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Executive Summary 

The development of renewable energy seems to be the key player in addressing global 

climate crisis, caused by the global warming and climate change. To produce less 

emissions, new engine systems have been developed i.e., petrol compression ignition 

engines, which promise to produce less emissions, while generating high efficiency, and 

facilitating economic, social, and environmental sustainability. With the novelty of 

blending biodiesel with petrol, the challenges caused by biodiesel, and petrol individually, 

are lessened. Nevertheless, biodiesel’s proneness to corrosion and degradation overtime, 

due to its chemical nature and storage conditions require continuous evaluation. 

In the initial part of this study, the bi-functional catalyst (75%CaO/25%Al2O3) was 

synthesised via adjusted wet impregnation method. Results showed that, the catalyst 

presented enhanced activity, good porosity, and type H1 desorption hysteresis loop, with 

the high surface area and the pore diameter of 13.006 m2/g, 24.0371 nm. The catalyst 

characterisations were conducted through BET, XRD, FTIR and SEM. The obtained bi-

functional catalyst favoured the transesterification reaction of high free fatty acids 

feedstocks, with high yields of above 98% of methyl esters in biodiesel produced from 

waste sunflower oil. With the use of GC, fatty acids compositions of waste sunflower and 

waste palm oils were determined. The results also showed that the chemical composition 

of these different feedstocks i.e., degree of saturation, chain length, produced biodiesels 

with varying fuel properties. While sunflower biodiesel indicated better viscosity, palm 

biodiesel had excellent oxidation stability. Additionally, sunflower biodiesel met the 

international biodiesel specifications, with the exception of increased Ca concentration 

within the biodiesel, as a result of CaO/Al2O3 catalyst use in the biodiesel synthesis. This 

soft metal, along with Mg, K were introduced in the biodiesel through the synthesis 

process. While soil, seed, fertiliser, and contamination in the vegetable oils, may have 

contributed to the high content of P, and trivial Fe, Al, and Zn. The use of ICP - OES 

allowed for the determination of these metals. 

 

To commercialise biodiesel, optimisation can be performed in reducing the cost and time 

necessary to produce biodiesel. After optimising sunflower biodiesel using response 

surface methodology and central composite design, the optimal reaction conditions 

observed were 5 h for reaction time, 60 C for temperature and 2.5wt% for catalyst weight. 

With the use of a linear regression model that had 95 % confidence, the predicted and 

experimental yields were confirmed to be comparable. 
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In accessing fuel quality of biodiesel and the biodiesel-petrol blends, analysis of the 

viscosity, acidity, oxidation, density, volatility, moisture content, cetane number, metal 

contamination and particulate matter were conducted. Palm biodiesel had an increased 

thermal stability which rendered the palm biodiesel-petrol blended fuels superiority over 

the sunflower biodiesel-petrol blends. The blended fuels were observed to have enhanced 

fuel characteristics, better than pure petrol, increasing with increase in biodiesel content 

with 75% petrol 25% biodiesel (PB25) showing quality like petrodiesel. The addition of 

petrol into the biodiesel diminished the Ca concentrations, and obstructed moisture 

absorption, while improving low temperature fluidity loads, air-fuel mixing, and 

characteristics of good performance with high efficiency. Sunflower biodiesel-petrol blends 

were observed to be less acidic, have more energy content and subsequently more power. 

While palm biodiesel-petrol blends had more thermal stability and better cold start. 

Moreover, addition of petrol reduced particulate matter of sulphates. 

 

In the final part of this study, the effect of Cu, Fe and Zn on the characteristics of fuel 

quality were evaluated for the purpose of the storage and transportation of biodiesel and 

the biodiesel-petrol blends. From the results obtained for pure biodiesel, the highest 

degradation was caused by exposure to Fe concentrations, while degradation in the 

biodiesel-petrol blends was caused by exposure to Cu. Sunflower biodiesel-petrol blends 

degraded in order of Fe > Cu > Zn, while palm biodiesel-petrol blends were degraded by 

Cu > Fe > Zn, and with Cu affecting pure palm biodiesel the most. Increase in oxidation 

instability for biodiesel-petrol blends was due to rise in Cu concentrations. The fuel quality 

was observed to decrease the most in palm biodiesel and palm biodiesel-petrol blends.  
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  Introduction 

 

 

“The use of vegetable oils for engine fuels may seem insignificant today but such 

oils may become, over time, as important as petroleum and the coal-tar products of 

the present time”. ~ (Nieuwenhuis & Wells, 2009) 
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1.1 Background 

OECD (2012) stated that global energy demand is on the rise as advanced 

industrialization and total population growth sways the resources of petroleum-based 

fuels. This has adverse effects on the environment and people, as found by Magsi (2015), 

and Muhammad et al., (2018). A more significant sustainable movement led by 

advancement towards environmental conservation, feasible economy and equity has 

prompted a search for substitutes of fossil fuels that are eco-friendly and viable energy 

generating (Carraretto et al., 2004). In this regard, the direct use of vegetable oil in diesel 

engine was initially attempted (Capuano et al., 2017), and owing to its high viscosity, acid 

composition, and free fatty acid (FFA) characteristics, it was reported unsuitable for such 

engine (Mondal et al., 2008). However, after modification of the viscosity by reduction 

through transesterification reaction, so-called "biodiesel fuel" can be  produced (Elkady et 

al., 2015). Biodiesel (methyl or ethyl ester of fatty acid) produced from edible or non-edible 

oils of vegetable and animal fat was found to be excellent alternative fuels due to its 

renewability, and environmental friendliness, and reduction in greenhouse effect (Rocha 

& Corrêa, 2018). De Araújo et al., (2013), reported that burning of biodiesel will release 

48% less carbon monoxide; 47% less particulate material and 67% less hydrocarbon. 

According to Nelson et al. (2007), the significant factors that affect biodiesel's cost are 

feedstock cost, plant size, raw materials, and the value of the glycerine by-product.  

 

Awogbemi et al. (2019) reported that there is an annual vast amount of waste oils and 

animal fats that are generated by restaurants worldwide, with South Africa reaching up 

to 200000 tonnes, Canada 120 000 to 135 000 tonnes, USA 0.6 million tonnes, UK 700000 

to 1000000 tonnes and European union 200000 tonnes. This creates a disposal issue as 

disposal methods used can contaminate environmental water resulting in pollution 

(Boadu et al., 2019). Thus, producing biodiesel from waste cooking oil rather than food-

grade vegetable oil is one of the better ways to efficiently and economically minimize 

pollution (Kulkarni & Dalai, 2006). Biodiesel could be synthesised through chemical 

processes such as transesterification, thermal cracking or hydrotreating. According to 

Mathiyazhagan & Ganapathi, (2011), factors that affect transesterification reaction are 

molar ratio of alcohol and oil, catalyst type, alcohol type, time, temperature, and speed 

are critical. Additionally, when raw materials contain high content of FFA, they need to 

be pre-treated with an acid catalyst to form esters of FFA to eliminate saponification 

reaction (Allah & Alexandru, 2016).   
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Quality of oils is negatively affected by presence of heavy metals especially on taste and 

smell, they accelerate the process of the rancidification of oils and cause a threat to human 

health (Szyczewski et al., 2016). Their determination is very critical due to their harmful 

effect on vegetable oil's oxidative stability and plays a role in clogging vehicle fuel lines 

and leaving an undesirable residuum of metal oxides in engine's parts (Pillay et al., 2012). 

Therefore, every biodiesel needs to be carefully checked for quality before its 

commercialization, including the determination of several metallic species. It is believed 

that certain metals found in biodiesel are brought either through manufacture, storage or 

transport processes (Chaves et al., 2011; Isis et al., 2012). Those found in feedstocks are 

assumed to be delivered from the seeds or soil, while the mineral composition of the seeds 

varies according to the presence and availability of metals in the soil where the plant was 

grown, pesticides and fertilizers used to grow that plant (Chaves et al., 2010).  

 

Metals in biodiesel result in many mechanical problems in the engine like corrosion of 

some parts and the deactivation of catalysts, which will lead to environmental harm 

(Sánchez et al., 2015). They can corrode rubber hosing and tubes in vehicles, also, they 

can leave unwanted deposits that could clog fuel lines. Therefore, quality control and 

qualitative assessment are needed. Trace metal emissions from the use of biodiesel could 

lead to air pollution (Pillay et al., 2012). 

 

Several studies have reported the storage and oxidative stability of biodiesel synthesised 

from edible oils (Moser, 2009; Kumar et al., 2015 & Verma et al., 2016), but only recently 

few studies were conducted on effect of blending of biodiesel with petrol on the combustion 

and emission characteristics of that blend, in compression ignition engines (Adams et al., 

2013; Putrasari & Lim, 2017; Das et al., 2018; Kanti et al., 2018; Thongchai & Lim, 2018; 

Vu & Lim, 2019; Zhang et al., 2019; Gad et al., 2020; & Zhong et al., 2021). Further, to 

the knowledge of the authors of this work, no research has yet been reported on the effect 

of metal contaminants on fuel the qualities and performances of non-edible biodiesel and 

petrol blend. Raw materials, process and storage of biodiesel production can influence 

engine performance and emissions (Kumar et al., 2018) due to the presence of metal 

contents from different feedstocks. In this research, metal contents in waste cooking oils, 

biodiesel produced from sunflower and palm waste oils using CaO/Al2O3 bi-functional 

catalyst, and their blends will be analyzed for their effect on quality and performance. 

1.2 Problem Statement 

There is a huge depletion of petroleum resources globally, causing an increase in the cost 

of petro-derived fuels as time passes and having negative impacts on our planet. A need 
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for cleaner alternative fuels has led to the exploration of a mixture of mono-alkyl esters 

derived from vegetable oils and animal fats as biodiesel. Biodiesel is well-positioned to be 

a replacement of some petroleum fuels. However, there are still issues regarding its 

lifespan, the effect of metal contents on its quality and performance. This research intends 

to evaluate the influence of metal contents on the characteristics of biodiesel and 

biodiesel-petrol blends as a transportation fuel. 

 

1.3 Research Questions 

In this study, the following questions will be used in analyzing results and drawing a 

conclusion. 

a) What are the appropriate reaction conditions and the suitable catalyst required to 

produce biodiesel from waste cooking oils (WCOs)? 

b) What are the metals found in WCOs and in the biodiesel and what are their origin? 

What are the effects of metal contents on characteristics of biodiesel fuels produced 

from solid bi-functional catalyst? 

c) How does adding Fe, Cu and Zn metal contents in different concentrations affect the 

characteristics of the biodiesel-petrol blended fuels and engine performance? 

 

1.4 Aim and Objectives 

This study aims to investigate the influence of metal contents on biodiesel and its blends 

with petrol (PBXX fuel) and the suitability of biodiesel blends as a replacement for 

petrodiesel as transportation fuels, particularly as it relates to the retention of its fuel 

properties with time and storage in car engines. In realizing this aim, the objectives of 

the project are as follows: 

 

a) Produce biodiesel from waste sunflower and waste palm cooking oils over CaO-

Al2O3 catalyst. 

b) Investigate the origin of metals in waste palm oil (WPO), waste sunflower oil 

(WSO) and their respective biodiesels. 

c) Evaluate the effects of blending petrol with biodiesels produced, on their 

characteristics of fuels' quality and performance. 

d) Explore the effects of adding Cu, Fe, Zn, metal contents in different mg/l on petrol 

and biodiesel blended fuels' characteristics and oxidation stability. 
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1.5 Significance of the Study 

Petroleum-based fuel is at explosive growth, and as energy demand keeps increasing 

comprehensively, it causes massive concern to the environment and people. 

Consequentially, studies have been conducted globally for alternative energy production 

methods and focus on conservation of the environment, a feasible economy, and equity 

leading to biodiesel. The use of waste feedstocks such as waste cooking oil in the 

processing stage of biodiesel brings out improved production through cheaper raw 

materials and reduction in pollution. Bi-functional catalyst helps in fastening the process 

with its high activity and stability, improved yield percentages, and the reusability of the 

catalyst. The blending petrol and biodiesel improves fuel’s quality, engine performance, 

thermal efficiency, and reduced emissions; thus, biodiesel's longer lifespan brings out 

engine protection. 

 

1.6 Delineation of the Study 
 

A detailed study on biodiesel production by transesterification using a bi-functional 

catalyst with methanol then testing the effect of metal contents on the quality of petrol 

and biodiesel blends as well as performance and efficiency. However, other methods of 

production of biodiesel, use of other alcohols and cost will not be investigated in this study 

 

1.7 Thesis Outline 

Chapter 1: Introduction 

This chapter deals with the introduction to energy, fossil fuels and the focus on alternative 

fuels describing how waste oils can be used to our advantage in finding renewable fuel 

called biodiesel, bringing about sustainable energy. It also brings in present issues found 

on this fuel. This chapter includes a problem statement detailing the global energy issue 

in terms of declining petrodiesel and their effects on biodiesel and how this research will 

be conducted through more explanation through aim, objectives, and research questions.  

 

Chapter 2: Literature Review 

This chapter consists of a literature review that discusses what Fatty Acid Methyl Esters 

(FAME) is, the current methodology used in the production, and more details on waste 

oils, alcohols, and types of catalysts. It discusses the advantages, disadvantages and 

blending of this fuel with petrodiesel, ethanol and petrol. Necessary quality tests per 
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ASTM or EN standards are seen that describes the performance. It discusses the effect of 

storage and oxidation as well as metal contamination.  

 

Chapter 3: Catalyst and Biodiesel Production 

This chapter focuses on catalyst preparations and biodiesel production from both waste 

palm and waste sunflower oils. Methods and results on feedstocks, biodiesel and catalyst 

characterizations and detailed synthesis of fatty acid methyl ester (FAME) are seen.  

 

Chapter 4: Sunflower Biodiesel Optimisation 

This chapter focuses on the optimization of the biodiesel produced from waste sunflower 

oil. The optimisation was conducted using Design of Experiment (DoE) and effects of the 

different parameters on yield were analysed using ANOVA. The fuel quality of optimized 

biodiesel evaluated. 

 

Chapter 5: Biodiesel-Petrol Blending 

This chapter deals with blending biodiesel with petrol, discussion on blended fuel’s 

characteristics with respect to quality, performance, elemental contents and other fuel 

properties are in more details. Methods used in the analyses were discussed. 

 

Chapter 6: Metal Content Analysis in Biodiesel and its Blends  

This chapter focuses on the effect of adding Cu, Fe, and Zn metal contents in the biodiesel 

and its blends, accessing quality and performance, especially oxidation stability and how 

it was conducted 

 

Chapter 7: Conclusion and Recommendation 

This chapter concludes the overall study and gives recommendations. It summarises all 

results obtained and how they impact the significance of the study, it concludes on how 

the research questions were answered and to what degree they were in achieving set 

objectives. 
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 Literature Review 

 

 

The petroleum-based fuel has become the main source of power for engines due to 

its low production cost over the past century. However, with the predictions based 

on Hubert’s curve that the peak oil may occur within this decade, the price of oil 

would continue to rise until no longer affordable as world oil reserves approach 

depletion. ~  Hubbert,1959 
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2.1 Introduction 

The transportation sector is one of the highest energy consumers due to the development 

of motorization industry, with equivalence share of 63% in global liquid fuel consumption 

as from 2010 to 2014 (Hade et al., 2017). Furthermore, in 2016 a 43  million barrels per 

day (mb/d) was used by this sector where Organisation for Economic Co-operation and 

Development region (OECD) accounted for 55% and developing countries used 40% 

(OPEC, 2017). The use of fossil fuel within transport vehicles once combusted will results 

in severe ecological changes, including an increase in global surface temperature which 

will result in global warming (Knittel, 2012), changes in rainfall patterns, and in the 

frequency of extreme weather events. A study by Torres-Garcia (2019), reported that in 

2007 and 2008 the transportation sector resulted in roughly 23% and 22% global total 

world CO2 emissions, respectively (Torres-García et al., 2019). 

 

Substantial effort is being exerted globally to explore renewable energy sources that can 

replace fossil fuels by creating clean combustion (Kohse-Höinghaus, 2018). Biomass-based 

fuels or biofuels are advantageous over fossil fuels used for liquid fuels in the 

transportation sector (Balat, 2011). The energy crisis of the 1970s led to vigorous 

investigations about the use of biodiesel as an alternative fuel (Canakci et al., 2001; 

Demirbas, 2005).  Conventionally, Biodiesel is derived from vegetable oils or animal fats 

using a homogeneous or heterogeneous catalyst (Atadashi et al., 2011). 

 

Nabi et al., (2009) and Lee et al., (2015), used non-edible oils to produce biodiesel, while 

Ito et al., (2012) and Alptekin et al., (2014), studied use of waste animal  fats, and waste 

cooking oil were conducted in making biodiesel; (Saydut et al., 2010; Thanh et al., 2010; 

Budiman & Putra, 2018). More than 350 oil-bearing crops, including sunflower, safflower, 

soybean, cottonseed, castor, palm, grape seed, and peanut oils, are considered potential 

feedstocks for the biodiesel production. However, only some are suitably used, due to their 

specific productivity and local climate (Demirbas, 2005; Torres et al., 2013). The use of 

biodiesel in fuel blending can significantly reduce pollution as De Araújo et al., (2013) 

suggested, that the blended methyl esters of  10 % biodiesel 90% petrodiesel and 20% 

biodiesel 80% petrodiesel (B10 and B20) respectively, will result in reductions from 40 to 

60 % in emissions corresponding to pure petrodiesel. 

 

2.2 Biodiesel Production 

Over the past two centuries, the rise in anthropogenic carbon dioxide (CO2) emissions 

have been gradual primarily due to the burning of fossil fuels (Garrido et al., 1994; Woods 
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& Fryer, 2007). CO2 traps solar radiation causing a rise in global temperatures hence, the 

need for reduction in the use of fossil fuels (Garrido et al., 1994). The fact that biodiesel 

can be produced from vegetable favours the reduction of  CO2 (Elkadi et al., 2014). This is 

crucial as the world is on a pathway to net-zero CO2 emissions by 2050 in order to limit 

global rise to 1.5 C as reported by International Energy Agency (IEA, 2021). According 

to Climate Works report, there is a huge negative impact on sea, animals and plants as 

well as humans if the world had to have 2C warming instead of 1.5 C as projected by 

the Intergovernmental Panel on Climate Change (IPCC) (Lynskey et al., 2020). 

 

Biodiesel is a fuel that is synthesised from either vegetable oils or animal fats and is 

described theoretically as a fuel contained of monoalkyl esters of long-chain fatty acids 

formed with a notation in its 100% pure state as biodiesel (B100), meeting the 

requirements of the American Society for Testing and Material D-67651 or European 

standard EN14214  (Lu et al., 2008 & Knothe, 2010). Biodiesel is composed of 14-24 

carbon chains (C14-C24) and can be formulated as C15-25 H28-48 O2. The term biodiesel has 

been coined around 1988 (Wang, 1988), with the first initiatives reported to be in South 

African in 1981 followed by Austria, Germany and New Zealand. Its first small pilot plant 

was built in 1985 in Austria (Körbitz, 1999). Ever since then many other countries such 

as Brazil, United States, Australia, Italy and Malaysia have been producing this 

renewable energy (Songstad et al., 2009; Chin, 2011; Yusuf et al., 2011). While Nelson et 

al. (2007), stated that the significant factors which affect the cost of biodiesel are feedstock 

cost, plant size, and the value of the glycerine by-product. In a review on economic and 

sustainability of biodiesel production conducted by Mizik & Gyarmati, raw material is the 

major variable that affect the cost of biodiesel which by use of free or cheap resources such 

as waste and residues is essential (Mizik & Gyarmati, 2021). 

 

There is an annual vast amount of waste oils and animal fats that are generated by 

retailers and wholesalers, for instance according to World Economic Forum (WEF), 

approximately 50 billion chickens alone are slaughtered each year for human 

consumption (Thornton, 2019). Additionally, over 16.54 million tons per year of waste 

cooking oils are generated from major producing countries such as United States, China, 

Canada, Taiwan and Japan (Don et al., 2013; Loizides et al., 2019; De Feo et al., 2020). 

This creates an environmental issue and economic loss as their waste can contaminate 

landfill, drains water systems and animals. Thus, producing biodiesel from waste cooking 

oils rather than food or first-grade oils such as canola and soybean oils is one of the better 

ways to reduce the cost of biodiesel (Sirisomboonchai et al., 2015), and subsequently 

minimise waste disposal treatment costs and  avoiding the use of land used in growing 
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the feedstocks (Bautista et al., 2009). This then produce an efficient, economical fuel 

(Kulkarni & Dalai, 2006), that controls pollution (Bamankar et al., 2015), and reducing 

greenhouse gas emissions (Atabani et al., 2012). The global market of used cooking oil in 

2019 was USD 5.5 billion and is estimated to grow to USD 8.48 billion by 2027 (Polaris 

market research, 2020). 

  

2.2.1 Biodiesel Advantages  

Although Biodiesel cannot entirely replace petroleum-based petrodiesel fuel, there are at 

least six reasons that justify its development.  

1. It provides a market for excess production of vegetable oils and animal fats (Yusuf 

et al., 2011) 

2. It decreases, although it will not eliminate the country's dependence on imported 

petroleum (Khatlar et al, 2009). 

3. Biodiesel is a renewable fuel and does not contribute much to global warming due 

to its closed carbon cycle. A life cycle analysis of Biodiesel showed that overall CO2 

emissions were reduced by 78% compared with petroleum-based petrodiesel fuel ( 

Lai, 2014). 

4. The exhaust emissions of carbon monoxide, unburned hydrocarbons, and particulate 

emissions from Biodiesel are lower than those of regular petrodiesel fuel. 

Unfortunately, most emissions tests have shown a slight increase in oxides of 

nitrogen (NOx) (Yusuf et al., 2011). 

5.  When added to regular petrodiesel fuel in an amount equal to 1–2 %, it can convert 

fuel with poor lubricating properties, such as modern ultra-low-sulfur petrodiesel 

fuel, into an acceptable fuel (Gerpen, 2005) 

6. When added to petrol, the blended fuel possess better low temperature fluidity and 

evaporation than pure biodiesel due to enhanced properties (Chen et al., 2018 & Gad 

& Mohamed A. Ismail, 2021) 

 

2.2.2 Biodiesel Disadvantages  

Biodiesel tends to have high viscosity, lower energy content, high cloud point and pour 

point, higher nitrogen oxides emissions, lower engine speed and power, injector coking 

engines compatibility (Demirbas, 2009). Biodiesel production using virgin feedstock 

requires increased demand for vegetable oil; thus, a high agricultural landscape with 

synthesis will lead to high cost (Huang et al., 2011), and a reduction in food security since 

1 billion people suffer from malnourishment (Azócar et al., 2010). In the USA biodiesel 
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with 99-100% purity cost around 15–30% higher than that of petrodiesel, (Zahan & Kano, 

2018). Biodiesel can absorb moisture causing high corrosive wear in an engine (Fazal et 

al., 2011a), 12% lower energy content and higher oxidation stability than petrodiesel 

(Yusuf et al., 2011). 

 

At current production levels, biodiesel requires a subsidy to compete directly with 

petroleum-based fuels. According to Sarin (2012), federal and state governments are 

providing incentives that encourage the biodiesel industry's rapid growth. In South 

Africa, the cost of subsidy in biofuels is estimated at R800 million per year, equivalent to 

3.5c/litre on fuel used in the country (South Africa, 2020). The national biodiesel board 

stated that biodiesel has an annual production capacity of 60-80 million gallons and has 

the potential of producing about 200 million gallons if produced from oleochemicals 

(Sadeghinezhad et al., 2014). Current production levels are 20–25 million gallons/year but 

achieving current European levels of 500 million to 1 billion gallons/year should be 

feasible (Gerpen, 2005).  

 

2.3 Methods of Biodiesel Production  
 

2.3.1 Dilution (blending) 

This method which doesn’t require any chemical process involves blending crude 

vegetable oils directly or diluted with petrodiesel fuels to improve their viscosity (Atabani 

et al., 2012). Dilution reduces the viscosity and engine performance problems such as 

injector coking and carbon deposits creation (Sarin, 2012). 

 

2.3.2 Micro-emulsification 

Described as colloidal equilibrium dispersion of an optically isotropic fluid microstructure 

with measurements generally in the 1-150 nm range formed instinctively from two 

normally immiscible liquids and one or more ionic amphiphiles (Abbaszaadeh et al., 

2012).it has three constituents, an oil, an aqueous and surfactant phase with a solvent 

such as methanol, ethanol, or other alcohols (Sarin, 2012). 

 

2.3.3 Pyrolysis (thermal cracking) 

Meaning heat or by heat with the aid of a catalyst. This method is a thermal 

decomposition of organic matter in the absence or limited supply of oxygen and the 

presence of a catalyst (Abbaszaadeh et al., 2012; Pushparaj & Ramabalan, 2012; Ito et al., 

2012). 
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2.3.4 Transesterification 

Shifting of alcohol with another from an ester known as alcoholysis is the reaction of a 

triglyceride molecule with short-chain alcohol in the presence of a catalyst yielding a 

product called biodiesel which has a substantially lower viscosity compared to vegetable 

oil (Meher et al., 2006). This is the most used method and is regarded as the best method 

among all others due to its economic feasibility and simplicity (Vyas et al., 2010; Atadashi 

et al., 2011; Endalew et al., 2011; Lin et al., 2011; Atabani et al., 2012). In the production 

of biodiesel, it is so far, the most approved viscosity reduction method. According to (Sarin, 

2012), Glycerin is consequently a by-product of biodiesel production. 

 
Figure 2-1. Transesterification of triglycerides (a) and the steps in transesterification (b) adapted 

from Ramadhas et al., 2005 
 

2.4 Factors Affecting Transesterification 

The transesterification reaction is affected by various parameters (Demirbas, 2005; 

Mathiyazhagan & Ganapathi, 2011; Atabani et al., 2012), which include the following. 

2.4.1 Type of Alcohol  

In the transesterification reaction, either primary or secondary alcohols can be used 

(Koval et al., 2008). In other words, these must be open chains alcohols that contain one 

hydroxyl group (Romero et al., 2007). The number of carbon atoms must be between 1 and 

8, as Romero and his co-workers (2007) also established. The synthesis of biodiesel via 

both homogeneous and heterogeneous catalysis has been successfully achieved using 

methanol, ethanol, propanol, isopropanol, butanol and pentanol (Fukuda et al., 2001; 
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Demirbas, 2005). The viscosity of biodiesel obtained is also lower by using methanol (Allah 

& Alexandru, 2016). 

 

2.4.2 Alcohol to Oil Molar Ratio. 

Leung and Guo, 2006; Zhang et al., 2003; Ma and Hanna, 1999; Freedman et al., 1986 

concluded that 3:1 ratio in general alcohol to triglycerides needed for the conversion to 

three moles of alkyl esters, however, increase in the alcohol up to specific concentration 

will drive the reaction to completion within a shorter time. Further increase in alcohol 

content does not increase biodiesel yield but also increases the cost of alcohol recovery 

(Leung and Guo, 2006). In alkali catalyst, the reaction will require a 6:1 ratio of alcohol 

to catalyze the transesterification of oils or fats (Freedman et al., 1986; Zhang et al., 2003) 

while waste cooking oils will require a higher ratio of alcohol, i.e., 15:1 when subjected to 

acid catalyst reaction (Ali et al., 1995; Zhang, 1994; Leung and Guo, 2006). 

 

2.4.3 Catalyst Choice and Concentration 

Choice of catalyst is the first step for designing a transesterification process, since it's 

used to raise the reaction rate (Lee et al., 2009; Sirisomboonchai et al., 2015). Many 

researchers have reported that homogenous catalysts are the most commonly used types 

of catalysts as a result of their availability and affordability. However, they have tendency 

to form soap, the catalyst will be difficult to recover and longer reaction time 

(Abbaszaadeh et al., 2012). Where else heterogeneous are quickly recovered but there are 

concerning issues regarding their activity and selectivity (Leung et al., 2010; Thangaraj 

et al., 2019). A supported bimetallic catalyst has been demonstrated to enhance the 

catalytic activity, product selectivity, and catalytic stability over supported monometallic 

catalysts for a range of catalytic reactions. According to Agarwal et al., 2012, Wang et al., 

2012, Biodiesel produced from waste cooking oils with methanol on the bifunctional 

catalyst with Al2O3 as support had a good yield varying between 94,8 to 97,7%. 

 

2.4.4 Reaction Temperature and Time 

An increase in temperature increases the biodiesel yield and reaction rate (Allah & 

Alexandru, 2016). However, Leung and Guo, (2006) and Eevera et al. (2009) found that 

an increase in reaction temperature beyond the optimal level leads to a decrease of 

biodiesel yield because higher reaction temperature accelerates the saponification of 

triglycerides (Mathiyazhagan & Ganapathi, 2011). 
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Allah & Alexandru, (2016) found that the maximum ester conversion was achieved in less 

than 90 minutes. An increase in reaction time does not increase the yield product, i.e., in 

the study by Phan & Phan (2008), a decrease in conversion of waste cooking oils to 

biodiesel was observed, when 70 °C was used instead of 50 °C, in the transesterification. 

 

2.4.5 Rate of Mixing, Intensity and Stirring Mode 

Speed is vital in the formation of products; mixing and improved speed rate help in the 

time taken for reactants and catalyst to diffuse onto each other, therefore better yield. 

Allah & Alexandru, (2016) found that at 400 rpm, higher conversion of the end product 

was obtained while Knothe et al., (2005); Demirbas, (2008); Eevera et al., (2009); Rashid 

and Anwar, (2008) concluded that higher stirring speed favours the formation of soap due 

to the reverse behaviour of transesterification reaction.  

 

2.4.6 The Purity of the Reactants. 

Ester conversion is highly affected by the impurities present in the vegetable oils (Pandey, 

2008). The presence of FFA in oils will have a significant impact on biodiesel fuel 

properties, its yield as well as its quality (Varma et al, 2016). 

 

2.5 Biodiesel Feedstocks 
 

2.5.1 Waste Vegetable Oil Usage 

Biodiesel production cost about 1,5 to 3 times more as compared to petrodiesel (Zhang et 

al., 2003), because 95% of biodiesel produced is from edible oils such as rapeseed, palm, 

canola, mustard, peanut and soybean Mardhiah et al., (2017), and raw materials makes 

the highest portion in biodiesel production as reported by  Kulkarni & Dalai, (2006), 

accounting about 70 to 95% of the total production cost (Azócar et al., 2010). Amongst 

many edible oils, palm oil is a popular feedstock that grows in hot and humid weather 

such as Malaysia and Indonesia which supply about 80-85% of global capacity 

(Habibullah et al., 2014). In order to replace 5% of the petrodiesel used in transportation 

13% and 15% of farmlands in the USA and Europe would be needed respectively (Azócar 

et al., 2010). When one compares palm biodiesel with other vegetable oils and petrodiesel 

fuels, its associated with better engine performance, higher specific fuel consumption, 

shorter ignition delay, higher viscosity which improves its lubricating properties and anti-

wear characteristics (Mosarof et al., 2015, Samanta & Sahoo, 2020). It reduces exhaust 

emission of hydrocarbon, carbon monoxide, carbon dioxide, and smoke by 50 to 70%, but 

not oxide of nitrogen emissions (Zahan & Kano, 2018). It is a relatively sustainable, 

environment-friendly, less expensive, and economically beneficial potential source of 
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energy (Mosarof et al., 2015). However, researchers have shown that biofuels production 

from non-edible biomass is more economical and more compatible with regular petrodiesel 

fuel Elkadi et al., (2014), where residual oils and fat from domestic commercial and 

industrial activities such as the ones used for frying food, can be employed for biodiesel 

production (Chaves et al., 2010, Awogbemi et al., 2019). Since, WCO is two and three 

times less pricy than that of fresh vegetable oil in terms of cost (Sirisomboonchai et al., 

2015), the use of waste oils will lead to a significant reduction in the total processing cost 

of biodiesel resulting in economic and waste management solutions (De Araújo et al., 

2013, Elkady et al., 2015). 

 

2.5.2 Importance of Vegetable Oils  

Waste Vegetable oils (WVO) or Waste Cooking Oils (WCO) are oils that is no longer 

suitable for their original purpose and can be collected from industries and restaurants 

(Ali & Khartoum, 2001). It was reported that vegetable oil motor fuels of E DIN 51605 

quality can be used directly in utility vehicles, trucks, agricultural machines, buses, and 

stationary engines without problems (Mondal et al., 2008). Waste vegetable/ cooking oils 

in the production of liquid fuels such as biodiesel has several advantages over other 

alternative fuel options (Soetaert, 2009): 

 The technologies for extraction and processing are easy and simple, as conventional 

equipment with low energy input is needed. 

 Their fuel properties are close to petrodiesel fuel with high heat content close to 90% 

of petrodiesel (Mondal et al., 2008). 

 Vegetable oils are renewable in nature (Hade et al., 2017). 

 They are liquid, stable and have no handling hazards. 

 The by-products left over after the extraction of oil is rich in protein and can be used 

as animal feed or solid fuel. 

 The farming of their seeds is adaptable in different climate conditions and geographic 

locations. 

 Biodiesel has proved to be appropriate for direct use in compression ignition engines 

without any substantial modifications to the engine. 

 Biodiesel contains an absence of sulphur thus and no production of oxides of sulphur. 

 

2.5.3 Fatty Acids in Different Vegetable Oil  

Oil and fats are constituent of mostly triglycerides which make 90-98% of total mass 

(Giakoumis, 2018). Vegetable oils from variety of sources possess different fatty acids (FA) 

compositions, which aids in selecting efficient biodiesel production method (Mahmudul et 
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al., 2017), and their chain size, degree of saturation, and presence of other chemical 

functions helps in choosing production parameters (Chaves et al., 2010, Folayan et al., 

2019). The most frequent fatty acids in triglycerides of vegetable oils are stearic (18:0), 

palmitic (16:0), oleic (18:1), linoleic (18:2) and linolenic (18:3) acids. Vegetable oils have 

high viscosities and have other disadvantages such as low volatility, coking on the 

injectors, carbon deposits, oil ring sticking, and thickening of lubricating oils 

(Manivannan et al., 2017). Hence, it can be used in petrodiesel engines once modified by 

transesterification (Nabi et al., 2009). 

 

Table 2-1. Fatty acids compositions of various vegetable oil in wt.% extracted from (Yaşar, 2020) 

Fatty 
acids 

C:D Closed 
formula 

Palm Sunflower Canola Soybean 

Lauric  C 12:0 C12H24O2  0.2 - - - 

Myristic  C 14:0 C14H28O2 1.1 0.08  0.05 0.07 
Palmitic  C 16:0 C16H32O2 44 5.93  6.23 11.43 

Palmioleic  C 16:1 C16H30O2 0.14  0.23 0.07 

Stearic  C 18:0 C18H36O2 4.5 3.44  2.49 4.03 

Oleic  C 18:1 C18H34O 39.2 36.22  61.46 24.85 

Linoleic  C 18:2 C18H32O2 10.1 52.95  22.12 55.33 

Linolenic C 18:3 C18H30O2 0.4 0.38  5.11 3.34 

Arachidic  C 20:0 C20H40O2 0.1 0.23  1.43 0.25 

Gadoleic C 20:1 C20H38O2 - - - - 

Behenic  C 22:0 C22H44O2 - 0.46  0.37 0.57 

Erucic  C 22:1 C22H42O2 - - - - 

Total saturated fatty acids 49.9 10.14 10.43 10.35 

Total monosaturated fatty acids 39.2 36.37 61.80 24.92 

Total polysaturated fatty acids 10.5 53.33 27.23 58.67 
 

As illustrated in Table 2.1 above, fatty acids compositions of different oils will determine 

fuel properties like cetane number, oxidation stability, distillation characteristics, the 

composition varies according to the conditions of soil and moisture present (Pandey, 

2009). Vegetable oils have molecular structures which are made of 90-98% triglycerides 

and have a high energetic capacity which is essential to fuels, they have free fatty acids, 

generally between 1 and 5% weight by weight (w/w), small amounts of monoglycerides, 

diglycerides, phospholipids, phosphatides, carotenes and tocopherols, and water traces 

(Torres-García et al., 2019). Waste cooking oils contain more free fatty acids Allah & 

Alexandru, (2016), as a result in high unsaturated bonds which cause oxidation when 

they react with oxygen Dwivedi & Sharma, (2014). They will cause formation of sludge 
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(Pandey, 2008). It will require a more alkaline catalyst for the transesterification of oils 

that have Free Fatty Acids (FFA) of ≥1% such as waste oils (Mathiyazhagan & Ganapathi, 

2011).  

 

Ramos et al. (2009), examined FA compositions of different oils for biodiesel synthesis and 

compared them to fuel properties; it was found that cetane number and oxidation stability 

values improved with increasing carbon chain length and decreasing level of poly-

unsaturated fatty acids as well as higher iodine values and lower CFPPs. Mono-

unsaturated fatty acids present in almond, olive, corn, rapeseed, and high oleic sunflower 

oils resulted in better biodiesel properties such as kinematic viscosity, density, flash point, 

and heating value. After analyzing correlations between properties and FFA compositions 

i.e., Table 2.1 and Table 2.2, it was concluded that fuel properties strongly depend on the 

feedstock type and marginally affected by reaction parameters. Therefore, there is a 

strong positive correlation between these fuel features as they increased with increasing 

carbon chain length and degree of saturation (Elangovan, 2017).  

 

2.5.4 Physical and Chemical Properties of Different Oils 

Table 2-2. Physical and chemical properties of different vegetable oils extracted from (Torres-

García et al., 2019) 

Vegetable 
Oils 

LHV 
(kJ/kg) 

Viscosity 
(mm2/s) 

PP 
(°C) 

FP 
(°C) 

Density 
(kg/m3) 

Sulphur 
(%) 

Carbone 
residue 
(%) 

Cetane 
number 

Palm  36.55 39.6(38°C) - 267 920 0.01 - 37.1 

Sunflower 39.58 37.1(38°C) -15 274 920 0.01 0.23 41.1 

Soybean 39.63 32.6(38°C) -12 254 910 0.01 0.27 37.9 

 

2.6 Alcohols 

 

2.6.1 Methanol 

Methanol is mainly known as wood alcohol with a toxic, colourless liquid, a very faint 

odour which is produced as liquid thus stored and handed like gasoline (Methanol 

Institute, 2010). It was initially discovered in 1661 by Robert boyle (Yasin et al., 2013), 

formed from natural gas or wide range of renewable sources such as  wood or paper 

(Aasberg-petersen et al., 2008). Its use began in the 1800s by steam-reforming of natural 

gas and CO2 using copper-based catalysts (Blumberg et al., 2019; Ott et al., 2012). When 

85% of methanol was blended with 15%gasoline, carbon monoxide (CO) emissions were 

reduced by 25% and nitrogen oxides (NOx) emissions by 80% (Rifal & Sinaga, 2016). Pure 

(100%) Methanol has low vapor pressure and cold starts therefore blending with 15% 
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gasoline in will improve it, since gasoline has 20% presence of aromatic (Nichols, 2003). 

Using methanol causes a reduction in vehicle range by 40%, since 1.77 gallons of methanol 

is required to produce equivalent energy in one gallon of gasoline (Yacobucci, 2004). It is 

mostly used as feedstock in formaldehyde, acetic acid, chloromethane and methyl tertiary 

butyl ether, 70% of its production is used in chemical process (Dalena et al., 2018). It can 

be used as solvent for paint strippers, paints, carburettor cleaners, plastics, and 

automobile wind solid water. Since 1965 it has been used as fuel for certain vehicles such 

as race cars (Thipse, 2008). 

 

2.6.2 Ethanol 

Ethanol (CH3CH2OH) is a clear colourless liquid known as ethyl alcohol (Foundation, 

2007). Ethanol can be produced from many different raw materials that contain sugar, 

which is classified into starches, sugars and cellulose due to the type of carbohydrates 

they contain (Lin & Tanaka, 2006). It is used as a biodegradable additive (Pimentel & 

Patzek, 2005). It is a clean-burning, high octane fuel and used as a cleaning solvent 

(Ramadhas, 2006). Ethanol mixes well with water in most organic liquids and has been 

used as a fuel in the United States since 1908 with the Ford Model T, which has been 

modified to run on either gasoline or pure alcohol (Thipse, 2008).  

 

2.6.3 Butanol 

Butanol is an alcohol that is produced by fermentation from corn, grass, leaves, 

agricultural waste and other biomass (Yacobucci, 2004). Butanol, compared to ethanol, is 

less volatile and explosive, and has a higher flash point, and lower vapour pressure, 

making it safer to handle. Butanol contains more energy as it has a higher number of 

carbon atoms. It is less hygroscopic and easily miscible with gasoline in any proportion. 

Also, the air to fuel ratio and the energy content of butanol are close to gasoline (Biswas 

et al., 2017). Bio-butanol can be produced through fermentation of lignocellulosic 

materials (agricultural or paper waste) or non-cellulosic materials (corn or molasses) 

(Kumar & Gayen, 2011 & Kolesinska et al., 2019).  Moreover, it is less corrosive and can 

be distributed within an existing pipeline. Due to the presence of four hydrogen atoms 

and its high energy output production, it is regarded as safe and suitable for use in fuel 

cells (Thipse, 2008) 

 

2.7 Choice of Alcohol 

In the transesterification reaction, either primary or secondary alcohols can be used 

(Koval et al., 2008). In other words, these must be open chains alcohols that contain one 
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hydroxyl group. The number of carbon atoms must be between 1 and 8 (Romero et. al., 

2007). The synthesis of biodiesel through both homogeneous and heterogeneous catalysis 

has been successfully achieved using methanol, ethanol, propanol, isopropanol, butanol 

and pentanol (Fukuda et. al., 2001; Demirbas, 2005). However, for the transesterification 

processes, methanol has been reported to be favourable due to its rapid reaction with 

triglycerides along being relatively inexpensive. This rapid reaction is mainly due to three 

factors: polarity, alcohol chain length (Romero et. al., 2007; Lee et. al., 2011). Not only is 

methanol a polar compound but it is the shortest chained alcohol. Due to these properties, 

the reaction time during methanolysis is shortened as compared to alcoholysis with 

another alcohol such as propanol and butanol (Koval et. al., 2008; Malhotra et. al., 2015; 

Shah et. al., 2015). 

 

The conversion of palm kernel oil to alkyl esters using P. cepacia lipase and, ethanol gave 

the highest conversion rate of 72%, while only 15% (MEs) was obtained with methanol 

(Abigor et al 2018).  Effect of methanol, ethanol and butanol on yield by use of alkaline 

catalyst in transesterification of waste canola oil resulted in methanol having the highest 

yield followed by ethanol and butanol (Hossain et al., 2010). Generally, the efficiency of 

transesterification of triglycerides with methanol is likely to be less than ethanol with or 

without a solvent (Soetaert, 2009). It was found that methanol was both practical and 

cost-effective with regard to the transesterification of sunflower oil using alkaline and 

acid catalyst while ethanol and 2- propanol was not feasible and acid catalyst needs to be 

used (Sanli & Canakci, 2008). Butanol provides better interaction with gasoline than 

ethanol and a higher energy content (Sauer, 2016); its fuel benefits the environment in 

that when consumed in an internal engine, it does not yield sulfur oxides (SOx), NOx or 

CO but carbon dioxide (CO2). Navas et al. (2020), suggested butanol should be favored 

over other short-chain alcohols such as methanol or ethanol due to the more extended 

chain properties of the final biodiesel and its blending with conventional diesel. Further, 

butyl ester has a higher energy value and superior cloud point than equivalents methyl 

or ethyl esters (Hájek et al., 2017). However, Gerpen et al., (2004), argued that natural of 

alcohol in the transesterification does not have any chemical modification to the produced 

biodiesel and that long-chained alcohols are usually avoided due to steric hindrance effect 

and cost (Yusuf et al., 2011). Therefore, short chained alcohol was chosen due to better 

conversion of triglycerides to alkyl esters under the same reaction thus reducing energy 

cost (Wen et al., 2009). 
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2.8 Catalysts  

They are substances that provide an alternative pathway for a reaction to occur as they 

speed it up when breaking and making bonds, The importance and economic significance 

of catalysis are enormous (Deutschmann et al., 2009). 

 

2.8.1 Homogeneous Catalysts  

These catalysts exist in the same phase as the reactants, in the production of biodiesel, 

they are of two kinds: acid and basic (Romero et al., 2007; Zabeti et al., 2010). They both 

have high producing yields in terms of fatty acid methyl esters (FAME). Preference is 

given to basic catalysts, they have the ability to complete the reaction faster, they require 

lower temperatures, and they have higher conversion efficiency (Sanli & Canakci, 

2008)(Sarin, 2012). However, in cases where feedstocks contain high FFA, basic 

homogeneous catalysts are rendered ineffective due to their intolerance to high FFA 

(Changmai et al., 2020). Even though, alkaline catalysts (NaOH, KOH, NaOMe, KOMe) 

are widely used to convert refined edible oils into biodiesel, several limitations are present 

when they are used in waste cooking oils (De Araújo et al., 2013; Sanli & Canakci, 2008). 

The acid values of most non-edible oils are higher than the functioning range of base 

catalysts. To avoid soap formation, which is inevitable in such instances, both types of 

homogeneous are used consecutively (Thanh et. al., 2010). Although in the presence of 

homogeneous catalysts, the reaction rate is rapid, separating the products, catalyst and 

impurities requires additional steps in the production phase (Vázquez et. al., 2011). This 

dramatically increases the production cost, and due to the non-reusability of the catalysts, 

it results in a great hindrance to commercializing biodiesel produced though homogeneous 

basic catalysts to make it competitive with conventional petrodiesel (Thangaraj et al., 

2019). Additionally, there is a large quantity of wastewater produced and low-grade 

glycerol Liao & Chung, (2013), which then result in a disposal issue and  environment 

pollution (Aransiola et al., 2013). 

 

2.8.2 Heterogeneous Catalysts 

Heterogeneous catalysts can overcome issues presented by homogeneous catalyst since 

they can improve the economy of biodiesel production by introducing a solid base catalyst 

which can be used for continuous process (Moradi et al., 2014). For instance, The 

production of 8000 tons of biodiesel will require approximately 88 tons of sodium 

hydroxide (NaOH), while only 5.6 tons of magnesium oxide (MgO) will suffices production 

of 100 000 tons of biodiesel Romero et al., (2007), therefore less amount of heterogenous 

catalyst will required per tons of biodiesel. Another point is the potential of reusability of 
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the catalyst for the next cycle, which is better than that of homogeneous. Also, these 

catalyst eliminate the neutralization salts in glycerol, which will reduce the number of 

separation steps and besides, they can be retained in the reactor by filtration (Kawashima 

et al., 2009), since methanol and ethanol do not mix with solid heterogeneous catalyst 

(Chouhan & Sarma, 2011a). Additionally, there no or less wastewater (De Araújo et al., 

2013) and they are less corrosive compared to homogeneous catalysts (Dossin et. al., 

2006).  

 

2.8.3 Enzyme Catalyst 

They are known as biocatalysts; they have properties of both homogeneous and 

heterogeneous catalysts. In recent years, enzymatic reactions using lipase have attracted 

growing attention due to its advantages over chemical catalysts: it has easy product 

recovery, environmental-friendly properties, high selectivity and a require low alcohol-to-

oil molar ratio (Vyas et al., 2010; Zhao et al., 2013). Enzyme catalysts tolerate FFA and 

water content, facilitating biodiesel and glycerol's easy purification (Zhao et al., 2013). 

However, Enzyme catalysts are expensive and residual enzymes can contaminate 

biodiesel. While enzymes can be easily deactivated, a long reaction time is required and 

these significant drawbacks limit the industrial application of biodiesel production using 

enzymes (Boey et al., 2011; Endalew et al., 2011; Zhao et al., 2013).  

To minimize some of these limitations, immobilized enzymes are employed which 

facilitate multiple uses and consequent cost reduction. However, glycerol's build-up limits 

the number of their reusability cycles (Vyas et al., 2010). Recent studies though have been 

directed at using enzymes in the transesterification reaction, whether immobilized or 

otherwise (Avhad & Marchetti, 2015). In these processes, it was found that 

transesterification through enzymatic catalysis had several advantages (Tan et al., 2010). 

There was no by-product formation in some instances (Lam et al., 2010) and when there 

was for some cases, the products were easily separated (Robles-Medina et al., 2009). 

Furthermore, the enzymes could be reused without any separation step, and the operating 

conditions were found to be lower (Aarthy et. al., 2014). However, enzymes' current cost, 

for their use as catalysts in transesterification is very high which is the main hindrance 

to its commercialization (Talebian-Kiakalaieh et al., 2013). 

2.9 Choice of Catalyst 

Transesterification of triglycerides needs to be carried out in acid and base catalysed 

reaction (Baskar & Aiswarya, 2016). One of the concerns in catalyst development is the 

ability to convert feedstocks with high FFA to FAME. High FFA content (>15%) causes 
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catalyst deactivation and biodiesel contamination with soaps (Loe et al., 2019; Knothe, 

2010). Since, heterogenous catalyst has mass transfer limitation as a result of the 

formation of three phases with oil and alcohol (Baskar & Aiswarya, 2016). In order to 

eliminate this issue, the use of structural promoters which tend to have the more specific 

surface area and the active site has been studied (Wen et al., 2009).  Since Nanda et al., 

(2017), elaborated on the functions of appropriate promoter as one that would need to 

increase the catalyst surface area and be able to create dispersion of catalyst particles 

through stopping the accumulation, sintering of metals and improving the catalyst's 

mechanical strength. Furthermore, the addition of a second metal to a traditional single 

one in the heterogeneous catalyst may lead to the formation of an alloy with enhanced 

catalytic activity, selectivity, and stability compared to its single-metal counterparts 

(Yang et al., 2013).  

 

Solid acid catalyst has the potential to both esterify and transesterify feedstocks of high 

FFA (Thangaraj et al., 2019). A solid base catalyst such as alkaline earth metal oxide is 

insoluble in methanol and has low noxiousness (Changmai et al., 2020). They have a high 

catalytic activity which increases with regards to the atomic number and decrease in 

polarizing power of MgO < CaO < SrO < BaO due to basicity (Kwong & Yung, 2015).  

According to their basicity and availability, the activity of calcium oxide (CaO) which has 

been widely studied can be improved through calcination Chouhan & Sarma, (2011b), 

Since calcined CaO was reported as a highly active catalyst in the transesterification of 

sunflower oil (Cho et al., 2009). However, specific surface area of CaO is usually small Wu 

et al., (2013), therefore porous materials such as alumina, carbon, clay, zeolite or silica 

are impregnated to produce high specific surface area metal oxides (Małecka et al., 2015). 

Aluminium oxide (Al2O3) has high specific surface area, large pore size and pore volume, 

and as a support it has drawn attention in catalysis processes (Zabeti et al., 2009). 

 

There is a huge effect of two complementary functional groups in terms of reactivity and 

stereo-control in a reaction which eliminates challenges that were presented previously 

by single functional group catalysts (Dixon, 2016).  In the review of the catalytic activity 

of   of several solid base and acid catalyst for biodiesel production especially metal oxides 

and supported metal oxides, it was found that the activity depended on the active site 

concentration and the catalyst support( Zabeti et al., 2009). According to (Agarwal et al., 

2012, Wang et al., (2012), biodiesel produced from waste cooking oils (WCOs) using 

methanol and the bi-functional catalyst with Al2O3 as support the yield varied 94,8 to 

97,7%. Investigation of biodiesel production from WCOs with methanol over solids acid 

catalysts and the capacity of porous supports for waste oils (WOs) based on FAME yield, 
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was reported that the highest yield was in this order Al2O3 > SiO2 > SnO2 > ZnO where 

Al2O3 yielding of 97.5% FAME (Komintarachat & Chuepeng, 2009).  

 

In conclusion, a supported bimetallic catalyst has been demonstrated to enhance the 

catalytic activity, product selectivity, and catalytic stability over supported monometallic 

catalysts for a range of catalytic reactions. Bimetallic nanoparticles have shown major 

technological applications in heterogeneous catalysis, they have distinctive properties, 

often a better reactivity, because the core metal particle could modify the lattice strain of 

the shell metal, resulting in a shift of the shell metal's electronic band structure (Banerjee 

et al, 2017  

 

2.10 Biodiesel Characteristics 

Biodiesel needs to be analyzed and evaluated for its chemical and physical properties for 

use in petrodiesel engines. These properties are usually analyzed against standards like 

those of the American Society for Testing Materials (ASTM), European Union (EN 14214), 

Germany (DIN 51606), Austria (ON) and Czech Republic (CSN) standards for biodiesel 

fuel, However, the preferred international standard specifications used are the American 

Standard for Testing Materials and European Standard (Atabani et al., 2012) as seen in 

Table 2.3. 

 

2.10.1 Physical and Chemical Properties 

Biodiesel is characterized by different physical and chemical properties depending on the 

feedstock used in the manufacturing process such as acid number, cetane number, 

oxidative stability, viscosity, flash point, cloud point, pour point, density, free and total 

glycerol moisture content, phosphorus content, calorific value, sulphated ash test and 

carbon residue. Qualitative characteristics of biofuels follow the legislation set for 

environmental safety purpose, this complex assessment is becoming progressively 

restrictive therefore the choice of raw material is a decisive factor (Chaves et al., 2010; 

Ruzinska, 2015). 

 

Table 2-3. American Society of Testing and Material and European Standards Specification for 
Biodiesel (Adapted from Atabani et al., 2012) 
Fuel properties Petrodiesel Biodiesel 
  ASTM EN 

Density(kg/m3) 7.1(850) 7.3 7.3(880) 
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Carbon (wt%) 84-87 77 77 

Hydrogen (wt%) 12-16 12 12 

Oxygen (wt%) 0-0.31 11 11 

Sulfur (wt%) 0.0-0.0024 0.0015 max 0.02 max 
Boiling point C 180-340 325-350 315-350 
Flash point C 60-80 100-170 100-170 
Cloud point C -35 to 5 -3 to 15 -3 to 12 

Pour point C 35-55 -5 to 10 -5 to 10 
Cetane number 40-55 48-65 48-65 
Viscosity at 40C(cSt) 2.6 1.9-6.0 3.5-5.0 
Acid value (mg KOH/g) 0.062 Max 0.50 Max 0.50 

Oxidation 3min - 6min 
 

2.10.2 Acid Number  

The acid number is an indicator of FFA content. In biodiesel, it needs to be kept low which 

according to ASTM D664 and EN 14104 the approved maximum acid value in the 

biodiesel is 0.5 mg KOH/g (Atabani et al., (2012), to ensure no residual free fatty acids or 

processing acids are present in the fuel. The presence of excess acids can lead to corrosion 

and deposits in the fuel system (Alleman et al., 2013). This acid value can be elevated if 

the fuel is not properly manufactured or if it has undergone oxidative degradation. 

According to Sarin al., (2012), the acid level and viscosity may increase as biodiesel ages 

in storage, and it was found that high acidity (> 3%) in the oil results in lower conversion 

efficiency and may cause severe corrosion in the fuel supply system (Meher et al., 2006; 

Atabani et al., 2012). Pure biodiesel can be contaminated with water during storage, 

which will lead to FFA formation.  

 

2.10.3 Cetane Number 

The cetane number of biodiesels depend on its fatty acid profile and increases as fatty acid 

proportions are elevated (Azad et al,2016). Long chains and more saturated fatty acid lead 

to high cetane number but lower volatility, while unsaturated fatty acids have low cetane 

numbers and reduced oxidation stability (Anitescu & Bruno, 2012). According to ASTM 

D613 and EN ISO 5165, cetane number of a biodiesel varies between 48-65 while 

petrodiesel is 40-55 (Atabani et al., 2012, Ong et al., 2013). Therefore, biodiesel has a 

higher cetane number than petrodiesel fuel, and since biodiesel contains 10-11% oxygen 

by weight (Canakci et al., 2001& Alleman et al., 2016). These characteristics reduce the 

emissions of carbon monoxide (CO) and hydrocarbon (HC) as compared to petroleum-

based petrodiesel fuel, which subsequently reduce engine noise (Canakci et al., 2001).  
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2.10.4 Cloud Point 

This is the temperature where the fuel first begins to form crystals, its used to predict 

cold weather operability. Therefore, the most commonly used in the measurement of low-

temperature operability is the cloud point (CP), as fuels are generally expected to operate 

at temperatures as low as their cloud point. Biodiesel made from waste oil or animal fats 

has higher cloud point of 7 °C and  2 °C for Mohua and waste soybean biodiesels 

(Chaudhari, 2017) while palm biodiesels have 16 °C (Benjumea et al., 2008), which is 

relative to that made from refined oil (Saydut et al., 2010). Conventional petrodiesel cloud 

point is typically lower than that of biodiesel which is evident in (Table 2-3) and starts to 

get colder as soon as the temperature drops. CP depends mostly on the type and quality 

of impurities in the fuel, such as monoglycerides. The values range between -3 and 15 °C 

for biodiesel and -35 to 5 °C for conventional diesel, according to ASTM standard (Atabani 

et al., 2012). In biodiesel, the CP is particularly important because biodiesel is usually 

blended with petrodiesel, and the CP of the biodiesel will have a significant impact on the 

final blend properties (Alleman et al., 2013) 

2.10.5 Density 

Density which is defined as mass per volume can be measured by ASTM D94 or EN ISO 

3675 and 12185, it plays a role in fuel consumption (Siraj, 2017). Additionally, this fuel 

has a major effect on performance characteristics such as cetane number and heating 

value (Ateeq, 2019). The density of biodiesel depends on the feedstock used in the 

production process. Biodiesel produced from saturated fats tends to have a higher density 

than biodiesel from unsaturated fats Ong et al., (2013), due to shorter chains and double 

bonds (Ghoreishi & Moein, 2013). Furthermore, denser oils contain more energy Atadashi 

et al., (2011), because of high mass used which is injected resulting in more heat (Canesin 

et al., 2014). Density in biodiesel depends on time and increase as time goes (Lima et al., 

2010).  

2.10.6 Distillation 

This property is important as it shows fuel volatility, and is used to examine combustion 

and engine emissions (Hassan & Kalam, 2013; Lapuerta et al., 2015), distillation curves 

illustrate the percentage of hydrocarbons and their temperatures as it boils over time. 

Distillation curves will be vary according to the difference in the chemical compositions of 

the fuel (Aleme & Barbeira, 2012; Anitescu & Bruno, 2012). T10 (10% distilled volume), 

T50 and T90 temperatures are the most crucial points on the curves, they are used for 

calculate cetane index (Benjumea et al., 2008), and together with initial and final boiling 
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points (IBP and FBP, respectively), they are associated with engine performance and 

emissions (Lapuerta et al., 2015). When a fuel has a low T10, the cold start will be easier 

due to enough fuel evaporation while T50 is related to engine warm up  and therefore 

should be low to ensure quick power gain without stalling (Kheiralla et al., 2011). High 

T90 shows heavy compounds which plays a role in increased particulate matter and 

subsequently deposit built up inside combustion chamber, it shows crankcase dilution 

(Lapuerta et al., 2015). According to ASTM 975 and EN 590, the set limits for distilled 

fraction and temperature are shown in the figure below: 

 

Figure 2-2. Limits Of Temperature And Distillate Volumes Adapted From (Lapuerta et al., 
2015). 

 

2.10.7 Flashpoint  

Flash point indicate the minimum temperature to which the fuel will start to ignite, a 

minimum limit of 130 °C flash point has been set in order for safety in case of biodiesel 

handling (Alleman et al., 2013). As the temperature at which the fuel inflames due to the 

formation of a homogeneous mixture of fuel vapour and air above the fuel surface. Flash 

point, an important parameter to be considered in fuel storage and handling is influenced 

by the methanol content (Hamamre et al., 2014). Biodiesel has a relatively high flash 

point, which makes it less volatile and safer to transport than petrodiesel (Buasri, 2009; 

Atabani et al., 2012). ASTM specifies that biodiesel flash point must be in the range 100-

170 °C while EN 14124 compliant is over 110 °C (Lai, 2014). A study by Hamamre et al. 
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(2014), demonstrated that an increase of 0.5% in methanol content led to a 50 °C decrease 

of biodiesel flash point.  

2.10.8 Free and Total Glycerol 

Glycerol is essentially insoluble in biodiesel; free glycerol may remain as suspended 

droplets in biodiesel. Free glycerol is the amount of glycerol left in the final biodiesel 

product and therefore the free glycerol content is dependent on the production process 

(Atabani et al., 2012). Accumulation of glycerol may damage the fuel injection and 

increases mass transfer difficulty (Atabani et al., 2012; Zhao et al., 2013). Avoiding 

inadequate separation in the washing stage of the methyl ester product is crucial as it 

will create high yields of glycerol in biodiesel. EN 14105 specify a free glycerol limit of 

0.02% while ASTM requires that total glycerol be less than 0.24% of the final biodiesel 

production (Atabani et al., 2012).  

2.10.9 Nitration 

Nitration indicates excessive blow-by from cylinder walls, compression and accelerates 

oxidation, as nitration increases total acid number and viscosity increases 

simultaneously. In addition to causing oil thickening and some of these products being 

acidic, nitration products are the major cause of varnish or lacquer buildup. It can also 

reflect operating conditions, such as high loads and low operating temperature, as well as 

piston ring blow-by. 

2.10.10 Oxidation 

Oxidation can increase wear, retard performance, and shorten equipment life. Oxidation 

is worsened when temperatures are elevated, some oil molecules may form complex and 

corrosive organic acids (Haider et al., 2013). Biodiesel is susceptible to oxidation, a 

phenomenon that can cause the fuel to become acidic, form insoluble gums, sediments and 

that can plug fuel filters, as well as increase viscosity. Factors influencing the oxidation 

process of biodiesel are light, temperature, heat, traces of metal, fatty acid structure i.e., 

presence of double bond, and presence of air (Kapilan et al., 2009; Ong et al., 2013). Most 

biodiesel contains significant amounts of oleic, linoleic, or linolenic acid, which influence 

the oxidative stability of the fuel (Knothe, 2005). Oxidation occurs due to the presence of 

unsaturated fatty acid chains and double bonds in the oil reacting with oxygen in the 

presence of air (Atabani et al., 2012). biodiesel made from feedstock high in saturated fat 

such as palm oil or tallow tends to oxidize slower, this is due to the presence of high oleic 

acids (Robles-Medina et al., 2009).   
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2.10.11 Pour point  

Pour point is the lowest temperature at which the fuel begins to be semi-solid under 

specific conditions (Boshui et al., 2010), a characteristic directly proportional to the 

viscosity of the feedstock. Biodiesel made from different feedstock may have different pour 

points, making it suitable over conventional petrodiesel. Biodiesel has a pour point in the 

range of -5 to 10 °C above conventional petrodiesel, which is -35 to -15 °C (Atabani et al., 

2012). 

  

2.10.12 Soot  

Soot is the impure carbon particles generated from the incomplete combustion of a 

hydrocarbon. It is partially burnt fuel, which results in a heterocyclic hydrocarbon 

particle. It is also a non-classical abrasive that will erode boundary-lubricated surfaces at 

high concentrations. This will cause severe engine wear. An increase in the soot content 

of the oil indicates combustion problems or that the drain period may have been extended. 

2.10.13 Sulfate 

Sulfate compounds increase the production of varnish and sludge, which generally 

degrade the oil. They also react with the water formed during combustion to produce 

powerful inorganic acids such as sulfuric acid (H2SO4). They give a better idea of mistuned 

engines and ring failures. 

2.10.14 Viscosity  

Viscosity is a measure of the internal flow resistance of a liquid i.e. the thickness of the 

oil, this is an intrinsic property of vegetable oils affecting the fuel’s fluidity (Aworanti et 

al., 2012; Jiang et al., 2019). Being one of the specifications for compliance in the 

production of biodiesel. The product with less viscosity is the one with higher total FAME 

content (Babajide et al., 2010).  The presence of water and FFA increase the formation of 

soap and frothing resulting in high viscosity (Ramadhas et al., 2005). The main reason of 

the use of transesterification process is to lower the viscosity of oil (Sureshkumar & 

Muralidharan, 2014). Fuel with high viscosity especially at low temperatures will cause 

mechanical problems due to increase in viscosity as temperature drops (Hassan & Kalam, 

2013), i.e. for temperatures below or at -20 C, viscosity should be below 48 mm2/s (Barabas 

& Todoru, 2011). High viscosity result in poor atomisation which tends to form large 

droplets on the injection pump, which causes poor combustion and increased smoke and 

emission (Sahu et al., 2013, Hamamre et al., 2014). The viscosity of biodiesel is 10-15 

times greater than that of petrodiesel due to its large molecular mass and chemical 
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structure (Atabani et al., 2012). The maximum limit of viscosity in biodiesel, according to 

ASTM D445 varies between 1.9 and 6.0 mm2/s, and in the range of 3.5-5 mm2/s in EN ISO 

3104. 

2.10.15 Water Content 

The presence of water within biodiesel is due to the washing phase or contact with 

moisture, Karl Fischer measurement is usually used to test this property base of reaction 

between components and reagent moisture (Quveon, 2014; Matějovský et al., 2018; Aisyah 

et al., 2019). The hydroscopic nature in the biodiesel can cause the increase of water 

content within storage causing hydrolysis (Lin & Lin, 2012; Fregolente et al., 2015) This 

will lead to reducing heat of combustion and degrade the fuel more (Leung et al., 2006; 

Cursaru et al., 2014). According to ASTM D2709 and EN ISO 12937 specifications, the 

limit of water withing biodiesel should be 0.05%  or 500ppm (Mahmudul et al., 2017; 

Cavalheiro et al., 2020). Additionally, it is an important property for the determining of 

fuel in sale, taxation and custody transfer (Srivastava & Prasad, 2000).  

 

2.11 Fuel Blending 

Emission regulations and over rising energy demand have created need for novel 

technologies. Compression ignition engines running on petrodiesel have high thermal 

efficiencies but produces huge amount of emissions as a result of high combustion 

temperature and limited fuel/air mixing (Zhang et al., 2019). Contrary to petrodiesel, 

which is a high reactivity fuel, petrol is a low reactivity fuel used in spark ignition engines, 

which operates at low compression ratios, offering lower engine efficiencies but extremely 

low emissions (Putrasari & Lim, 2017). Additionally, compression ignition engines do not 

offer knocking at high loads, they have reduced amount of fuel injected, and during 

compression stroke only air is compressed (Putrasari & Lim, 2018). Therefore, 

researchers were driven by the goal to combine advantages of high efficiency of petrodiesel 

engines and low emissions of petrol engines as well as considering innovation, energy 

conservation and enhancing combustions to develop engine systems that uses high 

volatile fuels and alternative fuels for compression ignition engines (Adams et al., 2013; 

Putrasari & Lim, 2018). It was addressed by using alcohol as additives to petrodiesel or 

biodiesel fuel and low- temperature combustions (LTC) (Misra & Murthy, 2011; Chen et 

al., 2018; Zhong et al., 2019). 

  

The low temperature combustion approach was more attractive and is classified into 

homogeneous charge compression ignition (HCCI), partially premixed compression 
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ignition (PPCI), reactivity-controlled compression ignition (RCCI) and petrol or gasoline 

compression ignition (GCI) (Gad et al., 2020). Since HCCI and PPCI are good under low 

to medium load conditions but face great difficulty at high loads and RCCI has cost issue 

as well as high carbon monoxide and unburned hydrocarbons at low loads, petrol or 

gasoline compression ignition (GCI) has shown to possess greater potential amongst 

others (Putrasari & Lim, 2017b; Zhang et al., 2019). It offers high thermal efficiencies, 

low NOx and soots, low combustion temperatures as well as no requirement for high 

exhaust gas recirculation and engine modification (Putrasari & Lim, 2017a; Xuan et al., 

2020). It also similar to petrodiesel engines offering lower fuel cost, produces high torque 

than petrol engines and allows for more broader ranges of fuels (Rose et al., 2013). This 

low temperature combustion method uses petrol/gasoline like fuel instead of petrodiesel 

(Zhang et al., 2019; Xuan et al., 2020). The use of petrol was found to enhance efficiency 

by improved air and fuel mixing and reduces NOx and soot (Gad et al., 2020) but had its 

downfall as it requires high intake temperature and high compression ratio, low lubricity, 

low viscosity, cold start difficulty (Vu & Lim, 2019). 

2.11.1 Alcohol - Petrol Blends 

Ethanol added into petrol spark ignition engines is more preferred (Kheiralla et al., 2011), 

while using ethanol-petrol blends in compression ignition engines resulted in good 

reduction emission and high efficiency, however double injection is preferred (Manente et 

al., 2009; Kaiadi et al., 2013; Noh & No, 2017). Even though NOx decreases, CO and HC 

emission increases with dilution ratio (Peng, 2017; Ngo, 2020). Additionally, bioethanol is 

prone to high moisture absorption, acidity, corrosion, dissolved oxygen and presence of 

chlorides, acetate ions and sulfate (Khuong et al., 2017; Mate ̌jovsky et al., 2017; 

Rocabruno-valdés et al., 2020) 

2.11.2 Biodiesel - Petrodiesel Blends 

When blending biodiesel with petrodiesel for compression ignition engines, these biodiesel 

blends are usually referred to as BXX with XX indicating percentage loading (El-Kassaby 

& Nemit-Allah, 2013). Lower blending from B6 to B20 is required for better engine 

performance but mostly B20 (Shamim et al., 2017), while it was found that high blended 

biodiesel will cause a solvency effect in the petrodiesel engine (Kadam & Kale, 2015). 

There is a significant decrease in particulate matter emission with an increase in biodiesel 

blends (Demshemino et al., 2013). Contrastingly, Kumar et al. (2014), reported that 

increased biodiesel in blends results in increased emissions of CO2 at a lower compression 

ratio and increased NOx emissions (Can, 2014; Kumar et al., 2014). Additionally, increase 

in biodiesel content increased NOx, due to higher cetane number and oxygen content found 
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in biodiesel which favour operations at low heating value ( Can et al., 2017; Mickevičius 

et al., 2014; Raman et al., 2019; Wu et al., 2020). Also, the molecular structure such as 

high degree of unsaturation leads to high flame temperature during premixed combustion 

and consequently increased NOx (Al-lwayzy & Yusaf, 2017 & Sharma et al., 2020).  

Nevertheless, biodiesel blends have more heat release rate than petrodiesel due to the 

presence of more oxygen content leading to more complete combustion Ramesha et al., 

(2015), and auto-ignition delay which increases with the increase in blending percentage 

(Mickevičius et al., 2014). However, the brake thermal efficiency of the engine decreases 

with an increase in biodiesel blends due to low caloric value, high density and viscosity 

(Sharma et al., 2020). Moreover, there is a decrease in engine power from 1.2% to 0.7% for 

B95 and B5 respectively with biodiesel produced WCO, even though there is low emission 

and high flashpoint (>148 °C) when blending biodiesel with petrodiesel (Nair, 2013). A 

review by Misra and Murthy, (2011), concluded that when considering improving cold flow 

properties of biodiesel for enhanced performance and emission control, additives are 

required. High density and viscosity of biodiesel makes is problematic in cold areas and 

long-time storage affecting process atomization and engine performance as well as 

increased NOx emissions in compression ignition engines, meanwhile alcohol additives 

are LTC are suggested (Razzaq et al., 2020). Moreover, biodiesel is more prone moisture 

and oxidation than petrodiesel fuel leading to corrosion and degradation (Karavalakis et 

al., 2010; Almeida et al., 2011; Fazal et al., 2012; Z. Yang et al., 2013; Yaakob et al., 2014; 

Kumar, 2017; M. A. Fazal et al., 2018; Chandran, 2020). 

2.11.3 Petrol - Petrodiesel Blends 

High volatility and low cetane number fuels like petrol are good in reducing soot and NOx 

as they are more resistant to auto-ignition, have better air-mixing and longer ignition 

delay (Han et al., 2010). The low temperature combustion is preferred. Han, et al. (2011) 

Shi, et al. (2010), Torregrasa et al., (2017), conducted experiments blending petrol with 

petrodiesel for compression ignition engines under different conditions and compared it to 

diesel fuels, they found that gasoline or petrol like fuels are promising for heavy duty 

compression ignition as a result of reduced NOx, soot emissions, improved mixing rates, 

improved engines performance and higher economy as compared to conventional 

petrodiesel fuels (Shi & Reitz, 2010; Han et al., 2011; Torregrosa et al., 2017). However, 

when low temperature combustion was conducted increase in carbon monoxide and 

unburned hydrocarbons were observed Han et al., (2012), and petrol blends greater than 

50% would be required for GCI engines (Al-Abdullah et al., 2015). 
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2.11.4 Petrol - Biodiesel Blends 

In improving ignition characteristics of petrol, studies conducted by Putrasari & Lim 

(2017), Thongchai & Lim (2018), Das et al. (2018), Adam et al (2013). concluded that 

blending biodiesel with petrol improved its thermal efficiency, reduced ignition delay and 

reduced emissions significantly where 20% of biodiesel blending to petrol having 

similarities to that of pure petrodiesel (Das et al., 2018; Thongchai & Lim, 2018). High 

oxygen content, cetane number and viscosity of biodiesel improves air-fuel mixture, spray, 

fuel injection system and auto ignition (Putrasari & Lim, 2017; Gad & Ismail, 2021). 

Blending petrol with biodiesel will achieve fuel properties needed for GCI, solving those 

issues as compared to pure petrodiesel (Adams et al., 2013; Thongchai & Lim, 2018; 

Zhong, et al., 2019). Moreover, blends of biodiesel with petrol or kerosene has been proven 

acceptable for usage in petrodiesel engines as they possess improved performance, 

combustion and emission reduction (Gad & Ismail, 2021). Biodiesel-petrol blended fuel 

possesses enhanced low temperature fluidity, vaporisation and performance than pure 

biodiesel because addition of petrol reduces smoke emissions at low, medium and high 

loads (Chen et al., 2018). Furthermore, biodiesel has been used as alternative renewable 

fuel in petrodiesel engines without engine modification with great interest of its 

availability, sustainability, pollution reduction, superior lubricity and free sulfur as well 

as aromatics (Palash et al., 2013; Bhangale & Kulkarni, 2017; Vu & Lim, 2019). 

 

2.12 Metal Contaminants  

The presence of inorganic constituents in biodiesel is important such as Na, K and P (Korn 

et al., 2010). As a result of catalysts and hard water used in the process Ca and Mg 

concentrations should be monitored (Nogueira & Lucio, 2011). Metals in diesel/biodiesel 

blends can cause illness (Rocha & Corrêa, 2018). The occurrence of trace metals in 

biodiesel can be detrimental to the environment and equipment such as clogging engines 

and undesirable residue of metal oxides in its part (Elkadi et al., 2014). Ulrich et al 2014 

reported that the origins of these metals are various, while Garrido et al., 1994  and 

Sánchez et al., 2015 state their occurrence is mainly due to their content in the starting 

raw materials such as seeds or contact with the manufacturing or storage equipment 

while some metals are believed to have been brought in during transport process (Isis et 

al., 2012). Mendil et al., (2009) established that the concentration of heavy metals in oil 

plants depends on many factors, such as plant species, soil types, anthropogenic pressure, 

fertilization, and hydrological conditions. Rocha & Corrêa, (2018) demonstrated that 0.1-

10 gm/L of Cr, Ni, Cu and Pb can originate from abrasion in piston rings, cylinder liners, 
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valve cams and bearing. Those found in feedstocks are assumed to be delivered from the 

seeds or soil while the mineral composition of the seeds varies according to the presence 

and availability of metals in the soil where the plant was grown, pesticides and fertilizers 

used to grow that plant, (Chaves et al., 2010). The concentration of trace elements allows 

for the knowledge regarding the geographic origin as well as disclose of oil contamination 

(Chaves et al., 2011).  

2.12.1 Effect on Biodiesel Quality 

Exposure of metal surface to biodiesel at a high rate results in a corrosive state which is 

a great concern in the automotive sector (Sorate & Bhale, 2018). Induced corrosion 

happens firstly by the deterioration of the biodiesel as due to contaminants and the second 

is the degradation due to engine wear or fuel delivery system (Yeşilyurt et al., 2019). The 

quality of biodiesel is affected by the presence of microorganisms during storage which 

increases corrosion due to the deterioration of metallic tanks (Baena & Calderón, 2020), 

They form hydroperoxides during oxidation leading to an increase in acidity and thus 

corroding the vehicle system (De Carvalho et al., 2016).  Since some of the metals are used 

for building parts of storage containers, there is an importance in the studying of their 

effect as they are contacted with biodiesel over time (Fazal et al., 2012). Evaluation 

carried out to study the corrosion behaviours of aluminium (Al), carbon steel (CS), 

stainless steel (SS) and copper (Cu) on biodiesel and petrodiesel at 43C showed that Cu 

and CS showed the highest corrosion (Hu et al., 2012), while a corrosion test was 

conducted for magnesium (Mg) and Al influence on biodiesel showing that Mg resulted in 

higher corrosion (Chew et al., 2013). Studies show that the presence of certain metals 

such as Cu, Fe, Ni, Sn, and brass (a copper-rich alloy) can increase the oxidization of fatty 

oils. The presence of Cu, at 70 ppm in rapeseed oil greatly increased its oxidation. Copper 

has also been found to reduce the oxidation stability (OS) of methyl oleate more than 

either Fe or Ni while iron is a very effective hydroperoxides decomposer and its effect on 

rapeseed oil methyl esters was more pronounced at 40C than at 20C, (Sarin, 2012). 

Biodiesel stability depends on temperature, light and the presence of metals and other 

elements that can accelerate the oxidation process (Chaves et al., 2010).  

2.12.2 Effect on Human Health  

Pollution from biodiesel is not near that of petro-diesel yet, but toxic metals from biodiesel 

can find their way into the environment in different ways. Elkadi et al., (2014), studied 

influence of metal uptake during biodiesel production when acid and base catalyst were 

used, he found that low levels of Be, Se, Ti, Pb, Bi were produced when NaOH was used 

while using KOH presented low Sb. It was concluded that these deleterious elements can 
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be released into the atmosphere as exhaust fumes from biodiesel combustion then migrate 

into the soil and water table. Heavy metals present in biomass can be toxic to human 

health and consequently the quality of the environment (Ruzinska et al., 2015).  An 

estimation of  80% of the daily dose of heavy metals enter the human body through the 

consumption of food (Szyczewski et al., 2016). Metals are usually emitted as oxides and 

other minor compounds such as sulphates, nitrates and peroxides (Health Effects 

Institute, 2002). The smaller the particle size the greater particles can reach vital parts 

of the human body such as the lungs, liver and brain (Rainho et al., 2013). In urban 

aerosols, the abundance of  Na, K, Al, Pb, Ni, Cr, Ti, V and Zn and less U and Ce were 

reported (Sanderson et al., 2014). Particle matter under 10 m have an impact on human 

health (Health Effects Institute, 2002). Copper poisoning symptoms in humans include 

renal failure, liver failure and coma, abdominal pain, dizziness, tachycardia, and digestive 

haemorrhage (Anant et al., 2018). 

2.12.3 Effect on Emission and Engine Performance  

Heavy metal has a negative influence on the quality of oils (especially taste and smell), 

they can accelerate the rancidification process of oils Szyczewski et al., (2016), resulting 

in many mechanical problems in the engine like corrosion of parts which consequently 

leads to environmental harm (Sánchez et al., 2015). These metals can form unwanted 

deposits in the vehicles causing corrosion within rubber hosing, tubes and ultimately clog 

fuel lines (Pillay et al., 2012). Their determination is very critical in the characterization 

of biodiesel since they possess many harmful effects, i.e. decreased oxidative stability of 

vegetable oils, deactivation of catalysts and clogging engine parts with their undesirable 

residuum of metal oxides (Pillay et al., 2012). Some metals such as Al and Sn are 

characterized by low catalytic activity while Cu and Fe accelerate oxidation reaction 

Garrido et al., (1994), as well as Ca and Mg (Mendil et al., 2009). Korn et al., (2010), found 

that phosphorous (P) can poison the catalytic converters within the engine causing the 

release of CO, CO2 and SO2 emissions, while Cd and Zn may be partially lost by 

volatilization (Black, 1975). Garrido et al., (1994), reported that the most concerning 

elements are catalyst residues and sulfur. 

 

2.13 Storage of Biodiesel 

Storage instability is  the time at which a liquid fuel once interacted with hindering 

factors and conditions such as temperature will cause unacceptable physical and chemical 

changes (Tamsma & Pallansch, 1964; Lushinga et al., 2020). Additionally, if a liquid fuel 

or biodiesel interact with contaminants and water causing oxidation Bhandarkar & 

Nijagunappa, (2011), this happens due exposure to light and temperature as reported by 
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Varatharajan & Pushparani, (2018) and other stress factors which accelerate the 

oxidation degradability of the fuel and reduce the cleanliness of the fuel (McCormick & 

Westbrook, 2010). The resistance of biodiesel to oxidation degradation during storage is 

an important issue for its viability and sustainability as an alternative fuel (Kivevele & 

Huan, 2015). Several studies related to the storage stability of biodiesel derived from less 

common tree-borne non-edible oil seeds under different conditions have been reported in 

the literature. The nature of storage of biodiesel container can affect the rate of oxidation 

(Farahani et al., 2009). For instance, a study conducted by Sarin et al., (2012), evaluated 

the influence of contact between metal contaminants and jatropha biodiesel over 6 months 

on the oxidation stability and results indicated that copper contamination had the 

strongest detrimental and catalytic effect on the oxidation stability of biodiesel. This was 

previously reported by Jain & Sharma, (2010), and Leung et al., (2006) investigated of 

degradation characteristics of biodiesel stored at 4°C, 20 °C and 40 °C for 52 weeks showed 

that there was less than 10% purity decrease for sample kept at 4 °C and 20 °C and nearly 

40% degradation at (40 °C). A conclusion that storage conditions such as high temperature 

with air exposure will increase the rate of degradation in biodiesel significantly. 

Furthermore, water content as a result of organic acidity will promote hydrolysis and 

consequent degradation (Bondioli et al., 1995). Komariah et al., (2017), suggested that if 

a fuel (pure or blended) is kept longer than 6 months, an antioxidant should be added. 
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Osibote 

 

Objectives of thesis addressed in present chapter  

Part of objectives (a) and (b) were addressed, a bifunctional catalyst (CaO-Al2O3) was 

produced through wet impregnation and analysed for its functionality through variety of 

characterisations. The obtained catalyst was utilised in the transesterification of waste 

sunflower and waste palm oils to biodiesels which were analysed for physicochemical 

properties. Also, an evaluation of the presence of metal contents within sunflower and 

palm waste oils and their respective biodiesels were conducted with regards to their 

sources. 

 

 

 

 



  

60

Abstract  

The world is currently faced with the depletion of fossil fuel energy sources and their use 

is associated with environmental pollution. This has triggered the need to seek 

alternative energy sources that are renewable, sustainable, and environmentally benign. 

Biodiesel, an alternative fuel of interest, is obtainable from biomass feedstocks. However, 

in existing biodiesel fuel, contamination of elemental contents is a concern, which over 

time will affect the quality. This study aimed to investigate the influence of a bifunctional 

catalyst on the conversion of free fatty acids and the elemental composition of biodiesel 

obtained from waste oils of sunflower and palm feedstocks. The synthesised catalyst was 

characterised using BET, XRD, FTIR and SEM while ICP-OES and Rancimat were used 

for elemental contents and oxidation in feedstocks and biodiesels. The effect of Cu, Zn and 

Fe metals on the stability of synthesised biodiesel was further studied. The produced 

catalyst showed characteristics of bifunctionality, with improved textural properties 

necessary for the conversion of feedstocks with high free fatty acids to biodiesel, though 

an increasing Ca content within the produced biodiesel was observed. Sunflower biodiesel 

showed characteristics of a superior fuel, while palm biodiesel had more oxidation 

stability. An increase in the concentration of metals decreased the induction period, with 

Cu and Fe being more effective than Zn metal. 

Keywords: bifunctional catalyst; biodiesel; elemental content; degradation; metals; 

oxidation stability; transesterification; waste cooking oils 

3.1 Introduction  

Global primary energy demand is set to experience an annual increase of 1.46% from 2009 

to 2035 [1]. This is not surprising, as industrialisation has grown significantly with a rise 

in the global population to 7.3 billion in 2015, which is projected to further grow to 9.2 

billion in 2040 [2]. The enormous use of fossil fuels has put the environment and human 

health at risk [3,4], with energy utilisation especially high in the transportation sector, 

which is expected to make up about 63% of total global fuel consumption from 2010 to 2040 

[5,6]. 

In 2008, it was reported that the transportation sector contributed to about 23% of total 

CO2 emissions globally [7,8], with 73% of this contribution made by road transport [9], 

while the contribution from fuel combustion increases by 1.6% per year [1]. This will lead 

to severe ecological impacts, namely air and noise pollution, an increase in global surface 

temperatures (excess of 6 °C), changes in rainfall patterns and subsequently extreme 

weather events [1,10–12]. 



 

  

61

Apart from the potential exhaustion of petroleum reserves over time [13], fuel prices have 

increased [14] due to oil reserves being concentrated in specific regions in the world [15], 

giving rise to some political conflicts. Therefore, a more significant sustainable movement 

led by advancement towards environmental conservation, a feasible economy and equity 

has prompted a search for substitutes for fossil fuels. The substitute must be eco-friendly 

and a viable energy-generating fuel [16]. 

The quest for green energy fuel led to the discovery of biodiesel, which is chemically 

defined as monoalkyl esters of long-chained fatty acids, having physicochemical 

characteristics similar to that found in petrodiesel [17]. Biodiesel is believed to release on 

average 48% less carbon monoxide, 47% less particulate material and 67% less 

hydrocarbon than petrodiesel [18]. However, producing biodiesel has cost implications 

attached to it, since it can be synthesised from vegetable oils and animal fats through 

chemical processes such as transesterification [19]. The raw materials account for about 

70-95% of its production costs [20]. Therefore, to minimise costs, the use of waste cooking 

oils rather than food-grade oils is suggested for economic efficiency [21] and pollution 

reduction resulting from improper waste oil disposal to the environment [22]. 

Waste oils are mainly composed of free fatty acids (FFA), which are highly unsaturated 

[23] and would require acid and base-catalysed reaction to convert the high FFA feedstocks 

into fatty acid methyl esters [5]. This is despite the fact that heterogeneous catalysts are 

easily separated after the transesterification reaction [24], which promotes their 

reusability [25]. They also can overcome saponification, in contrast to homogeneous 

catalysts [26]. However, heterogeneous catalysts have mass transfer limitations 

associated with reduced rate of reaction as a result of the formation of three phases with 

oil and alcohol [5], and the leaching of active phases may occur in the reaction medium 

[27]. To overcome this diffusion problem, structurally promoting the catalyst can be 

performed [28]. This improved structure will stimulate a catalyst with enhanced stability 

against dissolution by forming a bifunctional catalyst with a potential for increased 

activity and selectivity [29], along with enhanced stability compared to the monometallic 

counterpart due to more active sites [30], which can esterify and transesterify feedstock of 

high FFA. 

It is believed that in biodiesel, metals are brought in either during syntheses by the use of 

hard water during washing, by the catalyst used [31,32], or during the storage and 

transport process [33]. Chaves et al. [34] reported that they can exist within feedstocks 

due to soil types and fertilisers used, along with hydrological conditions according to 

geographical origins [35,36]. These metals may cause many mechanical problems within 

engines if their contents are excessive [35]. Some of the issues caused by the presence of 
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metals are the corrosion of certain engine parts and the deactivation of catalysts, leading 

to environmental harm [32,37]. A study conducted by Waynick [38] showed that the 

presence of Cu, Fe, Ni, Sn and Cu-Zn (a copper-rich alloy) metals can increase the 

oxidisation of fatty oils [8,38]. They reported that in biodiesel, Cu reduces oxidation 

stability more than Fe and Ni, while Fe is an effective hydroperoxide decomposer. Copper 

is the most corrosive element in palm biodiesel [39]. Meanwhile, Al and Sn are 

characterised by low catalytic activity and Cu, Fe, Ca, and Mg were found to accelerate 

oxidation reaction [35,40]. While some metals such as phosphorus (P) can poison the 

catalytic converters, causing high release of CO, CO2 and SO2 emissions [41]. This 

subsequently has an effect on human health through emission of particulate matters of 

oxides, nitrates, sulphates, or peroxides [42]. In combination with polluted air, these 

pollutants can also migrate into the soil and water table [43]. Even though Cd and Zn can 

partially be lost by volatilisation [44], the most concerning elements are catalyst residues 

and sulphur [40]. 

Corrosion within metallic tanks is due to microorganism growth within tanks, which leads 

to degradation of the fuel. Therefore, as the fuel is stored over time, there is a need to 

evaluate the effects of metals that come in contact with the fuel [39]. This study presents 

the production of a CaO/Al2O3 catalyst using the wet impregnation method using a ratio 

of 75% of CaO and 25% of Al2O3 (calcined), which was characterised using FTIR, SEM, 

XRD and BET. The catalyst was used in the production of biodiesel from waste cooking 

oils of palm and sunflower. Evaluation of the elemental contents of the feedstocks and 

biodiesel was performed by ICP-OES. Analysis of fuel properties were conducted by 

density meter, flash tester, viscometer and FTIR spectrometer. Additionally, the effect of 

Cu, Zn and Fe on oxidation stability and other fuel properties of the produced biodiesels 

was also studied. 

3.2 Results 

This section gives an overview of the bi-functional CaO/AI2O3 catalyst synthesised using 

wet impregnation method, as well as the characterisation of the synthesised catalyst using 

SEM, XRD, FTIR and BET to determine the surface morphology, crystalline structure, 

functional groups and surface area, pore volume and diameter respectively. Also discussed 

in this section is the fatty acids composition of each feedstock and the fuel properties 

determined using the gas chromatography (GC), viscometer, density meter, flash tester, 

color-indicator titrator and FTIR. 
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3.2.1 Bi-functional Catalyst Characterisation 

The FTIR spectrum of CaO, Al2O3 and CaO/Al2O3 catalyst is shown in Figure 3-1, with 

absorption bands in the range of 400-4000 cm−1. Figure 3-1a shows all characteristic peaks 

of CaO with a broad CO3 stretch at 1409.32 cm−1 and a smaller CaO band [45], while the 

presence of water molecules in the uncalcined catalyst was observed with a strong 

hydroxyl (H-O) band appearing at 3640.79 cm−1 [46]. Intense peaks at 636.06 cm−1, 554.55 

cm−1 and 485.48 cm−1 are presented in Figure 3-1b, with dominancy of Al-O, normally 

found in the region of 1000-400 cm−1 [47]. The synthesised CaO/Al2O3 catalyst was 

confirmed by the co-existence of Ca-O and Al-O within the CaO/Al2O3 catalyst as shown 

in Figure 3-1c, by the presence of CaO absorption bands at 875 cm−1 and 713 cm−1 

corresponding to C-O and Ca-O bonding and by a broader CaCO3 band at 1469.80 cm−1. 

The H-bonded hydroxyl group appeared due to moisture and the presence of CO2 [48]. 

Furthermore, Table 3-1 re-affirms these compositions within the synthesised catalyst. 

 

 

 

Figure 3-1. FTIR curves for the (a) CaO, (b) Al2O3 and (c) synthesised CaO/Al2O3 catalyst. 

 



  

64

Table 3-1. Composition of compounds within the catalyst. 
Material Compound Formula Composition (%) 

CaO 
Portlandite Ca (OH)2 50 

Lime CaO 50 

Al2O3 
Aluminium Oxide Al2O3 0.69 

Oxonium Aluminium 
Oxide H3O2Al22O34 75 

75CaO-25 Al2O3 

Portlandite Ca (OH)2 92.08 
Lime CaO 63.79 

Calcite CaCO3 8.73 
Aluminium Oxide Al2O3 22.92 

 

The external morphological characteristics of Al2O3 and synthesised CaO/Al2O3 catalyst 

after calcination at 475 °C were studied by SEM. Figure 3-2a, b illustrate the morphology 

of commercial Al2O3 particles appearing as crystals of corundum, normally found to 

promote densification of corundum shape-like composites which help in enhancing 

performance [49]. After thermal treatment with high temperature (475 °C) for 5 h and 

impregnation of CaO, a modification of Al2O3 into irregularly shaped clusters due to the 

breakage of large particles into smaller pieces [50], with the intensification of CaO particle 

agglomeration on the support, can be observed in Figure 3-2c. This is due to the huge 

percentage of metal oxide which normally has an irregular shape even after thermal 

treatment [25], and the presence of impurities and unconverted Ca (OH)2 [51]. The 

micrographs are in agreement with the results shown in Table 3-2, where the supported 

oxide in Figure 3-2c,d showed the increased surface area and increased pore size 

distribution as was also reported by Young et al. [52], which increases activity due to the 

formation of more active sites on the surface area and has an effect on the reaction rates 

and selectivity [53]. 

 

   

(a)  (b) 
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(c)  (d) 

 Figure 3-2. Scanning electron microscopy (SEM) images of (a, b) Reference Al2O3 and (c, d) 

75%CaO/25%Al2O3. 
 

Figure 3-3 displays the XRD patterns of CaO and Al2O3 materials prior to calcination and 

after the catalyst was synthesised. The results confirmed the characteristic peaks of 2θ 

ranging from 18° to 80°. Table 3-1 shows that there was an even distribution of lime and 

portlandite for CaO while in Figure 3-3b, Al2O3 support can be seen to have appeared at 

intensified peaks of 25.55°, 35.11°, 43.30°, 52.49°, 57.43° and 68.13°. These peaks 

reaffirmed the presence of rhombohedral Al2O3. Face-centered cubic CaO peak was found 

at 32.20°, 37.35°, 54° and 64.15°. As seen in Figure 3-3a, these peaks correspond to the 

crystal planes of CaO and its cubic shape [54,55]. The CaO/Al2O3 pattern also indicated 

small peaks of rhombohedral CaCO3, hexagonal Ca (OH)2 and (H3O)2Al22O34, which were 

spread through with intense peaks of Ca (OH), CaO and Al2O3 in that order. 
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Figure 3-3. XRD patterns of (a) CaO, (b) Al2O3 and (c) CaO/Al2O3. 

 
The specific surface area and pore volume were determined by the nitrogen adsorption-

desorption technique summarised in Table 3-2, using Brunauer-Emmett-Teller (BET). 

The nitrogen isotherms recorded in Figure 3-4 for CaO/Al2O3 showed hysteresis over the 

relative pressure. The N2 isotherms exhibited a typical s-shaped behaviour of type IV with 

a type H1 desorption hysteresis loop as categorised by IUPAC [56–58], indicating a 

potential presence of relatively wide cylindrical pores [59,60], which shows characteristics 

of a mesoporous material [61,62]. 

 

The calculated specific area, pore volume and pore diameter for pure Al2O3 and calcined 

75% CaO supported on 25% Al2O3 are presented in Table 3-2. Synthesised catalyst had a 

surface area of 13.0006 m2/g and Al2O3 had 0.6239 m2/g, while pore volumes and diameters 

were 0.079732 cm3/g, 0.000857 cm3/g, 24.0371 nm and 5.9147 nm for prepared catalyst 

and alumina, respectively. An increase in surface area of CaO/Al2O3 catalyst was observed 

after impregnating 75 wt% metal oxides onto alumina and thermal treatment. There was 

a significant increase in pore volume and pore size after the addition of CaO, which 

contributed to the liquid-solid heterogeneous phase reaction and offered enough of a 

reaction surface area for the transformation of waste oil into biodiesel. 

 

Recent studies showed that CaO calcined at low temperature (500 °C) possesses a surface 

area of 5.2 m2/g and mean pore diameter of 11.9 nm [63], while the corresponding 

properties of the catalyst samples calcined at high temperatures (700–950 °C) changed 

but not to a substantial extent [61,63]. It seems that the textural characteristics of CaO 

used in the experiment (from CaO-500 °C to CaO-900 °C) are favourable for a liquid-solid 
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heterogeneous phase reaction and provide a sufficient reaction surface area for the 

conversion of large triglyceride molecules. Significantly, the structural properties of CaO 

catalyst in the production of biodiesel effectively reduce greenhouse gas emissions. 

Nevertheless, in the study by Stankovic [64], the effect of calcination temperatures (425 

°C, 450 °C, 475 °C, 500 °C) on the yield of biodiesel was evaluated with an inference that 

475 °C gave the highest yield. After applying the same calcination temperature (475 °C), 

the pore diameter in this study increased to 24 nm, which is superior by showing better 

permeability with an increased surface area as shown in Table 3-2. This assisted in the 

transesterification of sunflower waste oil to biodiesel yielding a maximum 98% conversion 

using a lower base catalyst weight (2.5 wt%) and ratio (75% CaO: 25%Al2O3). Such yield 

was similarly obtained by Elias et al. (2020), in transesterification of waste sunflower oil 

yet using 80% CaO: 20% Al2O3 catalyst loading [65]. Additionally, the yield found was a 

lot more than that reported by Marinkovic et al. where a high catalyst amount of 5.5 wt% 

was used prepared at high calcination of 700 °C [66]. 

 

Figure 3-4. Nitrogen Adsorption-desorption isotherm of CaO/Al2O3. 
 

 

Table 3-2. Textural properties and surface area analysis of Al2O3 and 75%CaO/25%Al2O3 catalyst 

calcined at 475 °C 
Catalyst BET Surface Area (m2/g) Pore Volume (cm3/g) Pore Diameter (nm) 

Al2O3 0.6239 0.000857 5.9147 
75%CaO/25%Al2O3 13.0006 0.079732 24.0371 
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3.2.2 Feedstock and Biodiesel Composition Characterisation 

The estimation of fatty acids content within each feedstock and the determination of fuel 

properties shown in Table 3-3 were determined by employing gas chromatography. Double 

bonds are less stable than single bonds, their presence in the fatty acids will affect the 

iodine number, viscosity, melting point, the efficiency of combustion and particulate 

matter formation relating to soot [67]. Increased average unsaturation enhanced low-

temperature performance but also decreases the cetane number and results in poor 

oxidation stability [68]. On the other hand, saturated fatty acids play a huge role in the 

cold flow properties relating to viscosity [69]. ASTM recommend viscosity of 1.9–6 mm2/s 

at 40 °C for biodiesel [70], and the high viscosity of vegetable oils prevents its direct usage 

in petrodiesel engines [69] since this leads to the formation of deposits in the engine due 

to incomplete combustion [71]. As illustrated in Table 3-4, waste palm oil (WPO) had high 

viscosity value of 47.5 cSt followed by waste sunflower oil (WSO) with 37.1 cSt, which 

corresponds to fatty acid compositions i.e. degree of saturation (Table 3-3). The density of 

WSO and WPO in this study were found to be 0.9212 and 0.9168 g/cm3, respectively. The 

flashpoints reported in this study were above the minimum requirement supported by the 

findings by Bukkarapu et al., and Yaşar, who reported flash point of sunflower to be higher 

(178 °C), than 172 °C of palm biodiesel [72–75]. It was also observed that contaminants of 

acid, nitrates, sulphates, and glycol were lower in virgin oils than in their respective waste 

oils. This is due to degradation and contaminations resulting from over usage through 

cooking and contact with other chemicals. This creates FFA and accelerates the oxidation 

process. 

Table 3-3. Fatty Acids Compositions in waste cooking oils. 

FFA Acid Types Carbon 
Chain  WPO (wt%) WSO (wt%) 

Lauric C12:0 0.42 - 
Myrisitc C14:0 0.53 -- 
Palmitic C16:0 16.25 4.36 
Stearic C18:0 1.50 3.39 
Oleic C18:1 13.82 9.45 

Linoleic C18:3 3.04 27.25 
FFA: Free Fatty Acids, WPO: Waste Palm Oil, WSO: Waste Sunflower Oil. 

 Table 3-4. Physico-chemical properties of waste oils and respective biodiesels produced. 
Properties WPO PB100 WSO SB100 ASTM EN&SA 
Flash Point 

(°C) 
- 170 200 175 >93 >120 

Oxidation 
Stability (h) - 17.43 - 4.20 >3 >6 

Density at 
15°C (g/cm3) 0.9168 0.892 0.9212 0.8871 0.9 0.86-0.9 

Viscosity at 
40°C (cSt) 47.5 11.1 37.1 6 1.9-6 3.5-5 
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Acid Value 
(mg of KOH/g 

of oil) 
3.23 0.55 1.26 0.25 <0.5 <0.5 

Nitrates 3 11 4 11 - - 
Sulphates 153 118 160 121 - - 

Glycol 0 10 12 11 - - 
Soot 11 11 11 12 - - 

WPO: Waste Palm Oil, PB100: 100% Palm biodiesel, WSO: Waste Sunflower Oil, SB100: 100% 

Sunflower biodiesel, ASTM: American standard, EN: European standard, SA: South African Standard. 

 

3.2.3 Feedstocks and Biodiesel Quality Analysis 

Table 3-4 shows the properties of biodiesels (PB100) and (SB100) produced from waste 

palm oil (WPO) and waste sunflower oil (WSO) respectively. Most of the properties of the 

biodiesels produced were within the biodiesel standard specifications.  These properties 

are crucial in fuel quality, performance, transportation, and storage [76]. Notably, they 

depend on the feedstock used in the synthesis, which subsequently relates to the degree 

of saturation as seen in Table 3-3. Sunflower biodiesel is less flammable as indicated by a 

higher flashpoint of 175 °C, while palm biodiesel had 170 °C, which is preferred for 

handling and storage purposes [77]. These values are lower than that of petroleum diesel, 

which is usually above 150 °C [78]. Palm biodiesel was characterised by a high density, 

which will have consequent high mass of injected fuel, resulting in higher heat, creating 

more carbon, and subsequently more power in the engine [79]. Additionally, P100 was 

observed to possess higher oxidation stability due to less polyunsaturated fatty acids in 

WPO, this characteristic will confer on it a long-time stability at harsh conditions [17]. On 

the other hand, for degradation during storage as indicated by acid number [72], sunflower 

biodiesel was the better fuel with a lower acid rate of 0.25 mg KOH/g which was below the 

standard limit and low compared to 0.55 mg KOH/g for palm biodiesel. A characteristic of 

fuel atomisation i.e. viscosity was better in sunflower biodiesel, as indicated by reduced 

viscosity which meets standard specification [80]. Contaminants as indicated by the 

particulate matter of sulphates decreased in biodiesel from waste oils while nitrates 

increased as a result of more oxygen found in biodiesel [13,81].  Indication of chances for 

incomplete combustion were observed by properties such as soot and glycol which were 

higher in sunflower biodiesel. Overall, sunflower biodiesel showed preferred fuel qualities. 

However, it also showed the possibility of lower oxidation stability under harsh conditions 

over longer storage time, as well as the possibility of incomplete combustion. 
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3.2.4 Elemental Content Analysis 

3.2.4.1 ICP-OES Analysis in Virgin, Waste Sunflower and Palm Oil and Their 
Biodiesels 

The compositions of the feedstocks and their corresponding biodiesels, with respect to 

major and minor elements are shown in (Table 3-5). P, S and Zn are present in feedstocks 

since they are taken from the soil and are a result of fertilisers used during cultivation 

[82], while Ca, K, Mg, Na and P are usually introduced through the production process 

[83] and can lead to undesirable combustion if present at high concentrations. A report by 

Sánchez et al. [37] found that Al, Fe, Mn, and Zn are minor elements that relate to the soil 

characteristics, which explains their presence in the virgin oils. There was an increase in 

phosphorus from 17.625 mg/L and 31.937 mg/L for virgin sunflower and palm oils to 

21.264 mg/L and 44.455 mg/L for waste sunflower and palm oils respectively. The absence 

of Mg and K in both sunflower and palm virgin oils were observed, while less than 0.068 

mg/L of Mg and 0.012 mg/L of K was seen in WPO. This can be attributed to salts used 

during cooking [37]. A report by Avila Orozco et al. [83] showed that Na, K, Ca, S and P 

came from raw material or chemical reagents. Lyra et al. [84] reported that their presence 

could have been incorporated due to the washing process with water. In this study, Ca was 

observed to be 0.025 mg/L and 0.345 mg/L in waste oils, after biodiesel production a huge 

increase to 27.559 mg/L and 23.401 mg/L in their respective biodiesels were found. This 

can be explained by the use of CaO/Al2O3 in synthesising the biodiesels. This significant 

increase might result in the sticking of injection or deposit on parts [85]. Sunflower methyl 

esters produced had lower elemental contaminates than palm methyl esters, which relate 

to better fuel quality but in terms of Ca, SB100 was higher, which would increase the rate 

of oxidation [35]. According to standard requirements set by ASTM D6751 and EN 14214, 

Ca+Mg should have a maximum concentration of 5 mg/L [86]. Both the SB100 and PB100 

failed this test which is a great concern considering that high levels of Ca and Mg will 

form deposits [87], which accelerate oxidation reaction [40]. Nevertheless, elements of Na, 

Fe, P and Al were reduced after the conversion of waste feedstocks to biodiesel meeting 

specifications requirements. Operational problems caused by high levels of Na and K 

through corrosion [88], the poisoning of catalytical converters and the ability of the after-

treatment system were eliminated, due to deterioration caused by high P in fuel [89,90] 

and because sulphur is amongst the most undesirable elements [40]. A high S content can 

adversely affect the performance of engines [91], and the maximum limit set for sulphur 

in biodiesel is 10 mg/L [70,92]. It was observed that both biodiesels passed this test, which 

reduces corrosion in fuel containers [12]. 
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Table 3-5. Elements content in virgin oils, waste oils and biodiesels produced. 

 
Elements 

(mg/L) VSO WSO SB100 VPO WPO PB100 

Na 0.971 1.133 0.333 1.648 2.399 0.383 
Mg 0 0 0.125 0 0.068 0.266 
K 0 0 0 0 0.012 0 
Ca 0.024 0.025 27.692 0.206 0.345 23.534 
Fe 3.654 4.054 2.686 5.199 6.229 2.810 
P 17.625 21.264 8.239 31.937 44.453 8.913 
Al 1.682 1.969 0.870 2.861 4.109 0.921 
Cu 0 0 0 0 0 0 
Zn 1.185 1.216 1.623 1.407 1.601 1.666 
S - - 4 - - 6 
VSO: Virgin Sunflower oil; WSO: Waste Sunflower Oil; VPO: Virgin Palm oil; WPO: Waste Palm Oil: 

SB100: 100% Sunflower Biodiesel; PB100: 100% Palm Biodiesel. 

 

3.2.4.2 Effect of Metals on the Oxidation Stability of Biodiesels Produced from 
Waste Sunflower and Palm Oils 

The presence of inorganic constituents in biodiesel can affect the quality of the fuel 

and cause the malfunctioning of engines [87]. Since different materials are used for storage 

containers and engine parts, there is an issue with compatibility [93]. The main source of 

metals contaminants in vegetable oil is either its presence in raw material or the contact 

with the manufacturing process and storage [40]. This subsequently leads to degradation 

and contamination in the engine [31]. Corrosion in biodiesel is mainly due to the 

component nature and composition of biodiesel, as well as the environment [12,94]. 

Metallic storage tanks such as stainless steel and Al are normally used for storage [95], 

while in automobiles, the fuel is in direct contact with various parts of the engine like the 

fuel pump, fuel injector, pistons, and piston rings, which are made of Cu, Al, brass-Br 

(copper-rich alloy) and bronze [93]. Meanwhile, Cu has a huge effect in increasing the 

oxidation within biodiesel [96]. Therefore, assessing Cu, Fe, and Zn along with Ni, Sn, and 

brass is very crucial since they can affect stability through oxidation [97]. 

Figure 3-5 and Figure 3-6 illustrate the degradation of metal contents in biodiesel with 

different fatty acids composition by the Rancimat method of EN 14112 specification, with 

samples held at a temperature of 110 °C. It is clear that all metal contaminants promoted 

oxidation in both palm and sunflower biodiesels, with a greater effect in palm biodiesel. 

These metals initiate the formation of free radicals [98]. As the concentration of metals 

added were increased, the oxidation stability in the fuels decreased. However, after the 

concentration of 2 ppm, the induction period was not constant, as was previously reported 

by [99]. The results obtained from biodiesels indicate that oxidation instability was greatly 

affected by Fe, more than Cu or Zn. This was strongly pronounced from 300 ppm while Cu 
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showed a significant influence at 100 ppm onward in palm biodiesel. Meanwhile in 

sunflower biodiesel, a gradual reduction was observed through to 700 ppm. Contrarily, Cu 

was reported to reduce oxidation stability more than Fe or Zn according to literature 

[91,100,101] and the induction period became constant after 2 ppm [99,102]. In the current 

study, Fe has the most catalytic effect in reducing the induction period and it became 

constant after 500 ppm of metal concentration for both biodiesels. Additionally, palm 

biodiesel showed higher level of degradation and more corrosiveness [12]. 

Sunflower biodiesel showed the highest corrosiveness impact of metals with Fe followed 

by Zn and Cu. However, at a concentration of 700 ppm, Cu was the most degraded metal. 

For PB100, the addition of metal concentrations lower than 100 ppm resulted in Cu having 

more corrosiveness followed by Zn and Fe but after 300 ppm, Fe was more corrosive than 

Cu and Zn. This was supported by the studies of Baena and Calderón and Sentanuhady 

et al. [103,104], who found the metal that was most prone to corrosion in biodiesel to be 

Cu. Shiotani and Goto [100] reported in their study that in PB100, Cu was found to have 

more degradation of oxidation followed by tin, iron, zinc, and aluminium. Additionally, 

Thangavelu et al. [105] reported that copper had a higher corrosion rate than aluminium 

and stainless steel in that order. The investigation by Hu et al. [106] also reported that 

corrosion in biodiesel from rapeseed oil was in the order of stainless Cu > carbon steel > 

Al > stainless steel, while in the study by Fazal et al. [39], it was discovered that palm 

biodiesel degraded in the order of Cu > brass (Br) > Al > cast iron (CFe). Furthermore, in 

the experiment by Komariah et al. [107], where they investigated the corrosive behaviour 

of different steel materials which are mainly iron found in stainless steel, corrosion was 

localised while mild and galvanised steels were generalised. 

 

Figure 3-5. Oxidation stability in sunflower biodiesel before and after exposure to metals. 
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Figure 3-6. Oxidation stability in palm biodiesel before and after exposure to metals. 
 

3.3 Materials and methods 

3.3.1 Chemical and Reagents 

Waste cooking oils of palm and sunflower were supplied by Suppa Oils (Cape Town, South 

Africa) and transesterification was conducted by the use of methanol (99.5% Sigma-

Aldrich, Johannesburg, South Africa) with the catalyst prepared using CaO (>68%, Sigma-

Aldrich, MO, United States) and Al2O3 (99.95% Labchem, Johannesburg, South Africa). 

For elemental analysis by ICP, digestion was performed by utilising Nitric Acid (57.2%), 

sulphuric acid (98.08%) from KIMIX (Cape Town, South Africa) and Hydrogen Peroxide 

from 35% Labchem (Johannesburg, South Africa). To evaluate the effect of added metal 

powders in biodiesel, Iron (> 99,9% Sigma-Aldrich, Johannesburg, South Africa), Zinc 

(98% Merck, Gauteng, South Africa) and Cu (99,3% AERONTEC, Cape Town, South 

Africa) were used. 

3.3.2 Preparation of Bi-functional Catalyst (CaO/Al2O3) 

The bifunctional (CaO/Al2O3) catalyst was synthesised by preparing an aqueous 

solution made of 37.5 g primary reagent grade of calcium oxide and 12.5 Aluminium oxide 

support. The wet impregnation method was utilised [108]. However, a minor modification 

was done by using precursor salt of commercial CaO, which was dissolved in distilled 

water. Thereafter, the introduction of alumina onto the precursor was carried out in a 100 

mL flask. The mixture was vigorously stirred at room temperature for 4 h using an 
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overhead stirrer (SCIENTECH inc, Boulder, United States) set at 600 rpm, as reported in 

the study by Zabeti et al. [109]. The mixture was filtered under vacuum with grade 1 

Whatman filter paper (Merch, Darmstadt, Germany). Thereafter, drying was 

accomplished in a static oven (Scientific, Kyalami, South Africa) set to 120 °C for 18 h. 

Prior to activation, the dried paste was crushed into fine powders by the use of pestle and 

mortar. To calcine the catalyst, a muffle furnace which was set at 475 °C, was used for 5 

h. with a ramping rate of 5 °C/min [64,108]. After calcination, the catalyst was left to cool 

down at room temperature and was then transferred to a closed glass vial for storage. 

3.3.3 Transesterification 

In this study, the 75%CaO/25%Al2O3 catalyst was used to investigate the effect of 

conversion rate per catalyst (rate of yield) through a transesterification reaction and its 

contribution towards the elemental content within biodiesel. The reaction was carried out 

in a 250 mL round glass flask connected to a condenser, which avoided evaporation by 

having inlet and outlet systems to cool down the temperature. Waste cooking oil was added 

into the round glass flask with a thermometer placed inside it. The oil was pre-heated to 

40 °C and the flask was slowly introduced into a water bath on a hotplate. A total of 100 

g of methanol to oil ratio was mixed with 2.5 wt% of catalyst synthesised and poured into 

a 250 mL round-flask which had a stirrer; the mixture was then stirred vigorously. The 

hotplate was roughly set at 110 °C and as the temperature reading on the thermometer 

increased to 60 °C, the reaction was kick-started. The inlet and outlet flow of water that 

was connected to the condenser assisted in maintaining a constant temperature 

throughout the reaction and the mixing speed was set at 1300 rpm. After the reaction was 

completed, the products were poured into centrifuge tubes with equal masses and were 

centrifuged at 2200 rpm using Ohaus Multi Centrifuge for 10 min. Thereafter, samples 

were poured into separatory funnels for the separation of biodiesel and glycerol into 

phases, while solids were left in the centrifuge tubes. Distilled water used in the biodiesel 

washing was heated to a temperature of 50 °C. During the washing stage, three times the 

amount of water to biodiesel was used. This allowed for clean biodiesel, as the washed 

water was clear. The biodiesel was thereafter placed on a hotplate in a beaker and a small 

amount of Na2SO4 was used to dry any trace amount of water that might have been left in 

the biodiesel. The product was then left to cool and stored for analysis. 

3.3.4 Characterisation Techniques 

The Infrared spectral was performed using a spectrum high performance TWO LITA FTIR 

instrument (PerkinElmer, Inc., Walthan, MA, USA) equipped with a lithium tantalate 
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detector (LiTaO3) and Spectrum 10™ software. All spectra were collected at a range of 400 

to 4000 cm−1 with a resolution of 4 cm−1 using an average of 10 scans. 

The morphology of the catalyst was assessed using a Field-Emission Scanning Electron 

Microscope (The Nova NanoSEM 230, Hillsboro, OR, USA) equipped with an in-lens 

secondary electron and backscattered electron detectors. The element was operated at an 

accelerating voltage of 5 kV using TESCAN MIRA. 

The crystalline phases present were identified using a multipurpose X-ray diffractometer 

(XRD), D8-Advance (BRUKER AXS, Karlsruhe, Germany), which was operating in a 

continuous scan in locked coupled-mode using Cu-Kα radiation with a wavelength ሺ𝜆ሻ of 

1.5406 Å at 40 kV and 40 mA. The measurements were run within a range in 2𝜃 (0.5° to 

80°) with a typical step size of 0.034°. A position-sensitive detector, Lyn-Eye, was used to 

record diffraction data at a screening speed of 0.5 sec/step, which is equivalent to an 

effective time of 92 sec/step for a scintillation counter. The XRD phases were identified 

using an Internal Center for Diffraction Data (ICDD) PDF database 1999 using EVA 

software from BRUKER. 

The Brunauer-Emmett-Teller (BET) was employed to determine the surface area, pore 

volume and pore size distribution of the synthesised catalysts using TriStar II 3020 

Analyser version 2.00 (Micromeritics, Instruments Corporation, GA, U.S.A) at a liquid 

nitrogen and operation bath temperature of 77.350 K. The BJH method was used for 

calculating pore volume distribution and average pore diameter while for the surface area, 

BET analysis was used. The sample was degassed overnight at 200 °C, while the reference 

Al2O3 was degassed at 300 °C for 3 h to obtain reasonable adsorption-desorption isotherms. 

The fatty acids concentration was obtained using GC 7890A (Agilent Technologies, Inc, 

Waldbronn, Germany) detailing components within feedstocks, as materials were 

separated from each other by the number of their constituent atoms. This follows ASTM 

6584 and EN 14214 standardisation. 

Physico-chemical properties of feedstock and biodiesel were analysed for properties such 

as acid number, density, viscosity, oxidation stability, flash point and total contamination 

using conventional methods according to ASTM and EN methods. 

3.4 Conclusions 

A highly active bi-functional catalyst of CaO/Al2O3 was prepared by the wet impregnation 

method and used for its transesterification reaction. The catalyst was found to be suitable 

for the conversion of oils with high FFA contents (>15% FFA) such as waste cooking oils 

to FAME. However, it influenced the increase of concentration of Ca within biodiesel. 
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Biodiesel properties were evaluated according to ASTM and EN methods. The quality was 

highly influenced by the molecular structure, the chain length, and the degree of 

saturation in the feedstock used for biodiesel production. From the results obtained, it was 

determined that biodiesels produced from waste palm oil had longer oxidation stability 

than those produced from waste sunflower oil. This was attributed to the high degree of 

saturation in palm oil. Additionally, with the evaluation of the oxidation stability through 

the addition of Fe, Cu and Zn metal powders to biodiesels at concentrations of 2–700 ppm, 

results showed that all metals had an impact on reducing the induction time at the studied 

concentration range. The intensification in the oxidation instability was influenced by the 

increase in metal concentrations and the type of biodiesel produced. In both biodiesels, Fe 

decreased oxidation stability and significantly failed EN specifications in PB100 from 500–

700 ppm and in all concentrations of SB100. Furthermore, a remarkable decrease of Cu in 

induction period for SB100 at a concentration of 700 ppm was also observed and the order 

of overall corrosiveness of metals in sunflower biodiesel was Fe > Zn > Cu and the 

equivalent in palm biodiesel was Fe > Cu > Zn, with most metals impacting on induction 

time reductions. 

3.5 References 

1. Organization for Economic Co-operation and Development. OECD Green Growth 
Studies. OECD Publishing 2012, 9–104. http://dx.doi:10.1787/9789264115118-en. 

 
2. Organization of Petroleum Exporting Countries (OPEC). World Oil Outlook 2040; 

OPEC: Vienna, Austria, 2017; pp. 61–161. http://dx.doi:10.1190/1.1439163. ISBN 
978-3-9503936-4-4. 

 
3. Magsi, H. Industrialization, Environment and Pollution. Dipl. Insight 2015, 7, 

24–26. Available online: 
https://www.researchgate.net/publication/270899735_Industrialization_Environm
ent_and_Pollution (accessed on 02 August 2021). 

 
4. Muhammad, M.B.; Aziz, R.A.; Yew, V.W.C. Socio—Economic Effects of 

Industrialization in the Society. Int. J. Environ. Ecol. Fam. Urban. Stud. 2018, 8, 
24–29. Available online: 
https://www.researchgate.net/publication/327966349_Socio_-
_Economic_Effects_of_Industrialization_in_the_Society/citations (accessed on 02 
August 2021). 

 
5. Baskar, G.; Aiswarya, R. Trends in catalytic production of biodiesel from various 

feedstocks. Renew. Sustain. Energy Rev. 2016, 57, 496–504. 
http://dx.doi:10.1016/j.rser.2015.12.101. 

 
6. Jabade, S.; Sakthivel, M.; Chavan, S. Bio-diesel as an alternative fuel for 

compression ignition engine: A review. Int. J. Adv. Sci. Technol. 2020, 29, 18–28. 
Available online: http://sersc.org/journals/index.php/IJAST/article/view/2975 
[accessed on 13 January 2020] 

 



 

  

77

7. Torres-García, M.; García-Martín, J.F.; Jiménez-Espadafor Aguilar, F.J.; Barbin, 
D.F.; Álvarez-Mateos, P. Vegetable oils as renewable fuels for power plants based 
on low and medium speed diesel engines. J. Energy Inst. 2019, 93, 953–961. 
http://dx.doi:10.1016/j.joei.2019.08.006. 

 
8. Atabani, A.E.; Silitonga, A.S.; Badruddin, I.A.; Mahlia, T.M.I.; Masjuki, H.H.; 

Mekhilef, S. A comprehensive review on biodiesel as an alternative energy 
resource and its characteristics. Renew. Sustain. Energy Rev. 2012, 16, 2070–
2093. http://dx.doi:10.1016/j.rser.2012.01.003. 

 
9. Alhindawi, R.; Nahleh, Y.A.; Kumar, A.; Shiwakoti, N. Projection of greenhouse 

gas emissions for the road transport sector based on multivariate regression and 
the double exponential smoothing model. Sustainability 2020, 12, 9152, 
http://dx.doi:10.3390/su12219152. 

 
10. Abbaszaadeh, A.; Ghobadian, B.; Omidkhah, M.R.; Najafi, G. Current biodiesel 

production technologies: A comparative review. Energy Convers. Manag. 2012, 63, 
138–148. http://dx.doi:10.1016/j.enconman.2012.02.027. 

 
11. Harfoot, M.B.J.; Tittensor, D.P.; Knight, S.; Arnell, A.P.; Blyth, S.; Brooks, S.; 

Butchart, S.H.M.; Hutton, J.; Jones, M.I.; Kapos, V.; et al. Present and future 
biodiversity risks from fossil fuel exploitation. Conserv. Lett. 2018, 11, 1–13. 
doi:10.1111/conl.12448. 

 
12. Nguyen, X.P.; Vu, H.N. Corrosion of the metal parts of diesel engines in biodiesel-

based fuels. Int. J. Renew. Energy Dev. 2019, 8, 119–132, 
doi:10.14710/ijred.8.2.119-132. http://dx.doi:10.14710/ijred.8.2.119-132. 

 
13. Nair, J.N. Study of Biodiesel Blends and Emission Characteristics of Study of 

Biodiesel Blends and Emission Characteristics of Biodiesel. (ISO 3297: 2007). Int. 
J. Innov. Rev. Sci. Eng. Technol. 2013, 2, 3710–3715. Available online 
https://www.researchgate.net/publication/281430011_STUDY_OF_BIODIESEL_B
LENDS_AND_EMISSION_CHARACTERISTICS_OF_BIODIESEL (accessed on 
02 August 2021). 

 
14. Borugadda, V.B.; Paul, A.K.; Chaudhari, A.J.; Kulkarni, V.; Sahoo, N.; Goud, V.V. 

Influence of Waste Cooking Oil Methyl Ester Biodiesel Blends on the 
Performance and Emissions of a Diesel Engine. Waste Biomass Valorization 2018, 
9, 283–292. http://dx.doi:10.1007/s12649-016-9749-0. 

 
15. Peng, D.X. Effect of unleaded gasoline blended with biofuels on gasoline injector 

wear and exhaust emissions. Ind. Lubr. Tribol. 2017, 69, 208–214. 
http://dx.doi:10.1108/ILT-09-2016-0217. 

 
16. Carraretto, C.; Macor, A.; Mirandola, A.; Stoppato, A.; Tonon, S. Biodiesel as 

alternative fuel: Experimental analysis and energetic evaluations. Energy 2004, 
29, 2195–2211. http://dx.doi:10.1016/j.energy.2004.03.042. 

 
17. Moser, B.R.; Bryan, R. Moser: Biodiesel production, properties, and feedstocks. 

Vitr. Cell. Dev. Biol. Plant. 2009, 45, 229–266, http://dx.doi:10.1007/s11627-009-
9204-z. 

 
18. Mandolesi de Araújo, C.D.; de Andrade, C.C.; de Souza, E.; Silva, E.; Dupas, F.A. 

Biodiesel production from used cooking oil: A review. Renew. Sustain. Energy Rev. 
2013, 27, 445–452. http://dx.doi:10.1016/j.rser.2013.06.014. 



  

78

 
19. Rocha, L.D.S.; Corrêa, S.M. Determination of size-segregated elements in diesel-

biodiesel blend exhaust emissions. Environ. Sci. Pollut. Res. 2018, 25, 18121–
18129. http://dx.doi:10.1007/s11356-018-1980-8. 

 
20. Zhang, Y.; Dubé, M.A.; McLean, D.D.; Kates, M. Biodiesel production from waste 

cooking oil: 2. Economic assessment and sensitivity analysis. Bioresour. Technol. 
2003, 90, 229–240. http://dx.doi:10.1016/S0960-8524(03)00150-0. 

 
21. Kulkarni, M.G.; Dalai, A.K. Waste cooking oil—An economical source for 

biodiesel: A review. Ind. Eng. Chem. Res. 2006, 45, 2901–2913. 
doi:10.1021/ie0510526. 

 
22. Boadu, K.O.; Joel, O.F.; Essumang, D.K.; Evbuomwan, B.O. A Review of Methods 

for Removal of Contaminants in Used Lubricating Oil. Chem. Sci. Int. J. 2019, 26, 
1–11. http://dx.doi:10.9734/csji/2019/v26i430101. 

 
23. Allan, F.; Alexandru, G. Waste cooking oil as source for renewable fuel in 

Romania. In Proceedings of the 7th International Conference on Advanced 
Concept in Mechanical Engineering, Iasi, Romania, 9–10 June 2016; Volume 146, 
pp. 1–6. http://dx.doi:10.1088/1757-899X/147/1/012133. 

 
 
24. Agarwal, M.; Chauhan, G.; Chaurasia, S.P.; Singh, K. Journal of the Taiwan 

Institute of Chemical Engineers Study of catalytic behavior of KOH as 
homogeneous and heterogeneous catalyst for biodiesel production. J. Taiwan Inst. 
Chem. Eng. 2012, 43, 89–94. http://dx.doi:10.1016/j.jtice.2011.06.003. 

 
25. Zhu, H.; Wu, Z.; Chen, Y.; Zhang, P.; Duan, S.; Liu, X.; Mao, Z. Preparation of 

biodiesel catalyzed by solid super base of calcium oxide and its refining process. 
Chin. J. Catal. 2006, 27, 391–396. http://dx.doi:10.1016/S1872-2067(06)60024-7. 

 
26. Calero, J.; Luna, D.; Sancho, E.D.; Luna, C.; Bautista, F.M.; Romero, A.A.; 

Posadillo, A.; Verdugo, C. Development of a new biodiesel that integrates glycerol, 
by using CaO as heterogeneous catalyst, in the partial methanolysis of sunflower 
oil. Fuel 2014, 122, 94–102. http://dx.doi:10.1016/j.fuel.2014.01.033. 

 
27. Alba-Rubio, A.C.; Santamaría-González, J.; Mérida-Robles, J.M.; Moreno-Tost, R.; 

Martín-Alonso, D.; Jiménez-López, A.; Maireles-Torres, P. Heterogeneous 
transesterification processes by using CaO supported on zinc oxide as basic 
catalysts. Catal. Today 2010, 149, 281–287. 
http://dx.doi:10.1016/j.cattod.2009.06.024. 

 
28. Wen, D.; Jiang, H.; Zhang, K. Supercritical fluids technology for clean biofuel 

production. Prog. Nat. Sci. 2009, 19, 273–284. 
http://dx.doi:10.1016/j.pnsc.2008.09.001. 

 
29. Banerjee, M.; Dey, B.; Talukdar, J.; Chandra, M. Production of biodiesel from 

sunflower oil using highly catalytic bimetallic gold e silver core e shell 
nanoparticle. Energy 2014, 69, 695–699. 
http://dx.doi:10.1016/j.energy.2014.03.065. 

 
30. Changmai, B.; Vanlalveni, C.; Ingle, A.P.; Bhagat, R.; Rokhum, L. Widely used 

catalysts in biodiesel production: A review. RSC Adv. 2020, 10, 41625–41679. 
http://dx.doi:10.1039/d0ra07931f. 



 

  

79

31. Nogueira, T.; Lucio, C. Determination of Ca, K, Mg, Na, sulfate, phosphate, 
formate, acetate, propionate, and glycerol in biodiesel by capillary electrophoresis 
with capacitively coupled contactless conductivity detection. Microchem. J. 2011, 
99, 267–272. http://dx.doi:10.1016/j.microc.2011.05.014. 

 
32. Elkadi, M.; Pillay, A.; Manuel, J.; Khan, M.Z.; Stephen, S.; Molki, A. 

Sustainability study on heavy metal uptake in neem biodiesel using selective 
catalytic preparation and hyphenated mass spectrometry. Sustainability 2014, 6, 
2413–2423. http://dx.doi:10.3390/su6052413. 

 
33. Isis, A.; de Oliveira, A.P.; de Magalhães, M.R.L.; Villa, R.D. Determination of 

sodium and potassium in biodiesel by flame atomic emission spectrometry, with 
dissolution in ethanol as a single sample preparation step. Fuel 2012, 93, 381–
384. http://dx.doi:10.1016/j.fuel.2011.08.060. 

 
34. Chaves, E.S.; de Loos-vollebregt, M.T.C.; Curtius, A.J.; Vanhaecke, F. 

Spectrochimica Acta Part B Determination of trace elements in biodiesel and 
vegetable oil by inductively coupled plasma optical emission spectrometry 
following alcohol dilution. Spectrochim. Acta Part B At. Spectrosc. 2011, 66, 733–
739. http://dx.doi:10.1016/j.sab.2011.09.006. 

 
35. Mendil, D.; Uluözlü, Ö.D.; Tüzen, M.; Soylak, M. Investigation of the levels of 

some element in edible oil samples produced in Turkey by atomic absorption 
spectrometry. J. Hazard. Mater. 2009, 165, 724–728. 
http://dx.doi:10.1016/j.jhazmat.2008.10.046. 

 
36. Pillay, A.E.; Elkadi, M.; Fok, S.C.; Stephen, S.; Manuel, J.; Khan, M.Z.; Unnithan, 

S. A comparison of trace metal profiles of neem biodiesel and commercial biofuels 
using high performance ICP-MS. Fuel 2012, 97, 385–389. 
http://dx.doi:10.1016/j.fuel.2012.02.040. 

 
37. Sánchez, R.; Sánchez, C.; Lienemann, C.P.; Todolí, J.L. Metal and metalloid 

determination in biodiesel and bioethanol. J. Anal. At. Spectrom. 2015, 30, 64–
101, http://dx.doi:10.1039/C4JA00202D. 

 
38. Waynick, J.A. Characterization of biodiesel oxidation and oxidation products. 

Tech. Lit. Rev. 2005, 1–51. http://dx.doi:10.2172/909194. 
 
39. Fazal, M.A.; Haseeb, A.S.M.A.; Masjuki, H.H. Degradation of automotive 

materials in palm biodiesel. Energy 2012, 40, 76–83. 
http://dx.doi:10.1016/j.energy.2012.02.026. 

 
40. Garrido, M.D.; Frías, I.; Díaz, C.; Hardisson, A. Concentrations of metals in 

vegetable edible oils. Food Chem. 1994, 50, 237–243. http://dx.doi:10.1016/0308-
8146(94)90127-9. 

 
41. Santos, D.C.M.B.; Guida, M.A.B.; Barbosa, I.S.; Passos, M.L.C. Evaluation of 

Digestion Procedures for Simultaneous Determination of Ca, P, Mg, K and Na in 
Biodiesel by Inductively Coupled Plasma Optical Emission Spectrometry. J. Braz. 
Chem. Soc. 2010, 21, 2278–2284. http://dx.doi:10.1590/S0103-
50532010001200015. 

 
42. Health Effects Institute: Understanding the Health Effects of Components of the 

Particulate Matter Mix: Progress and Next Steps. HEI Perspect. 2002, 1–20. 
Available online: https://www.healtheffects.org/publication/understanding-health-



  

80

effects-components-particulate-matter-mix-progress-and-next-steps (accessed on 
02 August 2021). 

 
43. Ruzinska, E.; Stollmann, V.; Hagara, V.; Jablonski, M. Analysis of selected heavy 

metals in biomass for preparation of biofuels—Part II. Determination of heavy 
metals content. Ann. Wars. Univ. Life Sci. SGGW. For. Wood Technol. 2015, 92, 
383–389. Available online: 
http://agro.icm.edu.pl/agro/element/bwmeta1.element.agro-c1690cab-9853-4775-
93fd-d790b418cc8d/c/383__Annals92.pdf [accessed on 23 March 2020] 

 
44. Black, L.T. Comparison of three atomic absorption techniques for determining 

metals in soybean oil. J. Am. Oil Chem. Soc. 1975, 52, 88–91. 
doi:10.1007/BF02633044. 

 
45. Sompech, S.; Dasri, T.; Thaomola, S. Preparation and characterization of 

amorphous silica and calcium oxide from agricultural wastes. Orient. J. Chem. 
2016, 32, 1923–1928. http://dx.doi:10.13005/ojc/320418. 

 
46. Aitlaalim, A.; Ouanji, F.; Benzaouak, A.; El Mahi, M.; Lotfi, E.M.; Kacimi, M.; 

Liotta, L.F. Utilization of waste grooved razor shell (Grs) as a catalyst in biodiesel 
production from refined and waste cooking oils. Catalysts 2020, 10, 703. 
http://dx.doi:10.3390/catal10060703. 

 
47. Hosseini, S.A.; Niaei, A.; Salari, D. Production of γ-Al2O3 from Kaolin. Open J. 

Phys. Chem. 2011, 1, 23–27. http://dx.doi:10.4236/ojpc.2011.12004. 
 
48. Kesserwan, F.; Ahmad, M.N.; Khalil, M.; El-Rassy, H. Hybrid CaO/Al2O3 aerogel 

as heterogeneous catalyst for biodiesel production. Chem. Eng. J. 2020, 385, 2–11. 
http://dx.doi:10.1016/j.cej.2019.123834. 

 
49. Ruan, G.; Zhang, Z.; Yin, M.; Xu, G. Effect of aluminum powder on the synthesis 

of corundum-mullite composites. Ceram. Silikaty. 2013, 57, 133–137. 
 
50. Granados-Correa, F.; Bonifacio-Martínez, J.; Hernández-Mendoza, H.; Bulbulian, 

S. Capture of CO2 on γ-Al2O3 materials prepared by solution-combustion and 
ball-milling processes. J. Air Waste Manag. Assoc. 2016, 66, 643–654. 
http://dx.doi:10.1080/10962247.2016.1161673. 

 
51. Mirghiasi, Z.; Bakhtiari, F.; Darezereshki, E.; Esmaeilzadeh, E. Preparation and 

characterization of CaO nanoparticles from Ca (OH)2 by direct thermal 
decomposition method. J. Ind. Eng. Chem. 2014, 20, 113–117. 
http://dx.doi:10.1016/j.jiec.2013.04.018. 

 
52. Yang, W.; Feng, Y.; Chu, W. Promotion Effect of CaO Modification on Mesoporous 

Al2O3-Supported Ni Catalysts for CO2 Methanation. Int. J. Chem. Eng. 2016, 
2016, 2041821. http://dx.doi:10.1155/2016/2041821. 

 
53. Intarasiri, S.; Ratana, T.; Sornachamni, T.; Tungkamani, S.; Phongaksorn, M. 

Pore size effect of mesoporous support on metal particle size of Co/SiO2 catalyst 
in Fischer-Tropsch synthesis. Int. J. Adv. Appl. Sci. 2018, 5, 80–85. 
http://dx.doi:10.21833/ijaas.2018.11.011. 

 
54. Imtiaz, A.; Farrukh, M.A.; Khaleeq-Ur-Rahman, M.; Adnan, R. Micelle-assisted 

synthesis of Almiddot; CaO nanocatalyst: Optical properties and their 



 

  

81

applications in photodegradation of 2,4,6-trinitrophenol. Sci. World J. 2013, 2013, 
641420. http://dx.doi:10.1155/2013/641420. 

 
55. Teo, S.H.; Taufiq-Yap, Y.H.; Rashid, U.; Islam, A. Hydrothermal effect on 

synthesis, characterization, and catalytic properties of calcium methoxide for 
biodiesel production from crude Jatropha curcas. RSC Adv. 2015, 5, 4266–4276. 
http://dx.doi:10.1039/c4ra11936c. 

 
56. Nayebzadeh, H.; Saghatoleslami, N.; Haghighi, M.; Tabasizadeh, M. Catalytic 

Activity of KOH–CaO–Al2O3 Nanocomposites in Biodiesel Production: Impact of 
Preparation Method. Int. J. Self Propagating High Temp. Synth. 2019, 28, 18–27. 
http://dx.doi:10.3103/S1061386219010102. 

 
57. Marinković, D.M.; Avramović, J.M.; Stanković, M.V.; Stamenković, O.S.; 

Jovanović, D.M.; Veljković, V.B. Synthesis and characterization of spherically 
shaped CaO/Γ-Al2O3 catalyst and its application in biodiesel production. Energy 
Convers. Manag. 2017, 144, 399–413. 
http://dx.doi:10.1016/j.enconman.2017.04.079. 

 
58. Wacharasindhu, S.; Likitmaskul, S.; Punnakanta, L.; Chaichanwatanakul, K.; 

Angsusingha, K.; Tuchinda, C. Serum IGF-I and IGFBP-3 Levels for Normal Thai 
Children and their Usefulness in Clinical Practice. J. Med. Assoc. Thail. 1998, 81, 
420–430. 

 
59. Yang, F.; Ning, Z.; Liu, H. Fractal characteristics of shales from a shale gas 

reservoir in the Sichuan Basin, China. Fuel 2014, 115, 378–384. 
http://dx.doi:10.1016/j.fuel.2013.07.040. 

 
60. Xu, L.; Zhang, J.; Ding, J.; Liu, T.; Shi, G.; Li, X.; Dang, W.; Cheng, Y.; Guo, R. 

Pore structure and fractal characteristics of different shale lithofacies in the 
dalong formation in the western area of the lower yangtze platform. Minerals 
2020, 10, 2–20. http://dx.doi:10.3390/min10010072. 

 
61. Zhu, L.; Cao, M.; Zhou, H.; Zhang, N.; Zheng, J.; Li, Y.; Chen, B.H. A highly stable 

and active CaO/Al2O3 base catalyst in the form of calcium aluminate phase for 
oxidation of cyclohexanone to ε-caprolactone. Catal. Lett. 2014, 144, 1188–1196. 
http://dx.doi:10.1007/s10562-014-1277-6. 

 
62. Huang, B.; Bartholomew, C.H.; Woodfield, B.F. Improved calculations of pore size 

distribution for relatively large, irregular slit-shaped mesopore structure. 
Microporous Mesoporous Mater. 2014, 184, 112–121. 
http://dx.doi:10.1016/j.micromeso.2013.10.008. 

 
63. Ljupković, R.B.; Radulović, N.S.; Bojić, A.L.; Zarubica, A.R.; Mićić, R.D.; Tomić, 

M.D. Značaj strukturnih karakteristika CaO katalizatora za proizvodnju 
biodizela: Uticaj na smanjenje emisije gasova staklene bašte. Hem. Ind. 2014, 68, 
399–412. http://dx.doi:10.2298/HEMIND130612063L. 

 
64. Stankovic, M. Preparation of CaO/γ -Al2O3 catalyst for biodiesel fuels. The 

catalytic activity in relation to thermal. In Proceedings of the 12th International 
Conference on Fundamental and Applied Aspects of Physical Chemistry. 
Belgrade, Serbia, 22–26 September 2014; pp. 2–3. 
http://dx.doi:10.13140/2.1.4772.9927. 

 



  

82

65. Elias, S.; Rabiu, A.M.; Okeleye, B.I.; Okudoh, V.; Oyekola, O. Bifunctional 
heterogeneous catalyst for biodiesel production from waste vegetable oil. Appl. 
Sci. 2020, 10, 2–11. http://dx.doi:10.3390/app10093153. 

 
66. Marinkovic, D.; Stankovic, M.; Velickovic, A.; Avramovic, J.; Cakic, M.; Veljkovic, 

V. The synthesis of CaO loaded onto Al2O3 from calcium acetate and its 
application in transesterification of the sunflower oil. Savrem. Tehnol. 2015, 4, 
26–32. http://dx.doi:10.5937/savteh1501026m. 

 
67. Capuano, D.; Costa, M.; Di Fraia, S.; Massarotti, N.; Vanoli, L. Direct use of 

waste vegetable oil in internal combustion engines. Renew. Sustain. Energy Rev. 
2017, 69, 759–770. http://dx.doi:10.1016/j.rser.2016.11.016. 

 
68. Mahmudul, H.M.; Hagos, F.Y.; Mamat, R.; Adam, A.A.; Ishak, W.F.W.; Alenezi, 

R. Production, characterization, and performance of biodiesel as an alternative 
fuel in diesel engines—A review. Renew. Sustain. Energy Rev. 2017, 72, 497–509. 
http://dx.doi:10.1016/j.rser.2017.01.001. 

 
69. Chhetri, A.; Watts, K.; Islam, M. Waste Cooking Oil as an Alternate Feedstock for 

Biodiesel Production. Energies 2008, 1, 3–18. http://dx.doi:10.3390/en1010003. 
 
70. Knothe, G. Analyzing biodiesel: Standards and other methods. JAOCS J. Am. Oil 

Chem. Soc. 2006, 83, 823–833. http://dx.doi:10.1007/s11746-006-5033-y. 
 
71. Axelsson, L.; Franzén, M.; Ostwald, M.; Berndes, G.; Lakshmi, G.; Ravindranath, 

N.H. Perspective: Jatropha cultivation in southern India: Assessing farmers’ 
experiences. Biofuels Bioprod. Biorefining 2012, 6, 246–256. 
http://dx.doi:10.1002/bbb. 

 
72. Yasin, M.H.M.; Mamat, R.; Yusop, A.F.; Rahim, R.; Aziz, A.; Shah, L.A. Fuel 

physical characteristics of biodiesel blend fuels with alcohol as additives. Procedia 
Eng. 2013, 53, 701–706. http://dx.doi:10.1016/j.proeng.2013.02.091. 

 
73. Bukkarapu, K.R.; Rahul, T.S.; Kundla, S.; Vardhan, G.V. Effects of blending on 

the properties of diesel and palm biodiesel. IOP Conf. Ser. Mater. Sci. Eng. 2018, 
330, 012092. http://dx.doi:10.1088/1757-899X/330/1/012092. 

 
74. Giakoumis, E.G. Analysis of 22 vegetable oils’ physico-chemical properties and 

fatty acid composition on a statistical basis, and correlation with the degree of 
unsaturation. Renew. Energy. 2018, 126, 403–419. 
http://dx.doi:10.1016/j.renene.2018.03.057. 

 
75. Yaşar, F. Comparision of fuel properties of biodiesel fuels produced from different 

oils to determine the most suitable feedstock type. Fuel 2020, 264, 2–7. 
http://dx.doi:10.1016/j.fuel.2019.116817. 

 
76. Barabas, I.; Todoru, I.A. Biodiesel Quality, Standards and Properties; Montero, 

G., Ed.; Technical University of Cluj-Napoca: Cluj-Napoca, Romania, 2011; pp. 1–
28, ISBN 978-953-307-784-0. http://dx.doi:10.5772/25370. 

 
77. Al-Abdullah, M.H.; Kalghatgi, G.T.; Babiker, H. Flash points and volatility 

characteristics of gasoline/diesel blends. Fuel 2015, 153, 67–69. 
http://dx.doi:10.1016/j.fuel.2015.02.070. 

 



 

  

83

78. Senthil, R.; Silambarasan, R. Annona: A new biodiesel for diesel engine: A 
comparative experimental investigation. J. Energy Inst. 2015, 88, 459–469. 
http://dx.doi:10.1016/j.joei.2014.09.011. 

 
79. Canesin, E.A.; de Oliveira, C.C.; Matsushita, M.; Felicidade Dias, L.; Reghiany 

Pedrão, M.; de Souza, N.E. Characterization of residual oils for biodiesel 
production. Electron. J. Biotechnol. 2014, 17, 39–45. 
http://dx.doi:10.1016/j.ejbt.2013.12.007. 

 
80. Ghoreishi, S.M.; Moein, P. Biodiesel synthesis from waste vegetable oil via 

transesterification reaction in supercritical methanol. J. Supercrit. Fluids 2013, 
76, 24–31. http://dx.doi:10.1016/j.supflu.2013.01.011. 

 
81. Palash, S.M.; Kalam, M.A.; Masjuki, H.H.; Masum, B.M.; Rizwanul Fattah, I.M.; 

Mofijur, M. Impacts of biodiesel combustion on NOx emissions and their 
reduction approaches. Renew. Sustain. Energy Rev. 2013, 23, 473–490. 
http://dx.doi:10.1016/j.rser.2013.03.003. 

 
82. Sadeghzadeh, B. A review of zinc nutrition and plant breeding. J. Soil Sci. Plant 

Nutr. 2013, 13, 907–927. http://dx.doi:10.4067/S0718-95162013005000072. 
 
83. Avila Orozco, F.D.; Kovachev, N.; Aguirre Pastor, M.Á.; Domini, C.E.; Fernández 

Band, B.S.; Hernández, A.C. Analysis of metals and phosphorus in biodiesel B100 
from different feedstock using a Flow Blurring multinebulizer in inductively 
coupled plasma-optical emission spectrometry. Anal. Chim. Acta. 2014, 827, 15–
21. http://dx.doi:10.1016/j.aca.2014.04.016. 

 
84. Lyra, F.H.; Tereza, M.; Dias, W.; Brandão, G.P.; Pessoa, H.M.; de Castro, E.V. 

Determination of Na, K, Ca, and Mg in biodiesel samples by flame atomic 
absorption spectrometry (FAAS) using microemulsion as sample preparation. 
Microchem. J. 2010, 96, 180–185. http://dx.doi:10.1016/j.microc.2010.03.005. 

 
85. Vieira, M.A.; Castro, C.; Ara, R. Determination of As in Vegetable Oil and 

Biodiesel by Graphite Furnace Atomic Absorption Spectrometry. Energy Fuels 
2009, 23, 5942–5946. http://dx.doi:10.1021/ef900709q. 

 
86. Hoekman, S.K.; Broch, A.; Robbins, C.; Ceniceros, E.; Natarajan, M. Review of 

biodiesel composition, properties, and specifications. Renew. Sustain. Energy Rev. 
2012, 16, 143–169. http://dx.doi:10.1016/j.rser.2011.07.143. 

 
87. Iqbal, J.; Carney, W.A.; Lacaze, S.; Theegala, C.S. Metals Determination in 

Biodiesel (B100) by ICP-OES with Microwave Assisted Acid Digestion. Open 
Anal. Chem. J. 2010, 4, 18–26. http://dx.doi:10.2174/1874065001004010018. 

 
88. Woods, G.D.; Fryer, F.I. Direct elemental analysis of biodiesel by inductively 

coupled plasma—mass spectrometry. Anal. Bioanal. Chem. 2007, 389, 753–761. 
http://dx.doi:10.1007/s00216-007-1439-0. 

 
89. Szyczewski, P.; Frankowski, M.; Zioła-Frankowska, A.; Siepak, J.; Szyczewski, T.; 

Piotrowski, P.; Pillay, A.E.; Elkadi, M.; Fok, S.C.; Stephen, S.; et al. Metals 
Determination in Biodiesel (B100) by ICP-OES with Microwave Assisted Acid 
Digestion. Microchem. J. 2010, 96, 18121–18129. 
http://dx.doi:10.2174/1874065001004010018. 

 



  

84

90. Henrique Lyra, F.; Weitzel Dias Carneiro, M.T.; Pedrini Brandão, G.; Moura 
Pessoa, H.; Ribeiro De Castro, E.V. Direct determination of phosphorus in 
biodiesel samples by graphite furnace atomic absorption spectrometry using a 
solid sampling accessory. J. Anal. At. Spectrom. 2009, 24, 1262–1266. 
http://dx.doi:10.1039/b907071k. 

 
91. Ramadhas, A.S.; Jayaraj, S.; Muraleedharan, C. Biodiesel: Production and 

Properties; The Royal Society of Chemistry: Cambridge, UK, 2016; pp. 41–80. 
ISBN 978-1-84973-470-7. 

 
92. de Goede, S.; Wilken, C.; Ajam, M.; Roets, P.; Engelbrecht, P.; Woolard, C. A 

Comparison of the Stability Performance of Blends of Paraffinic Diesel and 
Petroleum-Derived Diesel, with RME Biodiesel Using Laboratory Stability 
Measurement Techniques. J. Fuels 2015, 2015, 528497. 
http://dx.doi:10.1155/2015/528497. 

 
93. Zuleta, E.C.; Baena, L.; Rios, L.A.; Calderón, J.A. The oxidative stability of 

biodiesel and its impact on the deterioration of metallic and polymeric materials: 
A review. J. Braz. Chem. Soc. 2012, 23, 2159–2175. http://dx.doi:10.1590/S0103-
50532012001200004. 

 
94. Qiu, F.; Li, Y.; Yang, D.; Li, X.; Sun, P. Biodiesel production from mixed soybean 

oil and rapeseed oil. Appl. Energy 2011, 88, 2050–2055. 
http://dx.doi:10.1016/j.apenergy.2010.12.070. 

 
95. Komariah, L.N.; Dewi, T.K.; Ramayanti, C. Study on corrosion behavior of storage 

tanks filled with biodiesel and the blends. IOP Conf. Ser. Mater. Sci. Eng. 2019, 
543, 1–7. http://dx.doi:10.1088/1757-899X/543/1/012033. 

 
96. Yeşilyurt, M.K.; Öner, İ.V.; Yılmaz, E.Ç. Biodiesel Induced Corrosion and 

Degradation: A Review. Pamukkale Univ. J. Eng. Sci. 2019, 25, 60–70. 
http://dx.doi:10.5505/pajes.2018.01885. 

 
97. Chaves, E.S.; José, E.; Araujo, R.G.O.; Vladimir, J.; Lúcia, V.; Frescura, A.; 

Curtius, A.J. Metals and phosphorus determination in vegetable seeds used in 
the production of biodiesel by ICP OES and ICP-MS. Microchem. J. 2010, 96, 71–
76. http://dx.doi:10.1016/j.microc.2010.01.021. 

 
98. Kivevele, T. Storage and thermal stability of biodiesel produced from manketti 

nut oil of Southern Africa origin with the influence of metal contaminants and 
antioxidants. SN Appl. Sci. 2020, 2, 930. http://dx.doi:10.1007/s42452-020-2743-y. 

 
99. Jain, S.; Sharma, M.P. Effect of metal contents on oxidation stability of 

biodiesel/diesel blends. Fuel 2014, 116, 14–18. 
http://dx.doi:10.1016/j.fuel.2013.07.104. 

 
100. Shiotani, H.; Goto, S. Studies of fuel properties and oxidation stability of biodiesel 

fuel. SAE Tech. Pap. 2007, 116, 70–75. http://dx.doi:10.4271/2007-01-0073. 
 

101. Knothe, G.; Steidley, K.R. The effect of metals and metal oxides on biodiesel 
oxidative stability from promotion to inhibition. Fuel Process. Technol. 2018, 177, 
75–80. http://dx.doi:10.1016/j.fuproc.2018.04.009. 

 
102. Sarin, A.; Arora, R.; Singh, N.P.; Sarin, R.; Sharma, M.; Malhotra, R.K. Effect of 

metal contaminants and antioxidants on the oxidation stability of the methyl 



 

  

85

ester of pongamia. JAOCS J. Am. Oil Chem. Soc. 2010, 87, 567–572. 
http://dx.doi:10.1007/s11746-009-1530-0. 

103. Baena, L.M.; Calderón, J.A. Effects of palm biodiesel and blends of biodiesel with 
organic acids on metals. Heliyon 2020, 6, 2–13. 
http://dx.doi:10.1016/j.heliyon.2020.e03735. 

 
104. Sentanuhady, J.; Saputro, W.; Muflikhun, M.A. Metals and chemical compounds 

contaminants in diesel engine lubricant with B20 and B100 biofuels for long term 
operation. Sustain. Energy Technol. Assess. 2021, 45, 101161. 
http://dx.doi:10.1016/j.seta.2021.101161. 

 
105. Thangavelu, S.K.; Ahmed, A.S.; Ani, F.N. Impact of metals on corrosive behavior 

of biodiesel-diesel-ethanol (BDE) alternative fuel. Renew. Energy 2016, 94, 1–9. 
http://dx.doi:10.1016/j.renene.2016.03.015. 

 
106. Hu, E.; Xu, Y.; Hu, X.; Pan, L.; Jiang, S. Corrosion behaviors of metals in 

biodiesel from rapeseed oil and methanol. Renew. Energy 2012, 37, 371–378. 
http://dx.doi:10.1016/j.renene.2011.07.010. 

 
107. Komariah, N.L.; Arita, S.; Prianda, B.E.; Dewi, T.K. Engineering Sciences 

Technical assessment of biodiesel storage tank; A corrosion case study. J. King 
Saud Univ. Eng. Sci. 2021, 33, 1–6. http://dx.doi:10.1016/j.jksues.2021.03.016. 

 
108. Marinković, D.M.; Miladinović, M.R.; Avramović, J.M.; Krstić, I.B.; Stanković, 

M.V.; Stamenković, O.S.; Jovanović, D.M.; Veljković, V.B. Kinetic modeling and 
optimization of sunflower oil methanolysis catalyzed by spherically shaped 
CaO/Γ-Al2O3 catalyst. Energy Convers. Manag. 2018, 163, 122–133. 
http://dx.doi:10.1016/j.enconman.2018.02.048. 

 
109. Zabeti, M.; Daud, W.M.A.W.; Aroua, M.K. Optimization of the activity of 

CaO/Al2O3 catalyst for biodiesel production using response surface methodology. 
Appl. Catal. A Gen. 2009, 366, 154–159. 
http://dx.doi:10.1016/j.apcata.2009.06.047. 

  



  

86

 

 

 

 

 

 

 

 

 

 

 

 Optimisation of Biodiesel Produced 
from Waste Sunflower Cooking Oil over 
CaO/Al2O3 

Biofuels are the future of energy in this nation and around the world ~ Rod 

Blagojevish 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

87

Abstract  

In the current global climate emergency and with the interesting environmental 

advantages of biodiesel, a look into the commercialisation of such greener fuel is essential. 

While raw materials account for the most production cost, time and energy can be 

economised through the use of statistical models. The optimisation of free methyl esters 

(FAME) synthesised from waste sunflower oil over CaO/Al2O3, and methanol was carried 

out at a methanol oil ratio of 12:1. The aim was to investigate the effect of operation 

parameters on the yield of sunflower biodiesel, with the use central composite response 

surface methodology. The chosen variables were catalyst loading, temperature, and time 

while the response was the yield. The catalyst weight had the most significant effect on 

yield. The linear regression model was obtained to predict responses given by these 

variables, with 95% confidence. The predicted and experimental yields were comparable 

having 92.773% and 95.665% respectively. A significant yield of 98.23% was obtained at 

optimal operating conditions of catalyst loading (2.5 wt%), time (5 h) and temperature (60 

C). The properties of optimised FAME were within the international standard limits set 

for biodiesel except for the increased Ca+Mg concentrations. 

 

 

Keywords:  Variance analysis; biodiesel; interaction; operation parameters; 

optimisation; yield; response surface methodology 

 

4.1 Introduction 

Since the petroleum resource crisis in 1970 (Sadeghinezhad et al., 2014), there is a 1.6% 

annual expectation growth in primary energy demand worldwide, as energy consumption 

mainly originates from fossil fuel (88%), while nuclear and renewable energy make 7% 

and 5% respectively (Thangaraj et al., 2019). The global fossil fuels production is about 

934 million tonnes of diesel annually (Kulkarni & Dalai, 2006) and the transportation 

sector makes about 97.6% use of oil resources (Baskar & Aiswarya, 2016). All these 

contribute to the potential exhaustion of petroleum reserves (Nair, 2013), increase in fuel 

prices (Borugadda et al., 2018) and global warming (Saxena et al., 2013). More focus has 

been given to renewable energy studies which are capable of environmental preservation, 

economic and social sustainability.  

 

According to the Kyoto protocol clean energy development mechanism is driven by energy 

security and environmental sustainability, with biodiesel, a potential replacement of fossil 
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fuel in the future gaining huge research interest since the 1990s. It is an alternative fuel 

characterised with appreciable reduction of greenhouse gases or extender of petrodiesel 

for combustion in diesel engine (Moser, 2009). It is not economically feasible when high-

quality feedstock is used (Atabani et al., 2012) since 70-95% of production cost is due to 

the raw material used (Zhang et al., 2003). With the increasing use of non-edible 

feedstocks such as waste cooking oils, there is a reduction in production costs (Fadhil et 

al., 2017) and a need for subsidy (Robles-Medina et al., 2009).  

 

The American Society for Testing and Materials (ASTM) has defined this fuel as mono-

alkyl esters produced from either vegetable oils or animal fats (Saydut et al., 2010; Santos 

et al., 2013). Different oil sources such as corn, and grapeseed can be used in its production, 

however, sunflower oil has proved to have better fuel quality as compared to other oil 

sources (Bhangale & kulkarni, 2017; Yaşar, 2020). Furthermore, Simbi et al. (2021), 

reported enhanced fuel quality of biodiesel produced from waste sunflower oil as compared 

to waste palm oil. 

 

As a result of the availability of edible oils such as sunflower oil in certain regions like 

Europe and the USA, there is more advancement of this type of renewable energy 

development (Jain & Sharma, 2014). Although edible oils can be used, their availability 

(Atabani et al., 2012), price and food vs fuel dilemma cause them to be less economical 

(Kumar et al., 2015). Therefore, the use of non-edible and waste oils in biodiesel synthesis 

is a much more valuable way to potentially reduce the production cost, however the 

presence of high free fatty acids (FFA) within feedstocks is a slight issue (Sirisomboonchai 

et al., 2015; Giakoumis, 2018). Therefore, high FFA feedstocks would require acid-

catalysis in order to esterify oils before transesterification process (Rizwanul Fattah et al., 

2020), or a two-step reaction consisting of an acid-base process (Shohaimi & Marodzi, 

2018). Bi-functional catalysts have been shown to mediate the conversion of high FFA 

feedstocks to fatty acids methyl esters (FAME) due to their possession of Lewis or Bronsted 

basic functionality and hydrogen bond donor (Li, 2010; Lee et al., 2015; Dixon, 2016). 

Additionally, they have the ability to enhance biodiesel production (Changmai et al., 2020). 

  

The process of transesterification is commonly used in the conversion of oils to biodiesel 

using an alcohol and catalyst yielding methyl or ethyl esters (Rao et al., 2017). This process 

has shown impressive results in reducing the viscosity of the oils (Nabi et al., 2009). 

Factors influencing the yield can be varied from feedstock compositions, alcohol type to 

the operation conditions such as time, temperature, and catalyst weight (Nabi et al., 2009; 

Azócar et al., 2010; Sirisomboonchai et al., 2015). To save time and energy as well as 
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complex processes, a statistical experimental design can be performed. All relevant factors 

necessary can be evaluated through response surface methodology (RSM), in finding 

optimum reaction conditions (Zabeti, Daud, et al., 2009; Worapun et al., 2012; Hamze et 

al., 2015; Sánchez et al., 2019). 

 

Such a robust mathematical modelling tool has been reliable in finding the optimum 

reaction conditions for biodiesel production. RSM optimization model is preferably used 

when a response is dependent on a variety of independent variables. It uses a statistical 

experimental design central composite design (CCD) to optimize responses, minimizing 

the number of experiments (Sugashini & Begum, 2013)(Ahmadi et al., 2005). This method 

is used to avoid the limitations caused by conventional methods where one factor is studied 

at the time while other variables are kept constant, which results in a large number of 

unnecessary experiments and waste of resources (Ani et al., 2019)(Ani et al., 2016). 

 

In this present work, the production of biodiesel from sunflower waste cooking oil was 

studied, to investigate the relationships between selected parameters of time, temperature 

and catalyst loading to obtain maximum yield and optimum reaction conditions for the 

transesterification process. Response surface methodology composed of the central 

composite design was employed, in the design of experiments providing empirical 

equations for biodiesel conversion prediction. Finally, the produced biodiesel was tested 

for fuel quality (viscosity, flash point, density, oxidation stability, acid value, water 

content, distillation, and contaminations). 

4.2 Statistical Analysis Using Response Surface Methodology 

Design of Experiment and Optimization  

This study used applications of central composite design (CCD) and response surface 

methodology (RSM) techniques in the optimisation of sunflower biodiesel since these 

methods are conventionally used for chemical and environmental processes such as the 

transesterification of FAME (Hojjat et al., 2017). This has the capability of generating a 

model equation and calculating the optimum conditions (Zabeti et al., 2009).  

  

The experimental design applied was 23 factorial response surface methodology using 

Design-Expert Software version 12.0.9.0 (STAT-EASE Inc., Minneapolis, USA). In order 

to investigate the effects of time (A), temperature (B) and catalyst loading (C) on the yield 

of biodiesel, regression and analysis of experimental data were employed. These variables 

had ranges of time 3-5 h, temperature 60-70 °C and catalyst loading 2.5-5.5 wt%. A 

randomised order was followed with a combination of each variable at either its lowest (-
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1) or highest (1) level in 20 experimental runs.  Analysis of variance (ANOVA) was used 

in the statistical analysis of the model and check for adequacy of the empirical model; 

model fit was evaluated using coefficients determination (R2) and a linear polynomial 

equation from regression analysis was developed to plot response surface. Table 4-1 lists 

the experimental design layout of ranges and levels of those independent variables in the 

study with the response obtained. The conversion to biodiesel ranged from 87.567% to 

98.23% in yield with design points 2 and 4 respectively, at minimum operation condition 

at 65.95 °C, with 3.75673 wt% for 3.07 h and maximum conditions of 64.5 °C, with 4.15 

wt% for 4.96 h. 

 

Table 4-1. Experimental design layout of 3 parameters with results of the response 

 

  Factor 1 Factor 2 Factor 3 Response 1 

Run A: Time (hrs) B: Temperature (°C) C: Catalyst loading (wt%) Yield (%) 

1 4.9 69.5 4 97.5 

2 3.07 65.95 3.75673 87.567 

3 3 60 3.61 93.5 

4 4.96 64.5 4.15 98.23 

5 4.25 60 5.5 89.267 

6 5 60 2.5 95.667 

7 3 60.0299 5.49306 95 

8 3 70 2.5 95.83 

9 3.9 64.5 2.56 94.93 

10 3.9 64.5 2.56 95.567 

11 4.96 64.5 4.15 93.93 

12 3 66.3 5.5 91.167 

13 5 70 5.5 89.23 

14 4.96 64.5 4.15 95.4 

15 3.9 64.5 2.56 95.73 

16 3.9 69.85 4.15 94.63 

17 5 70 2.5 96 

18 4.17 65.85 5.485 89.93 

19 4.17 60.25 3.745 95.8 

20 3.9 69.85 4.15 95.167 
 

4.3 Confirming the Mathematical Model  

The accuracy of the model was checked with residual analysis plots (Hamze et al., 2015), 

in Figure 4-1, Figure 4-2 and Figure 4-3, where good conformity was seen in Figure 4-1 

since the line was linear. While the graphical comparison between experimental and 

predicted values of the response variable is illustrated in Figure 4-2. There is a reasonable 
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data fit along the line of unit slope (Hojjat et al., 2017). Colour indicators starting from 

dark blue to red on the graph indicate the lowest to highest yield.  An adequate model is 

shown in Figure 4-3, indicated by the random patterns of residuals, where all points were 

within limits which is good (Anderson et al., 2017). To find optimum conditions in the 

synthesis of biodiesel, a numerical optimisation was conducted by minimizing all 3 

independent variables to maximise the yield. The corresponding responses were 3 h for 

reaction time, 2.5 wt% for catalyst loading and 60 °C for reaction the temperature, a 

conversion of 95.129% was achieved with highest desirability of 0.918. While maximising 

the yield to a higher conversion of 97.014% was achieved when all variances were kept in 

range. However, the desirability was 0.886, the conditions given were temperature of 60 

°C, 2.5 wt% catalyst loading for 5 h. Different variable ranges were assessed for good yield 

and optimisation. It was concluded for this study that for the transesterification of waste 

cooking oil (WCO) with 12:1 methanol to oil ratio at speed of 1100 rpm, optimum reaction 

parameters chosen for this model were catalyst weight of 2.5 wt%, reaction temperature 

of 60 °C and reaction time of 5 h for, this was desirable in comparison to those reported 

in the literature by Kesić et al., (2016). 

 

 

 

Figure 4-1. Normal distribution of Residuals 
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Figure 4-2. Predicted vs actual plot of the response variable 

 
 

 

Figure 4-3. Residuals vs run orders 
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4.4 Effects of Operating Parameters on Yield 

4.4.1 Interaction of Reaction Time and Temperature on Yield  

An increase in the temperature of the reaction will increase the reaction rate by 

decreasing the viscosity of oils and reducing reaction time (Ramadhas et al., 2005). In 

Figure 4-4, the effect of temperature and time on the yield of FAME when catalyst loading 

was kept at optimum (2.5 wt%), a high yield was found as compared to using 5.5 wt%. 

Increase catalyst weight from 2.5-5.5 wt% reduced yield significantly from 96-89.23%. An 

increased catalyst loading, resulted in the mass transfer challenge, which reduces the 

accessibility of reactants to the active sites. When the temperature was kept at 60 °C and 

time was maximized to 5 h, a 95.667% yield was found, while 95.830% yield was obtained 

when the maximum temperature of 70 °C was applied and minimum time of 3 h. However, 

this appeared above the surface design, and consequently in maximizing both time and 

temperature to 5 h and 70 °C, a 96% yield was found which was below the surface design. 

This was supported by literature (Hamze et al., 2015), that at low catalyst loading, 

elevating temperatures increased the yield. While keeping the temperature constant at a 

maximum of 70 °C and increasing the time from 3-5 h resulted in increased yield from 

95.83-96%, as the bulk of WCO was converted to biodiesel over a longer reaction time. 

This observation was supported by a previous study by Kesserwan et al., (2020). 

 On the other hand, keeping time constant at 5 h and having an increase in temperature 

from 60 to 70 °C resulted in a yield of 95.667-96% which is in agreement with a previous 

report by Phan & Phan, (2008), an increase in temperature of the reaction from 30 to 50 

°C increased yield from 88 to 99%, While a high increase in temperature up to 70 °C 

reduced the conversion of WCO. This was in contrast with the results obtained for the 

current study. Additionally, there is a need to obtain a reaction temperature that will 

consume less energy, facilitating a high yield while reducing the cost of production (Fadhil 

et al., 2017).  Leung et al., (2010), found optimum reaction temperatures to be between 50 

°C and 60 °C, while Knothe, (2010), reported that a typical temperature of 60-65 °C should 

be used in transesterification in presence of methanol. Therefore, from the results 

obtained, employing a reaction temperature of 60 °C with reaction time of 5 h was 

considered ideally more cost effective by saving energy as opposed to using 70 °C for 5 h.  
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Figure 4-4. Interaction of reaction temperature and time on biodiesel yield 

 

4.4.2 Interaction of Reaction Time and Catalyst Loading of Yield 

The interaction between time and catalyst loading is illustrated in Figure 4-5. This is 

more significant than other interactions, since all the design points appeared within the 

surface. A decrease in catalyst loading with an increase in reaction time increased the 

yield, therefore a maximum of 5 h reaction time with catalyst loading of 2.5 wt% is 

expected to have the highest desirability and yield which was 95.83%. This was also true 

when the reaction was kept at 60 °C, while in increasing the temperature there was a 

significant decrease in the design points. Moreover, when the time was decreased to 3 h 

and catalyst loading was increased from 2.5 to 5.5 wt%, a 93.5 % yield was observed for 

reaction of 3 h and 3.61 wt% while elevating time and catalyst loading to 4.25 h and 5.5 

wt%, the yield was reduced to 89.296%. The significance of catalyst loading, and time is 

supported by p-values in Table 4-2. Here, catalyst weight was observed to have the lowest 

p-value which showed that it was the most important factor followed by time and then 

lastly temperature. 
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Figure 4-5. Interaction between time and catalyst loading 

 

4.4.3 Interaction of Reaction Temperature and Catalyst Loading on Yield  

Figure 4-6 illustrates the interaction between temperature and catalyst loading, with 

reaction time kept constant at 5 h. When the reaction time was decreased, the desirability 

and most of the design points were above the surface, only one point was below the surface 

design, which had a yield of 93.5% using reaction conditions of temperature and time of 

60 °C and 3 h respectively. In the figure below, when conducted at a temperature of 70 

°C, and with catalyst loading of 2.5-5.5 wt%, the yield obtained was 96-89.23%. However, 

a 95.667% yield was achieved when the temperature was decreased to 60 °C and catalyst 

loading of 2.5 wt%. It is noticeable from the below results, that low catalyst loading with 

either low or high temperatures should be considered. However, according to interaction 

between temperature, time and catalyst loading, there is a clear observation that high 

temperature is not desirable. The use of low temperature, low catalyst loading, and high 

reaction time should be used for experiments to obtain optimum yield with high 

desirability. 
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Figure 4-6. Interaction of reaction temperature and catalyst loading on yield of biodiesel. 
 

Table 4-3 to 4-5, show the summary of the analysis of different models, the possibility of 

their significance in evaluating the most effective parameters on the yield of biodiesel. 

While a detailed summary of the suggested model, with a significant of 95% confidence 

intervals is shown in Table 4-2. Normally, when p-values of parameters are greater > 

0.05, models are called insignificant (Sulochana & Bhatti, 2018). Hence, the list of 

variables that were significant at p ൏ 0.05 of each catalyst loading was 0.0159, with the 

highest F-value of 7.26 among the other variables, while time and temperature had 

0.2378, 0.8536 and 1.50, 0.0352 of p-values and F-values respectively. From these data 

observation, it is confirmed that catalyst loading was the most important variable for the 

production of biodiesel from WCO (Hamze et al., 2015). Therefore, time and temperature 

could not be disregarded since they were necessary for the support of the model hierarchy. 

 

The selected model had an insignificant lack of fit since its p-value was 0.0589 which was 

slightly greater than 0.05 (Ghoreishi & Moein, 2013). This was better compared to 0.0258 

for the quadratic model and 0.0432 for the two-factor interaction (2FI) model as seen in 

Table 4-5. The p-value > 0.05 implies that there was no significance relating to pure error, 

which is good as it indicates that the model is fitted to all data (Zabeti, Daud, et al., 2009). 

F-value found for the suggested model was 3.02, implying that there is a 6.03% (0.0603 p-

value) chance that this occurred due to noise which is in agreement with the literature 

reported by Worapun et al., (2012). The adequate precision which measures signal to noise 
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ratio was found to be 5.468, which indicated adequate signal since it was above 4 (Zabeti 

et al., 2009). Based on actual parameters, a linear regression model equation which is 

shown below, can be used to make predictions of the response for each factor given: 

 

Y = 97.60355 + 0.942336A – 0.029759B – 1.40628C                                                      (4.1) 
  

Here, Y is the response variable which is the yield of biodiesel and A, B, and C are actual 

values of predictors, namely time, temperature and catalyst loading respectively. The 

positive sign in front of a term is pro linearity while the negative sign shows an 

antagonistic effect on Y (Liao & Chung, 2013). This shows that an increase in reaction 

time will have a positive effect on yield while a decrease in temperature and catalyst 

loading will increase the yield, this is further supported by the interaction of parameters 

shown in Figure 4-4, 4-5 and 4-6. The quality of the model fit was evaluated using R-

squared (R2), where predicted R2 measures how good the model predicts values for 

response (Table 4-3) (Zabeti et al., 2009). According to Worapun et al., (2012), a good 

statistical model should be closer to 1, since the R2 value is always between 0 and 1. The 

linear model had an R2 value of 0.3618 and negative predicted R2 (-0.0352) while the cubic 

model had better R2 and adjusted R2 results of 0.9394 and 0.7697 respectively. Even 

though the cubic model had good R2 values as compared to other models, the predicted R2 

was not calculated due to some missing data which is evident in Table 4-3 to 4-5, therefore, 

making it aliased. When the predicted R2 is negative, it implies that the overall mean, 

which was 94 for the suggested model might be a better predictor. Nevertheless, the 

adjusted R2 for the suggested model was 0.2422 (24.22%), which was within 0.2 confirming 

no problem with experimental data or the model (Zabeti et al., 2009). Therefore, since the 

sum of squares was 60.04 for linear vs mean, a polynomial order was suggested where 

other terms are significant and not aliased. 

 

Table 4-2. ANOVA for the linear model 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 60.04 3 20.01 3.02 0.0603 Not significant 

A-Time 9.95 1 9.95 1.50 0.2378 Not significant 

B-Temperature 0.2328 1 0.2328 0.0352 0.8536 Not significant 

C-Catalyst Weight 48.05 1 48.05 7.26 0.0159 Significant 

Residual 105.89 16 6.62    

Lack of Fit 95.84 11 8.71 4.33 0.0589 Not significant 

Pure Error 10.05 5 2.01    

Cor Total 165.93 19     
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Table 4-3. Model Summary Statistics 

Source Std. Dev. R² Adjusted R² Predicted R² PRESS  

Linear 2.57 0.3618 0.2422 -0.0352 171.77 Suggested 

2FI 2.68 0.4368 0.1768 -1.2950 380.79  

Quadratic 2.84 0.5132 0.0750 -4.7170 948.60  

Cubic 1.42 0.9394 0.7697  * Aliased 

 

Table 4-4. Sequential Model Sum of Squares 

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

Mean vs Total 1.767E+05 1 1.767E+05    

Linear vs Mean 60.04 3 20.01 3.02 0.0603 Suggested 

2FI vs Linear 12.43 3 4.14 0.5765 0.6406  

Quadratic vs 2FI 12.68 3 4.23 0.5231 0.6761  

Cubic vs Quadratic 70.73 5 14.15 7.03 0.0258 Aliased 

Residual 10.05 5 2.01    

Total 1.769E+05 20 8844.69    

 

Table 4-5. Lack of fit tests 

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

Linear 95.84 11 8.71 4.33 0.0589 Suggested 

2FI 83.40 8 10.43 5.18 0.0432  

Quadratic 70.73 5 14.15 7.03 0.0258  

Cubic 0.0000 0    Aliased 

Pure Error 10.05 5 2.01    

 

4.5 Properties of Optimised Sunflower Biodiesel   

Table 4-6 shows the properties of optimised biodiesel from sunflower waste cooking oil. 

Most of the results found falls within the limits specified by the International standard 

for biodiesel ASTM or EN. 

  

4.5.1 Viscosity  

The viscosity is a property that has an important role in biodiesel, contributing highly in 

the fuel atomisation as reported by Borugadda et al., (2018), and there is  need for the 

reduction of viscosity in the vegetable oil (Borges et al., 2011). Through the process of 

transesterification reduction of viscosity in oils is achievable (Elkady et al., 2015). The 

process transforms triglycerides which are highly unsaturated fatty acids and very 

susceptible to oxidation Domingos et al., (2007), into mixtures of long-chained fatty acid 

esters, which are more saturated (Jain and Sharma, 2011). The decrease of the viscosity 
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in biodiesel is observed in an order of magnitude than that of its source oil (Gopinath et 

al., 2015). The viscosity of the produced biodiesel was 5.33 mm2/s (Table 4-6), from 29.8 

mm2/s of sunflower waste cooking oil. In studies conducted by Knothe, (2005), and 

Gopinath et al., (2015), viscosity was reported to increase according to molecular 

structure, chain length of hydrocarbons and degree of saturation. Produced biodiesel from 

waste sunflower cooking oil, in this study was found to have a good viscosity which meet 

the ASTM standardisation, as compared to those found by Hossain and Boyce, (2009). For 

pure sunflower cooking oil and waste sunflower cooking oil the determined viscosity of 

their biodiesels were 5.8 mm2/s and 9.5 mm2/s respectively. 

4.5.2 Density  

The density of the fuel quality affects its performance, engine emissions, production, 

transportation and distributions (Jiang et al., 2019). The produced biodiesel had a density 

of 0.8811 g/cm3  as shown in Table 4-6, The density will improve from the oil to the 

biodiesel, a reduction was reported by Samanta & Sahoo, (2020), since density increases 

with decreasing chain length and increasing number of double bonds (Ghoreishi & Moein, 

2013). However, the density does not decrease much when oils are converted to biodiesel 

is usually not much as previously reported by Simbi et al., (2021), this is due to the 

similarity within feedstocks. In this study, methanol (0.792 g/cm3) which was used in the 

process of converting waste sunflower oil (0.9225 g/cm3) into biodiesel, have very close 

values to the actual alkyl methyl esters. The high density resulted in the high mass of 

injected fuel, causing increased heat and carbon, and consequently increasing power in 

diesel engines (Canesin et al., 2014). The density of biodiesel is usually between 0.86 g/cm3 

and 0.90 g/cm3 which is higher than that of diesel fuel (Alptekin & Canakci, 2008; Yasin 

et al., 2013). 

4.5.3 Oxidation  

As shown in Table 4-6, The oxidation stability was measured by induction periods of 

methyl esters produced from waste sunflower using the Rancimat method as described in 

(Schober & Mittelbach, 2004). According to a report by Yaşar, (2020), feedstocks with 

more polyunsaturated fatty acids will oxidize more than those with saturated fatty acids. 

Therefore, resulting in low oxidation stability as reported by Moser (2009), waste 

sunflower oil possess high linoleic acid causing low stability as compared to other biodiesel 

i.e. palm biodiesel (Simbi et al., 2021). The studies conducted by Can, (2014) and Cursaru 

et al., (2014) found the oxidation stability of biodiesel produced from waste sunflower oil 

to be extremely low with 0.43 h and 1.81 h. However, this study recorded an  improved 

oxidation stability of 4.2 h (Simbi et al., 2021). 
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4.5.4 Flashpoint  

This is an important measure that determines the handling and transportation safety 

(Al-Abdullah et al., 2015), indicating the flammability of the fuel as it measures the lowest 

temperature at which heated vapor and the air above the fuel will ignite (Ishida & Iwama, 

1986). This guides against contamination of highly volatile impurities (Saxena et al., 

2013). In this study flashpoint for sunflower biodiesel was 170 °C as seen in Table 4-6 

which according to Yasin et al., (2013) was found safe. The flashpoint of biodiesel is 

different to mineral petrodiesel by 85% according to Senthil and Silambarasan, (2015), 

adding that normally its above 150 °C. Similarly, in a study by Sirisomboonchai et al., 

(2015), in biodiesel produced from waste cooking oil (WCO), flashpoint of 179 °C was 

reported. Therefore, in this study sunflower biodiesel produced is regarded safe.  

4.5.5 Water  

The water content test was carried out using the European standards, since the test  was 

done separately from sediments (Hassan & Kalam, 2013). The extremely hygroscopic 

nature of the biodiesel promotes biological growth within biodiesel storage and which 

subsequently leads to further corrosion of metals such as copper (Cu), iron (Fe), chromium 

(Cr) and zinc (Zn) (Fregolente et al., 2015). Additionally, the presence of water will cause 

low heating value in biodiesel (Aisyah et al., 2019), and together with the FFA within 

feedstock, formation of soap will occur during transesterification as a result of the 

reduction in catalytic effectiveness, subsequently reducing the yield (Thangaraj et al., 

2019). According to Table 4-6, the produced sunflower biodiesel had a water content of 

0.03 wt% which was below the maximum limits allowed by international standards. This 

was lower than those found in literature for biodiesel produced from sunflower and waste 

cooking oils (Cursaru et al., 2014; Hamze et al., 2015). 

4.5.6 Acid Number  

The produced sunflower biodiesel had an acid number of 0.2 mg KOH/g which was below 

the standard limit as seen in Table 4-6. A similar value was found for biodiesel produced 

from clean sunflower oil (Cursaru et al., 2014), This property indicates the presence of FA 

in the biodiesel, the increase in acid number is caused by organic acids and oxidation. 

High acid can lead to severe corrosion of fuel supply system in petrodiesel engines (Yang 

et al., 2016). From the study by Avila Orozco et al., (2014), it was reported that  various 

biodiesels produced from different sunflower oils and others oils  had acid values ranging 

from 0.3 to 0.6 mg KOH/g. Acid value is important for controlling degradation during 

storage and needs to be kept low (Yasin et al., 2013). Therefore, there was an improvement 

with the produced biodiesel. The acid value of this study was lower than those found in 
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literatures, where alkaline catalyst was used for conversion of both pure and waste 

sunflower oils to biodiesel (Hossain & Boyce, 2009; Saydut et al., 2010). 

4.5.7 Metal Content  

According to Table 4-6, Sunflower biodiesel had 27.559 mg/L of calcium and magnesium 

(Ca + Mg), 0.333 mg/L of sodium and potassium (Na + K), 8.913 mg/L of phosphorus (P) 

and 4 mg/L of sulfur (S). Additionally, contaminants of sulphates were extremely higher 

in SB100 while nitrates, soot and glycol were low. According to Lyra et al., (2010), The 

presence of these metals could have been incorporated into the biodiesel during the 

cleaning and washing process, and the feedstock used (Sánchez et al., 2015), or left in by 

the catalyst used (Simbi et al., 2021). Contamination by soot, nitrates, sulphates and 

glycol indicate chances for incomplete combustion, engine failure and operating condition 

issues, therefore are undesirable, Furthermore, the presence of elemental compounds in 

the biodiesel are usually due to degradation or contamination, by harmful compounds in 

the engine (Nogueira & Lucio, 2011). According to standard requirements for the total 

contaminants in biodiesel, the produced sunflower biodiesel failed with Ca + Mg metals, 

and sulphates as they were higher than the standards limit.  These compounds are of a 

greater concern considering their impact on emission. 

  

4.5.8 Distillation  

Distillation is crucial in terms of safety and behavior of the fuel as it measures the 

percentage of vaporized fuel as temperature increases (de Coro et al., 2016). The presence 

of components in the fuel with high boiling points will affect the formation grade solid 

deposit during combustion (Encinar et al., 2005). Therefore, the maximum recommended 

temperature for biodiesel distillation at 90% distilled volume (T90) is 360 °C, and since 

the sunflower biodiesel was completely evaporated at T90 point, its final boiling point was 

335.59°C at 80% distilled volume (T80). High boiling points at T90 indicates the presence 

of heavy compounds and therefore deposits build-up and engine problems (Lapuerta et al., 

2015). However, the 10 vol% distillation residues for the optimised biodiesel was 24%. This 

was above the 0.3% standard limit set for biodiesel. High carbon residues indicate the 

presence of impurities and deposits in the biodiesel i.e. methanol, glycerol, catalyst 

residues, which will decrease the flashpoint and cetane number and subsequently lead to 

corrosion and blockage of nozzles (Graboski & Mccormick, 1998; Phan & Phan, 2008; 

Barabas & Todoru, 2011).  
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Table 4-6. Physico-chemical properties of optimised sunflower biodiesel  

    

 Biodiesel   
 

Properties 
Sunflower 
biodiesel  

ASTM 
D6751 EN 14214 Unit 

Kinematic Viscosity 
@40°C 5.33 1.9 - 6 3.5 ~ 5 mm2/s 

Density @15°C 0.8811 0.80 – 0.90 
0.875 ~ 

0.90 g/cm3 

TAN 0.2 <0.5 <0.5 
mg 

KOH/g 
Oxidation stability 
@110 °C 4.20 3 >6 hrs 

Water content (ppm) 0.03 Max 0.08 <0.05 wt% 

Flash point 170 >130 >120 °C 

Distillation 90% 335.59 (@80%) <360  °C 

10%dist. Residue 24 -  % mass 

Ca + Mg by ICP-OES 27.559 Max 5  mg/L 

Na + K by ICP-OES 0.333 Max 5  mg/L 

Phosphorus 8.239 Max 10 Max 10 mg/L 

Sulfur 4 - Max 10 mg/L 

Nitrates  10    

Sulphates 111    

Glycol 0    

Sool 1    

Total contaminant >40 - <20 mg/L 
 

4.6 Conclusions 

Response surface methodology was conducted in an investigation for the optimisation of 

biodiesel produced from waste sunflower oil, with the use of methanol to oil ratio of 12:1 

and a bi-functional catalyst. The method studied, the effect of time, temperature and 

catalyst loading for the transesterification of waste sunflower oil. As shown by the 

ANOVA results, catalyst loading was the most significant parameter affecting yield and 

linear model was used. In order to obtain the maximum yield of 98.23%, the optimised 

catalyst loading was 2.5 wt% with a reaction temperature of 60 °C and reaction time of 5 

h. The predicted value of the yield using linear regression model was 92.773% which was 

comparable with the experimental yield of 95.667%, showing a good relationship and an 

agreement with data fit of the selected model. The model was statistically significant at 

95% confidence, with catalyst affecting the yield the most, followed by time and then 

temperature. Additionally, the properties of the sunflower biodiesel produced were within 

the biodiesel standard specifications, except for the Ca + Mg content and sulphates.  
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Abstract  

The development of an appropriate fuel to run on a petrol compression ignition engine 

conceptualises a low-temperature combustion strategy which faces challenges. With the 

high intake temperatures, low lubricity and need for high compression ratio for this 

engine, the use of petrol-biodiesel blend as a fuel addresses such issues. This study aimed 

to evaluate characteristics of fuel quality and performance of blended fuels with biodiesel 

additives (5%, 15%, and 25%) to petrol (95%, 85%, and 75%) compared to neat petrol and 

biodiesel. The analysis of petrol blended with biodiesel produced from waste sunflower 

and palm oil was carried out, with respect to acid number, density, distillation, cetane 

number, metal contents, oxidation stability, viscosity, and water content. Results showed 

that the blended fuels possessed improved fuel quality compared with pure petrol and 

met international standards. Comparing the biodiesel-petrol blends with pure biodiesel, 

the values of these properties were lowered, while oxidation stability was enhanced. The 

two types of fuel blends portrayed different fuel qualities, with sunflower biodiesel-petrol 

blends having more energy content and lower acid number, while palm biodiesel-petrol 

blends had an exceptional thermal stability and characteristics of a better cold start. The 

high degree of unsaturation was reported in sunflower biodiesel, which led to increased 

carbon residues, reduced cetane number and subsequently difficulty in cold start. An 

increase in petrol percentage in the blends reduced concentrations of calcium and 

magnesium (Ca and Mg) significantly and hindered the absorption of moisture content. 

The produced biodiesel-petrol blends were comparable with petrodiesel. 

 

Keywords: biodiesel-petrol blends; compression ignition engine; emissions; low 

temperature combustion, performance; thermal efficiency 

 

5.1 Introduction  

The Paris Climate Accord COP21 globally signed by many countries was aimed at reducing 

the 21st-century global rise in temperature below 2 C, with a commitment that by 2030 

the greenhouse gases (GHG) should be below 40% (European Union, 2019). The feasibility 

of such a goal would require huge changes in the traditional way of energy productions, 

since most of the world’s energy comes from fossil fuels and possess the greatest of today’s 

emissions (Kulkarni & Dalai, 2006).  
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Globally, it is estimated that there are 1.2 billion passenger cars and 380 million 

commercial vehicles, and these numbers are expected to grow mostly in non- Organization 

for Economic Co-operation and Development (OECD) nations such as India and China 

(Kalghatgi, 2018). Generally, the world’s primary energy consumption mainly originate 

from fossil fuel (88%), while nuclear and renewable energy accounts for 7% and 5% 

respectively (Thangaraj et al., 2019). The transportation sector holding the highest share 

in energy consumption, release about 23% of CO2 discharges and 14% of greenhouse gases 

(GHG). Transport is mainly power-driven by the internal combustion engines using 

petrodiesel and petrol (> 99.9 %). While the global demand for transport fuel continue to 

rise with an expected annual growth of 1%, there is a need for 4.9 billion litres of petrol 

and 1.3 billion litres of jet fuel daily. These changes in the transport sector are occurring 

owing to the growing need driven by population and prosperity growth, the need to 

guarantee energy security, controlling GHG released and enhancing the community air 

quality in reaction to consumers desire and demand (Kalghatgi, 2018; Kalghatgi, 2019). 

  

Perhaps, the rise in fuels prices is understandable (Borugadda et al., 2018). Additionally, 

fossil fuels being finite as petroleum reserves have the potential of exhaustion, with a 

great damage to the earth’s biodiversity (Nair, 2013; Harfoot et al., 2018), leading to 

serious global warming phenomenon (Saxena et al., 2013). Therefore, the need to look for 

other ways of generating energy is necessary even if energy demand in 2020 declined by 

4% and the use of the transportation sector went down by 14% as a result of less mobility 

and restrictions set, in preventing the spread of covid-19 pandemic (International Energy 

Agency, 2021).  

 

The growth in global energy demand is still expected to increase by 40% in 2030 and the 

transportation sector rising by 1.1% annually (Mahmudul et al., 2017). Kalghatgi, (2019), 

reported that due to air pollution caused by internal combustion engines, 14% of GHG is 

released by this sector. In combating this, greener fuels which are renewable energy are 

being developed, to solve the issue of the global climate change. With that, fascinating 

fuels such as biodiesel with the capacity of preserving the environment, bringing a feasible 

economy and creating social sustainability are being produced (Singh et al., 2011). Besides 

this, the developments of new engine combustion systems that can produce less emissions 

while maintaining high efficiency are underway (Zhong et al., 2019). 

  

Traditionally, petrodiesel fuel has been used to power compression ignition (CI) engines 

which produces high thermal efficiencies but possess a drawback such as the use of high 
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combustion temperatures and limited fuel/air mixtures, which produce a huge amount of 

emissions (Han et al., 2010; Zhang et al., 2019). Nevertheless, using biodiesel or its blends 

in CI engines have proven to possess a good combustion performance similar to petrodiesel 

with a significantly reduced emissions of carbon monoxide (CO), and unburned 

hydrocarbon (HC), but has an increased amount of nitrogen oxide (NOx) emissions (Qi et 

al., 2010; Senthil & Silambarasan, 2015; Ashok et al., 2016). The presence of high oxygen 

content within biodiesel is advantageous (Dwivedi et al., 2013). Although, a decrease in 

efficiency has been reported (Bhangale & Kulkarni, 2017; Thanigaivelan & Loganathan, 

2019). Additional studies by Singh et al., (2012); Yusoff, (2015); and Wu et al., (2020)., 

reported that biodiesel has a greater tendency to corrosion within the engine as compared 

to petrodiesel and consequently forming oxides (Kumar et al., 2018; Cavalheiro et al., 

2020). 

 

Furthermore, in the combustion chamber of the petrodiesel CI engine, fuel injection is 

greatly affected by the viscosity of the fuel, and biodiesel being significantly less viscous 

than petrodiesel and more than vegetable oil (Yasin et al., 2013), and according to the 

study by Nair, (2013), which reported that the use of 100% biodiesel (B100) would result 

in maintenance and performance issues. Therefore, blending with petrodiesel was 

suggested, since the blended fuel will produce enhanced properties, better viscosity, cold 

flow, combustion, lubricity, oxidation stability, cetane number and exhaust emissions as 

compared to neat biodiesel properties (Moser, 2009; Bukkarapu et al., 2018). Also, El-

Kassaby & Nemit-Allah, (2013), reported that there is no need for car engine modification 

when 2-30% biodiesel-petrodiesel blends are being used. However, prior to blending there 

is a need for biodiesel to meet the requirement set by the American Society of Testing and 

Material (ASTM) and European Union (EN) fuel standardisation (Moser, 2014). In 

practice, before blending the biodiesel, there is a need of warming it at a temperature of -

3.9 -1.1 °C above its cloud point (NREL. 2012). 

   

A study conducted by Bukkarapu et al., (2018), evaluated the effect of blending palm 

biodiesel with different ratios of petrodiesel, and the fuel properties. They reported that 

increasing biodiesel content within the blends improved the fuel properties such as 

viscosity, density, flash point and fire point but deteriorated the fuel properties of 

petrodiesel, with the 90% petrodiesel 10% biodiesel (B10) ratio showing the best viscosity 

for atomization. While in the study conducted by Al-Dawody & Al-Farhany (2018), where 

they investigated the effect of blending methyl esters from waste cooking oil with 

petrodiesel in ratios of B10, 80% petrodiesel 20% biodiesel (B20) and B100 and the 

performance and emissions characteristics. They reported that B20 was the preferred 
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blending ratio and that a higher blend will cause a significant reduction in performance. 

This was also confirmed in the study conducted by Kumar & Singh, (2015), where the 

performance of biodiesel produced from waste cooking oil and its blends in petrodiesel 

engines was assessed. They concluded that the blend of B20 had similar properties to 

petrodiesel especially the thermal efficiency. While Iortyer et al., (2017), found 

contradicting results in their biodiesel produced from cashew nut seed oil and its blends. 

They found that B10-B40 have satisfactory performance similar to that of petrodiesel. 

Also, Hafizil et al., (2017), investigated the biodiesel and petrodiesel blend of B20 and 

reported that a significant decrease in viscosity and density close to petrodiesel was 

obtained, with improved fuel qualities where the acid number was within limits set by 

international standards. Also, the flashpoint and moisture content were noticed to 

increase from petrodiesel to blends which were good for handling purposes. Furthermore, 

Sharma et al., (2020), concluded that as the blending ratio of biodiesel increased, there is 

a decrease in engine efficiency, all carbon-based and smoke emissions but increase in NOx 

emissions. 

 

Contrary to diesel, which has a high reactivity fuel, petrol is a low reactivity fuel which is 

used to power spark ignition engines that operate at low compression ratios and produce 

low engine efficiencies but extremely low emissions. Therefore, to produce high efficiency 

and low emissions, different combustion methods are proposed, to the reduced combustion 

temperatures and improved fuel-air mixing (Chaichan, 2014). Using petrol, which has 

high volatility and poor self-ignition, the air-fuel mixing is increased thereby creating a 

more volatile petrol-like fuel with a low cetane number (CN), which can be the solution for 

CI engines (Das et al., 2018). These engines rely on the concept of using low-temperature 

combustions strategies such as gasoline compression ignition (GCI), partially pre-mixed 

compression ignition (PPCI), homogenous charge compression ignition (HCCI) and 

reactivity controlled compression ignition (RCCI) (Zhong, et al., 2019). Amongst these 

combustion strategies, GCI has proven to show more advantageous compared to others 

(Putrasari & LIM, 2018). However, ignition at low-temperature conditions is a challenge 

for GCI (Cory A. Adams et al., 2013), and by adding biodiesel, ignition will be enhanced 

(Vu & Lim, 2019). Therefore, studies were conducted in order to improve the ignition 

characteristics of petrol, after their observations Adam et al. (2013), Putrasari & Lim 

(2017), Das et al. (2018), Thongchai & Lim (2018), reported that blending biodiesel with 

petrol improved thermal efficiency, reduced ignition delay and emissions significantly. 

They also added that 20% of biodiesel blended to 80% petrol (PB20) showed similarities 

with the pure petrodiesel. High oxygen content, cetane number and viscosity of biodiesel 

improves air-fuel mixture, spray, fuel injection system and auto ignition (Putrasari & Lim, 
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2017; Gad & Ismail, 2021), while low-cetane number of petrol helps in reducing intake 

temperature (Adams et al., 2013). The qualities of these fuels put together render the 

blended fuel superior auto-ignition characteristics and less combustion emissions (Lee et 

al., 2017; Kanti et al., 2018). Additionally, blending biodiesel with petrol will achieve 

enhanced fuel properties needed for GCI, in solving emission issues as compared to using 

pure petrodiesel (Adams et al., 2013; Thongchai & Lim, 2018; Zhong et al., 2019). 

Although, certain studies have been conducted on performances, emission and combustion 

characteristics of petrol-alcohol blends, petrol-diesel blends and petrol-biodiesel blends to 

be used in petrodiesel engines (Abedin et al., 2014; Khuong et al., 2017; Peng, 2017; 

Torregrosa et al., 2017; Liu et al., 2019; Gad & Ismail, 2021), there is dearth of literature 

on blending biodiesel with petrol and the assessment of the properties of these blended 

fuels (Putrasari & Lim, 2017; Das et al., 2018; Kanti et al., 2018; Thongchai & Lim, 2018). 

Also, no research has been recorded in evaluating numerous physical and chemical fuel 

properties of biodiesel-petrol blended fuel. 

 

The current study presents blending biodiesels produced from waste sunflower and waste 

palm oils with commercial petrol and evaluating the properties of the blending fuels to 

assess how their chemical and physical properties will be affected in relation to the fuel 

quality, performance, and unwanted metals in the petrodiesel engine. Elemental analysis 

and other tests were performed according to ASTM D6751 and EN 14214, D974 for acid 

number, D979 and D4737 for cetane number, EN ISO 3675 for density, D86 for distillation, 

EN 14112 for oxidation stability, D445 for viscosity and D6304 for moisture content. 

 

5.2 Materials and Methods 

5.2.1 Materials  

Mineral acids and oxidising agents (57.2% nitric acid and 98.08% sulfuric acids) were 

purchased from KIMIX Chemical Lab Supplies South Africa. 35% hydrogen peroxide was 

purchased from Labchem South Africa, while biodiesel and deionised water of 18.2 Mcm 

(Milli-Q) were obtained from Chemical Engineering Oil and Gas Laboratory Cape 

Peninsula University of Technology (CPUT) Bellville, South Africa. Petrol was purchased 

from Sasol fuel garage South Africa. 

 

5.2.2 Biodiesel and Petrol Blends Preparation 

For this study, the palm, and sunflower biodiesels produced were mixed with commercial 

petrol in three different proportions of PB5, PB15, and PB25, which were made on a 
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volume basis of (5% biodiesel, 95% petrol), (15% biodiesel, 85% petrol), and (25% biodiesel, 

75% petrol) respectively. The P stands for petrol, B stands for biodiesel, and the numeric 

value stands for the percentage of biodiesel content. Splash blending (Joshi & Pegg, 2007), 

was used for blending since it was an effective and accurate technique. This was conducted 

at constant temperatures of 22 to 24 °C with continuous stirring using 400 rpm for a 

minimum time of 30 minutes, using an overhead stirrer (Scientech inc, Boulder, US) to 

ensure homogeneity (Moser, 2014; Azahari et al., 2016; Putrasari & Lim, 2017a; Gad & 

Ismail, 2021). 

  

5.2.3 Characterisation of Biodiesel and Petrol Blends 

To check the quality of the biodiesel and its blends various tests were conducted at 

Oilwatch laboratories in South Africa, while oxidation stability and elemental analysis 

were done at Food Science & Technology and Analytical Chemistry laboratories at Cape 

Peninsula University of Technology, Bellville, South Africa.  

 

5.2.3.1 Measurement of Acid Value   

Acid number test used colour indicator non-aqueous titration as detailed in ASTM D974 

(Knothe, 2006). The petrol and biodiesel blends with acid levels ranging from 0.1 to 0.55 

mg KOH/g were examined by adding 10 mL isopropanol into 1 mg sample, then adding 2 

to 3 drops of phenolphthalein and neutralising the solution with 0.1 M of KOH. Calculation 

of acid number was done as follows:  

Acid value (mg KOH/g) = 
ହ଺.ଵ  ଡ଼ ଴.ଵ ୑ ଡ଼ ୚

୥
                                                                                      (5.1) 

where 56.1   = constant molecular mass for KOH, 0.1 M = concentration of KOH, V = 

volume of final value - volume of initial value and g = weight of sample in grams. 

 

5.2.3.2 Measurement of Density  

The density of the fuel was measured by using the modern high-precision density meter 

DMA40 (Anton Paar GmbH, Graz, Austria) operating at 15 C according to EN 14214 

(Knothe, 2006). 2 mL of sample was injected into the measuring cell and each sample 

measurement was repeated three times to ensure accuracy and the average value was 

recorded. The density of a material is determined by the mass per volume measures 

compactness within a substance (Dwivedi & Sharma, 2016) as follows: 

Density ൌ ୑ୟୱୱ

୚୭୪୳୫ୣ 
 = ୩୥

୫య 
 = ୥

ୡ୫య 
                                                                                       (5.2) 
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5.2.3.3 Measurement of Cetane Number  

The calculated cetane index (CCI) was calculated by using of density reported in equation 

5.2 with recovery temperature at 50% distillation (T50) according to ASTM D979-91 in 

equation 5.3 (Khadka, 2017), or with using distillation temperatures of 10%, 50% and 90% 

(T10, T50,T90) according to D4737-09 in equation 5.4 (Fidyayuningrum et al., 2020) as 

follows:  

Cetane Index = 454.74 - 1641.416 ρ + 774.74 x ρ2 - 0.554 T50 + 97.803 (log T50)2            (5.3) 

 

where ρ = Density in g/cm3 at 15 C, T50 = Mid boiling point temperature in C (The 

temperature at which 50% of the sample by volume has evaporated).  

 

CCI = 45.2 + 0.0892 T10N + [0.131 +0.901 B] T50N + [0.0523 – 0.420 B] T90N + 0.00049 

[(T10N)2 – (T90N)2 + 107 B + 60 B2                                                       (5.4) 

 

where CCI = Calculated Cetane Index, D = Density in g/cm3 at 15 ⁰C, DN = D – 0.85, B = 

e (-3.5) (DN)) – 1, T10 = Distillation temperature at 10% distillates (⁰C), T10N = T10 – 215, T50 

= Distillation temperature at 50% distillates (⁰C), T50N = T50 – 260, T90 = Distillation 

temperature at 90% distillates (⁰C), and T90N = T90 – 310. 

 

CN = CCI - 2                               (5.5) 

 

Where CN = Cetane Number and CCI = Calculated Cetane Index  

5.2.3.1 Measurement of Elemental Content  

5.2.3.4.1 Standards Preparation 

All glassware used were soaked in 10% volume per volume (v/v) nitric acid overnight and 

were rinsed with deionised water before usage. Multielement standard solutions 

containing (Ca, Sn, As, Cr, Mn, Pb, P, Al, Ni, Cd, Se, Sb, Zn, Cu, Co, K, Ba, Mg, Fe, Na, 

Si) were prepared in concentrations 0.05, 0.01, 0.5, 0.1, 1, 5, 10, and 20 ppm, in 8 

volumetric flasks of 100 mL using dilution method by decreasing concentration from 1000 

mg/L stock solution using deionised water. 

  

5.2.3.4.2 Sample Digestion 

Biodiesel has a high viscosity and therefore requires dilution before ICP analysis is carried 

out. An open system with conventional heating was used for digesting of the samples by 

first weighing 1 g of 100% biodiesel (B100) or petrol-biodiesel blend (PBXX) sample into a 
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borosilicate tube. 5 mL of HNO3, 2 mL of H2SO4 and 1 mL of H2O2 were added and heated 

on a hot plate which was set at 90 0C for 2 hours. Thereafter, 3 mL of HNO3 and 1 mL of 

H2O2 were measured and transferred into the beaker holding the sample, and the hot plate 

temperature was subsequently adjusted to 220 0C and left for 40 min. Then 2 mL HNO3 

and 4mL H2O2 were added to the beaker, when the sample color did not turn colorless by 

this step, the procedures were repeated (from the first step) until the solution turned 

colorless. Finally, the sample was diluted to a volume of 10 mL with denoised water. The 

accuracy was checked by spiking the blank sample with the same digestion procedure 

(Korn et al., 2010). 

 

5.2.3.4.3 ICP-OES Sample Procedure 

An Inductively Coupled Plasma Optical Emission Spectrometer (ICP OES) ARCOS HFS12 

(Ametek Inc., Pennsylvania, United states) was used to measure elemental content and 

argon (Afrox Ltd., Gauteng, South Africa) used as carry gas. Wavelengths were selected 

to measure emission intensities of analytes were 324.745 nm for Cu, 396.847 nm for Ca, 

167.078 nm for Al, 259.941 nm for Fe, 766.491 nm for K, 279.553 nm for Mg, 589.592 nm 

for Na, 213.856 nm for Zn, and 177.495 nm for P. 

 

The smart analyser vision was initialised after switching on the auto sampler on the 

computer connected to the ICP and the extractor fan on ICP switched on. Argon gas in the 

non-flammable gas room was allowed to flow and while the system was flushed twice. The 

plasma was left to stabilise for 20 to 30 min while the needle in the auto sampler was in 

its original position. Thereafter, calibration was conducted three times before standards 

containing organometallic standard solutions of 0.05, 0.01, 0.5, 0.1, 1, 5, 10, and 20 ppm 

could be run through the ICP. After generating calibration curves for the analytes, organic 

samples were continuously introduced into the ICP through the nozzle and allowed to be 

analysed on the computer. 5% nitric acid was used in flushing the nozzle in between each 

sample. 

5.2.3.4.4 Measurement of Water Content  

The water content was measured using the Karl Fischer Titration method according to 

the most reliable D6304 technique (Quveon, 2014; Anon, 2020). An appropriate amount of 

sample was weighed, poured into a vial, sealed, and heated under vacuum in an oven to 

evaporate water. The vaporised water was carried into a conditioned titration cell 

(hydranal Coulomat-AG) which was titrated with Karl Fischer reagent, until the endpoint 

was reached. 
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5.3 Results and Discussions 

5.3.1 Effect of Acid Number  

As observed in Figure 5-1, Petrol (P100) had an acid number value of 0.1 mg KOH/g and 

an increase in blending percentage of biodiesel increased total acid number (TAN) from 

0.23 mg KOH/g and 0.28 mg KOH/g in 5% biodiesel-petrol blend (PB5) of sunflower 

biodiesel and palm biodiesel to 0.46 and 0.55 mg KOH/g in 100% sunflower biodiesel and 

palm biodiesel (S-B100 and P-B100), respectively. Also, the figure illustrates a higher acid 

value for palm biodiesel as compared to sunflower biodiesel, with a decrease in the TAN 

as percentage of petrol added in blends increase which was comparable to a conclusion 

drawn by Jain & Sharma, (2011), when petrodiesel and biodiesel were blended. According 

to Phan & Phan, (2008) and Gopinath et al., (2015), these acid values were indicative of 

fatty acid or acid moieties content in the fuel, which were found to fall within set limits of 

ASTM D974 and EN 14104 standards with a maximum limit of 0.8 mg KOH/g and 0.5 mg 

KOH/g respectively (Barabas & Todoru, 2011; Tyson & McCormick, 2009). Except for a 

slight deviation of 0.05 mg KOH/g in palm biodiesel which was above EN specification. 

Similarly, close values were reported by Hossain & Boyce, (2009), after producing biodiesel 

from waste sunflower oil and the TAN obtained was 0.44 mg KOH/g while 0.43 mg KOH/g 

was found for waste cooking oils by Phan & Phan, (2008). Also, in a study conducted by 

Saydut et al., (2010), when comparing biodiesel fuel quality produced from different oil 

sources, acid values reported were 0.50, and 0.52 mg KOH/g for refined sunflower oil and 

0.56 and 0.57 mg KOH/g for waste cooking oil. Comparing those studies with current 

study, an improvement in the acid value was obtained.   

 

On other hand, according to ASTM D467-08 a maximum limit of 0.3 mg KOH/g was set 

for biodiesel blends of 6% biodiesel 94% petrodiesel to 20% biodiesel 80% petrodiesel (B6-

B20) (Hoekman et al., 2012). Therefore, all the sunflower biodiesel-petrol blends (S-PBXX) 

had values that met the specification set for a blended fuel, while in palm biodiesel-petrol 

blends (P-PBXX), only P-PB5 met the specification. The high acid value is problematic 

with regards to the fuel supply to the engine (Hassan & Kalam, 2013), which would result 

in the increased viscosity, cloud point (Kubičková et al., 2005), and subsequently leading 

to the corroding of rubber parts within the engine causing deposits and these impurities 

are created by heavy molecular weight as reported by Kumar, (2016), and Kumar et al., 

(2018). Also, a study by Matějovský et al., (2018), further concluded that an increase in 

corrosion rate was greatly affected by increased TAN of the fuels. Additionally, the value 

of acid number indicates the degree of degradation upon storage in time (Anguebes-

Franseschi et al., 2019). Therefore, it is clear that in sunflower biodiesel-petrol blends, the 
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acid value is lower than the palm biodiesel-petrol blends. All sunflower biodiesel-petrol 

blends (S-PB5, S-PB15, S-PB25) could be considered for the use in compression ignition 

engine without modification, since the acid number values for S-PB5, S-PB15, S-PB25 

were 0.23 mg KOH/g, 0.26 mg KOH/g and 0.30 mg KOH/g respectively. However, in palm 

biodiesel-petrol blends (P-PB5, P-PB15, P-PB25) only P-PB5 can qualify for use. 

 

 

Figure 5-1. Acid values in palm and sunflower biodiesel-petrol blends 
 

5.3.2 Effect of Density 

Figure 5-2 illustrates the density of palm and sunflower biodiesel-petrol blends ranging 

between 762-763 kg/m3 to 887.1-882 kg/m3 for 5% biodiesel-petrol blend (PB5) to 100% 

biodiesel of sunflower and palm (S-B100, P-B100) respectively. It was observed from these 

results, that the obtained densities did not surpass the ASTM and EN specifications 

standard limits set that range between 860-900 kg/m3 in biodiesel, petrodiesel of range 

between 815-840 kg/m3 and petrol of range between 715-780 kg/m3 (Pandey, 2008; 

Worldwide Fuel Charters, 2019). The density of biodiesel produced from waste oils were 

high especially from waste sunflower biodiesel according to studies by Borugadda et al., 

(2018); Ilkilic & Öner, (2017) and Phan & Phan, (2008). Even biodiesel produced from neat 

sunflower oil possessed higher density than the waste palm oil as reported by Alptekin & 

Canakci, (2008), obtaining 884.5 kg/m3 and 874.6 kg/m3 respectively. In the study of 

Hoekman et al., (2012), it was reported that the increase in density was caused by the high 

degree of unsaturated alkyl esters which is indicated by the presence of double bonds. 

Also, Folayan et al., (2019), reported a decrease in density due to the presence of a longer 

chain length. This is in agreement with the previous results obtained by Simbi et al., 

(2021), where there was less linoleic (polyunsaturated) acids but more palmic and oleic 



  

120

acids in the palm waste oil, while in sunflower waste oils more linoleic acids was observed. 

Also, since high density increases nitrogen oxide (NOx) emissions (Nallusamy, 2010; 

Yogeeswara et al., 2020), causing poor vaporization which leads to incomplete combustion 

(Silitonga et al., 2013). Blending biodiesel with petrol will produce a fuel that has a 

reduced density as shown in Figure 5-2 since petrol had a low density of 739.2 kg/m3. 

Considering the low density of petrol, it varies around also 712.7 kg/m3 , 737 kg/m3 and 

762 kg/m3 and this is supported by literature by Agarwal, (2007); Putrasari & Lim, (2017); 

Thongchai & Lim, (2019); Zhong, (2019).  

 

When petrol was blended with biodiesel, enhancement in density of blended fuel in 

comparison with original density of pure petrol was achieved, and density was directly 

proportional to the biodiesel content. This affects the amount of fuel injected, with more 

biodiesel per volume pumped into the engine (Giakoumis, 2018), which influences the air-

fuel ratio and energy content in combustion chambers (Saxena et al., 2013), and 

consequently relates to the of performance characteristics (Jiang et al., 2019). Moreover, 

Das et al., (2018), and Thongchai & Lim, (2019), reported that density relates to spray 

mass flow rate, and since biodiesel-petrol blends have low density than petrodiesel, but 

higher than pure petrol the characteristics of spray combustion will differ. Consequently, 

more energy is given by S-B100 and S-PB25 as compared to P-B100 and P-PB25, while in 

lower biodiesel-petrol blends of PB5 and PB15 palm biodiesel-petrol blends had more 

energy than sunflower biodiesel-petrol blends. 

 

  

Figure 5-2. Density in palm and sunflower biodiesel-petrol blends. 
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5.3.3 Effect of Distillation  

Distillation or volatility of the fuel can be determined by the use of the D86 method with 

an advanced distillation curve, which measures the percentage of the fuel vaporized as 

temperature increases (Anitescu & Bruno, 2012). This property relates to combustion 

processes and engine emissions, and therefore will influence the performance, safety and 

long-term usage of the fuel (Qi et al., 2010; Qi & Lee, 2014). Furthermore, Knothe, (2006), 

recognised a great correlation of volatility with other properties such as viscosity, heating 

value and average molecular weight. Therefore, by interpreting various points obtained 

on the curve will provide information on the behaviour of individual fuel and conclusions 

drawn from it (Qi & Lee, 2014; de Coro et al., 2016).  

  

As shown in Figure 5-3 and Figure 5-4 are distillation curves for sunflower (S) and palm 

(P) biodiesel-petrol blends (PBXX) where XX indicates the percentage of biodiesel content. 

Typically, the initial boiling point (IBP) of biodiesel from distillation is higher than 

petrodiesel (Valente et al., 2011; Aleme & Barbeira, 2012), and certainly much higher than 

petrol (Rodriguez & Cheng, 2016). IBP for pure biodiesel (B100) of sunflower and palm 

obtained were 299 ⁰C and 238 ⁰C respectively, indicative of the purity of biodiesel while 

the blended fuels had extremely low IBP as compared to pure biodiesel.  

 

Similarly, studies by Benjumea et al., (2008) and Phan & Phan, (2008), reported 

temperatures of 300 ⁰C and 213 ⁰C as IBP of biodiesel produced from palm and waste 

cooking oils respectively. The difference found in their boiling points was attributed to 

their fatty methyl esters (Knothe, 2005 Lin & Lin, 2012). Also, Graboski & Mccormick, 

(1998), suggested that a low IBP in biodiesel could  have been resulted from methanol and 

glycerol left in biodiesel after the transesterification process. Normally, according to ASTM 

D6751, the temperature of B100 at 90 percent distilled volume per volume (90% v/v) 

should not exceed 360 ⁰C (Lapuerta et al., 2015). This limitation is necessary for the 

prevention of deposits in combustion chambers and sparks plugs (Silva et al., 2021), 

therefore biodiesel produced met the standard specified since at 90% v/v of palm biodiesel 

(P-B100) approximately 338 ⁰C was obtained. This is fairly close to the 340 ⁰C, the 

maximum limit set for petrodiesel (Worldwide Fuel Charters, 2019). Initial points on the 

curve are crucial, lower temperatures of IBP and 10% v/v would allow for the easy start of 

an engine while a lower temperature at 50% v/v would allow for faster warm-up (Kheiralla 

et al., 2011). Temperatures obtained at 10% and 50% v/v for S-B100 were 327.4 ⁰C and 

335.5 ⁰C while P-B100 had 319.3 ⁰C and 327.4 ⁰C respectively. Also, high density of 

sunflower biodiesel due to a higher degree of unsaturation as seen in Figure 5-2 played a 
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role in increased temperatures of distillation. Benjumea et al., (2011), supports this as 

they noticed that high temperatures at 50% and 90% v/v correlate to a high density found 

in fuel. A further observation was noticed when high temperature is obtained at 90% v/v, 

emissions of total hydrocarbon (THC) will increase (Benjumea et al., 2011). 

 

Overall, distillation temperatures across boiling points had a narrow range with a boiling 

point difference of 7.1 ⁰C - 11.1 ⁰C as observed in S-B100 and P-B100 from 20% v/v to 70% 

v/v. Occurrence of such a narrow range was majorly influenced by closeness in the boiling 

points of alkyl esters (Phan & Phan, 2008; Qi et al., 2010; Qi & Lee, 2014). However, a 

gradual decrease was obtained for S-B100 at 80% v/v, which thereafter was depleted. 

While in P-B100 a constant increase was observed from the IBP and a subsequently 

depletion at 80 % v/v. The depletion could be caused by the presence of high unsaturated 

esters i.e. methyl linoleate (Aleme & Barbeira, 2012; Anitescu & Bruno, 2012), which was 

expected in sunflower biodiesel for this current study. Considering IBP, 10% and 50% 

points, P-B100 showed a better ignition characteristic in terms of cold start and warm-up 

since obtained results were lower than S-B100.  

 

On the other hand, distillation temperatures of petrol was 50% lower than petrodiesel 

(Kook & Pickett, 2012; Kanti et al., 2018). In sunflower blended biodiesel (S-PBXX), the 

IBP obtained for 5% biodiesel 95% petrol (PB5), 15% biodiesel 85% petrol (PB15) and 25% 

biodiesel 75% petrol (PB25) were 39.4 ⁰C, 38.4 ⁰C and 29 ⁰C while 37.2 ⁰C, 41.2 ⁰C and 

42.3 ⁰C were obtained for palm blended biodiesel (P-PBXX). The low IBP reported in 

blended fuel was due to the use of high volatile fuel petrol (P100), which normally has an 

IBP value ranging between 25 ⁰C and 30 ⁰C and final boiling point (FBP) of approximately 

210 ⁰C (Ott et al., 2012; de Coro et al., 2016; Rodriguez & Cheng, 2016; Peng, 2017). 

Therefore, temperatures at IBP in blended fuels will have lower values that are closer to 

the petrol (Aleme & Barbeira, 2012; de Coro et al., 2016). In blends of S-PB5, S-PB15 and 

S-PB25 at 10% v/v, temperatures of 57.7 ⁰C, 66.9 ⁰C, 52.3 ⁰C were obtained while in P-

PB5, P-PB15 and P-PB25 corresponding temperatures of 52.5 ⁰C, 55.1 ⁰C, and 59.2 ⁰C 

were found. Meanwhile, temperatures obtained at 50 % v/v for S-PB5, S-PB15 and S-PB25, 

were 119.2 ⁰C, 126 ⁰C, 99.4 ⁰C and for P- PB5, P-PB15 and P-PB25, temperature obtained 

were 101.5 ⁰C, 106.4 ⁰C and 117.6 ⁰C respectively.  

 

In a study by Gomes et al., (2013), for petrol fuel to have a good cold-start at 20% v/v the 

fuel must have vaporised below 70 ⁰C. Therefore, in the distillation curves below, at 20% 

v/v P-PB5, P-PB15 and P-PB25 had 62.7 ⁰C, 64.9 ⁰C and 71.5 ⁰C. While S-PB5, S-PB15 

and S-PB25 had values of 70.4 ⁰C, 82.2 ⁰C and 65.9 ⁰C respectively. This shows that palm 
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blended fuels have the potential of a better cold start. Overall, broader boiling point ranges 

were observed for blended fuels with a sharp increase in temperatures from 70% v/v 

onwards approaching that of biodiesel. This occurred as a result of the presence of ester 

quantity in the biodiesel according to Aleme & Barbeira, (2012). Evidently, an increase in 

biodiesel percentage within the blends increased the distillation temperatures from 10% 

v/v to FBP, with more effect observed from middle and final distillation points as clearly 

shown by Figure 5-3 and Figure 5-4. This was also reported by Paulauskiene et al., (2019).  

 

 

 

Figure 5-3. Distillation curves for sunflower biodiesel and petrol blends 

 
 

 

Figure 5-4. Distillation curves for palm biodiesel and petrol blends. 
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Table 5-1 shows the carbon residues and recovery rate percentages for S-B100, P-B100) 

and the blended fuels (PBXX). Carbon residues obtained for S-B100 and P-B100 were 25% 

and 4% respectively, while in S-PB5, S-PB15 and S-PB25 had carbon residues values of 

0.5, 20, and 9.2%, and P-PB5, P-PB15 and P-PB25 had carbon residue values of 0.5, <0.5 

and 0.5%. Standardisation by ASTM D6751 and EN 14213 specify the level of carbon 

residue in biodiesel at 10% should not exceed 0.05% and 0.30% respectively, while in 

blends of B5-B20, ASTM D6751 and EN 14213 standardisation allow 0.35 maximum for 

ASTM D524 (McCormick & Westbrook, 2010; Barabas & Todoru, 2011). Therefore, results 

show that if palm biodiesel-petrol blended fuels are to be used in the engine and thermal 

conditions are applied, there will be a less tendency for the formation of carbonaceous 

deposits as compared to the sunflower biodiesel-petrol blended fuels. This will result in 

carbon residue which will increase with an increase in biodiesel content (Patel et al., 2017; 

Phan & Phan, 2008), as a result of degradation of glycerides/polymerisation of unsaturated 

fatty acids at high temperatures which will cause in engine problems (Fernando et al., 

2007; Candeia et al., 2009). For this study, the produced S-B100 had more unsaturated 

fatty acids in the parental oil than P-B100 (Simbi et al., 2021), However, blending S-B100 

and P-B100 with petrol reduced the carbon residue significantly, with better recovery rate 

shown in palm biodiesel and  its biodiesel-petrol blends. 

 

Table 5-1. Residue of distillation 

 
 
 
 

 
 

5.3.4 Effect of Cetane Number 

Cetane number (CN) is a fuel property that indicates ignition characteristics (Benjumea 

et al., 2008), and fuel’s aromaticity (Graboski & Mccormick, 1998). A very low CN will 

reduce thermal performance (Sanjid et al., 2013), as a result of longer ignition delay which 

causes knocking and subsequently incomplete combustion and increased particular 

exhaust emission (PM) (Bhangale & kulkarni, 2017).  

PBXX Carbon Residue % (m/m)  
(In 10% distillation residue) 

Recovery rate (%) 

S-B100 25 70 
S-PB5 0.5 95 
S-PB15 20 70 
S-PB25 9.2 90.4 
P-B100 4 92 
P-PB5 0.5 96 
P-PB15 < 0.5 96 
P-PB25 0.5 80 
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Conversely, a higher cetane number makes combustion easier (Paulauskiene et al., 2019), 

thereby reducing the release of hydrocarbons, carbon monoxide (CO), nitrogen oxides 

(NOx), and sulfur oxides (SOx), which play a role in pollution reduction (Moradi et al., 

2013; Fidyayuningrum et al., 2020). Measuring CN can be expensive to conduct since 

Cooperative Fuel Research (CFR) engine, ignition Quality Tester (IQT) or Fuel Ignition 

Tester (FIT) would be required (Santos et al., 2013; Khadka, 2017). 

  

Therefore, a simple and reliable method using distillation temperatures and density was 

utilised (Fidyayuningrum et al., 2020). Such methods use equations 5.3 or 5.4 to obtain 

the Calculated Cetane Index (CCI) as shown in Table 5-2. S-B100 and P-B100 had CCI of 

46.35 and 46.98 according to ASTM D976 method in equation 5.3 which considers the 

middle distillation temperatures at 50% v/v and density. Therefore, the predicted CN were 

44.35 and 44.98 for S-B100 and P-B100 respectively.  

 

When the ASTM D4737 method presented in equation 5.4, the distillation temperatures 

at 10% v/v and 90% v/v were used, the obtained CCI and CN for P-B100 were 53.87 and 

51.87. As seen in Figure 5-3, there was a depletion of S-B100 at 90% v/v, therefore CCI 

and CN for S-B100 could not be calculated. The D4737 method showed more reliable 

values with regard to S-B100 and P-B100, since more temperature points of distillation 

curves were considered which were relatable to the values reported (Bamgboye & Hansen, 

2008; Benjumea et al., 2008; Saydut et al., 2010; Kumar et al., 2018). However, Hoekman 

et al., (2012), argued that no valid computerized method for reliable correlation between 

cetane index to CN was found. Nevertheless, engine fuels such as biodiesel need to auto-

ignite alone otherwise it will have poor running and difficulty during starting (Anitescu & 

Bruno, 2012). For that reason biodiesel normally has a good cetane number which is above 

40 (Bamgboye & Hansen, 2008; Abbaszaadeh et al., 2012; Hoekman et al., 2012), and 

according to American and European standards, the minimum CN should be 47 and 51 

respectively (Knothe, 2006; Saydut et al., 2010; Gopinath et al., 2015; Yogeeswara et al., 

2020).  

 

In the current study, produced biodiesel (P-B100) met the requirements set for CN 

according to ASTM D4737 method rather than D976 method. Some errors were 

encountered when calculating the CN for the blended fuels using D976 method, while in 

pure biodiesel this method gave the same CN values with petrodiesel fuel (40-55) (Tyson 

& McCormick, 2009). For this reason, D4737 technique was a preferred method of 

predicting CN through CCI, and was also found to be a reliable analysis technique by 
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Benjumea et al., (2008). In pure esters, it is expected that a high degree of unsaturated 

esters such as linoleic acid will reduce the CN while longer chains will increase the CN 

(Giakoumis, 2018). Therefore, palm biodiesel or methyl palmitate was expected to have a 

higher cetane number due to more carbon chain in fuel (Knothe, 2005; Rao & Chary, 2018), 

while sunflower biodiesel with more methyl linoleate will have a lower CN (Anitescu & 

Bruno, 2012; Folayan et al., 2019; Yaşar, 2020). This was confirmed in Table 5-2  where 

CN obtained from either D976 or D4737 methods were higher in palm biodiesel than 

sunflower biodiesel. Furthermore, biodiesel is composed of longer chained hydrocarbons 

(C14-C24) allowing the CN of biodiesel to be higher than petroleum fuels, which has 

shorter hydrocarbons i.e. petrol (C4-C12) (Saxena et al., 2013; Peng, 2017). 

  

Considering a study conducted by Zhong, et al., (2019), which reported the CN for petrol 

to be 14 while hydrogenated catalytic biodiesel CN of had 103.3. Adding petrol to biodiesel, 

with such high volatile fuel will reduce the CN in biodiesel blends. Normally, blends of 

biodiesel and petrodiesel up to B20 need to meet the minimum cetane index or CN of 40 

according to ASTM 7467 (Moser, 2009; Alleman et al., 2016). However, since petrol was 

blended with biodiesel as a new alternative fuel for petrol compression ignition engines, 

all blended fuels had values below the standard set for biodiesel and petrodiesel blends. 

Even if, these values obtained were low, they were still higher than that of pure petrol for 

instance, in P-PB5 and P-PB15 CN, the CN were 14.39 and 16.67 respectively. Also, the 

CN increased as the percentage of biodiesel added to the blends increased. Although, CN 

calculations can be carried out using methods mentioned above, Valente et al., (2011), 

suggested that since ASTM D4737 was established for petrodiesel, the method of 

calculating cetane index in biodiesel blended fuels should be further investigated. 

Moreover, a recommendation was given Chaichan, (2014), to use CN ignition improver in 

order to enhance the CN in the petrodiesel-biodiesel blends, since petrodiesel have CN of 

17. Overall, P-B100 will ignite quicker and easier than S-B100, and the lower CN in S-

B100 will cause higher carbon residue due to incomplete combustion is which evident in 

Table 5-1. 

 

Table 5-2. Calculated cetane index and predicted cetane number for biodiesel blends 

 

 ASTM D976-91 ASTM D4737-09 

BXX CCI CN-Predicted  CCI CN-Predicted 

S-B100 46.35 44.35 - - 

S-PB5 9.41 7.41 23.22 21.22 

S-PB15 9.19 7.19 - - 

S-PB25 -26.22 -28.22 12.87 10.87 
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P-B100 46.98 44.98 53.87 51.87 

P-PB5 -9.12 -11.12 16.39 14.39 

P-PB15 -10.47 -12.47 18.67 16.67 

P-PB25 -5.20 -7.20 - - 
 

5.3.5 Presence of Elemental Content  

As shown in Table 5-3 is analytical figures of important evaluation indicating a good 

correlation coefficient value (R2) for all elements for the set of standard solutions in the 

range of 0-24 mg/L was used. The R2 for all analytes were above 0.99 while Zn had 0.97. 

The high coefficient of determination (R2) represented good linearity (Chaves et al., 2010). 

This confirms that analytical calibration curves correlate the measured emission signal 

with the concentration of analytes standards (Avila Orozco et al., 2014). Also, a good R2 

show satisfactory standard calibration curves for analyzing the digested samples (Iqbal et 

al., 2010). 

 

Table 5-3. Analytical figures of merit for determination of elements by ICP-OES 

Analytes  
Line range 
(mg/L) 

Std.Error 
(mg/L) 

Correlation  
Coefficient 

Al 

0-24 

0.169 0.99961 
Ca 0.375 0.99809 
Cu 0.0797 0.99991 
Fe 0.374 0.99821 
K 0.184 0.99954 
Mg 0.139 0.99974 
Na 0.184 0.99954 
Zn 0.00288 - 24 1.43 0.97194 

 

5.3.5.1 Presence of Group I metal 

The concentrations of sodium (Na) in S-B100, P-B100 and P100 were 0.372 mg/kg, 0.430 

mg/kg, and 0.392 mg/kg respectively, while potassium (K) was absent in all samples as 

shown in Table 5-4. An increase in the concentration of Na in biodiesel-petrol blends 

(PBXX) was noticed with 0.800 mg/kg, 1.057 mg/kg, and 0.804 mg/kg in S-PB5, S-PB15, 

S-PB25. The concentration of Na in palm biodiesel-petrol blends (PBXX) in P-PB5, P-

PB15, P-PB25 was also determined to be and 0.917 mg/kg, 0.784 mg/kg, and 1.224 mg/kg 

respectively. According to standards set by ASTM D6751 and EN 14214 a maximum set 

limit for Na+K and Ca+Mg is 5 mg/kg (Hoekman et al., 2012). All biodiesel and the blended 

fuels in this study met the Na+K specification. With an increase in biodiesel content the 

concentrations of Na were observed to increase in all blends, having a concave downward 

shape for S-PBXX and concave upwards shape in P-PBXX. According to Table 5-4, Na was 

present in both biodiesel and petrol, and with studies by De Jesus et al., (2008) and Avila 
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Orozco et al., (2014), reporting that Na, K, Ca, and Mg will appear in the biodiesel during 

the production phase, it was evident that blending increased the concentration of Na. It is 

important for these metals to be kept below standards set for biodiesel and its blends since 

a high concentration of these metals can results in the formation of deposits within the 

engine which is undesirable (Iqbal et al., 2010). 

 

Table 5-4. Content of K and Na in biodiesel and its blends 
 

 
Sunflower biodiesel-petrol 
blends  Palm biodiesel-petrol blends  Petrol 

Elements 
S-
B100 

S-
PB5 S-PB15 S-PB25 P-B100 P-PB5 

P-
PB15 P-PB25 P100 

K (mg/kg) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Na 
(mg/kg) 0.372 0.800 1.057 0.803 0.430 0.917 0.784 1.224 0.392 
K+Na 
(mg/kg) 0.372 0.800 1.057 0.803 0.430 0.917 0.784 1.224 0.392 

 

5.3.5.2 Presence of Group II metal 

In Table 5-5, the concentration of calcium (Ca) with magnesium (Mg) in S-B100 and P-

B100 were observed to be 31.357 mg/kg and 26.683 mg/kg respectively. For the blended 

fuels, a linear increase in the concentrations of Ca was observed as biodiesel content in S-

PB5, S-PB15, and S-PB25 increased with values of 23.178 mg/kg, 27.491 mg/kg, and 

34.657 mg/kg. While P-PB5, P-PB15 and P-PB25 had a linear increase in the Ca 

concentration with increased biodiesel content of 33.309 mg/kg, 35.571 mg/kg and 34.314 

mg/kg. This linear increase was also obtained for Mg across all biodiesel-petrol blends. 

The presence of these metals did not occur in petrol, it was therefore evident that blending 

petrol with biodiesel led to a significant reduction in both Ca and Mg concentrations. The 

limits set for Ca and K concentration in biodiesel was 5 mg/kg and as observed in Table 5-

5. Below, as all PBXX were above the specified limit set in EN 14213 and ASTM D6751 

(Barabas & Todoru, 2011; Alleman et al., 2013). This could have been attributed by the 

(CaO/Al2O3) catalyst used in the synthesis of biodiesel or some left during the purification 

stage and hence, having an increase in Ca and Mg concentrations in the biodiesel and the 

blended fuels (Nogueira & Lucio, 2011). Also, Ca and Mg could have been absorbed during 

the cleaning process (Lyra et al., 2010). A high concentration of Ca cause pollution in the 

air once combusted (Chaves et al., 2011), which then may form undesirable compounds 

leading to engine malfunctioning and reducing fuel stability (Avila Orozco et al., 2014). 
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Table 5-5. Content of Ca and Mg in biodiesel and its blends 
 

 
Sunflower biodiesel-petrol 
blends  Palm biodiesel-petrol blends  Petrol 

Elements S-B100 S-PB5 
S-
PB15 

S-
PB25 

P-
B100 P-PB5 

P-
PB15 

P-
PB25 P100 

Ca 
(mg/kg) 31.216 23.178 27.491 34.657 26.683 33.309 35.571 34.314 0.000 
Mg 
(mg/kg) 0.141 0.019 0.063 0.132 0.302 0.043 0.199 0.247 0.000 
Ca+Mg 
(mg/kg) 31.357 23.197 27.554 34.789 26.985 33.352 35.770 34.561 0.000 

 

5.3.5.3 Presence of Phosphorus  

Figure 5-5 shows phosphorus (P) concentrations in biodiesel-petrol blends, S-B100, P-B100 

and petrol (P100) had concentrations of 9.29 mg/kg and 10.10 mg/kg and 9.75 mg/kg 

respectively. The EN 14107 and ASTM D4951 set the P limit in biodiesel to be 10 mg/kg 

(Knothe, 2006; Alleman et al., 2016), S-B100 passed the test while P-B100 was slightly 

above the specified limit. In biodiesel-petrol blends, the lower value was only noticed in 

SB25, while in other blends there was an increase in P concentration as the biodiesel 

content was increased. Since there was P present in P100 and B100, blending these two 

fuels resulted in an increased concentration of P in the blended fuels. The P level amongst 

blended fuels of PB5 and PB15 did not change much except in PB25, this can be supported 

by a conclusion drawn by a research of Southwest Research Institute which reported that 

no significant change was found in P for biodiesel blends (Fernando et al., 2007). 

Nevertheless, it was reported by Iqbal et al., (2010), that the presence of P was due to its 

initial feedstock, which showed that waste palm oil had more P concentration than waste 

sunflower oil (Simbi et al., 2021). The high presence of P has a negative impact on the 

engine, it can cause the formation of deposits within the engine which can damage the 

ability of after-treatment systems (Lyra et al., 2009). Also, studies by Iqbal et al., (2010) 

and Korn et al., (2010), reported that presence of high P can be poisonous to catalytic the 

converters of petrodiesel engines, which will emit high level of CO, CO2 and SO2. 
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Figure 5-5. Phosphorus concentration in biodiesel and petrol blends 
 

5.3.5.4 Presence of Sulfur 

Figure 5-6 illustrates sulfur (S) content in PBXX, 4 mg/kg and 6 mg/kg concentrations 

were obtained in S-B100 and P-B100, and in S-PB5, S-PB15, and S-PB25 various S 

concentrations of 14.50 mg/kg, 18.70 mg/kg and 20.90 mg/kg were determined 

respectively. While in P-PB5, P-PB15, and P-PB25, S concentration of 18.60 mg/kg, 34.30 

mg/kg and 17.90 mg/kg were also determined. Also, decrease in the S concentration was 

observed in P-PBXX as the biodiesel content was increased in P-PB5 to P-B100 except in 

P-PB15. On other hand, in S-PBXX, S content increased linearly from in S-PB5, S-PB15, 

and S-PB25, with a subsequent decreased in S-B100. Normally, in biodiesel-petrodiesel 

blends, S content decrease with an increase in biodiesel content (Qi & Lee, 2014). This was 

achieved in P-PBXX with slight deviation in P-PB15. In biodiesel, a maximum limit set 

for sulfur was 10 mg/kg according to EN ISO 20884 and ASTM D5453 (Knothe, 2006; de 

Goede et al., 2015), while for biodiesel-petrodiesel blends, up to 20% of biodiesel (B20) a 

maximum 15 mg/kg of S was allowed (McCormick & Westbrook, 2010).  

 

Both biodiesels met the standard specifications with low S content obtained, and in PBXX, 

only S-PB5 met standard set for blended biodiesel while other blends failed this test 

because of higher content of S in petrol as compared to biodiesel. Even though, S found in 

petrol was below 10 mg/kg which was supported by a similar finding by Han et al., (2011), 

and in the study by Zhong (2019), they reported increased S content in blended fuels. 
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However, blended fuels showed characteristics of fuels needed for ultra-low emission 

vehicle (ULEV) and low emission vehicle (LEV) in the United States which are under 

category 3 of gasoline and petrodiesel. The specification for this category is a maximum S 

concentration of 50 mg/kg and 30 mg/kg for petrol and petrodiesel respectively (Worldwide 

Fuel Charters, 2019). High S content can negatively affect emission-control system 

performance and the environment (Ramadhas et al., 2006). Therefore, the low S content 

in the biodiesel helps in reducting engine wear and exhaust emissions (Valente et al., 

2011). 

 

 

Figure 5-6. Sulfur concentration in biodiesel and petrol blends 
 

5.3.5.5 Presence of Minor Elements (Al, Cu, Fe and Zn) 

As observed in Figure 5-7, Copper (Cu) was absent in all B100 and PBXX, but only 0.212 

mg/kg of Cu was noticed in PB25. Also, it was noticed that the concentration of iron (Fe) 

in the PBXX was the highest amongst other elements followed by zinc (Zn) then finally 

aluminium (Al) as depicted by Figure 5-7. Although, all these trivial concentrations were 

below the standard limit allowed in biodiesel, blending increased the elemental content. 

Metals in fuel can lead to mechanical problems within the engine due to deposits cause by 

corrosion (Pillay et al., 2012), and they can result in environmental pollution (Sánchez et 

al., 2015). Moreover, it was reported that oxidation stability of alkyl esters was reduced 

by the increased in Cu, Fe, Ni, and Sn, with Fe being a very effective hydroperoxides 

decomposer (Lobo et al., 2009). This can be explained by the catalytic effects of these 

metals in the auto-oxidation of oils as a result of rancidity (Garrido et al., 1994).  



  

132

 

 

Figure 5-7. Minor elements in biodiesel and petrol blends 
 

5.3.6 Effect of Oxidation Stability 

Figure 5-8 shows the obtained oxidation stability (OS) of B100 and PBXX as indicated by 

induction period (IP) in hour (h). The IP values for S-PB5, S-PB15, S-PB25 and S-B100 

were observed to be 7.19 h, 6.5 h, 3.98 h and 4.2 h respectively. While in P-PB5, P-PB15, 

P-PB25 and P-B100, the IP values of 24.09 h, 21.45 h, 17.22 h and 17.43 h were also 

observed. Increase in biodiesel content within blended biodiesels resulted in decreased IP 

which indicated a drop of OS and by increasing petrol content, OS was enhanced. Low OS 

in biodiesel is caused by the presence of unsaturated fatty acids found in biodiesel as 

compared to petrodiesel. These acids facilitate the increased chance of the fuel reacting 

with air, temperature, metal ions. Furthermore, the storage time and exposure to 

ultraviolet or visible light in biodiesel can increase the oxidation (Ng et al., 2010; Abedin 

et al., 2014; Lanjekar & Deshmukh, 2016). Also, natural antioxidants found in vegetable 

oils play a role in varying OS of different oils (McCormick & Westbrook, 2010). 

  

Karavalakis et al., (2010), reported an increase in biodiesel blends with decreased OS, 

because of the increased presence of linolenic and linoleic acids. However, both biodiesels 

met the 3 h minimum requirement set by the ASTM D5761, with P-B100 exceptionally 

surpassing the 6 h minimum set by EN 14112 (Ramadhas et al., 2006; Karavalakis et al., 

2010; Sanjid et al., 2013). In the study conducted by de Goede et al., (2015), they reported 
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that the number of double bonds and the position influence the rate of oxidation, with OS 

decreasing in order of oleic >> linoleic > linolenic. This was the reason palm biodiesel was 

highly saturated with more OS than sunflower biodiesel which has more double bonds. 

This was also confirmed by Simbi et al., (2021), with an expected superior OS of methyl 

esters in palm biodiesel (Giakoumis, 2018). Similarly, in the reports by Benjumea et al., 

(2011) and Baena & Calderón, (2020), they noticed a higher oxidation stability of 12.83 h 

in palm biodiesel in their various studies. Also, Sarin et al., (2007), reported oxidation 

stability of 18 h in palm biodiesel when Rancimat equipment was used with heating to 

temperature of 100 ⁰C and with a further increase in the temperature to 110 ⁰C, a decrease 

in OS was obtained at 13.37 h with palm biodiesel from 18 h. According to ASTM D525, a 

minimum OS of 8 h must be met for petrol (Worldwide Fuel Charters, 2019). Therefore, 

by adding biodiesel to petrol, an increment in OS of biodiesel-petrol blends was observed. 

Since oxidation is inversely proportional to an increase in the percentage of biodiesel (Jain 

& Sharma, 2011), due to the presence of high unsaturated fatty acids (Jain & Sharma, 

2010b). A minimum of 20 h OS was required according to IS 15607 D590 for biodiesel 

blends (Dwivedi & Sharma, 2014; Jain & Sharma, 2014), while in EN14112 specification 

6 h minimum is required in biodiesel blended fuels (Hoekman et al., 2012; Silitonga et al., 

2013). Therefore, biodiesel-petrol blends of S-PB5 and S-PB15 met the EN 14112 

standardisation, while all P-PBXX met the EN 14112, with P-PB5 and P-PB15 passing 

the IS 15607 standard for blended fuels. 

 

 

Figure 5-8. Change in oxidation stability in biodiesel and petrol blends 
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5.3.7 Effect of Viscosity  

According to Figure 5-9, the viscosity of P-B100 was found to be 11.1 mm2/s and S-B100 

was 6 mm2/s. The viscosity obtained for P-B100 was higher than 7.7 mm2/s from the results 

of the study by Yogeeswara et al., (2020), in biodiesel produced form waste frying palm oil, 

and with the 6.01 mm2/s reported by Bukkarapu et al., (2018), for biodiesel produced from 

neat palm oil. While an improvement in the viscosity of S-B100 in this study when 

compared with the results reported by Hossain & Boyce, (2009), when biodiesel was 

produced from pure and waste sunflower oil having 5.8 mm2/s and 9.5 mm2/s respectively. 

Additionally, a study by Santos et al., (2013), reported a high viscosity of 6.3 mm2/s in 

sunflower methyl ester. Even though, S-B100 did not meet the specification set for EN 

14214 as it is greater than the range of 3.5-5 mm2/s, the obtained viscosity was in range of  

1.9-6 mm2/s limit set in ASTM D7651 (Yang et al., 2016). 

  

Also, Knothe, (2006), suggested that the maximum limit of 5 mm2/s should exclude 

biodiesels produced from frying oils since they have a high amount of trans fatty acids and 

which less unsaturated. Hence, waste palm oil has more saturated fatty acids than waste 

sunflower oil (Simbi et al., 2021), which justifies their high viscosity. There is a huge 

relationship between viscosity and density, as the viscosity increases with increased 

volume fraction of biodiesel (Ghazanfari et al., 2017; Moradi et al., 2013). The relationship 

between density and viscosity was supported by Parikh, (2014), in palm biodiesel having 

a density of 0.876 g/cm3 corresponded with 4.8 mm2/s as it increased to 0.882 g/cm3 the 

viscosity changed to 7.01 mm2/s (Kumar & Sharma, 2016). Also, noticeably problems at 

lower temperature conditions such as cold start issues can appear since it increases with 

a decrease in temperature (Joshi & Pegg, 2007; Hoekman et al., 2012). 

 

In Figure 5-9, it was observed below that petrol had an extremely low viscosity of 0.7 mm2/s 

as compared to biodiesel. Similar, Chaichan, (2014), reported the viscosity of petrol to be 

as low as 0.44 mm2/s and Bao et al., (2014), reported 0.735 mm2/s as the viscosity of petrol. 

Therefore, with the blending of petrol and biodiesel, it is expected that the viscosity of the 

blends will be less than that of pure biodiesel. Also noticed was the petrol decrease in 

viscosity when the percentage of biodiesel in the blends was decreased and petrol 

percentage was increased. This is preferred in compression ignition engines since it 

renders easier fuel movements allowing faster atomization and lower ignition delay 

(Alptekin & Canakci, 2008; Giakoumis, 2018; Gad & Ismail, 2021). 
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According to D455 of ASTM D7467, viscosity of biodiesel-petrol blends up to 20% biodiesel 

content should range between 1.9-4.1 mm2/s (Moser, 2009), while no limit has been set for 

biodiesel-petrol blends of low viscosity, which is necessary for better atomization (Chen et 

al., 2018). Viscosity values of PB5, PB15, and PB25 are in order of magnitude with 

increased viscosity than original pure petrol. PB25 representing a better blend with 1.2 

mm2/s and 1.6 mm2/s for S-PB25 and P-PB25 respectively which is close to the limit set in 

ASTM D7467 (Moser, 2009; Jain & Sharma, 2014).  

 

 

Figure 5-9. Viscosity at 40 ⁰C of biodiesel and petrol blends 
 

5.3.8 Effect of Moisture Content  

As shown in Figure 5-10 is the determined moisture content in S-B100 and P-B100 which 

were 0.050 and 0.055 % volume (vol.%) respectively. Also, the determined moisture content 

for S-PBXX of S-PB5, S-PB15, and S-PB25 were 0.020, 0.030 and 0.040 vol.% while in P-

PBXX of P-PB5, P-PB15, and P-PB25, the moisture content observed were 0.031, 0.035 

and 0.050 vol.% respectively. According to EN 14214 and ASTM D6751 standards, the 

maximum moisture limit for pure biodiesel is 500 mg/kg or 0.05 vol.% (Joshi & Pegg, 2007 

Alptekin & Canakci, 2008; Aisyah et al., 2019), and in biodiesel blends the limit set at 0.05 

vol.% according to ASTM D7467 or EN ISO 12937 standards (Moser, 2009). Gumahin et 

al., (2019), reported that the chances of biodiesel absorbing moisture is 6.5 times higher 

than petrodiesel even if there is constant relative humidity, this is due to the presence of 

ester bonds within biodiesel. Therefore, when comparing the moisture contents of petrol 

and biodiesel, it is clear that that biodiesel moisture content was approximately 5.5 times 
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higher than that of petrol. Another way to evaluate the presence of moisture content in 

biodiesel is the indication of its high acidity (Cavalheiro et al., 2020). Observation of the 

high acidity in P-B100 and P-PBXX as seen in Figure 5-1 correspond with the higher 

moisture contents of P-PBXX as compared to S-PBXX in Figure 5-10, which shows a 

correlation of moisture content and acidity. In reducing the moisture content of biodiesel, 

blending it with petrol will reduce the hydrophilicity of biodiesel since petrol had a 

moisture content of 0.01 vol.% (McCormick & Westbrook, 2010). Even though, P-B100 had 

a moisture content that was above the limit set for biodiesel, the addition of petrol led to 

a lowered moisture content, therefore improvement with the blended fuels were observed 

(P-PBXX and S-PBXX), meeting specifications set for blends. As reported by Baena & 

Calderón, (2020), blending created mixtures with a lower absorption capacity. It is 

essential to evaluate moisture content within fuels in order to avoid microbial growth 

during storage as this enhances degradation (Knothe, 2006), causing low heating value 

(Aisyah et al., 2019), and would result in re-processing of the fuel (Fregolente et al., 2015).  

 

 

Figure 5-10. Moisture content in biodiesel and petrol blends 
 

5.4 Conclusions 

In conclusion, blending sunflower and palm biodiesel with petrol resulted in blended fuels 

that have improved characteristics compared to pure biodiesel or petrol which met 

standard specifications set for biodiesel and petrodiesel blends. By adding petrol, the acid 
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number, density, volatility, cetane number, viscosity, moisture content, carbon residue 

and harmful metals were lowered while oxidation stability was enhanced. S-PBXX showed 

lower acid number and more energy due to higher density and were more viscous than P-

PBXX. While these properties seemed to correlate with each other i.e., acidity and 

moisture content, density and viscosity, an increase in values were observed for these 

properties as the percentage of biodiesel content is elevated within the blends, owing to 

the structural properties of esters present. High degree of unsaturation found in S-B100 

resulted in more chances for the formation of total hydrocarbons, depletion at 80% v/v, 

with more carbon residues, and subsequently longer ignition delay for S-PBXX. On other 

hand, P-B100 portrayed a quicker and easier cold start and warm up after ASTM D4737-

09 was found to be a reliable method for obtaining cetane number. Therefore, P-PBXX 

showed better performance with characteristics of a good cold start, with an exceptional 

oxidation stability as compared to S-PBXX due to the longer chain length of esters in P-

B100. Addition of petrol to biodiesel was noticed to increase the concentration of S, P, and 

some minor elements. Blending biodiesel with petrol, Ca+Mg metals and moisture content 

were reduced significantly.  
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Abstract 

The fundamental nature of biodiesel makes it more susceptible to degradation over time, 

than petroleum fuels. Apart from light, temperature and exposure to air, the fuel’s contact 

with metals is one great factor used to access the corrosiveness so as to evaluating the 

effectiveness and sustainability of the fuel. The present study aims at investigating the 

behaviour effect of copper, iron, and zinc in both sunflower and palm biodiesels and their 

blends with petrol. Various metal powders of these metals in concentrations of 2, 100, 

300, 500, and 700 ppm were immersed into the biodiesel and the blended fuel at 

temperatures of 25-27 C for 24-48 h. Results show that the biodiesel type played a role 

in varying corrosiveness. Metals were observed to decrease the fuel quality of viscosity 

and oxidation stability, while density, acidity, volatility, and particulate were increased. 

Corrosion was increased with increase in metal concentration intensification, with Fe 

oxidised pure biodiesels the most, while Cu had a huge influenced on the blended fuels. 

Other properties such as viscosity, flash point, density was generally negatively affected 

the sequential order of Cu > Fe > Zn in palm blended fuels and in sunflower blended fuels 

Fe > Cu > Zn 

 

Keywords: copper; corrosion; exposure; immersion; Rancimat; iron; zinc 

 

6.1 Introduction  

The international energy agency estimated that, by 2025 that the global energy utilisation 

will grow nearly by 42% (Aalam & Saravanan, 2017). Currently, the major issue for the 

transportation sector is fossil fuels energy supply and the overall global energy 

consumption share from 20120-2040 will be equivalent to 63% (Mahmudul et al., 2017). It 

is not surprising that the demand is excepted to have an annual rise of 1.1% in response 

to the escalation of the motor industry ( Jabade et al., 2020; Subramaniam et al., 2013) 

and population growth (Verma & Sharma, 2015). Moreover, petroleum reserves, are finite 

(Peng, 2017). Upsurge in fuel prices are foreseeable (Bergthorson & Thomson, 2015) as 

these reserves are predicted to last for 218, 41 and 63 years for coal, oil and natural gas 

respectively (Rao & Ramakrishna , 2015).  

 

The exploitation of fossil fuels has destructive impact on humans, the environment as well 

as causing air and noise pollution in addition to climate change. The survey and extraction 

of these fossil fuels cause physiological impacts and disrupt species’ behaviour, directly 
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and indirectly affecting biodiversity via conversion, degradation, contamination, or 

disruption of the environment at sites of extraction, increase right to use for hunters, 

loggers, farmers, and settlements. The increasing energy demand, rising crude oil price, 

worldwide warming owing to greenhouse gases (GHG) release, ecological contamination 

and the swift decreasing fossil fuel supply are the key reasons why there is a huge search 

for unconventional energy sources which are ecofriendly, feasible and readily available. 

Some of these outstanding unconventional energy sources which are efficient to substitute 

for fossil fuels are solar, biofuel, energy from wind and water. Also, due to the decreasing 

petroleum resources and the environmental impact of petroleum-fueled engines emission, 

the development of other fuels for petrodiesel engines are ever more important (Meher et 

al., 2006; Abbaszaadeh et al., 2012; Harfoot et al., 2018; Nguyen & Vu, 2019). 

  

The use of biomass in generating energy has potential for environmental conservation and 

future energy security (Börjesson et al., 2014; Malvade & Satpute, 2013). Renewable 

energy makes about 11% of total final energy consumption of which the transport sector 

holds 3.3% (REN21, 2017). In line with sustainable development, for a rapid growth to 

occur, biofuels production for the transportation sector should have an annual growth of 

at least 10% by 2030 (Ersson et al., 2013). Even though, biodiesel plants cost less than 

petrodiesel refinery plants, in 2018, the biodiesel production cost was 3.77 $/gallon in the 

US, while petrodiesel was 2.56 $/gallon (El-gharabawy, 2017), hence, setting constant 

production cost higher than market prices (Amigun, 2008; Huang, 2016). Therefore, in 

securing their economic feasibility and market competitiveness there is a need for 

considerable incentives through subsidy mechanisms and biodiesel policies are necessary 

(South Africa, 2020). 

 

Based on the similarities in fuel properties between biodiesel and petrodiesel, biodiesel is 

a promising and suitable biofuel in replacing petroleum fuels, with the increased oxygen 

contents of 11% which will allow for a smoother combustion, reduced energy content and 

polarity (Abbaszaadeh et al., 2012; Prabakaran & Vijayabalan, 2018). Furthermore, 

enhanced fuel quality is produced when blended with petrol, by achieving complete 

combustion subsequently lowering CO, HC, NOx emissions and intake temperature 

requirements on petrol compression ignition engines (Peng, 2017; Zhong, et al., 2019). 

Blending biodiesel with petrol improves its atomization behaviour by promoting better air-

fuel mixing (Lee et al., 2017; Kanti et al., 2018). 

  

In the work of Adam et al., (2013), they investigated the combustion effects of adding 5 

and 10% biodiesel to petrol, used in a single-cylinder, direct injection, light-duty 
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petrodiesel engine. The study showed a reduction in ignition delay as indicated by 

increased cetane number and a reduced intake temperature was required, as compared to 

pure petrol. Moreover, high nitrogen oxides and particulate matter were emitted by 

compression ignition engines due to high combustion temperature, fuel-rich of oxygen, and 

reaction time (Hellier & Ladommatos, 2015; Sharma et al., 2020). By blending petrol with 

biodiesel, a low temperature compression can be achieved solving ignition problems 

(Zhong, et al., 2019; Zhong et al., 2021). 

 

Nevertheless, petrol, petrodiesel and stationary combustion processes release high levels 

of particulate matter into the atmosphere when ignited, these discharged metals are 

responsible for various diseases (Rocha & Corrêa, 2018), some are devastating to the 

environment, and others trigger engine malfunctioning (Elkadi et al., 2014). Therefore, to 

avoid engine failure or environmental pollution, a continuous evaluation and examination 

of sediments within fuels whether in pure biodiesel or in the blended fuel is essential (Iqbal 

et al., 2010; Ruzinska et al., 2015). Corrosion within biodiesel is mainly caused by its 

component nature, compositions and place of growth of the feedstock (Qiu et al., 2011; 

Nguyen & Vu, 2019). Metals and metalloids are taken up in raw materials used for the 

manufacturing process or will accumulate overtime during storage (Garrido et al., 1994; 

Sánchez et al., 2015). Also, metallic tanks and containers such as stainless steel and 

aluminium are normally used for storage (Zuleta et al., 2012; Komariah et al., 2019), and 

fuel will be in direct contact with engine parts made of copper (Cu), aluminium (Al) or 

brass such as the fuel pump, fuel injector, pistons and piston rings (copper-rich alloy) and 

bronze (Zuleta et al., 2012). Nogueira & Lucio, (2011), reported that undesired compounds 

such as copper (Cu) will eventually contribute to degradation and contamination within 

engines while Iqbal et al., (2010), observed a lower fuel quality and engine, caused by 

exposure to these compounds. Also, Yeşilyurt et al. (2019), reported presence of Cu in 

biodiesel resulted in oxidation and consequent degradation. Furthermore, a study 

conducted by Chaves et al., (2010), reported that the stability of biodiesel through 

oxidation was affected by Cu, Fe, Zn  along with Ni and Sn.  

 

Studies conducted by Jain & Sharma (2014), confirmed that an increase in the 

concentration of metals decreased oxidation stability of non-edible biodiesel and its blends 

which was impacted by Fe, Ni, Mn, Co, and Cu metals. It was also reported that oxidation 

stability became constant after 2 ppm of metal concentration was added to the biodiesel 

and metals of less influence in the oxidation instability were in order of Fe < Ni < Mn < 

Co < Cu in both pure and blended biodiesel (Jain & Sharma, 2014). This was also 

supported by Dwivedi & Sharma, (2014) study, where it was reported that exposure of Cu 
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to biodiesel decreased oxidation stability suggesting that Al and cast-iron containers were 

best for storage and transportation use. While, Fazal et al (2018), concluded that lower 

blends of biodiesel are more sustainable than high blends or pure biodiesel with high 

corrosiveness caused by Cu in biodiesel and blends than in petrodiesel, reducing oxidation 

stability and density significantly. In a review by Singh et al (2012), biodiesel was reported 

to be associated with more corrosion than petrodiesel and blends in compression ignition 

(CI) engines which is stimulated by contact with temperature, water content, microbial 

growth or presence of unsaturated fatty acids in feedstocks. Luis et al., (2021), thereafter 

concluded that Cu was more receptive to corrosion and degradation in biodiesel-

petrodiesel blends as compared to steel or Al. Consequently, storage conditions play a huge 

role in contamination and corrosion and lead to reduced efficiency (Komariah et al., 2021), 

with Cu and lead (Pb) being the most effective metals (Sentanuhady et al., 2021). 

  

On the other hand, the corrosiveness of metallic materials made of steel, Al, Zn and Cu 

exposed to ethanol-petrol blends have a relation with acidity and absorption of moisture 

which decreases with an increase in ethanol content (Matějovsky et al., 2017; Rocabruno-

valdés et al., 2020). Additionally, the use of petrol combustion ignition engines reduces 

pollution while maintaining high thermal efficiencies (Putrasari & Lim, 2017b). Therefore, 

the use of blended petrol-biodiesel on petrol compression ignition engines will have a 

significant role in combustion and emissions characteristics (Cory A. Adams et al., 2013; 

Zhang et al., 2019). Although some studies have evaluated the effect of metal corrosiveness 

on biodiesel-petrodiesel blends and ethanol-petrol blends, to the author’s knowledge, there 

are no previous investigations reported in literature, dealing with the effect of metal 

contents on the long-time storage and the qualities of biodiesel-petrol blended fuels i.e., 

viscosity, density, flash point (FP)  

 

6.2 Materials and Methods  

6.2.1 Materials 

100% biodiesel (B100) of palm, sunflower, and their blends with petrol in different ratios 

of 5 % biodiesel 95% petrol, 15% biodiesel 85% petrol, and 25% biodiesel 75% petrol (PB5, 

PB15, PB25) were prepared at Cape Peninsula University of Technology oil and gas 

laboratory (Bellville, Cape Town), demineralised water (MillQ, Molsheim, France) was 

obtained at food science and technology laboratory at Cape Peninsula University of 

Technology (Bellville, Cape Town). While acetone and ethanol were purchased ((> 99,5%)) 

from Sigma-Aldrich, South Africa. Metals such as iron (> 99,9%), zinc (98%) and Cu 



  

156

(99,3%) added to the biodiesel and biodiesel-petrol blends were obtained from Merck, 

South Africa; and AERONTEC, South Africa). 

 

6.2.2 Methodology  

Before testing, samples were exposed to metal powders of Cu, Fe and Zn for 24 hours (h) 

for proper mixing. A Rancimat 743 (Metrohm, Hersau, Switzerland) was utilised in this 

study to determine the effect of metals on the oxidation stability of biodiesel and its blends 

with petrol as described in EN 14112 (NREL, 2005; Karavalakis et al., 2010). The 

equipment was heated at a constant temperature of 110 °C. The air tubing connected with 

O-ring was placed inside the reaction vessel containing 4 g of sample and a measuring 

vessel with 60 mL of demineralised water, which was linked together with FEP tubing 

adapters and properly inserted in the instrument. With the heating unit suitable 

temperature stable at 111.6 °C, the system was initiated, and air at rate flowing at rate of 

10 L h-1 was bubbled into the first cell containing the sample. Thereafter, air and vapours 

liberated from the first cell were transported to the second cell which was closely fitted 

with an electrode that measured conductivity. Over time, as a rapid increase in 

conductivity was observed, and the induction period was reached which was indicative of 

oxidation stability. 

 

6.3 Results and Discussions  

6.3.1 Effect of Cu, Zn and Fe Metals on the Oxidation Stability of Palm and 
Sunflower Biodiesel-Petrol Blends 

Figure 6-1 shows the degradation of metal contents in biodiesel with different fatty acids 

composition by Rancimat method of EN 14112 specification with sample held at a 

temperature of 110 °C. From the obtained result, it is clear that all metal contaminants 

influenced and promoted oxidation in palm and sunflower biodiesels (P-B100, S-B100), 

with a greater pronounced effect for the palm biodiesel, these metals initiate the formation 

of free radicals (Kivevele, 2020). The oxidation was drastically increased by Fe than by Cu 

or Zn in both biodiesels. This was strongly pronounced at concentrations >100 ppm, while 

Cu showed a significant influence at >2 ppm in palm biodiesel. In sunflower biodiesel a 

gradual reduction in the induction period was observed all through to 700 ppm. In contrast 

to the results reported in this study, Cu was reported to reduce oxidation stability more 

than Fe or Zn from previous researchers and the induction period was constant after 2 

ppm (Shiotani & Goto, 2007; Sarin et al., 2010; Jain & Sharma, 2014; Knothe & Steidley, 

2018).  
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In the current study Fe was observed to have the most harmful effect and appeared 

constant only after 500 ppm for both biodiesels, this constant after 500 ppm was also 

observed for Zn in S-B100. In studies by Shiotani & Goto, (2007); Fazal et al., (2018) and 

Nguyen & Vu, (2019), P-B100 proved to degrade more and was found to have the most 

corrosiveness. It was also observed that metals corrosiveness in S-B100 was mostly 

impacted by Fe followed by Zn and Cu. However, at concentration of 700 ppm, Cu 

surpassed other metals in terms of reducing the oxidation stability (Figure 6-1). For P-

B100, the addition of concentration of metal (< 100 ppm) resulted in Cu having more 

degradation followed by Zn and Fe, but with further increase in metal the concentration 

above 300 ppm, Fe was found to be more fuel degrading followed by Cu and Zn. This is 

supported by previous studies (Baena & Calderón, 2020; Sentanuhady et al., 2021), which 

reported that Cu was the most metal prone to corrosion in biodiesel from other metals. 

While Shiotani & Goto, (2007), also found Cu had more oxidisation degradation followed 

by tin (Sn), Fe, Zn and Al in palm biodiesel. Thangavelu et al., (2016), reported in their 

study that Cu had a higher corrosion rate than Al and stainless steel in that order. 

Investigation by Hu et al, (Hu et al., 2012) also reported that corrosion  in biodiesel from 

rapeseed oil was in the order of stainless Cu > carbon steel > Al > stainless steel. In the 

study by Fazal et al., (2012),  it was discovered that palm biodiesel degraded in the order 

of Cu > brass > Al > cast Fe. Furthermore, a study by Komariah et al., (2021) who 

investigated the corrosive behaviour of different steel materials for 30 days, which are 

mainly Fe, and found that in stainless steel corrosion was localised while mild and 

galvanised steels were generalised.  

 

 

Figure 6-1. Changes in oxidation stability on sunflower and palm biodiesel at different 

concentrations of metal-contamination. 
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Figure 6-2 to Figure 6-4 depict the influence of Cu, Fe and Zn on metals oxidation stability 

of sunflower biodiesel-petrol blends (S-PBXX) and palm biodiesel-petrol blends (P-PBXX) 

namely S-PB5, S-PB15, S-PB25, P-PB5, P-PB15 and P-PB25. The reduction of the 

induction period and consequent oxidation instability was in the order of magnitude with 

increased metal concentrations and biodiesel contents. Cu demonstrated surpassing 

depletion in induction period for almost all metal concentrations in both biodiesel-petrol 

blends (PBXX) with stronger influence within P-PBXX from as low as 2 ppm. Cu was 

observed to reduce the oxidation stability from 24.09 h, 21.45 h and 17.22 h to 5.14 h, 4.98 

h and 9.61 h in P-PB5, P-PB15 and P-PB25 respectively. This decrease continued 

gradually as the concentration of Cu metal increased and not attaining the minimum 

requirement of 20 h set for biodiesel blends. However, as the biodiesel content within the 

blends increases, the effect in reduction was lessened. Although, S-PBXX portrayed 

gradual depletion in induction period as metal content increased, the oxidation stability 

decreased the higher the biodiesel content got (Figure 6-4). The next element that had a 

significant impact on the oxidation as biodiesel content increased was Zn in P-PBXX and 

Fe in S-PBXX (Figure 6-2 and Figure 6-4). Nevertheless, their influence was below that of 

Cu with relative steadiness after the concentrations were increased from 2 ppm to 500 

ppm which was as specifically noticed in Fe (Figure 6-2 and Figure 6-3) and with the 

exception of Zn from 300 ppm onwards. 

  

Moreover, in PB5 and PB15, it was observed that as the metal concentration approached 

700 ppm, the effect of reduced induction period became constant in P-PBXX and S-PBXX 

while in PB25 they continued to decrease (Figure 6-4). According to Jain & Sharma, (2014) 

study, in biodiesel-petrodiesel blends, it was reported that Cu metal had the most impact 

in decreasing induction period, with corrosion of metals increasing with increasing order 

of biodiesel content and as a result, biodiesel was more prone to oxidation than petrodiesel 

(Cursaru et al., 2014; Nguyen & Vu, 2019). On the other hand, in ethanol-petrol blends, 

increased oxidation corrosion was observed to be more in  Al, than in mild steel, Cu and 

brass (Matějovský et al., 2018 & Brito-Franco et al., 2020). Setiyo et al., (2018), after 

studying the effect of ethanol on fuel tanks, suggested that fuel tanks made of steel 

(Fe_U100) have good corrosion resistance. While Thangavelu et al., (2016), reported that 

the corrosiveness was in order of Al < mild steel < Cu in biodiesel-petrodiesel-ethanol 

blends. In conclusion, oxidation was greatly influenced by Fe in pure biodiesel, while Cu 

was very effective in reducing oxidation stability in biodiesel-petrol blends. In P-PBXX, 

the order of corrosiveness was Cu > Zn > Fe and in S-PBXX Cu > Fe > Zn was obtained. 
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Figure 6-2. Changes in oxidation stability of PB5 sunflower and palm blends at different 

concentration of metal-contamination 

 
 

Figure 6-3. Changes in oxidation stability of PB15 sunflower and palm blends at different 

concentration of metal-contamination 
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Figure 6-4. Changes in oxidation stability of PB25 sunflower and palm blends at different 

concentration of metal-contamination 

 

6.3.2 Effect of Cu, Zn and Fe Metals on the Volatility of Palm and Sunflower 
Biodiesel 

Flash point (FP) reduced from 170 °C in P-B100 to 110 °C, 150 °C and 140 °C when 2pp of 

Cu, Zn and Fe were added. While in S-B100, with the addition of 2 ppm of Fe, the FP was 

reduced to 150 °C from 175 °C (Figure 6-5). Thereafter, the results show that as the 

intensification in the concentration of metals lead to reduced FP, which fluctuates between 

100 °C and 180 °C. Furthermore, it was noticeable that Cu and Fe effectively increased 

flammability by reducing FP than by Zn. Typically, the FP of biodiesel is high, which allow 

for the safe storage and transportation (Folayan et al., 2019). 

 

The FP as described to be the lowest temperature necessary for ignition, was indicated by 

the fuel giving off enough vapours which mixes with air (Ateeq, 2019; Rao & Chary, 2018). 

According to ASTM D93, the FP of biodiesel should be above 130 °C (Alleman et al., 2013). 

Therefore, Zn was a preferred metal that had less effect on increasing the volatility of 

biodiesel than Cu and Fe, as it hardly reduced the FP below the standard limits set. 

Adding Cu, Zn and Fe metals concentration in the fuel reduced the FP, except at 700 ppm 

of Cu in P-B100, here FP increased. A study by Yusof et al., (2015), reported that that this 

high FP which represented low auto-ignition, less volatile and subsequently safer. 
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Additionally, the effect of Fe in S-B100 was tolerable as compared to the Fe reduction in 

P-B100. In previous work by Thangavelu et al., (2016), on evaluating the behaviour of 

biodiesel-petrodiesel-ethanol blends, they reported that there was no change observed in 

FP when the fuel was exposed to Cu, mild steel and Al. However, this study illustrates 

that there were changes in FP with the addition of various metals, with a reducing effect 

in the FP in the following order of Cu > Fe > Zn 

 

 

 

Figure 6-5. effect of Cu, Fe and Zn on the flash point of palm and sunflower biodiesels 
 

6.3.3 Effect of Cu and Zn Metals on the Water Content of Sunflower Biodiesel-
Petrol Blends 

Results from Figure 6-6 illustrates exposure of Zn and Cu in S-PBXX. Increase in the 

concentrations of metals and biodiesel content, increased the water content within S-

PBXX. Zn metal facilitated the absorption of moisture in the fuels. This is detected from 

concentrations as low as 2 ppm while biodiesel without metal addition had 0.03% moisture 

content. After the exposure of the S-B100 to 2 ppm of Zn, the value of water content 

increased to 1.05% and which gradually increased up to 1.99% after the addition of 700 

ppm of Zn (Figure 6-6). Similarly, high water content was recorded when Cu and brass 

were added to biodiesel at 55 °C (Ziółkowska & Wardzińska, 2013). Fazal et al., (2010), 

assessed effect of stainless steel, Al, and Cu in palm biodiesel and petrodiesel at 80 °C for 

1200 h and findings show that stainless steel increased water content followed by Cu and 

Al. The study further investigated the impact of mild steel in biodiesel at temperatures of 
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27, 50 and 80 °C. It was shown that an increase in temperature and duration of storage 

time elevated water percentage from 0% in unexposed biodiesel to 0.36% at 80 °C (Fazal 

et al., 2011b). Also, it was reported that Cu corrosion led to more water percentage than 

mild steel (Fazal et al., 2014). 

  

In this study, Zn and Cu were added to biodiesel blends at a temperature approximately 

27 °C. After about 48 h, it was observed that Zn had more effect in the absorption of 

moisture content than Cu and which increased with biodiesel content within the blends. 

This was supported by results reported by Haseeb et al., (2010), where the high water 

content in biodiesel-rich blends (B80, B100) was caused by bronze rather than Cu. The 

maximum limit for water content in biodiesel and petrodiesel is 0.05% according to EN 

14214 and ASTM D975 (Alleman et al., 2013; Worldwide Fuel Charters, 2019). The 

addition of Zn metal at all concentrations in S-B100 and from 300 ppm to 700 ppm in S-

PB25 failed to meet this standard limit (Figure 6-6). The presence of water in biodiesel 

will stimulate microbial growth, enhance corrosion within the tank, leading to hydrolysis 

of esters and triglycerides when exposed to temperature and subsequently causing more 

corrosion (Knothe, 2006; Thomas et al., 2007). The presence of water in biodiesel can also 

decrease the heat of combustion (Cursaru et al., 2014). Moreover, the hygroscopic nature 

of biodiesel makes it easy to draw up moisture during storage over a long period (Fazal et 

al., 2010; Fazal et al., 2014). Furthermore, it is clear that the type of metals biodiesel and 

blends are exposed to, led to the absorption of moisture. In the current study, S-PBXX 

exposed to Zn metal resulted in a huge draw of moisture content, even at a low water 

content of 1%, biofilms can form. Therefore, in designing materials compatibility for 

storage and transportation, brass should be avoided. (Cursaru et al., 2014; Baena & 

Calderón, 2020). Another reason to avoid the use of brass is due to its ability to degrade 

biodiesel more  as a result of release of Cu2+ and Zn2+ ions which have high catalytic effect 

(Aquino et al., 2012). Also, the high oxygen content of biodiesel cause the formation of 

CuO, CuCO3 and Cu2O layers when exposed to Cu at different temperatures (Tabish, 2018; 

Zuleta et al., 2012)  
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Figure 6-6. Water content changes in sunflower biodiesel-petrol blends before and after exposure 

to Cu and Zn metals 

6.3.4 Effect of Cu, Zn and Fe Metals on the Acidity within Palm and Sunflower 
Biodiesel-Petrol Blends 

The total acid values of biodiesel before (at 0 ppm) and after being exposed to metals (at 

2, 100, 300, 500, and 700 ppm) are presented in Figure 6-7. Before the immersion of metals 

in the biodiesels, it was observed that unexposed S-B100 had an acid number of 0.46 

mgKOH/g, which was below the standard limit (0.5 mgKOH/g) set by ASTM D6751, while 

unexposed P-B100 had an acid value of 0.55 mgKOH/g, which was slightly above the limit 

set. With the immersion of the metals in the biodiesel at room temperature, Cu and Zn 

marginally affected the S-B100, while Fe had a significant influence in promoting acidity 

at all concentrations elevating the acid number from 0.46 mgKOH/g to 2.02, 2.13 and 1.9 

mgKOH/g at 2, 100, and 300 ppm respectively. In P-B100, the immersion of all metals 

increased the acid number, resulting in values above-set limits, with nearly similar values 

fluctuating between 1.46 to 1.79 mgKOH/g for Cu and 1.68 to 1.9 mgKOH/g for Zn. With 

the immersion of Fe into the biodiesel, a magnitude of increased concentration was 

observed. However, after 300 ppm it became constant.  

 

High acid number values in the fuel will result in residual free fatty acid, which will lead 

to the formation of deposits and corrosion (Alleman et al., 2013). Cu was been found to 

increase corrosion effects in biodiesel, leading to more acid value than in other metals like 

stainless steel, mild steel and Al (Fazal et al., 2010; Hu et al., 2012; Fazal et al., 2014), as 

well as brass and cast Fe (Fazal et al., 2012). Interestingly, in this study reports high acid 

values in S-B100 which were observed in the order of Fe > Zn > Cu. In P-B100, it was in 
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the order of Zn > Cu > Fe at low concentrations (2 to 300 ppm) and in the order of Cu > Zn 

> Fe at high concentrations (500 to 700 ppm). Presumably, the higher effect by Fe observed 

to increase the acidity of S-B100 was caused by presence of fatty acids after oxidation i.e. 

linoleic acids (Tsuchiya et al., 2006). Also, Cu has been reported to have a slow rate of 

corrosion, which was intensified at higher temperatures and longer time (Fazal et al., 

2010; Haseeb et al., 2010; Ziółkowska & Wardzińska, 2013). Additionally, when Figure 6-

7 and Figure 6-1 are compared, a direct correlation between acid value number and 

oxidation is observed, therefore affirming to the high acid number value in S-B100 and P-

B100.  

 
 

 
Figure 6-7. Change in totatl acid number after immersion of Cu, Fe and Zn in palm and 

sunflower biodiesels 
 
The total acid number (TAN) (Figure 6-8 to Figure 6-10) decreased in PBXX as compared 

to B100, since biodiesel was blended with petrol, especially in S-BPXX. It was also evident 

that exposure to metals barely affected the S-PBXX when compared to the increase in the 

acidity observed for P-PBXX. In S-PBXX, it was observed that an increase in TAN was 

impacted by these metals in order of Fe > Cu > Zn and with the increase in metal 

concentrations and biodiesel content. The decrease in the TAN was observed in the order 

of Zn > Cu at lower concentrations (2-100 ppm) and Cu > Zn in the higher concentrations 

(300-700 ppm) of S-PB15 and SPB25, while Fe increased the TAN. In P-PBXX, the trend 

of increased acidity was Fe > Zn > Cu and with an increase in biodiesel content. Overall, 
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Fe had the most significant effect in increasing acidity within both blends as the biodiesel 

content increases. Similarly, Baena & Calderón, (2020), showed that carbon steel (Fe 

alloy) and Cu showed high corrosiveness in biodiesel blends after studying the corrosion 

behaviour of those metals together with stainless steel, Sn and Al. A report by Matějovský 

et al., (2018), demonstrated that oxidised steel, Al, brass and Cu in ethanol-petrol blends, 

and the highest increase in TAN was caused by steel and Al. Cu was also reported to be 

more susceptible to corrode in biodiesel and biodiesel-petrodiesel-bioethanol blends at 

room temperature (Cursaru et al., 2014; Thangavelu et al., 2015). Therefore, we can 

conclude that in biodiesel-petrol blends, Fe triggered most acidity or increase in TAN 

regardless of the type of biodiesel blended. Moreover, Cu will promote acidity in the 

biodiesel-petrol blends as the content of biodiesel increase within blends Figure 6-10, while 

in a lower blend (PB5), Zn showed a more pronounced effect (Figure 6-8). 

 

 

Figure 6-8. Change in total acid number after immersion of Cu, Fe and Zn in palm and 

sunflower PB5 blends 
 
 



  

166

 

Figure 6-9. Change in total acid number after immersion of Cu, Fe and Zn in palm and 

sunflower PB15 blends 
 

 

Figure 6-10. Change in total acid number after immersion of Cu, Fe and Zn in palm and 

sunflower PB25 blends 
 

6.3.5 Effect of Cu, Zn and Fe Metals on the Viscosity within Palm and Sunflower 
Biodiesel-Petrol Blends 

Figure 6-11 shows the change in viscosity of S-B100 and P-B100 without metal exposure 

(0 ppm) and after being exposed to different concentrations of Cu, Zn and Fe metals. In S-
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B100, there is a slight reduction in viscosity values for S-B100 in all metal concentrations, 

this shows the viscosity was minimally affected after being exposed to metals. Meanwhile, 

in P-B100, it was observed that exposure to Cu decreased viscosity significantly followed 

by Zn and Fe. In the study conducted by Aquino et al., (2012), a contradictory observation 

was reported, when they assessed the influence of brass and Cu metals in biodiesel in 

light, darkness and darkness with increased temperature (55 °C). They concluded that 

immersing those metals in biodiesel elevated viscosity, the highest increase in the 

viscosity was recorded as the biodiesel was exposed to metals at 55 °C, and while lowest 

viscosity was observed in the absence of light,  with similar close values for the unexposed 

biodiesel (Aquino et al., 2012). In the study by Fazal et al., (2010), which evaluated 

stainless steel, Al and Cu effects in biodiesel and petrodiesel at 80 °C for 1200 h were 

evaluated, they found out that the viscosity values were nearly similar to that of 

unexposed in petrodiesel, while Cu increased the viscosity in biodiesel. 

  

Presence of fatty acids in biodiesel makes it more susceptible to reaction with metals  

(Haseeb et al., 2010). External factors such as light and temperature will promote more 

corrosion (Aquino et al., 2012). In this study, the corrosion reduced viscosity, where Cu 

was effective in P-B100, while Fe was observed to have more influence in reducing the 

viscosity of S-B100  

 

  

Figure 6-11. Change in viscosity of sunflower and palm biodiesels before and after exposure to 

metals 
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As both biodiesel blends were exposed to metals, changes in their viscosities are shown 

(Figure 6-12 to Figure 6-14). As observed increase in viscosity led by an increase in 

biodiesel content and with subsequent decrease of petrol, was caused by the presence of 

hydrogen bonding in biodiesel (Azahari et al., 2016; Gad & Ismail, 2021). By adding metals 

in both blended fuels, viscosities were reduced, especially in P-PBXX. It is clear that Fe 

was most effective in the viscosity reduction in S-PBXX, and while in P-PBXX, Zn showed 

the highest impact on viscosity reduction at lower blends of PB5 and PB15. With increased 

blending (PB25) in P-PBXX, Cu and Fe had similar effects in reducing the viscosity, with 

the same values observed at metal concentrations of 300 ppm onwards (Figure 6-14). In 

S-PB15 (700 ppm), a huge increase in viscosity caused by Cu was noticed. This was not 

surprising as Cu has been shown to cause a high corrosion effect in biodiesel blends 

(Norouzi et al., 2012; Cursaru et al., 2014). Very high viscosity is undesirable as it will 

increases the frictional loss (Agarwal, 2007). While extremely low viscosity can lead to 

excessive wear of bearing within the engine causing more corrosion as a result of more 

asperity contact between the surfaces (Carden et al., 2013; Zhang et al., 2021). Therefore, 

the viscosity needs to be high enough, within the standard limit, to prevent internal flow 

and low enough to stop energy loss (Khuong et al., 2017). 

 

 

Figure 6-12. Change in viscosity of sunflower and palm biodiesel-petrol blends of PB5  before and 

after exposure to metals 
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Figure 6-13. Change in viscosity of sunflower and palm biodiesel-petrol blends of PB15  before 

and after exposure to metals 
 

 
Figure 6-14. Change in viscosity of sunflower and palm biodiesel-petrol blens  of PB25  before 

and after exposure to metals 
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6.3.6 Effect of Cu, Zn and Fe Metals on the Density in Palm Biodiesel Blends 

Figure 6-15 shows the effects of metal concentrations on the density of biodiesel. It is 

evident that exposure of Cu, Zn and Fe metals at 2 ppm, increased the density of the fuel 

from 882 kg/m3 in P-B100 to 886, 886 and 844 kg/m3 for Cu, Zn and Fe respectively. It was 

worth noticing that the addition of 2 ppm of Cu concentration, the density was observed 

to be 844 kg/m3, which failed to meet the international standard set for biodiesel. 

Subsequently, an increase in the concentration of metals above 2 ppm, led to increased 

density. The metal with the most significant impact on increasing density was observed 

to be Fe, followed by Zn and Cu. However, these densities were still within limits set by 

EN 14214 standard (< 890 kg/m3). Similar findings were reported when biodiesel was 

exposed to mild steel (Fazal et al., 2011b). However, Cu was found to surpass the given 

standard limit of density in biodiesel. While stainless steel and Al met the specification 

after their exposure to biodiesel (Fazal et al., 2010). However, from the observations in the 

current study, Cu had the least effect in increasing the density of biodiesel at low (2-100 

ppm) and to high (700 ppm) concentrations (Figure 6-15).  

 

Figure 6-15. Change in density for palm biodiesel before and after exposure to metals 
 
 

An increase in density was also observed for unexposed relative to exposed biodiesel blends 

(Figure 6-16 to Figure 6-18). In PB5, as the concentrations increased the density increased, 

while in PB15 and PB25 there was a decrease in the density of the exposed PBXX. Cu was 

shown to be more harmful in lower biodiesel blend (PB5) leading to an extreme increase 

in density followed by Fe and as biodiesel content increased in the blends (PB15), Zn had 

the most significant impact by reducing the density significantly, followed by Cu and Fe 
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(Figure 6-17). It was also noticeable that as biodiesel blending increased (PB25), the Cu 

effect increased by reducing the density (Figure 6-18), which was similarly found by Fazal 

et al. (2018). Generally, the corrosion rate caused by Cu is the highest although it differs 

with material and biodiesel under study (Baena & Calderón, 2020; Cursaru et al., 2014; 

Sylvester et al., 2015). Additionally, Al, Zn, brass and bronze are not compatible with 

biodiesel (Zuleta et al., 2012; Yeşilyurt et al., 2019). This was observed by the huge 

decrease in the density caused by Zn and Cu (Figure 6-17 to Figure 6-18). In conclusion, 

Fe was more harmful in pure biodiesel and Cu showed the most significant effect in 

increasing the density of biodiesel and biodiesel blend of PB5. While a significant decrease 

in the density of PB15 and PB25 was caused by Zn and Cu respectively. 

 

Figure 6-16. Change in density for palm biodiesel blends of PB5 before and after exposure to 

metals 
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Figure 6-17. Change in density for palm biodiesel blends of PB15 before and after exposure to 

metals 

 

Figure 6-18. Change in density for palm biodiesel blends of PB25 before and after exposure to 

metals 

 

6.3.7 Effect of Cu and Zn Metals on Nitrates and Sulphates in Sunflower 
Biodiesel Blends 

Changes in nitrate contents as biodiesel blends were exposed to metals at different 

concentrations is evident (Figure 6-19). Biodiesel without metals had nitrates of 10 ppm, 

as biodiesel was blended. An increase in nitrate contents were observed for PB5, PB15 and 
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PB25 having 15, 14 and 14 ppm for respectively. Fe and Zn did not affect nitrate 

composition. While exposure to Cu in S-PB15, increased nitrates concentrations from 14 

ppm to 15 ppm and from 100 to 700 ppm was observed. The formation of nitrates could 

have resulted from a prompt mechanism where series of hydrocarbon fragments react with 

oxygen (Palash et al., 2013). High nitrates are one of many problems that can lead to 

potential cooling failure.  

 

 

 
 

Figure 6-19. Changes in nitrates for sunflower biodiesel blends before and after exposure to 

metals 
 
Biodiesel samples without metals had sulphates of 111 ppm, as a result of sulfur-based 

acids reacting with oils. With blending biodiesel with petrol, in the proportion of PB5, 

PB15 and PB25, sulphate concentrations decreased to 24, 34 and 49 ppm respectively 

(Figure 6-20). It is worthy of note that, there was a significant reduction in sulphate 

concentrations when petrol was added to the biodiesel. Sulphates are produced from 

combustion. An increase in sulphates is observed when there is incomplete combustion, 

with subsequently high residue indication. Therefore, pure biodiesel had more sulphates 

which was observed to decrease as petrol was added. However, Cu had an influence on a 

slight increase in sulphates particularly for PB15, where it increased from 34 ppm of 

unexposed blends to 37 ppm at concentration of 100 to 700 ppm. While in PB25, in 

unexposed blends the sulphate concentration was observed to be 49 ppm, which increased 
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to 52 ppm at concentration of 2 ppm. Overall, Cu slightly increased the sulphates 

concentration, while Zn seemed to decrease it. 

 

 
 

Figure 6-20. Changes in sulphates for sunflower biodiesel blends before and after exposure to 
metal 

6.4 Conclusions 

Corrosion of metals caused during storage and transportation of fuels is a serious issue in 

the automotive industry. The use of biodiesel as an alternative fuel has been widely 

studied and many studies are finding ways of blending it with petroleum fuels in order to 

reduce pollution. However, due to its nature, storage conditions and materials which are 

normally used in storing fuels, it is very crucial to continuously evaluate biodiesel and its 

blends since contaminated fuels can lead to many problems within fuel, engine, 

environment, and efficiency. After studying the effect of Cu, Zn and Fe on the 

characteristics of petrol blended with biodiesel made from waste sunflower and palm oils, 

the following conclusions were made: 

 Aggravation in the oxidation of the PBXX was influenced by the increase in metal 

concentration and type of biodiesel produced. In both biodiesels, Fe significantly 

decreased oxidation stability, failing European standard specification set for 

biodiesel, in P-B100 from 500 ppm onward, and in all the concentrations of S-B100. 

Moreover, Cu in S-B100 notably decreased oxidation stability at a high 

concentration of 700 ppm. The overall corrosiveness of metals in sunflower 
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biodiesel was Fe > Zn > Cu, and Zn, which promoted increased moisture 

absorption. While in palm biodiesel the corrosiveness was caused by Cu > Zn > Fe.  

 In biodiesel-petrol blends, Cu was very effective in reducing oxidation stability 

followed by Zn and Fe, Also, Cu slightly increased particulate matter of nitrates 

and sulphates. 

 All metals decreased viscosity with the most significant effect caused by Cu and 

Fe. Fe negatively affected acid number and density. Density was increased the 

most when Cu was exposed in pure biodiesel, while in biodiesel-petrol blends Cu 

and Zn also had a negative influence. 

 Overall, Fe and Cu portrayed the worst and most negative effects in most 

properties tested. Therefore, these metals and their alloys would be undesirable for 

use in manufacturing storage or transportation facilities of biodiesel and biodiesel-

petrol blends, since they would jeopardise the fuel quality and consequently have 

negative impacts on the engine and environment. 
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 General Conclusions and 
Recommendations 

7.1 Conclusions 

This research laid a prospective view on the potential use of green fuels, biodiesel, and 

biodiesel-petrol blends, on their use as transportation fuels in the fight against the global 

climate crisis. Even though, there is a great significance in the use of waste oils to produce 

biodiesel, this fuel is susceptible to degradation, increased NOx, and low thermal 

efficiencies. With the blending of biodiesel and petrol, these issues were minimised. 

Undesirable metal contents in the fuel and engine were evaluated, their presence and 

effects on the quality of the biodiesel and the blended fuel and possible engine emission 

were accessed. 

  

Synthesised CaO/Al2O3 bi-functional catalyst used in transesterification process which 

had enhanced properties and provided a high biodiesel yield. Even though, the produced 

catalyst portrayed high activity, evident with increased active sites on high surface area 

which aided in the liquid-solid reaction by selecting and subsequently converting of high 

free fatty acids to biodiesel. This catalyst was observed to increase the Ca concentration 

in biodiesel, this subsequently degraded fuel quality of the biodiesel i.e., lower oxidation 

stability.  

The characterisation of elemental content in the biodiesel, before and after production, 

showed that P, Fe, Al, Zn were present in feedstocks while Ca, Mg, K were introduced in 

the biodiesel through production process. Also, Transesterification reduced Na, Fe, P and 

Al concentrations, meeting standard limit set.  
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The structure of methyl esters played a major role in fuel quality in this study. The fatty 

acid compositions of waste cooking oils were observed to have a major effect on the fuel 

quality. Waste sunflower oil was had more linoleic acids while waste palm oils were more 

palmitic and oleic. High unsaturation degree in sunflower biodiesel resulted in lower 

oxidation stability, cetane number, more density, and a better storage temperature. While 

the high saturation of palm biodiesel rendered it characteristics of a better cold flow 

property, thermal and long-time stability. Higher acidity observed in palm biodiesel 

promoted degradation and low viscosity of sunflower biodiesel indicates the fuel would 

allow for better atomisation. 

In the optimisation of sunflower biodiesel, the use of response surface methodology gave 

the linear regression model with 95% confidence, which predicted the yield that was found 

to be comparable with the experimented yield. While catalyst loading was the most 

significant parameter and the highest yield obtained was 98.23 %, optimised parameters 

were 5 h, 2.5 wt% at 60 C. Also, optimisation improved fuel quality particularly the 

characteristic of fuel atomisation i.e., viscosity. Also, contaminants of nitrates, sulphates, 

soot were reduced meeting all standard set for biodiesel.  

 

Blending biodiesel with petrol, enhanced fuel qualities were achieved. The blended fuels 

were recorded to have enhanced fuel characteristics compared with pure petrol, with 25 % 

biodesel-75% petrol showing similarities nearly of the petrodiesel. The high degree of 

unsaturation in sunflower biodiesel, resulted in sunflower biodiesel- petrol blends 

possessing high formation of high carbon deposits and total hydrocarbons. While palm 

biodiesel-petrol blends were observed to have excellent stability, potential for good cold 

start engine warm up. Also, blending biodiesel with petrol reduced the concentration of 

Ca, along with Mg and the absorption of the moisture content. 

  

Overall, the influence of metals on quality of the sunflower biodiesel-petrol blends was 

observed as Fe > Cu > Zn, while in palm biodiesel-petrol blends it was observed to be Cu 

> Fe > Zn. It was observed that low oxidation, high acidity, high density and low a viscosity 

in pure biodiesel was caused by increase in Fe concentration, while Cu affected the blended 

fuel the most followed by Fe and Zn. Results showed that Fe had a huge impact in 

degradation of pure biodiesels while Cu was observed to decrease the fuel quality of 

biodiesel-petrol blends. Cu also increased flammability and particulate matter of nitrates 

and sulphates. While Zn promoted the absorption of water content in sunflower biodiesel 

blends.  
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7.2 Recommendations  

The following further research can be conducted to better understand and support the 

findings of this thesis. 

It was observed that the use of 75%CaO/25%Al2O3 for biodiesel synthesis, aided the 

transesterification of high free fatty acids. However, it was associated with increased 

concentration of Ca in biodiesel (Simbi et al., 2021). Further investigation on functionality 

and effect of varying acid: base ratios of the synthesised catalyst and accessing the 

concentration of Ca in produced biodiesel is recommended. 

 

It was well known that the nature of feedstocks i.e. fatty acids compositions is the main 

cause in varying biodiesel quality of different oil origins (Baskar & Aiswarya, 2016; Rao 

et al., 2017; Yaşar, 2020). Therefore, the ranged quality of biodiesel could result in 

different biodiesel-petrol blends. A recommendation is suggested to produced various 

biodiesels with different feedstock origins and blend them with petrol, to access possible 

fuel quality of blended fuels. 

 

The present study established characteristics of fuel quality of blended sunflower and 

palm biodiesel-petrol blends in proportions of PB5, PB15 and PB25, a further look into 

testing the combustion characteristics of these blended fuels on compression ignition 

engine could provide a strong foundation for emission, performance and efficiencies of 

these fuels. This will support ongoing research on the use of oxygenated petrol, in 

compression ignition engines, promoting reduction of emissions (Xuan et al., 2020 Gad & 

Ismail, 2021). 

 

After analysing effect Cu, Fe and Zn, and with Cu reported to have the highest corrosive 

rates (Cursaru et al., 2014; Sylvester et al., 2015; Baena & Calderón, 2020). It was 

observed that Fe is not compatible with biodiesel while Cu degrade biodiesel-petrol blends. 

It is strongly recommended that, in designing fuel tanks, alloys of Fe and Cu be avoided, 

it was observed that fuel degradation is mainly contributed by these metals. 
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