 documents). 

Therefore, this study highlights the potential of residual fish oil and its relevance for 

synthesizing and developing routes to produce biofuels, such as biodiesel and biolubricants. 

 

Keywords: Biodiesel. Fish waste oil. Bibliometric analysis. 
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3.2 Introduction 

The production of biodiesel involves the utilization of various raw materials, 

including vegetable oils, animal fats, and residual oils (Brahma et al., 2022). Vegetable oils like 

soybean, palm, sunflower, castor, and pequi are notable for their availability and unique 

properties (Al-jabiri; Balla; Al-zuhairy, 2025; Ghesti et al., 2022; Santos et al., 2024). Soybean 

oil is widely used due to its high supply and concentration of fatty acids, while palm oil stands 

out for its high productivity, being popular in tropical regions (Ezeorba et al., 2024). Sunflower 

oil contributes to production with lower pollutant emissions, and castor oil is valued for its 

resistance to arid climates (Berman; Nizri; Wiesman, 2011; Wang, Lu et al., 2023). Animal fats, 

such as beef and pork tallow, and residual cooking oil, are low-cost raw materials, obtained as 

by-products of the meat industry, with the potential to produce high-quality biodiesel, although 

they require pre-treatment because they contain high levels of saturated fatty acids (Andreo-

Martínez et al., 2022; Cunha et al., 2013). Waste cooking oil is advantageous due to its 

availability and low cost, in addition to helping to mitigate environmental problems related to 

its disposal (Cordero-Ravelo; Schallenberg-Rodriguez, 2018; Hosseinzadeh-Bandbafha et al., 

2022). 

Waste fish oil has emerged as a promising source for biodiesel production. This oil 

is obtained from the by-products of the fishing industry and is often underutilized or improperly 

discarded, making it an attractive candidate due to its low cost and potential for utilization 

(Thamarai Kannan et al., 2022). Biodiesel production from fish oil can be carried out using 

both traditional and innovative methods. Chemical transesterification is the most used 

conventional method, where the oil is mixed with an alcohol and alkaline catalysts, forming 

fatty acid esters and glycerol (Parida et al., 2024). However, the high content of free fatty acids 

in fish oil can result in unwanted soap formation, complicating the process (Anu Prasanna et 

al., 2023). To address this issue, esterification is applied before transesterification. 

Among alternative methods, enzymatic transesterification stands out, characterized 

using lipases to prevent soap formation, although it comes with higher costs (Bueso et al., 2015). 

Other interesting methods include the use of heterogeneous catalysis with reusable solid 

catalysts, as well as technologies like microwaves and ultrasound, which accelerate the 

transesterification process, reducing reaction time and energy consumption (Mandari; Devarai, 

2022; Poppe et al., 2018). 

The use of fish oil as a raw material offers advantages such as the reuse of waste 

from the fishing industry and the improvement of biodiesel quality due to the presence of 

unsaturated fatty acids (Cubas et al., 2016; Jaiswal et al., 2024). However, there are specific 
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challenges, such as the high free fatty acids content, which hinders traditional transesterification, 

and the oxidative instability of biodiesel, requiring antioxidants to extend its shelf life 

(Nambiraj; Suresh Kumar, 2024; Pullen; Saeed, 2012). Additionally, the strong odor of fish oil 

and the variability in its composition can affect the quality and commercial acceptance of 

biodiesel, requiring proper treatment to overcome these limitations (Abdul Hakim Shaah et al., 

2021; Mahdi et al., 2023). 

Given the challenges and advantages discussed, bibliometric analysis emerges as a 

tool that uses quantitative methods to assess the scientific production of a specific scientific 

topic (de Castro Bizerra et al., 2024b). Therefore, it is concerned with analyzing the number of 

publications, citations, authors and reference sources (Dari et al., 2024). To this end, 

bibliographic data obtained from scientific databases is collected and metrics are applied to 

verify the impact and relevance of articles, authors or research topics (de Castro Bizerra et al., 

2024a). Bibliometrics is widely used to identify the main trends in each area of knowledge, 

mapping the development of science over time (Melo et al., 2024a). 

In this context, bibliometric analysis becomes crucial in recognizing emerging 

trends as well as in identifying new technologies and catalysis methods. By examining 

publication patterns, we can identify research gaps and areas that are still not well studied, as 

well as underexplored technologies (da Silva Aires et al., 2024). This study aims to conduct a 

bibliometric analysis of scientific research on the use of residual fish oil as a raw material for 

biodiesel production. The focus is on collecting data from scientific documents published in 

English from 2010 to 2024. This analysis aims to provide insights into the current state of 

research worldwide. 

3.3 Methodology 

3.3.1 Data source 

The study uses bibliometric analysis as a key methodology for measuring scientific 

research, offering a thorough and accessible approach to gathering and evaluating data. The 

analysis includes information on authors, citations, journals, institutions, and other new 

scientific works related to biodiesel synthesis using residual fish oil. To conduct the bibliometric 

analysis, an important part of the study involves using the database obtained from publications 

collected on the Web of Science website, which is currently owned by Clarivate Analytics and 

contains around 74.8 million academic publications as of 2020. This platform is a highly 

respected and crucial data source in the educational field and was used to access numerous 
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scientific literature productions on the topic under consideration. 

3.3.2 Data collection 

The initial phase involved the acquisition of academic data on scientific 

publications related to biodiesel production from waste fish oil. This was done using the 

keywords “biodiesel production”, “fish oil” or “waste fish oil” within the period 2010 to 2024 

to conduct a quantitative survey of publications in this domain. The scope of the search was 

deliberately confined to the above-mentioned terms and the English language to mitigate the 

influences of update bias in the database. This method was employed to construct a 

comprehensive synthesis of the scientific publications on the proposed topic, considering the 

current scenario. 

3.3.3 Data extraction 

Upon obtaining the requisite database for the study, all gathered material was 

imported into Microsoft Excel 2023 software (Microsoft Corporation, Redmond, Washington, 

WA, United States) for subsequent processing and analysis to present statistical results. The 

analysis encompasses the frequency of citations, the prominent countries in the field of study, 

scientific production regarding the utilization of residual fish oil for biodiesel production, 

authorship details, annual publication figures, funding agencies, and participating institutions. 

Qualitative analysis data were sourced from the Citation Reports (JCR) website 

(https://www.thomsonreuters.com/journal-citation-reports/). Throughout the analysis, the 

collected data underwent manual filtering and processing within Excel. 
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3.4 Results and Discussions 

3.4.1 Bibliometric Analysis 

3.4.1.1 Trend of global publications and citations 

Bibliometric analysis is a tool that offers the opportunity to identify and evaluate 

scientific publications related to a given field of research. Therefore, Figure 3.1 shows the 

number of publications and citations over the period investigated (2010 to 2024). The number 

of scientific documents published corresponds to yellow columns while the number of citations 

per year is represented by dots and a purple line. Given this, it is observed that during the period 

analyzed the number of publications increased consistently, reaching a peak of 22 documents 

in 2019. After 2019 there is a reduction in the number of publications, however, the level 

remains high. In contrast, the number of citations appears to be continuous throughout the 

period investigated, revealing the impact of the publications. 

 

 
Source: Author (2024) 

3.4.1.2 Contributions of countries/regions 

Analyzing the number of publications by country is essential to assess the 

concentration of research on a specific topic and to visualize collaboration between nations. In 
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this context, Figure 3.2 highlights the 10 leading countries in publications on the synthesis of 

biodiesel from fish oil. It is worth noting that Brazil leads with the largest number of 

publications (20), followed by India (17) and Iraq (16). 

Furthermore, it is essential to investigate which countries are references in this field, 

measuring the number of citations received by their publications (Figure 3.3). When analyzing 

the citations, we observe that Iran stands out significantly, accumulating a total of 957 citations 

during the period analyzed. Iraq comes next, with 833 citations, and Brazil with 600. This 

analysis not only reveals the productivity of the countries in terms of publications but also the 

influence and impact of their research in the field of biodiesel from fish oil. 

Figure 3. 2 – The countries with the highest number of scientific publications on the 

production of residual fish oil 

 
Source: Author (2024) 
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Figure 3. 3 – The countries with the highest average number of citations per document 

 
Source: Autor (2024). 

 

Figure 3.4 shows the worldwide distribution of publications on the topic 

investigated. Meanwhile, Figure 3.5 presents a network of connections between several 

countries in clusters, which are identified by different colors and node sizes that suggest degrees 

of relevance or influence within the group. The red cluster around India includes countries such 

as Saudi Arabia, Pakistan and Ethiopia. While the green cluster: England, France, Finland and 

Scotland. Spain, Norway and Turkey are within the yellow cluster. India has an extensive 

fishing industry and is rich in marine biodiversity, which allows the generation of large 

quantities of fish waste. Brazil is connected to Angola and Canada, indicating possible 

commercial or technological relations in the use of residual fish oil for biodiesel production. 

Figure 3. 4 – Distribution of global scientific production on the production of biodiesel from 
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residual fish oil. 

 
Source: Author (2024). 

 

Figure 3. 5 – Global collaboration network between the countries that publish the most 

articles regarding the production of biodiesel from waste fish oil  

 

Source: Author (2024). 

3.4.1.3 Contributions of Institutions 
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and obtained a minimum of 100 citations. Table 3.1 presents the ranking of the top 10 

institutions that have made relevant contributions, their respective countries of origin, and the 

number of publications on fish oil biodiesel production. Notably, the University of Mosul 

emerged as the institution with the highest number of publications (15 papers), followed by 

Tarbiat Modares University (7 papers) and the University of Tikrit (6 papers), respectively. 

Subsequently, Figure 3.6 presents the collaboration network between the institutions. 

Table 3. 1 – Academic institution ranking in biodiesel research 

Rank Institutions Regions/Country Number of 

publications 

1 University of Mosul Mossul, Iraq 15 

2 Tarbiat Modares University Tehran, Ira 7 

3 University of Tikrit Tikrit, Iraq 6 

4 Universidade do Porto Porto, Portugal 5 

5 Universidade Federal de Santa 

Catarina 

Santa Catarina, Brazi 4 

6 Anna University Madras, Indía 4 

7 University of Granada Granada, Spain 3 

8 Vellore Institute of Technology Vellore, India 3 

9 Aarhus University Aarhus, Denmark 3 

10 K.S Rangasamy College of 

Technology 

India 3 

Source: Autor (2024). 

Figure 3. 6 – Global collaboration network among institutions for the publication of scientific 

papers on biodiesel production from residual fish oil 

 
Source: Author (2024) 
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3.4.1.4 Contributions of Funding Agencies 

Table 3.2 presents the funding agencies for research development, the country of 

origin, the number of works funded within the period analyzed, and the percentage of the total 

number of articles. It is observed that the National Council for Scientific and Technological 

Development (CNPQ) stands out for the number of financed works (13), followed by the 

Coordination of Higher Education Personnel (CAPES) (10) and finally the Foundation for 

Science and Technology (FCT) (6). The three institutions that financed the most work on the 

topic during the period analyzed are in Brazil, which is also the country that stood out in the 

number of published works. Therefore, the significant role of funding agencies in encouraging 

and developing scientific research is identified, corroborating the influence of countries in 

certain fields of research. 

Table 3. 2 – Agencies that stood out in collaboration for the publication of articles on the 

analyzed topic 

Funding Agencies Regions/Country Count Percentage 

(%) 

National Council for Scientific and 

Technological Development  

Brazil 13 7.34 

Coordination for the Improvement of Higher 

Education Personnel  

Brazil 10 5.65 

Foundation for Science and Technology Brazil 6 3.39 

Spanish Government Spain 5 2.82 

Natural Sciences and Engineering Research 

Council of Canada  

Canada 4 2.25 

European Union Europe 3 1.69 

São Paulo Research Foundation Brazil 3 1.69 

National Natural Science Foundation of China China 3 1.69 

Soja de Portugal Portugal 3 1.69 

Engineering and Physical Sciences Research 

Council 

United Kingdom 2 1.12 

Source: Author (2024) 

3.4.1.5 Contributions of Authors 

The contribution of the authors was also investigated, where 502 authors were 

reported, but after the design where the author should publish at least 1 work and have 100 

citations, only 40 authors met this criterion. Therefore, Figure 3.7 ranks the authors who 

published the most articles. The author Abdelrahman B. Fadhil, from the University of Mosul, 
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holds the largest number of published works (15). Next, the author Emaad T. B. Al-tikrity (4). 

Subsequently, the authors Antonio Guadix, Emilia M. Guadix, Adnan I Ahmed and Youngjin 

He with 3 published works each. Finally, the authors Ayatallah Ghareghani, Reza Hosseini, 

Mostafa Mirsalim and L. A. S. Madureita with 2 publications. 

Figure 3. 7 – Authors who have published the most on the production of biodiesel from waste 

fish oil 

 
Source: Author (2024) 

 

 Figure 3. 8 – Most cited authors in the production of articles regarding the production of 

biodiesel using waste oil from the fish processing industry. 
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Source: Author (2024) 

3.4.1.6 Journal Analysis 

Table 3.3 delineates the top 10 publications that extensively cover the topic of 

biodiesel production utilizing fish oil as a primary raw material. It also provides comprehensive 

details on the publications' country of origin, number of publications (NP), number of citations 

(NC), percentage of documents published by the journal on this topic, and the impact factor 

(IF). 

The journal called "Fuel" accounts for 9.03% of all published papers and holds an 

impact factor (IF) of 7.4. It focuses on publishing articles related to the science and technology 

of fuels and energy, covering a wide range of topics including fuel cells, biofuels, synthetic 

fuels, oils, and gases.1. The journal "Renewable Energy" (7.64%) and IF: 8.7 is dedicated to the 

dissemination of knowledge about various aspects of renewable energy system technologies 

and components. Its scope encompasses biomass conversion, hydrogen production technology, 

climatology and meteorology, as well as socio-economic and political factors related to 

renewable energy.2. "Energy" (3.47%) and IF: 9, is an international, multidisciplinary magazine 

focusing on engineering and energy research. The journal publishes analyses, reviews, and 

evaluations of energy-related topics, as well as research in mechanical engineering and thermal 

sciences with an emphasis on energy analysis, modeling, and forecasting. Additionally, the 

 
1 Available at: https://www.sciencedirect.com/journal/fuel. Accessed on: 7/9/2024 3:55 PM  
2 Available at: https://www.sciencedirect.com/journal/renewable-energy.  Accessed on: 7/9/2024 3:56 PM 
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journal welcomes articles on energy conservation, biomass and bioenergy, energy storage, and 

other relevant topics within its multidisciplinary scope. 

Table 3. 3 – Ranking of scientific journals with the highest contribution to the publication of 

research on biodiesel production from residual fish oil 

Rank Journal title Country NP NC Percentage 

(%) 

IF 

1 Fuel Netherlands 13 776 9.03 7.4 

2 Renewable Energy United 

Kingdom 

11 634 

7.64 

8.7 

3 Energy United 

Kingdom 

5 293 

3.47 

9 

4 Energy Conversion 

and Management 

United 

Kingdom 

4 284 

2.78 

10.4 

5 Energy Source, Art 

A: Recovery 

Utilization and 

Environmental 

Effects 

United 

Kingdom 

4 125 

2.78 

2.49 

6 Renewable 

sustainable energy 

reviews 

United 

Kingdom 

4 468 

2.78 

15.9 

7 Bioresource 

technology 

United 

Kingdom 

3 122 

2.08 

11.4 

8 Catalysts Switzerland 3 41 2.08 3.9 

9 Energy & Fuels United 

States 

3 36 

2.08 

5.3 

10 Fermentation Switzerland 3 17 2.08 3.7 
Source: Author (2024) 

3.4.1.7 Most articles cited 

Bibliometric analysis is a relevant tool to allow a quantitative and qualitative 

analysis of published works on a given topic. Therefore, Table 3.4 presents the ranking of the 

most cited articles on biodiesel production using residual oil from fish industry processing. It 

becomes possible to identify the most influential works during the period analyzed. It also 

allows the visualization of relevance metrics, and recognition of trends and emerging areas in 

the research field. 

“A review on the prospects of sustainable biodiesel production: A global scenario 

with an emphasis on waste-oil biodiesel utilization”, published in 2017 by the journal 

Renewable & Sustainable Energy Reviews, has a total of 320 citations and is the most cited 

article in the database. The authors discussed the controversies surrounding the use of edible 

and non-edible oils for biodiesel synthesis. This study presents a comprehensive literature 

review on the use of waste oils for biofuel production to ensure the production and consumption 
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of an economic and ecological bioproduct (Hajjari et al., 2017).  

“Biodiesel production Processes and Sustainable Raw Materials”, published in 

2019 by the Energies magazine has a total of 153 citations and its scope also presents a literature 

review on the possibility, advantages and disadvantages of replacing homogeneous catalyzed 

processes with heterogeneous processes to enable strategies for improving and sustaining 

biodiesel. It is worth noting that the article in question is the most recent among the most cited, 

indicating the relevance of the topic in the academic community and its impact on the industrial 

sector, as they are emerging improvements for promoting sustainable development (Ramos et 

al., 2019). 

“Effects of waste fish oil biodiesel on diesel engine combustion characteristics and 

emission”, published in 2017 by the Renewable Energy magazine has a total of 145 citations 

and is an experimental article that aims to evaluate the performance characteristics between fish 

oil biodiesel and pure diesel. The authors concluded that biodiesel reduced variations from cycle 

to cycle, presenting superior gross thermal efficiency (2.92%) and lower combustion loss 

(15.2%) compared to diesel (Gharehghani; Mirsalim; Hosseini, 2017). In this way, contributing 

to the applicability of the generated bioproduct. 

Table 3. 4 – Most cited articles on the production of biodiesel from the use of residual fish oil 

Rank Title  Journal Year  Citations 

1 A review on the prospects of 

sustainable biodiesel production: A 

global scenario with an emphasis on 

waste-oil biodiesel utilization 

 

Renewable & 

Sustainable 

Energy 

Reviews 

2017 320 

2 Biodiesel Production Processes and 

Sustainable Raw Materials 

Energies 2019 153 

3 Effects of waste fish oil biodiesel on 

diesel engine combustion 

characteristics and emission 

 

Renewable 

Energy 

2017 145 

4 Biodiesel production from Silybum 

marianum L. seed oil with high FFA 

content using sulfonated carbon 

catalyst for esterification and base 

catalyst for transesterification 

 

Energy 

Conversion and 

Management 

2016 143 

5 Covalent immobilization of Candida 

antarctica lipase on core-shell 

magnetic nanoparticles for production 

of biodiesel from waste cooking oil 

 

Renewable 

energy 

2017 133 

https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000400227200037
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000400227200037
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000400227200037
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000400227200037
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000388775700085
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000388775700085
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000388775700085
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000369191300024
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000369191300024
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000369191300024
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000369191300024
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000369191300024
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000388775700055
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000388775700055
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000388775700055
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000388775700055
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6 Influence of injection timing on 

performance, emission and combustion 

characteristics of a diesel engine 

running on fish oil biodiesel 

 

Energy 2016 129 

7 Biodiesel production from mixed non-

edible oils, castor seed oil and waste 

fish oil 

 

Fuel 2017 117 

8 Waste fish oil biodiesel as a source of 

renewable fuel in Iran 

 

Renewable & 

Sustainable 

Energy 

Reviews 

2013 108 

9 Biodiesel production from mixtures 

of waste fish oil, palm oil and waste 

frying oil: Optimization of fuel 

properties 

 

Fuel 

Processing 

Technology 

2015 98 

10 Biofuels from waste fish oil pyrolysis: 

Continuous production in a pilot plant 

 

Fuel 2009 97 

Source: Author (2024) 

3.4.1.8 Research area 

Given the emergence of development and improvement of processes related to 

biodiesel production and the diversification of raw materials used, it becomes relevant to 

evaluate prominent research areas to identify trends and gaps. Therefore, Figure 3.9 shows the 

research areas where there were high amounts of publications. Therefore, “Energy Fuels” 

presents 80 publications showing the importance of expanding raw materials of renewable 

origin in the synthesis of liquid fuels. Next, “Engineering” totals 68 publications indicating 

the contribution of engineering in the development, advancements, and improvements of 

industrial processes with emphasis on the area of energy security. In contrast, “Agriculture” 

has only 7 publications, being the area with the smallest number of publications in the archives 

evaluated. Another promising area “Science Technology Other Topics” presents 38 published 

documents contributing to dissemination in the academic world and industrial sector. 

Figure 3. 9 – Prominent research areas in the publication of articles about the production of 

biodiesel using fish oil as raw material 

 

https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000389089000102
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000389089000102
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000389089000102
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000389089000102
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000413759500076
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000413759500076
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000413759500076
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000313773800027
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000313773800027
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000352050000020
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000352050000020
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000352050000020
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000352050000020
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000268914900010
https://www-webofscience.ez373.periodicos.capes.gov.br/wos/woscc/full-record/WOS:000268914900010
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Source: Author (2024). 

3.4.2 Hot research topics 

3.4.2.1 Keyword analysis 

Table 3.5 ranks the keywords that presented the highest number of occurrences 

accompanied by Total link strength. “Biodiesel production” leads the list with a total of 53 

occurrences among the articles analyzed. Next came “Biodiesel” and “Transesterification” 

with 52 and 48 occurrences respectively. Analyzing the occurrence of keywords makes it 

possible to visualize the most active and emerging research areas, identifying trends and topics 

in each field. In this sense, Figure 3.10 presents a density map of the most prominent keywords 

in the evaluated study area. Furthermore, it enables the creation of knowledge maps where 

different concepts interconnect, facilitating the visualization of the knowledge structure (Figure 

3.11), gaps or underexplored areas. In this way, it serves as a tool for strategic research design. 

Figure 3.12 presents an evaluation of the use of prominent keywords throughout the period 

investigated, corroborating the understanding of the relationship between different concepts 

pertinent to biodiesel production at different times. 

Table 3. 5 – The twenty most frequently used keywords in research and articles on biodiesel 

synthesis from residual fish oil 

Rank Keyword F Total link 

Strength 

Rank Keyword F Total link 

Strength 

80

68

38

27

24

24

18
14

9 8 7

Research Areas

Energy Fuels Engineering

Science Technology Other Topics Chemistry

Biotechnology Applied Microbiology Environmental Sciences Ecology

Thermodynamics Food Science Technology

Mechanics Biochemistry Molecular Biology

Agriculture
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1 Biodiesel 

production  

53 157 11 Lipase 16 54 

2 Biodiesel  52 166 12 Performanc

e  

15 44 

3 Transesterif

ication 

48 164 13 Ethanolysis  13 54 

4 Fish-oil 46 155 14 Soybean oil  13 49 

5 Optimizati

on 

31 126 15 Extraction 13 44 

6 Fuel 22 71 16 Waste 12 48 

7 Fish oil 21 68 17 Docosahexa

enoic acid  

12 35 

8 Fuel 

properties 

19 67 18 Seed oil  11 46 

9 Esterificati

on 

18 61 19 Palm oil  11 42 

10 Waste fish 

oil  

18 45 20 Polyunsatur

ed fatty-

acids 

11 42 

Source: Author (2024) 

 

Figure 3. 10 – Density map of the 20 most prominent keywords in the field of biodiesel 
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production 

 
 

Source: Author (2024) 

 

Figure 3.11 depicts a network of links that illustrates significant subjects and 

interrelations in the field of biodiesel generation from waste oils, with a focus on fish oils. The 

network's most essential terms, such as biodiesel production, biodiesel, fish oil, and 

transesterification, reflect the importance of these themes in literature. The pivotal location and 

extent of the links between these keywords emphasize their significance as foundational 

subjects for study and development in the field. Transesterification is one of the most used 

biodiesel production procedures, because to its effectiveness in turning waste oils into biodiesel 

(Yue et al., 2024; Yusuf; Oladepo; Ganiyu, 2024; Zhang et al., 2024). The strong connection 

between "biodiesel production" and "transesterification" highlights that much of the research in 

the field has focused on the optimization of this reaction, involving different catalysts and 

experimental conditions (Jayabal, 2024; Quispe; Coronado; Carvalho Jr., 2013; Ullah et al., 

2024). 

The term fish-oil presents a dense network of connections with other terms such as 

waste fish oil, polyunsaturated fatty acids and docosahexaenoic acid. This demonstrates the 

growing interest in exploring fish oil as an alternative feedstock for biodiesel production, not 

only as a solution for industrial waste management but also because of its unique composition 

of polyunsaturated fatty acids, which can influence the properties of the biodiesel produced 

(Anu Prasanna et al., 2023; Karia et al., 2024; Tian et al., 2024). Other connected terms, such 
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as exhaust emissions, fuel properties and performance, reflect environmental and technological 

concerns associated with the use of biodiesel derived from waste oils (Adhithan; Sachdeva, 

2023; Ormond et al., 2024; Taheri-Garavand et al., 2022). Optimizing fuel properties to meet 

the demands of modern engines and reduce greenhouse gas emissions has been a priority for 

researchers in the last decade (Algayyim et al., 2024; Islam Rony et al., 2023; Togun et al., 

2024). 

The coloring of the nodes, representing the period 2013 to 2023, suggests that 

themes related to fish oil and waste fish oil have gained relevance more recently. This may be 

related to the increased concern about industrial waste management and the search for 

renewable sources of biodiesel in response to pressure for more sustainable practices. 

Figure 3. 11 – Network of connections among the most frequently occurring keywords in the 

investigated research field 

 
Source: Author (2024). 

Figure 3. 12 – Network of connections among prominent keywords in the field of study from 

2013 to 2023 
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Source: Author (2024). 

3.5 Conclusions 

 

After conducting bibliometric analysis on the production of biodiesel from residual 

fish oil, it is possible to infer the growing relevance that this topic has in the scientific 

community. The production of biodiesel from fish waste has gained prominence, both for its 

potential to add value to byproducts of the fishing industry and for its contribution to the circular 

economy and environmental sustainability. The bibliometric analysis reveals that Brazil stands 

out as the main producer of publications in this area, which is directly related to the fact that 

the country is one of the largest fish producers in the world, having abundant residual raw 

material for this type of research. 

Among the advantages identified, it is worth highlighting the use of a resource that 

would otherwise be discarded, promoting the reduction of waste and generating an alternative 

source of renewable energy. In addition, biodiesel from waste fish oils can present physical and 

chemical properties suitable for fuels, being compatible with the specifications required for use 

in diesel engines. 

However, there are also significant challenges to be overcome, such as the 

variability in the composition of residual oils, which can impact the efficiency of 

transesterification processes and the final quality of biodiesel. Another obstacle involves the 

need to develop economically viable purification and refinement processes that ensure a 

competitive final product on the market. In addition, the logistics of collecting and storing this 
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type of waste can be complex, especially in regions where fishing is highly geographically 

distributed. 

Therefore, it is necessary to develop alternative routes for catalysis, with the aim of 

promoting practices that foster sustainable development and the circular economy. The 

exploration of more efficient, biodegradable or renewable-source catalysts allows for a 

reduction in environmental impact, in addition to promoting the responsible use of resources. 

These alternative routes are essential for minimizing waste and reusing industrial byproducts, 

creating cleaner and more integrated processes, aligned with the principles of green chemistry 

and the circular economy.  
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CHAPTER 4 

CHAPTER 4 – A STUDY ON BIODIESEL PRODUCTION FROM TILAPIA 

(OREOCHROMIS NILOTICUS) WASTE OIL USING EVERSA® TRANSFORM 2.0 

LIQUID LIPASE: THEORETICAL AND EXPERIMENTAL APPROACHES 
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4.1 Abstract 

Fish waste, its by-products found in nature or generated by the processing industry represent a 

significant portion in obtaining high-value products. Therefore, its disposal has an economic 

and environmental impact. In this aspect, the objective is to carry out a theoretical and 

experimental study on the biocatalytic production of ethyl esters through the enzymatic 

hydroesterification of residual tilapia (Oreochromis Niloticus) oil. Hydroesterification is 

characterized by hydrolysis followed by esterification. Therefore, complete hydrolysis of tilapia 

oil was performed after preparing a mass solution with a 1:1 ratio (oil/water) and heating it to 

40° C. Additionally, 4% of Thermomyces lanuginosus lipase (TLL) was incorporated into the 

mixture and the system was kept under constant stirring for 4 h. Next, the experimental matrix 

was designed using the Eversa® Transform 2.0 lipase in the esterification step, varying the 

temperature (25, 40 and 55 °C), the molar ratio between free fatty acids (FFA) and ethanol (1:1, 

1:5 and 1:9), the percentage of biocatalyst (1, 5 and 9%) and the reaction time (1, 3 and 5 h) 

using the Taguchi methodology. The experimental design was applied and the conversion 

results varied between 19.3 ± 0.38% (1:9, 3 h, 55 ºC and 1% biocatalyst) to 83.8 ± 0.29% (1:5 

, 3 h, 25 ºC and 9% biocatalyst). The factors that stood out were the amount of biocatalyst 

followed by temperature. The ideal reaction levels obtained after statistical treatment were 5 h 

of reaction at 25 °C in a molar ratio of 1:1 (FFA/ethanol) using 9% of the biocatalyst, indicating 

a theoretical conversion of 96.73%. After carrying out the reaction with the indicated 

parameters, a conversion of 89.94 ± 0.09% was noted. It is noted that the experimental 

conversion value was lower than the theoretical conversion. The bioproduct was properly 

characterized regarding its density and viscosity properties, obtaining values of 2.47 cSt and 

883.6 Kg/m3, respectively. In addition, a docking and molecular dynamics study was 

conducted, evaluating the stability of Eversa® Transform 2.0 lipase with FFAs, and the 

coupling of the enzyme's catalytic site with the substrate was observed. Finally, residual tilapia 

oil proved to be an alternative raw material for the synthesis of bioproducts, and the present 

study contributes to the development of sustainable biochemical processes. 

Keywords: Ethyl esters; Enzymatic hydroesterification; Lipases; Molecular docking; 

Molecular dynamics. 
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4.2 Introduction 

Feedstocks used for biodiesel synthesis are high-cost vegetable oils (sunflower, 

soybean, rapeseed, or canola oil), rendering them economically uncompetitive with petroleum 

diesel (Dias, Amanda M. S. et al., 2022; Garg; Sabouni; Ahmadipour, 2023; Sreeharsha; Dubey; 

Mohan, 2023). Using edible feedstocks for biofuel synthesis can have adverse effects, 

especially in developing countries (Oyekunle et al., 2023; Sreeharsha; Dubey; Mohan, 2023; 

Tibesigwa; Olupot; Kirabira, 2023). Non-edible vegetable oils (such as castor oil, cottonseed 

oil, neem oil, and rubber tree seed oil), have been explored like alternative feedstocks, including 

fatty acids derived from algae, and animal fats (Arshad et al., 2023; Nayab et al., 2022; 

Rambabu et al., 2023). Animal fats are derived from meat processing, and fish oil is one of the 

byproducts of this process. 

Aquatic animal output increased by 4% from 2020 to a new world high of 185 

million tons (live weight equivalent) in 2022, with aquaculture contributing USD 296 billion to 

the total expected first sale value of USD 452 billion (The State of World Fisheries and 

Aquaculture 2024, 2024). Since more than half of the body weight of fish is wasted during 

processing, fish oil, which is present in varied amounts in the meat, head, frame, fin, tail, skin, 

and intestines of fish normally contain 2–30% fat, represents a strong potential for valorization 

— primarily for human consumption or the production of biodiesel (Coppola et al., 2021; 

Maksimenko et al., 2024; Mo; Man; Wong, 2018). Exploration of production methods is 

essential to ensure their proper application. 

Esterification or transesterification routes are commonly used in biodiesel synthesis 

and can be chemically or biologically catalyzed (Al-Saadi; Mathan; He, 2020; Kushwaha et al., 

2023; Mandari; Devarai, 2022). The main road used for biodiesel production is 

transesterification, and there are requirements regarding the moisture content of the feedstock 

and fatty acids (Chozhavendhan et al., 2020). Chemical compounds with extremely alkaline 

elements usually perform catalysis (MAS, 2023). However, using the chemical route has 

disadvantages, such as the generation of polluting waste, high energy consumption and the 

complexity of the glycerol recovery process (Abomohra et al., 2020). 

An alternative is the biological route, which uses enzymes to obtain bioproducts. 

Hose use on an industrial scale presents advantages in terms of sustainability and efficiency 

(Cavalcante et al., 2021; Wancura et al., 2023). Enzymes are biological catalysts responsible 

for promoting the transformation of chemical species into living systems. They can catalyze 

reactions under mild conditions with a very high degree of substrate specificity, thus reducing 

the formation of byproducts. (Brena; González-Pombo; Batista-Viera, 2013). In addition, they 
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are derived from renewable, biodegradable, biocompatible resources; their use reduces the cost 

of removing metal residues from products (Aboulrous et al., 2022). According to the 

International Union of Biochemistry (IUB), enzymes can be classified into the following classes: 

oxidoreductases, transferases, hydrolases, lyases, isomerases, and ligases. 

Lipases, a subclass of hydrolases, are carboxyl esterase enzymes derived from 

animals, plants, or microorganisms (e.g., bacteria, fungi, and yeast). They are also known as 

triacylglycerol hydrolases (EC 3.1.1.3) (Almeida et al., 2021; Ismail; Baek, 2020). These 

enzymes can hydrolyze long-chain acyl glycerol (Ismail; Kashtoh; Baek, 2021), and their 

relevance is therefore due to their versatility in catalyzing various reactions such as 

transesterification (Shu et al., 2023), esterification (Zeng; Zhong, 2023), interesterification (Ai 

et al., 2023), hydrolysis (Culsum et al., 2023), alcoholysis (Dias, Michele do Rocio Gonçalves 

et al., 2022), acidolysis (Yoshioka et al., 2023), and aminolysis (Mouad et al., 2016). 

Eversa Transform 2.0 (ET2) lipase is a genetically modified enzyme industrially 

derived from Thermomyces lanuginosus lipase (TLL), produced by submerged fermentation of 

a genetically modified Aspergillus oryzae strain (Monteiro et al., 2021). ET2 was designed 

primarily to produce biodiesel using feedstocks with free fatty acid content, i.e., from low 

acidity to high acidity oils such as residual oils. ET2 has 269 amino acid residues, a molecular 

weight corresponding to 31.5 kDa and has an activity of 9100 IU/mL (Acherki; Bouaid; 

Marchetti, 2022). Enzymes can be used in a variety of sectors (cosmetics, food, biofuels) and 

their use in processes needs to be optimized to ensure their industrial viability (Gama 

Cavalcante et al., 2024; Shakilanishi; Shanthi, 2024; Yadav; Biswas; Goyal, 2024). 

Thus, parameters such as molar ratio, temperature, percentage of biocatalyst and 

reaction time influence the yield and efficiency of the process  (Ferreira Mota et al., 2022; MAS, 

2023) These parameters are relevant, as choosing inadequate conditions compromises the 

stability of the enzyme, increasing the cost or reducing the conversion of fatty acids into ethyl 

esters (Ramírez-Verduzco; Hernández-Sánchez, 2024; Riaz et al., 2024; Sales et al., 2022). 

Therefore, the use of statistical tools, such as the Taguchi method, can be used to determine the 

ideal combination of parameters at their respective levels, also helping to reduce the number of 

experiments required and optimizing resources (Karmakar; Dhawane; Halder, 2018; Karmakar; 

Halder, 2019; Yesilyurt; Cesur, 2022). Therefore, this methodology is not limited to maximizing 

process efficiency but also proposes a systematic approach to deal with the complexities related 

to biocatalysis, becoming an economically viable and competitive alternative for industrial 

biodiesel production (Dey et al., 2024; Singh, Yashvir et al., 2024; Zhu et al., 2024).  In addition 

to the advantages reported regarding the Taguchi methodology, there are computational tools 



 
66 

 

with interesting functionalities for understanding and expanding on the steps involved in the 

production process. 

Molecular research, docking, and molecular dynamics are some of the pertinent 

computational methods that are used to describe the interactions between enzymes and 

substrates to create effective and optimal processes (Huang et al., 2024; Nam et al., 2024; Zhou; 

Huang, 2024). While molecular dynamics enables the observation of the durability and 

adaptability of these interactions under simulated settings, docking analysis offers information 

on the enzyme's binding mechanisms and affinity with substrates (Jin; Wei, 2024; Krishna et 

al., 2024; Lu et al., 2024). These revelations are essential for clarifying the variables affecting 

catalytic performance and providing evidence for experimental modifications that optimize 

biodiesel production. 

The current article aims to explore the potential of residual tilapia (Oreochromis 

niloticus) oil in biodiesel production through enzymatic catalysis. To achieve this, we will 

optimize the synthesis/production process and investigate how different reaction parameters 

(such as molar ratio, biocatalyst, temperature, and time) affect the outcome. In addition, we will 

use the Taguchi methodology to analyze the results. Finally, we will apply theoretical chemistry 

concepts to study the molecular dynamics and coupling during the enzymatic reaction using 

Eversa® Transform 2.0 lipase as a biocatalyst. 

4.3 Methodology 

4.3.1 Materials 

This study utilized the commercial lipase Eversa® transform 2.0 from Aspergillus 

oryzae and lipase from Thermomyces lanuginosus, both of which were procured from Sigma-

Aldrich Brasil Ltda, located in Cotia, São Paulo, Brazil. All other chemical reagents used were 

of analytical grade and were provided by Synth, São Paulo, Brazil and Vetec, São Paulo, Brazil. 

The experimental design of this study was developed using the advanced Statistica® 10 

software, which employs the Taguchi method. The residual tilapia oil used in this research was 

obtained through collaborative efforts with fish farming companies located in the state of Ceará. 

4.3.2 Methods 

4.3.2.1 Hydrolysis Step: Conducting enzymatic hydrolysis for the extraction of free fatty acids 

(FFA) 

 

Initially, the residual tilapia (Oreochromis niloticus) oil was hydrolyzed via 

enzymatic catalysis using Thermomyces Lanuginosus lipase. This article followed the 
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methodology proposed by Carvalho et al. (2021) with some adaptations. Therefore, an oil:water 

solution of equivalent volumes was prepared, which was kept heated to 40°C, where 0.4% of 

the biocatalyst was added to the mass of the oil and the system was kept under stirring for 4 

hours at a constant temperature (CARVALHO et al., 2021). Then, the solution was transferred 

to a separating funnel for phase separation. Distilled water previously heated to 60º C was added, 

and the aqueous phase was discarded. FFAs were washed three times and heated for 10 minutes 

at a constant temperature of 80º C. During filtration to remove moisture, anhydrous sodium 

sulfate was used. Finally, the AGLs were stored in an amber bottle (Alexandre et al., 2022). 

4.3.2.2 Acidity index 

The initial and final (after the hydrolysis step) acidity index (A) was calculated from 

Equation 1. Aliquots of 0.2 g were removed from the volume of the final reaction mixture and 

diluted in 5 mL of ethyl alcohol and 3 drops of phenolphthalein were added, then titrated with 

0.1 M sodium hydroxide solution. 

𝐴𝐼 =
𝑀𝑀𝑁𝑎𝑂𝐻∗𝑀𝑁𝑎𝑂𝐻∗𝑓∗𝑉𝑁𝑎𝑂𝐻

𝑚
                                                                                                     (1) 

𝑀W𝑁𝑎𝑂𝐻 (g/mol) is the molar mass of NaOH; 𝑀𝑁𝑎𝑂𝐻 (mol/L) is the molarity of 

the NaOH solution; f is the correction factor determined by standardizing the NaOH; 𝑉𝑁𝑎𝑂𝐻 

is the volume of NaOH used during the titration (L); and 𝑚 (g) is the mass of the sample to be 

studied. The conversion of free fatty acids into esters (Equation 2) was determined considering 

the initial (AIi) and final acidity of the sample (AIF). (Moreira et al., 2020). 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =  
𝐴𝐼𝑖−𝐴𝐼𝑓

𝐴𝐼𝑖
𝑥100                                                                                            (2) 

                                                               

4.3.2.3 Esterification Step: Optimization of enzymatic esterification aimed at biodiesel 

production, utilizing the Taguchi method for variable analysis 

To enhance ester conversion efficiency, four parameters were stratified into three 

levels utilizing a conventional L9 orthogonal matrix based on the Taguchi method. The 

designation of "L" and "9" denotes the Latin square and the number of experiments, respectively. 

Table 4.1 delineates the four independent variables (molar ratio, biocatalyst, temperature and 

time) alongside their corresponding values. It is noteworthy that the reaction volume was 

employed to determine the biocatalyst percentage after the molar ratio calculation (Esan et al., 

2021). 

Table 4. 1 — Codified levels of experimental design and independent parameter scope 



 
68 

 

Levels Molar ratio 

(v:v) 

Biocatalyst (%) Temperature 

(°C) 

Time (h) 

Level 1 (L1) 1:1 1 25 1 

Level 2 (L2) 1:5 5 40 3 

Level 3 (L3) 1:9 9 55 5 

Source: Author (2024) 

Since this study aims to improve the response (fatty acid conversion), the S/N 

(signal-to-noise) ratio values corresponding to the coatings were determined using the specific 

characteristics of the "bigger is better" function. The Taguchi method uses the S/N ratio to 

evaluate quality characteristics and deviations from the desired value. The system performs 

well when the signal-to-noise (S/N) ratio is used to evaluate the data, as it becomes less sensitive 

to the causes of fluctuation (Monteiro et al., 2022). For each experiment, the S/N ratio was 

calculated using Equation 3. 

𝑆

𝑁
=  − log(

1

𝑛
∑ =𝑛

𝑖 1
1

𝑦𝑖
2)                                                                                                               (3) 

Where y is the fatty acid conversion for the associated sample, i represents the 

number of replicates, and n corresponds to the number of responses for each given parametric 

combination of factor values. Equation 4 evaluated the signal-to-noise ratio projected under 

optimal conditions for the process of obtaining maximum conversion. 

𝑆

𝑁𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
=

𝑆̅

𝑁
+ ∑ = 1 (

𝑆

𝑁𝑗
−

𝑆̅

𝑁
)𝑛

𝑗                                                                                             (4) 

Where S̅/N is the arithmetic mean of all S/N ratios, S/Nj denotes the S/N ratio at 

the ideal point for each component, and n denotes the number of factors that have a substantial 

impact on the process. 

4.3.2.4 Theoretical study 

4.3.2.4.1 Preparation of binders and proteins 

The molecules of the lipidic composition of fish oil using Eversa 2.0 were create by 

Chem3D software (Ahmadi et al., 2005), Figure 4.1, In the auto-optimization settings, the force 

field has been applied MMFF94S (Wahl et al., 2019), to generate bioactive conformations by 

minimization of randomly generated conformers, with Steepest Descente algorithm (Petrova; 

Solov’Ev, 1997), Step per Update 4 (Sutton; Mahmood; White, 2016), pelo software 

AVOGADRO (Hanwell et al., 2012). The file with ligand was converted to corresponding 

format (.pdbqt) with addition of ionization and tautometic states at pH 7.4 by using OpenBabel 

ver. 3.0.0 software (O’Boyle et al., 2011). 

 
Figure 4. 1 – Structures in 2D of the fish oil composition 
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Source: Author (2024) 

The receptor under study was the structure of the lipase Eversa 2.0 that was modeled 

the following literature procedures (Alexandre et al., 2022; Nobre et al., 2023), whose 

crystalline structure was obtained by complex X-ray diffraction. To make molecular docking 

possible, the interfering residues, water molecules, and the synthetic inhibitor were removed. 

Polar hydrogens were added to the ligands, separately, and the protein. This technique aims to 

search inside potential virtual ligand databases for a given protein target. The software used was 

Autodock tools (Morris et al., 2009).  

4.3.2.4.2 Molecular docking 

Molecular docking was performed by AutoDock Vina (Trott; Olson, 2010) employing 

3-ways multithreading, Lamarkian Genetic was performed. For docking of Eversa 2.0 main 
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protease complex next parameters were used: number grid points in xyz (30 30 30), spacing 

(0.642), grid center in xyz (-34.282188 24.937188 73.691625). Other parameters were set to 

default. Input ligands with polar hydrogens were used in .pdbqt format. Between ten and forty 

molecular docking executions were performed, and number of simulations that were repeated 

in the same region of the biological receptor. Thus, to validate the performance of the simulation 

and quantify the quality of the dockings, the RMSD (root mean square deviation) scoring 

criterion was adopted, which suggests that a successful docking exhibits an RMSD value rmsd 

≤ 2.0 Å (Sutherland et al., 2007). The simulation data with the main receptor-ligand interactions 

were visualized by the Discovery Studio software (Biovia, 2015) e Pymol (DeLano, 2020). 

4.3.2.4.3 Statistical analysis 

Results are expressed as mean values ± standard error of the mean. After confirming 

normal distribution and homogeneity of the data, differences between the groups were subjected 

to analysis of variance (one-way ANOVA) and two-way ANOVA in experiments with 

antagonists (Fujikoshi, 1993), followed by Tukey’s test (Lin; Zhang, 2018). All analyses were 

performed using GraphPad Prism v.8.0 software. The level of statistical significance was set at 

5% (P < 0.05). 

4.3.2.4.4 Molecular dynamic 

Molecular dynamics (MD) simulations were performed with the NAMD program 

(Phillips et al., 2005). The best conformations obtained in molecular coupling were solved in 

water in the TIP3P model (Kato et al., 2021), in the CHARMM36 force field and addition of 

ions to neutralize the total system load. Finally, it was submitted to energy minimization by the 

Steepest Descent method. The system was then introduced to NVT and NPT balances under 

conditions described by Langevin (Farago, 2019). The system production simulations were 

performed with a time of 100 ns. The quality of the structures obtained in MDs was evaluated 

using the following parameters with NAMD: 

• Potential Energy (kcal/mol) (Diez et al., 2014); 

• Protein-Ligand Interaction Energy (kcal/mol); 

• The mean quadratic deviation of the atomic positions of proteins, binders, and distances 

between them (RMSD, Å), and the mean quadratic deviation of the atomic positions of proteins, 

ligands, and distances between them (RMSD, Å);  

• Hydrogen bonds were evaluated with Visual Molecular Dynamics (VMD) (Humphrey; 

Dalke; Schulten, 1996).  
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• The mean quadratic fluctuation of the minimum distances between proteins and ligands 

was observed in MD (RMSF, Å) (Arshia et al., 2021). The graphs were generated using the 

Qtrace program (Lima et al., 2012). 

4.3.2.5. Physicochemical characterization of the bioproduct produced 

4.3.2.5.1 Kinematic viscosity at 40 ºC 

The kinematic viscosity at 40 ºC was determined following the methodology 

outlined in the ASTM D-70422 standard. The Anton Paar SVM 3000-Stabinger digital 

viscometer (Austria) was employed for this purpose. 

4.3.2.5.2 Density at 20ºC 

The density at 20 ºC was determined according to the procedure outlined in the 

ASTM D-7042 standard. The Anton Paar SVM 3000-Stabinger digital viscometer (Austria) was 

employed for the measurement. 

4.3.2.5.3 Gas Chromatography-Mass Spectrometry (GC/MS) 

For the determination of ester content (C) of the obtained biodiesel samples, 

GC/MS analysis was performed based on the methodology described in the EN 14,103 norm 

(Czech Standards Institute, 2011). Approximately 50 mg of biodiesel sample was added to a 

vial (2 mL) containing 1 mL of the methyl nonadecanoate solution (10 mg/mL). This mixture 

was injected (1 µL) into a gas chromatograph-mass spectrometer SHIMADZU QP-2010 

ULTRA equipped with a (5%-phenyl)-methylpolysiloxane (DB-5) capillary column (30 m × 

0.25 mm × 0.25 μm film thickness) using helium as carrier gas in a splitless mode. 

4.3.2.5.4 High-performance liquid chromatography (HPLC) 

An aliquot of the reaction medium was extracted at the optimum conversion point 

and analyzed using high-performance liquid chromatography (HPLC) with a Shimadzu LC-18 

column and ultraviolet detector. An isocratic method was employed with a 30% acetonitrile and 

70% methanol mixture. A volume of 20 µL was injected per minute for 5 minutes at 40 ºC, 

with a wavelength of 254 nm selected due to its higher absorption in the spectrum (de Sousa 

Junior et al., 2023). 

4.3.2.5.5 Nuclear Magnetic Resonance (NMR) 

Using a Bruker spectrometer, model Advance DRC-300, housed at the Northeastern 

Center for the Application and Use of Magnetic Resonance at the Federal University of Ceará 

(CENAUREMN-UFC), one-dimensional spectra of Hydrogen Nuclear Magnetic Resonance (¹

H NMR) and Carbon (¹³C NMR) were acquired. The hydrogen frequency was 500 MHz, and 
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the carbon frequency was 75 MHz. Deuterated chloroform (CDCL3) served as the solvent for 

sample dissolution, and the samples were analyzed in 5 mm tubes (de Sousa Junior et al., 2023). 

4.4 Results and discussion 

4.4.1 Hydrolysis Step: Conducting enzymatic hydrolysis for the extraction of free fatty acids 

(FFA) 

The acidity index of the tilapia residual oil increased from 41.56 mg NaOH/g to 

94.64 mg NaOH/g following enzymatic hydrolysis, indicating the achievement of the intended 

objective. This increase signifies the oil's release and elevation of free fatty acids. Santos et al 

(2010) used tilapia oil to obtain free fatty acids for biodiesel production, however, they opted 

for chemical hydrolysis (alcoholic saponification with sodium hydroxide followed by 

hydrolysis with sulfuric acid) assisted by ultrasound (Santos et al., 2010). While Souza et al 

(2023) investigated the hydrolysis of residual frying oil catalyzed by enzyme blends and 

obtained satisfactory results (Souza et al., 2023). 

Therefore, it is important to note the relevance of the issue regarding the hydrolysis 

of residual oils for the wealth of high-added-value products. It is also important to highlight the 

challenges faced by each route. Since the chemical route requires subsequent steps for 

separation and purification, there is an increase in cost concerning time and energy. In contrast, 

the enzymatic route has advantages in terms of specificity, resulting in the non-generation of 

unwanted by-products, and does not require subsequent steps related to separation or 

purification. 

4.4.2 Esterification Step: Optimization of enzymatic esterification aimed at biodiesel 

production, utilizing the Taguchi method for variable analysis 

 

The Taguchi method enabled the optimization of reaction parameters, resulting in a 

significant reduction in the number of experimental steps in the process. In this way, it was 

possible to identify the best levels for each parameter, exploring their variations in the 

experimental design to achieve maximum conversion into esters. Consequently, Table 4.2 

presents the conversion values obtained, together with the complete experimental design, which 

includes parameters, levels and their corresponding values, in addition to the S/N for each 

experiment analyzed. It is important to emphasize that the reactions were conducted in duplicate, 

ensuring that the margin of error remained within the desired standards. 

Table 4. 2 – L9 orthogonal array of experimental runs accompanied by ethyl ester conversion 

and signal-to-noise (S/N) ratio 
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Source: Author (2024) 

The parameters that most influenced the reaction were identified: the percentage of 

biocatalyst followed by temperature. This shows the dependence that these factors have, since 

enzymes can undergo denaturation at high temperatures and consequently have their catalytic 

activity reduced. (Arcus; Mulholland, 2020). It is observed that the percentage of biocatalysts 

stood out about the others because as the level increased, the conversion percentages were 

increased proportionally. Points 6, 8, and 9 presented two of the three highest conversions 

sharing the highest level of biocatalyst percentage (Table 4.2). 

Next, it is noted that the temperature also stood out in relation to the other 

parameters. In view of this, it is worth mentioning the specific characteristic of the catalytic 

activity of the lipase used in the temperature range studied. Lipase Eversa® Transform 2.0 has 

its catalytic activity reduced in reactions conducted at temperatures above 45 ºC, while in 

experiments carried out at 40 ºC its performance as a biocatalyst is enhanced (Monteiro et al., 

2021). Points 6, 8 and 9 presented the three highest conversions of the experimental design and 

are based on the combination of the highest percentage level of biocatalyst and the temperature 

range in which the biocatalyst does not suffer/suffered interference by temperature (Table 4.2). 

Among the parameters that least influenced the conversion values of ethyl esters 

were time and molar ratio. It is worth mentioning that their relevance is not discarded, however, 

some factors were more decisive. Excessive use of alcohol can infer denaturation or inactivation 

of the enzyme, resulting in reduced yields (Hasnaoui et al., 2025; Koroleva et al., 2024; Sadana, 

Reaction 
Molar 

ratio 

Biocatalyst  

(% w/w) 

Temperature 

(°C) 
Time (h) 

Conversion 

(%) 
S/R 

1 1:1 1 25 1 61.5±0.05 35.77 

2 1:1 5 40 3 49.6±0.17 33.90 

3 1:1 9 55 5 70.1±0.02 36.90 

4 1:5 1 40 5 48.8±0.74 33.76 

5 1:5 5 55 1 50.1±0.72 34.00 

6 1:5 9 25 3 83.8±0.29 38.45 

7 1:9 1 55 3 19.3±0.38 25.72 

8 1:9 5 25 5 74.4±0.54 37.42 

9 1:9 9 40 1 75.1±0.41 37.50 
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1988). Point 7 obtained 19.3 ± 0.38%, being the lowest conversion of the experimental matrix 

and occurred in the presence of excess alcohol and the smallest amount of biocatalyst 

investigated. The amount of enzymes used is responsible for determining the increase or 

reduction of process costs (Jegannathan; Nielsen, 2013; Liang et al., 2025).  

4.4.2.1 Signal-to-Noise (S/N) Analysis 

The Taguchi methodology allows the evaluation and determination of the 

significance of the investigated parameters, as it provides the S/N ratio values. In this study, the 

“higher is better” function was applied to identify the relationship values through the 

conversion values, as they are linked to the S/N ratio. Therefore, Table 4.3 presents the average 

S/N values for all levels of each parameter at their respective level and the value of their 

variation (delta). The delta value for each parameter is calculated uniquely and by subtracting 

the highest S/N value from the lowest value. In this way, the order and significance of the 

evaluated parameters are classified. 

Table 4. 3 – Analysis of signal-to-noise (S/N) ratios for reaction parameters and factor 

ranking 

Factors/Levels Molar ratio Biocatalyst Temperature  Time 

1 35.53 31.76 37.22 35.76 

2 35.41 35.11 35.06 32.70 

3 33.55 37.62 32.21 36.03 

Delta 1.98 5.86 5.01 3.33 

Ranking 4 1 2 3 

Source: Author (2024) 

The biocatalyst and temperature stood out among the parameters analyzed and 

obtained deltas of 5.86 and 5.01, respectively (Table 4.3). Therefore, the coherence between the 

experimental data presented and discussed in Table 3 is highlighted, as they indicated the same 

significant parameters for the execution of the process. It is noted that increasing the level of 

biocatalysts resulted in a significant and linear gain, so the variation between 1% (Level 1) and 

9% (Level 3) proved to be relevant. It is noteworthy that the temperature variation between 25 

ºC (Level 1) and 55 ºC (Level 3) caused a significant decrease in the average S/N values, since, 

as it is a reaction conducted in the presence of a biological catalyst of Protein origin, raising the 

temperature can be favorable to the denaturation of the protein and consequently the reduction 

of its catalytic activity. 

Given this, it is worth discussing the dependence between the parameters that stood 
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out and those that were less significant in the statistical analysis. Therefore, it is possible to 

point out the relevance of the biocatalyst percentage if it stands out from the increase in the 

molar proportion. The variation in the molar ratio between 1:1 (Level 1) and 1:9 (Level 3) was 

decreasing, indicating that excess alcohol is also a factor in the occurrence of denaturation of 

the enzyme's catalytic triad, therefore Level 1 (1:1) was the most recommended for conducting 

these reactions using the average S/N results. 

4.4.2.2 Analysis of Variance (ANOVA) 

Analysis of Variance (ANOVA) was performed using statistical methods. Therefore, 

Table 4.4 presents the values obtained and it is highlighted that the p-value is the main highlight, 

as the literature reports that this value is responsible for determining the significance of the 

parameters studied. 

Table 4. 4 – Analysis of the factors influencing biocatalytic reactions in biodiesel production 

Factors SS MS DF F value p-value Contribution (%) 

Molar Ratio (25.55) - (2) - - - 

Biocatalyst 1640.37 820.185 2 19.56 0.011 60.39 

Temperature 1068.58 534.29 2 12.74 0.023 39.34 

Time 7.34 3.67 2 0.09 0.782 0.27 

Total 2716.29  6 - - 100 

Source: Author (2024) 

To determine the significance of a parameter, the p-value is used, which guarantees 

up to 95% confidence when less than 0.05. Therefore, the biocatalyst and temperature presented 

significance in the reliability range, presenting p-values corresponding to 0.011 and 0.023, 

respectively. The contribution of the biocatalyst exceeded that of the temperature, as it presented 

60.39% versus 39.34% (Table 4.4). Given the statistical analysis performed, it was possible to 

define the levels and values of the parameters under optimized conditions to ensure maximum 

conversion of esters during the reaction. Thus, the optimum point of the reaction, given the 

factors investigated, occurs in 5 h (Level 3), at a temperature of 25 ºC (Level 1) with a molar 

ratio of 1:1 (Level 1) using 9% (Level 3) of the biocatalyst. 

Theoretically, the optimum point would present a conversion equivalent to 96.73%, 

but after applying this point experimentally, the conversion was 89.94 ± 0.09%. The 

methodology satisfactorily fulfilled the purpose of optimization, since a higher conversion was 

obtained using the lower temperature and the molar ratio of 1:1 in Level 1. Thus, it is observed 
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that the experimental conversion was lower than the theoretical one. 

4.4.3 Conversion Statistical Analysis 

After the statistical analysis of the experimental matrix presented, contour surface 

graphs were prepared that relate the biocatalyst, the parameter with the greatest contribution, 

about the other parameters studied. Figure 4.2 shows the respective graphs demonstrating the 

relationship of such combinations and consequently the conversion profile. 

Figure 4. 2 — Contour surface plots showing the relationship between the most influential 

factor and the other parameters. (A) Molar ratio (%) versus Biocatalyst (%). (B) Temperature 

(ºC) versus Biocatalyst (%). (C) Time versus Biocatalyst (%) 

 

Source: Author (2024) 

Figure 4.2 (A) shows the conversion profile corresponding to the dependence 

between the molar ratio and the biocatalyst, indicating that by increasing the molar ratio to 

Level 2 (1:5) and the biocatalyst to Level (3), conversions higher than 80% were obtained. 

Meanwhile, Figure 4.2 (B) demonstrates that by maintaining the temperature at Level 1 (25 º
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C) and increasing the percentage of biocatalyst used, conversions in the same range were 

obtained. The variation between the time and biocatalyst levels did not present linear behavior 

(Figure 4.2 (C)). 

Figure 4.3 allows visualization of the variation in the impact of the analyzed factors 

at their respective levels investigated. Once again, the relevance of the biocatalyst is observed, 

being proportional to the increase in level. In contrast, temperature presented greater 

contributions when used at lower levels. Next, time did not show linear behavior. Finally, the 

molar ratio was considered in this process as the factor with the lowest contribution to forming 

ethyl esters. 

Figure 4. 3 — Analysis of the effect of investigated reaction parameters on the S/N ratio in 

enzymatic biodiesel synthesis: influence of molar ratio, biocatalyst concentration, 

temperature, and reaction time 

 

Source: Author (2024) 

 

Through the data obtained using the Taguchi methodology, it is possible to 

determine the regression equation, through the dependent variables and the conversion estimate 

(Equation 5) 

Y(%) = 75,0 - 0,516A + 4,134B - 0,890C + 0,55D                                                                 (5) 

Where Y (%) is the estimated conversion in the esterification reaction studied, A 

(molar ratio), B (biocatalyst), C (temperature) and D (time). Figure 4.4 is a graph commonly 
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analyzed to compare the degree of proximity of the experiments performed with reality. 

Therefore, a smaller gap between the points and the line means that the model is close to reality. 

Figure 4. 4 — Regular probability graph obtained as a comparison between theoretical and 

experimental methods 

 

Source: Author (2024) 

4.4.4 Analysis and characterization of the obtained bioproduct 

In this section, the results regarding the physical-chemical properties relevant to the 

commercialization of biodiesel will be presented, as well as the analyses related to nuclear 

magnetic resonance, high-resolution liquid chromatography and, finally, gas chromatography 

of the bioproduct obtained. 

4.4.4.1 Density and viscosity 

Density and kinematic viscosity are relevant properties, as they are quality 

indicators for performance and compatibility with other fuels and affect the costs related to the 

storage and handling of biofuel (Bukkarapu; Krishnasamy, 2022; Christopher selvam; 

Devarajan; Raja, 2025; Mishra; Bukkarapu; Krishnasamy, 2021). Density and viscosity 

properties were evaluated in comparison with the standard values required by quality regulatory 

agencies and those responsible for the national circulation of the bioproduct. The kinematic 

viscosity at 40 ºC and density at 20 ºC were highlighted (Table 4.5). 

According to Table 4.5, the kinematic viscosity values at 40 ºC and density at 20 º
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C for the oil obtained in this study are within the “American Society for Testing and Materials” 

(ASTM) limit. Compared to the values established by the National Petroleum Agency (ANP), 

only the density remained within the required standard, while the kinematic viscosity is below. 

 

Table 4.5 – Comparative analysis of biodiesel properties based on standard specifications and 

literature data 

 

Property ASTM 

D6751 

ANP 

920/2023 

Author (Smaisim et 

al., 2022) 

(Martins et al., 

2015) 

Kinematic 

viscosity at 40 ºC, 

cSt 

1.9 – 6.0 3.0 – 5.0 2.47 5.14 5.34 

Density at 20 ºC, 

Kg/m³ 

860 – 900 850 – 900 883.6 798.7 877 

Source: Author (2024) 

 

Martins et al (2015) were responsible for producing biodiesel using fish oil via the 

chemical route in the presence of a basic homogeneous catalyst, presenting satisfactory results 

regarding the final characterization of the product (Martins et al., 2015). It is observed that the 

bioproduct also remained within the limit established by the ASTM D6751 standard and when 

compared to ANP 920/2023, only the density remained within the standard. The density of the 

oil produced in the present study was higher than the product characterized by Martins et al 

(2015). However, the kinematic viscosity at 40 ºC was twice as low. 

Smaisim et al (2022) opted for the biological route using immobilized enzymes for 

biodiesel synthesis and also presented satisfactory results regarding the physical-chemical 

properties evaluated (Smaisim et al., 2022). The oil produced by the authors presented a value 

lower than the limit established by the ASTM D6751 standard and the ANP resolution 920/2023. 

The kinematic viscosity remained within the standard established by the international standard, 

but when compared with the national standard it remained outside the indicated limit. About 

the present study, it was observed that the kinematic viscosity obtained by the authors was 

higher. However, the density was lower. 

Viscosity tends to increase with chain length and decrease with the presence of 

double bonds in the chain, which accounts for the lower viscosity observed in fish oil biodiesel, 

due to its higher content of polyunsaturated fatty acids (PUFA) compared to biodiesel from 

palm oil and waste frying oil. Additionally, cis double bonds have lower viscosity than trans 

double bonds, with the latter exhibiting similar viscosity to their corresponding saturated 
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compounds (de Almeida et al., 2015). 

4.4.4.2 Nuclear Magnetic Resonance (NMR) 

In the 1H NMR spectrum (500 MHz, CDCl3) of the reaction medium, it is possible 

to observe the signals for the formed esters. Although the spectrum of the reaction mixture 

presents several overlapping peaks, it is possible to highlight the most important peaks as a 

criterion for determining the presence of these products in the reaction medium. Figure 4.5 

highlights some important chemical shifts of ethyl oleate. Expansions for the highlighted 

hydrogen atoms in the structure of ethyl oleate have been inserted in Figure 4.5 to identify and 

assign the signals to their respective chemical shift values and multiplicities. 

Figure 4. 5 – 1H Nuclear Magnetic Resonance (NMR) spectrum for the sample of ester 

mixture with expansions of ethyl oleate as the major product 

 

Source: Author (2024) 

The signal with a chemical shift close to δ 5.48 was attributed to the hydrogen atoms 

of the sp2 carbon. This chemical profile leads to a signal with multiple characteristics due to its 

characteristic splitting for alkenes. The signal at δ 4.13 is a quartet, corresponding to the 

multiplicity and chemical shift attributed to the hydrogen directly bonded to the oxygen of the 

ester group. The peaks at δ 3.84, δ 3.71, and δ 3.60 were attributed to the more diluted esters in 

the reaction medium due to their low intensity in the spectrum. The triplet observed at δ 2.77 is 

characteristic of methylene hydrogens in the α positions to the carbonyl of esters. The signals 

observed at δ 1.29 and δ 1.62 are related to the methyl and methylene groups common to the 

esters in the reaction medium. Finally, the signal at δ 0.88 was attributed to the methyl group 

furthest from the functional group, as it showed greater shielding and lower chemical shift and 

corresponding multiplicity. 



 
81 

 

 4.4.4.3 High-performance liquid chromatography (HPLC) 

The reactional system was analyzed by chromatography to obtain a 

chromatographic profile of the esterified product, as a qualitative way to confirm the formation 

of esters, especially ethyl oleate, the major product. The peak displayed in the chromatogram 

shown in Figure 4.6 corresponds to ethyl oleate obtained via enzymatic reaction. The reverse-

phase column interacts more strongly with products of lower polarity, while the polar solvent 

combination carries higher polarity products. The peaks for each component of the ester mixture 

had their maximum absorbance observed in the region of 254 nm. 

Ethyl oleate has a long carbon chain, giving this molecule low polarity. Thus, the 

longer the carbon chain of an ester, the greater its interaction with the nonpolar column. The 

peak was attributed to the major esterified product in the reaction medium, which exhibits the 

lowest polarity and consequently a strong interaction with the reverse-phase column. Therefore, 

the highest retention factor is associated with this compound, where other esters of shorter 

chains and low concentration would have a lower retention factor, showing greater affinity for 

the polar solvent. 

Figure 4. 6 – HPLC chromatogram of ethyl oleate, the major product in the reaction medium 

for enzymatic esterification 

 
Source: Author (2024) 

4.4.5. In silico study 

4.4.5.1 Molecular docking 

Based on the literature (Almeida et al., 2020) and with some adaptations (Fonseca 

et al., 2020) this molecular coupling simulation study was used to elucidate the hydrolysis 

interaction’s reaction between the fish oil composition and Eversa lipase. 
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The docking molecule by Autodock vina made it possible to list their affinity and 

RMSD energies of the ligands, as shown in Table 4.5. 

Table 4. 5 – Molecular docking result with its dock scores. 

Compounds Pubchem Energy (kcal/mol) RMSD (Å) 

Linoleic acid CID5280450 -6.1 1.79 

Linolenic acid CID5280934 -5.9 1.74 

Palmitoleic acid CID445638 -5.8 1.66 

Palmitic acid CID985 -5.6 1.80 

Oleic acid CID445639 -5.6 2.00 

Stearic acid CID5281 -5.4 1.51 

Myristic acid CID11005 -5.1 1.38 

Source: Author (2024) 

Although all allocate in the same region of the protein's active site, which is usually 

constituted by the catalytic triad (Ser-His-Asp), in the case of for the Eversa 2.0 Ser 153, His 

268, and Asp 206 (Alexandre et al., 2022; Nobre et al., 2023). 

NAC's are defined as compatible with conformations to the catalytic site attack on 

the electrophilic carbon of the acyl group (Bruice; Lightstone, 1999). In a typical NAC the 

distance between the oxygen from the Ser 105 (CALB)/Ser 153 (Eversa) residue and the 

carbonyl carbon is usually observed to be close to 3 Å in length, and the same atoms, together 

with the carbonyl oxygen molecule, tend to form an angle of approximately 60°, with a 

maximum of 90° (Corici et al., 2015). 

In general, the ligands were close to the catalytic site. However, among the ligands 

evaluated, Myristic acid (C) showed reaction potential, making an NAC with the residue Ser 

153, although its affinity energy was lower than the others. On the other hand, Stearic acid (G) 

was shown to cause a hydrophobic interaction directly with one of the residues of the catalytic 

triad, His 268. However, the results suggest that the combination of linoleic acid (A) substrate 

and lipase proved stable, possibly due to the hydrophobic and hydrophilic interactions in the 

anchoring study esterification (Bronowska, 2011). In addition, it is possible to observe a direct 

relationship between the increase in binding affinity and the increase in the carbon chain of the 

esters. This expansion may be related to increased interactions between ligands and the 

enzyme's catalytic site (Qin; Zhong; Wang, 2021). The types of residues involved in the 

interactions between free fatty acids and Eversa® Transform 2.0 are shown in Table 6 and 

Figure 4.7. 
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Table 4. 6 – Interactions of ligands with lipase after docking 

Substrate 
Waste Involved 

Hydrogen Bonds Hydrophobic Interactions 

Linoleic acid Asp276 (2.08 Å) 
Phe 265, Pro 207, Val 208, Val 98, 

Leu 262, Ile 94, Arg 95 

Linolenic acid 
Tyr 29 (3.30 Å, 

2.9 Å) 
Tyr 92, Leu 283, Phe 265, Arg 286 

Palmitoleic acid - 
Leu 283, Leu 285, Phe 265, Ile 94, 

Tyr 92 

Palmitic acid Tyr 29 (3.00 Å) 
Tyr 92, Phe 265, Val 269, Leu 282, 

Leu 263, Leu 262 

Oleic acid Tyr 29 (3.01 Å) 
Tyr 92, Ile 94, Phe 265, Leu 282, Val 

269 

Stearic acid Trp 270 (3.15 Å) 
His 268, Ile 94, Tyr 92, Phe 265, Leu 

283, Val 269 

Myristic acid 
Ser 153 (2.95 Å) 

Tyr 29 (2.94 Å) 

Tyr 92, Phe 265, Leu 283, Val 269, 

Leu 285, Trp 270 
Source: Author (2024) 

  

 

 

 

 

 

(A) Linoleic acid                    (B) Linolenic acid 

 

 

 

 

 

 

 

(C) Myristic acid      (D) Oleic acid 

 

Figure 4. 7 – The active site of Eversa lipase with the catalytic triad Ser 153, His 268, and Asp 206 (A-G) 
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(E) Palmitic acid      (F) Palmitoleic acid 

 

 

 

 

 

 

 

 

(G) Stearic acid 
Source: Author (2024) 

 

4.4.5.2 Molecular dynamics simulations 

Root mean square deviation – RMSD 

It was observed that the ligands studied were correctly accommodated in the 

catalytic site of lipase Eversa® (Guimarães et al., 2021). Thus, through the lipase–ligand 

complexes (Figure 4.8), simulation studies were carried out to evaluate not only the 

conformational changes of the enzyme but also its stability after each conformational change. 

The Root Mean Square Deviation (RSMD) of the lipase–ligand complexes were used to 

evaluate the extent to which conformational changes occurred in the studied molecule during 

the simulation time. Figure 4.11 shows the RSMD behaviors of the complexes studied in the 

equilibration stage. 

From the equilibrium simulations of the lipase–ligand complexes in the solvent, it 

was possible to obtain preliminary information on the behavior of the conformations for the 

dynamics. In this step, it was observed that the RSMD stabilization values of the studied ligands 

oscillated between 1.1 and 4.2 Å in the evaluated time. These low RSMD values may be 
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associated with the movement of ions and solvents in the system during the initial conformation 

of the complexes. Figure 6 shows the results obtained in the production stage. 

As shown in Figure 4.8, Myristic acid and Palmitic acid had, on average, RMSD 

values below 2.0 Å. On the other hand, Linolenic acid presented values of around 4.0 Å. Thus, 

the theoretical and experimental results presented in this work indicate that fatty acids from 

residual oil form stable complexes with the catalytic site of Eversa complexes, which may 

indicate a viable alternative for future applications. 

It is worth noting that the data presented in this work agree with the results obtained 

by literature, where studies evaluated the affinity and molecular stability of different fatty acids 

with lipases in sterifications reactions (Qin; Zhong; Wang, 2021). As in the present work, the 

authors observed that among the complexes studied, octadecanoic acid presented one of the 

highest RSMD values and therefore one of the lowest stability values when compared to the 

other complexes. 

 

 

 

 

Figure 4.8  

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: Author (2024). 

 

Hydrogen Bonds 

Figure 4. 8 – Root Mean Square Deviation (RMSD) for the initial conformation of the 

complexes versus the simulation time (nanoseconds) in the production step. Stearic acid 

(black); Palmitoleic acid (red); Palmitic acid (green); Oleic acid (blue); Myristic acid (orange); 

Linolenic acid (brown); and Linoleic acid (indigo) 
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Intermolecular hydrogen bonds, a cornerstone of enzyme-ligand complex stability, 

have been a long-standing focus of biochemical research. However, in a recent study by 

Ragunathan et al., (2018), we delve deeper into these bonds, specifically in the context of lipase-

ligand complexes, revealing novel insights through the use of molecular dynamics simulations. 

The analysis primarily focused on examining the formation of intermolecular 

hydrogen bonds between the ligands and lipase throughout both equilibration and production 

phases. Figure 4.9 from the study depicted the fluctuations in hydrogen bond networks during 

these stages, shedding light on the variations in bond formation. 

A notable discovery highlighted the dynamic formation of hydrogen bonds, with 

the bond count fluctuating between 1 and 3 throughout the simulation period. The observation 

regarding myristic acid and oleic acid was fascinating, as it demonstrated the formation of up 

to 3 hydrogen bonds during the 100 ns trajectory. 

The disruption of hydrogen bonds indicated shifts in stability, often attributed to 

interactions such as Van der Waals or hydrophobic forces, as emphasized by Qin et al., (2021). 

Additionally, the analysis revealed a direct correlation between the length of the ligands' carbon 

chains and the average bond count, reinforcing insights from previous molecular docking 

investigations (Qu et al., 2022). 

A key revelation from this examination was the differentiation between dynamic 

(molecular dynamics) and static (molecular docking) processes, as elucidated by Fatma et al., 

(2021). While molecular docking provides valuable insights into static interactions, molecular 

dynamics simulations capture the dynamic evolution of these complexes, offering a more 

comprehensive understanding of their stability. 

In summary, our investigation into the dynamic interplay of intermolecular 

hydrogen bonds in lipase-ligand complexes not only deepens our understanding of protein-

ligand recognition processes but also holds significant implications for drug design and enzyme 

engineering. These findings underscore the practical relevance and impact of our research. 

 

 

 

 

 

 

 

 

Figure 4. 9 – Hydrogen bonds formed between the protein and the ligand during the two 

simulation steps 



 
87 

 

 

 

 

 

 

 

 

 

 

 

 

Palmitoleic acid        Linolenic acid 
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Stearic acid                      Linoleic acid 

 

 

 

 

 

 

Palmitic acid 

4.4.5.3 RMSF 

We conducted an RMSF analysis of the system to delve into the dynamics and stability 

of each protein residue throughout the 100ns simulation trajectory. Figure 4.10 showcases the 

primary interactions within the investigated leading complexes, particularly those composed of 

fish oil. The findings hint at substantial conformational shifts in the compound-Eversa lipase 

complexes during the simulation period. 

Our results unveil consistent fluctuations in the molecular dynamics simulation 

trajectories across all complexes, showcasing notable correlations with key replication residues, 

as highlighted in studies by (Qin; Zhong; Wang, 2021) and (Roe; Brooks, 2020). Notably, only 

the complexes formed between methyl decanoate and Eversa exhibited RMSF values 

surpassing 2.0 Å for residues Gly 47, Asp 100, Asn 232, and His 268. Additionally, Palmitoleic 

acid presented RMSF values above 4.2 Å, in the residue Asn 232. 

Despite the observed fluctuations, our results indicate satisfactory stability of the 

structures within an aqueous solution. The conformations derived from MD simulations, 

complexed with various ligands through docking techniques, offer crucial insights into the 

binding modes of small molecules across different enzyme folding states, as illuminated by 

Thirumalai; Lorimer; Hyeon,  (2020). 

 

 

 

 

 

 

Figure 4. 10 – Root Mean Square Fluctuation (RMSF), concerning the initial confirmation of 

the ligand-enzyme complex versus the simulation time (ns) in the production simulations step 

of the MD with fish oil composition/Eversa lipase 
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Source: Author (2024) 

4.4.5.4 SASA calculations 

Our research, which combines the powerful computational tool of molecular dynamics 

(MD) simulations with the insightful metric of Solvent Accessible Surface Area (SASA), offers 

a unique perspective on protein behavior in solution. Throughout 100 ns, we applied this novel 

approach to closely monitor the SASA of complexes formed with fish oil compositions, 

unveiling intricate dynamics and stability patterns within biomolecules (Mazola et al., 2015). 

Our SASA analysis yielded intriguing trends. Notably, SASA value for specific 

compounds, including Pamitoleic acid, exhibited a marked increase during simulation, 

indicative of structural relaxation. Conversely, the other compounds, showcased a decrease in 

SASA values, suggesting tension upon complex formation with the enzyme (Durham et al., 

2009; Street; Mayo, 1998) (See Figure 4.11). 

The negligible impact of ligand binding on SASA values was of particular interest, 

implying that ligand-protein interactions did not significantly alter solvent accessibility to the 

protein surface (Marsh & Teichmann, 2011). Following 100 ns of simulation, SASA values 

stabilized around a constant, suggesting equilibrated systems were sampled. However, 

intriguingly, complexes with stabilizing monovalent ions exhibited the highest SASA values-

higher ion concentrations correlated with smaller areas, potentially indicating surface charge-

induced compaction of protein structures. 

In conclusion, our SASA analysis during MD simulations has provided crucial insights 

into the dynamics and stability of fish oil composition complexes. These findings not only 

deepen our understanding of protein behavior but also hold promise for guiding the design of 

compounds with enhanced interactions with protein surfaces or the optimization of conditions 
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for protein complex formation, opening up new avenues for future research and applications.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: Author (2024). 

4.6 Conclusions  

This study focuses on developing technologies to create biodiesel from a variety of 

raw materials. One promising source is residual tilapia (Oreochromis Niloticus) oil, which was 

found to be suitable for enzymatic hydrolysis with a high acid number. By combining Chemical 

Engineering and theoretical Chemistry, the researchers were able to analyze the bioprocess 

development significantly. The Taguchi methodology helped to identify the reaction parameters 

that were most important in conducting the research. Additionally, the study analyzed the 

physicochemical properties that are relevant to the commercialization and use of the bioproduct. 

In conclusion, this study effectively elucidated the interactions between Eversa 

Transform® 2.0 lipase and potential substrates pertinent to biodiesel production, encompassing 

Figure 4. 11 – Solvent accessible surface area (SASA) of the Eversa lipase as a function of 

time from the MD simulations. The curves are running averages of the raw data with a window 

of 100 ns 
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renewable and eco-friendly sources such as fish oil lipid compositions. Through in silico 

analysis, we unveiled that myristic acid and Oleic acid bind proximally to the enzyme's active 

site, exhibiting favorable free energy and establishing specific hydrogen bonds, alkyl, and π-

alkyl interactions. 

Molecular dynamics simulations underscored the robust stability and minimal root-

mean-square deviation (RMSD) values, affirming the suitability of the selected binding 

postures for unimpeded reaction occurrence. Nevertheless, it is imperative to recognize that 

while computer simulations serve as valuable initial screening tools, the translation to in vitro 

and broader applications confronts additional variables and challenges. 

These challenges encompass diverse factors such as transport conditions, catalytic 

activity, enzymatic inhibition, equilibrium conditions, and the physicochemical attributes of the 

resultant biodiesel. Addressing these complexities demands further comprehensive studies and 

meticulous considerations, ensuring the effective and sustainable deployment of lipase-

mediated biodiesel production processes. 

 

 



 
92 

 

CHAPTER 5 
CHAPTER 5 – FINAL CONSIDERATIONS 
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5.1 Final considerations 

This study underscores the critical importance of investigating alternative and 

sustainable feedstocks for biodiesel production. Utilizing fish waste, which is typically 

considered a byproduct, not only mitigates environmental impacts but also enhances the circular 

economy by optimizing the utilization of natural resources. The enzymatic approach presented 

in this work demonstrates the technical feasibility of implementing more environmentally 

benign processes in biofuel production, emphasizing the potential for reduced energy 

consumption and minimized waste generation. 

The results indicate the significant potential of biodiesel produced from tilapia 

waste oil, exhibiting suitable physicochemical properties that render it a viable alternative to 

conventional diesel. This advancement not only supports the diversification of energy sources 

but also presents opportunities for the development of new markets, particularly in regions with 

substantial fish production. Furthermore, this approach could foster local economic growth by 

integrating sustainable energy solutions with existing industrial byproducts, thus aligning with 

broader goals of resource efficiency and regional economic resilience. 

This study lays the groundwork for future research, suggesting the exploration of 

additional waste sources and the optimization of enzymatic processes to further enhance the 

efficiency and sustainability of biodiesel production. Moreover, future investigations should 

prioritize comprehensive environmental impact assessments and life cycle analyses of the 

produced biodiesel to rigorously evaluate its long-term viability and scalability. Such studies 

are essential to ensuring that biodiesel not only meets energy demands but also aligns with 

global sustainability standards and environmental regulations. 
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