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ABSTRACT  
Efforts to meet the constantly increasing global energy demand without adverse 

environmental impacts have led to the development of alternative energy sources. 

Biodiesel, a biomass alternative, has been identified as a source with a potential 

substitute for fossil fuel-derived diesel for transportation purposes. Oxidation 

degradation is one of the main drawbacks to large-scale commercialisation of biodiesel. 

This study investigated the effect of three natural antioxidants, vitamins A, C and E 

(OA, OC and OE, respectively), on the oxidation stability of biodiesel derived from 

waste cooking oil (WCO). The antioxidants were first investigated individually and then 

in pairs. The effect of antioxidant concentration on oxidation stability was studied using 

the Rancimat method, which measures the biodiesel's induction period. When 

employed individually, it was shown that all of the antioxidants, with OC being the most 

effective, enhanced the oxidative stability of WCO biodiesel. At a concentration of 1000 

ppm, OC lengthened the Rancimat induction duration of the WCO-biodiesel from 0.79 

to 7 hours. Moreover, using OC as an antioxidant resulted in biodiesel meeting the 

EN14112/IS-15607 standard. This was explained by OC’s low bond dissociation 

energy (BDE, 318.5 kJ/mol), low molecular weight (Mw, 176.16 g/mol), and acetyl 

palmitate production, which is known to exhibit potent antioxidant behaviour in oils. 

Following OC were OA and OE, which improved the oxidation stability of biodiesel. 

However, biodiesel prepared with added OA or OE did not meet the ASTM 6751 

standard of 3 hours.   

  

The combined effects of antioxidants in a 1:1 ratio demonstrated a synergistic influence 

of a mixture of OA and OC, OC and OE, and OA and OE with induction periods of 12, 

7, and 0.33 hours, respectively. It can be concluded that combining natural 

antioxidants may have more excellent beneficial effects on the oxidation stability of 

biodiesel prepared from waste cooking oil than using them individually. This study has 

revealed the potential benefits associated with the use of selected natural antioxidants. 

Moreover, it offers valuable insight into using natural antioxidants in the biodiesel 

industry faced with the oxidation stability challenge when considering waste cooking 
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oil as feedstock. Further studies should consider investigating the mechanistic 

phenomena leading to the observed antioxidant activity at the molecular level to 

understand and improve antioxidant activity.   
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CHAPTER 1: INTRODUCTION  
  

1.1 Background and motivation  

The environmental concerns associated with the widespread use of fossil fuels 

(pollutants generation, global warming, diseases, etc.) and their depletion in a century 

characterised by high energy demand have resulted in a global energy crisis. Intense 

research efforts are invested in developing alternative energy sources (Edeh, 2020; 

Aransiola et al., 2014). Biofuels derived from biomass have been identified as potential 

alternatives or substitutes for fossil fuel energy sources (Khan et al., 2021). Biodiesel 

is a biofuel commonly produced via the transesterification of vegetable oils or animal 

fats with an alcohol in the presence of a catalyst, resulting in fatty acid alkyl esters 

(commercially known as biodiesel) and glycerol as a by-product (de Sousa et al., 

2014). Due to its very low toxicity and high biodegradability, biodiesel is considered 

environmentally friendly. Its high flash point makes it safe to store and handle (Živković  

& Veljković, 2018).   

  

Despite the numerous advantages biodiesel offers over conventional petroleum diesel,  

biodiesel production has been faced with several challenges, such as the high cost of 

conventional feedstock vegetable/edible oils, which poses debate about its demand 

between the biodiesel and food industry; high product separation and purification costs,  

including the challenge of concern regarding the oxidative degradation (oxidation 

stability) of biodiesel product upon storage over time (Alsultan et al., 2021; Romola et 

al., 2021). When exposed to light, heat, and the atmosphere over a period of time, 

biodiesel tends to undergo oxidative degradation (de Sousa et al., 2014). The oxidation 

degradation of biodiesel is one of the most significant technical drawbacks in 

considering its production and hinders its commercial use in automobiles (Kumar,  

2017).   
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The oxidation stability (OS) of biodiesel depends on the feedstock oil or fat used, the 

concentration of naturally occurring antioxidants in the feedstock and the storage 

conditions (Alsultan et al., 2021). OS has been reported to be affected by the degree 

of unsaturation of alkyl esters in biodiesel, of which higher levels would result in 

increased susceptibility to oxidation (Botella et al., 2014). Thus, adding antioxidants to 

biodiesel is a suitable approach to retard or mitigate biodiesel oxidation degradation. 

Several studies have reported on the use of biodiesel antioxidants, aiming to improve 

the oxidation stability of the product (Mittelbach & Schober, 2003; Agarwal et al., 2015; 

Varatharajan & Pushparani, 2018; Pantoja et al., 2013; Ramalingam et al., 2016; Liang 

et al., 2006; Buosi et al., 2016). The antioxidants prevent free radicals' propagation and 

minimize the formation of compounds that lead to fuel degradation (Kivevele, 2020).  

Further, researchers have classified biodiesel antioxidants into synthetic and natural 

oxidants (Romola et al., 2021).  

   

Most studies to date have focused on synthetic antioxidants, which are the most 

commonly employed and have proven successful in retarding the oxidation 

degradation of biodiesel obtained from various feedstocks (Mittelbach & Schober, 

2003; Agarwal et al., 2015; Varatharajan & Pushparani, 2018; Pantoja et al., 2013). 

However, due to consumers’ concerns regarding the biosafety of synthetic 

antioxidants, several researchers are shifting their focus towards natural antioxidants. 

Waste cooking oil (WCO), proven as a potential feedstock for biodiesel in previous 

studies (Math et al., 2010; Knothe & Steidley, 2009) is the feedstock of choice in this 

study. The feedstock is low-cost and readily available (Gaur et al., 2021). Its use for 

biodiesel production would serve both as a waste management strategy and 

environmental alleviation associated with minimizing waste disposal (Vidigal et al., 

2021; Tshizanga et al., 2017).    
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1.2 Problem statement   

The oxidation stability of biodiesel has come to the forefront of studies mainly because 

of the presence of unsaturated fatty acids derivatives in biodiesel that are readily 

oxidised, thus resulting in the formation of oxidation products such as peroxides and 

hydro-peroxides (Joshi et al., 2010). These products increase biodiesel's acidity, thus 

forming corrosive acids that can cause engine and fuel pump wear (Kumar, 2017). 

Furthermore, the process generates undesirable product deposits, such as polymers 

responsible for obstructing fuel filters and injection systems (Jain & Sharma, 2010b).  

These drawbacks have hindered the wide use of biodiesel in engine and fuel injection 

equipment, thus impeding the biodiesel market expansion. This study investigates the 

effect of natural antioxidants OA, OC and OE, their concentration and blending on the 

oxidative stability of biodiesel derived from WCO (WCO-biodiesel). Studies reported in 

the literature on using natural antioxidants to improve the oxidation stability of WCO 

are relatively scarce. Hence this study will investigate the ability of natural antioxidants 

to increase the oxidation stability of WCO.   

  

1.3 Research aim and objectives  

This study aims to investigate the capacity of selected natural antioxidants to improve 

biodiesel’s oxidation stability derived from waste cooking oil (WCO) feedstock. The 

following objectives have been defined in order to achieve the overall aim of the study:  

• To select suitable and readily available natural antioxidants for stabilizing 

WCO-biodiesel.   

• To investigate the effect of the various natural antioxidants on the oxidative 

stability of biodiesel  

• To investigate the effect of antioxidant(s) concentration on biodiesel’s oxidative 

stability.   



Introduction  

4  
  

• To investigate the effect of blending the various antioxidants on biodiesel 

oxidative stability  

   

1.4 Research significance   

Study on the effect of selected natural antioxidants on biodiesel derived from WCO 

is limited. This study will provide industry and academia with knowledge and insight 

into the use of readily available antioxidants for biodiesel obtained from a waste by-

product (WCO). This work could also amplify the pilot-scale studies and application 

of WCO for biodiesel production.   

  

1.5 Research design and methodology  

The following approaches were employed to meet the set objectives of the study:   

  

1.5.1 Selection of natural antioxidants  

Antioxidants that are natural and readily available were considered for this study. The 

idea was to use substances that can easily be obtained, are cost-effective, and can 

improve biodiesel oxidation stability. The study conducted was theoretical and based 

on information available in the literature.   

  

1.5.2 Preparation and characterization of waste cooking oil-biodiesel   

In a world with significant waste handling challenges, using WCO to produce a valuable 

product plays a role in addressing the challenge. Biodiesel was produced from WCO 

and characterised to ensure it complies with the specification standards.   

  



Introduction  

5  
  

1.5.3 Studies on effect of antioxidant addition on prepared biodiesel  

Selected antioxidants were applied individually and also combined onto the WCO 

biodiesel. The Rancimat apparatus was used to determine the induction period, an 

indicator of biodiesel's oxidative stability. The effect of the concentration of the selected 

oxidants on biodiesel oxidative stability was investigated.  

  

1.6 Research delineation  

The investigations carried out were limited to biodiesel derived from WCO. This study 

did not investigate transesterification parameters, such as catalyst type, dosage, or 

alcohol-to-oil ratio.   

  

1.7 Thesis outline  

The outcome of this study is a comparative analysis of selected natural antioxidants 

and their synergistic effects in retarding the oxidative degradation of biodiesel. The 

thesis outline is as follows:  

  

• Chapter 1: Introduction   

The first chapter presents a general background on the topic under consideration. The 

problem to be solved is formulated, the objectives of this study are defined, and a 

general overview of how the problem will be resolved is presented.   

  
• Chapter 2: Literature Review   

The second chapter reviews the literature relevant to the oxidative degradation of 

biodiesel that occurs during the biofuel’s handling and storage. Various studies on the 

chemistry of oxidative degradation and the factors that enhance it are presented. In 

addition, different techniques used to retard the oxidation degradation of biodiesel are 

reported with a view to showing the existing literature gaps.  
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• Chapter 3: Materials and Methods   

The third chapter describes the methodology used to solve the problem formulated in 

Chapter 1. The different materials and instruments used for the current study are 

presented. The experimental procedures involved are also presented.  

   

• Chapter 4: Results and Discussion   

The fourth chapter reports detailed outcomes of experiments conducted. The 

performances of selected natural antioxidants are compared. The results from 

antioxidants combined effects are also presented. The findings are discussed in line 

with existing literature.   

   

• Chapter 5: Conclusion and Recommendation  

Finally, the fifth chapter presents the conclusion drawn from the experimental results 

and recommendations are made for further studies.   
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CHAPTER 2: LITERATURE REVIEW  
  

2.1 Introduction   

Biodiesel has been identified as an attractive, suitable, and sustainable alternative to 

replace conventional petroleum diesel (Bashir et al., 2022). Biodiesel is biodegradable 

and has many technical advantages over petroleum diesel, such as higher cetane 

number and lubricity, reduced life cycle emissions of greenhouse gases, lower 

flammability with high flash point (up to 160˚C), and less environmental damage in the 

event of spillage (Demirbas, 2009; Khounani et al., 2018; Dunn, 2008; Aransiola et al., 

2014). Because of biodiesel's various advantages, it has been successfully used to 

substitute petroleum diesel in diesel engines (Kumar, 2017). Different techniques are 

used to produce biodiesel, including the supercritical fluid (Ayoola et al., 2021). 

Biodiesel production by transesterification is the most commonly used method due to 

its ease of operation (Aransiola et al., 2014; Ayoola et al., 2021). The process involves 

a reaction between the triglycerides contained in lipids feedstock with alcohols in the 

presence of acidic or basic catalysts to produce fatty acids alkyl esters (commercially 

known as biodiesel) and glycerol (Sivaprakasam & Saravanan, 2007) (Figure 2.1).  

  

  
Figure 2.1: Transesterification reaction (with methanol) for biodiesel production 
(Almeida et al., 2018)  
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Several reported research studies have highlighted and elaborated on the oxidation 

degradation and the oxidative stability of biodiesel (Pullen & Saeed, 2012; Jain & 

Sharma, 2010a; Fattah et al., 2014; Romola et al., 2021). The parameters that 

influence the oxidation stability of biodiesel have been extensively reviewed, and 

different methods that can be used to improve oxidation stability and retard the 

oxidation degradation of biodiesel have been discussed (Jakeria et al., 2014; 

Bukkarapu & Krishnasamy, 2022). Fattah et al. (2014) reviewed different studies on 

the efficiency of antioxidants used individually and as blends on the oxidation stability 

of biodiesel derived from different feedstocks. Sorate and Bhale (2015) reviewed the 

effects of various antioxidants on the oxidation stability of biodiesel. They investigated 

the use of biodiesel containing antioxidants on the performance and emission of an 

engine.   

 

This chapter reviews the literature relevant to the oxidative degradation of biodiesel 

that occurs during biodiesel handling and storage in the long term. Studies on the 

oxidation mechanism, the factors that enhance it, and its effects on biodiesel quality 

are presented. In addition, different techniques used to retard the oxidation 

degradation of biodiesel are presented to highlight gaps in the literature that further 

research should consider bridging.   

  

2.2 Oxidative stability of biodiesel   

Oxidation stability refers to the resistance to oxidation responsible for chemical 

changes during the handling or long-term storage of biodiesel (Yesilyurt et al., 2020). 

Oxidation stability indicates biodiesel’s shelf-life before complete oxidation by 

atmospheric oxygen, leading to the generation of undesired products that are harmful 

to automobile engines (Anwar & Garforth, 2016). The oxidative stability of biodiesel 

and its blends is generally much lower than that of petroleum diesel under the same 

storage and handling conditions (Santos et al., 2012). Light, heat, moisture, and 

contaminants make biodiesel prone to degradation (Saluja et al., 2016; Verma et al., 
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2016; Serrano et al., 2013). Products such as peroxides and hydroperoxides are 

generated when biodiesel is oxidised. These products further react to produce 

compounds such as ketones, aldehydes, alcohols, and low molecular weight acids 

(Joshi et al., 2010). A thorough understanding of the causes of oxidative degradation 

of biodiesel is required in order to be able to retard or even mitigate the degradation 

process.   

  

2.2.1 Causes of oxidative degradation of biodiesel  

Biodiesel oxidation results from the unsaturation of free fatty acid molecules in 

biodiesel.  The unsaturation is due to the presence and position of double bonds, which 

make compounds susceptible to attacks by oxygen (Kumar, 2017; Jain & Sharma, 

2010a). The reactivity of free fatty acids is greatly enhanced by the presence of double 

bonds in the acids’ structure, especially when the molecules are exposed to water or 

air (Christensen & McCormick, 2014). The extent of unsaturation determines 

biodiesel's stability; the degradation rate is higher at high degrees of fatty acids 

unsaturation. There is a correlation between the number and position of bis-allylic sites 

on free fatty acid molecules and the oxidative degradation of biodiesel. 

Monounsaturated fatty acids are less susceptible to oxidation than polyunsaturated 

fatty acids due to allylic methylene structure (Yaakob et al., 2014).   

  

Naturally occurring fatty acids are generally polyunsaturated with the methylene 

interrupted configuration; their structure comprises multiple cis-double bonds with a 

single methylene unit in-between (Saluja et al., 2016). The degree of stability in fatty 

acids with methylene interrupted structure is much lower than that of its isomers or 

conjugated structures; in this sense, the delocalization of pi-electrons results in partial 

stabilization of the structure in the latter. Polyunsaturated fatty acids contain bis-allylic 

sites, which are sensitive when exposed to ambient conditions and are easily attacked 

by oxygen (Kumar, 2017). A specific example is creating a bis-allylic site at 11th 
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carbon, which is created in linoleic acid and methyl linoleate with carbon-carbon double 

bonds at the 9th and 12th carbon positions (Sia et al., 2020) (Figure 2.2).   

   

 
Figure 2.2: Allylic and bis-allylic groups on methyl linolenate, methyl linoleate and 
methyl oleate (Kongprawes et al., 2021)  

  

Since hydrogen radicals on the bis-allylic site can be easily removed at the initiation 

step of oxidation, the bis-allylic site becomes weaker and, therefore more sensitive to 

oxidation attack than allylic sites (Saluja et al., 2016). Linolenic acid and methyl 

linolenate contain three carbon-carbon double bonds at the 9th, 12th and 15th positions, 

giving it two bis-allylic sites at the 11th and 14th carbons, making it more unstable than 

linoleic acid and methyl linoleate.  

  

2.2.2 Chemistry of oxidation degradation of biodiesel  

The process of oxidation degradation of fatty oils involves multiple steps: conjugated 

diene and hydroperoxides, referred to as primary degradation products, which 

decompose and then react with each other. The reactions are known to generate 

several secondary products such as formic acid, formate esters, aliphatic alcohols, 

aldehydes, fatty acids (short chains) and various high molecular weights compounds 

Allylic groups   Bis - allylic groups   
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(Sharma et al., 2008). The multiple processes involved in oxidation degradation can 

be subdivided into two main stages, which explain the chemistry of oxidative 

degradation: primary and secondary oxidation stages. The primary steps involve the 

following stages (Figure 2.3): initiation, propagation, and termination (Mofijur et al., 

2013).   

 
  

Figure 2.3: Stages of primary phases of biodiesel oxidation reaction (Amran et al., 
2022)  

  

The initiation step results in the production of carbon-free radicals (R•); this occurs 

through the removal of hydrogen from carbon atoms of free fatty acids alkyl esters (RH) 

by an initiator radical (I). Hydrogen atoms removal from polyunsaturated fatty acids 

leading to the formation of carbon-based radicals (R•) is the main characteristic of the 

initiation step. The radical hydrocarbon groups formation occurs on the bis-allylic 

carbon. As the process proceeds, there is a chemical reaction between free radicals 

generated in the initiation phase and antioxidants present the biodiesel this retarding 

biodiesel oxidation. The process depletes the antioxidants compounds present in the 

biodiesel without altering the fuel quality. The duration of the initiation phase is 
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determined by the concentration of reactive species and antioxidants, and 

environmental factors such as light, heat and moisture (Schaich et al., 2012).   

  
The propagation phase follows the initiation stage, also referred to as peroxidation. At 

this stage, peroxide formation occurs as oxygen is consumed at high rates. 

Hydroperoxides are generated as radicals of reaction with oxygen. Alkyl radicals 

formation also occurs during the oxidation propagation stage (Saluja et al., 2016). The 

presence of hydroperoxide radicals further enhances the propagation stage. The rate 

of peroxy radical production is significantly increased by the presence of diatomic 

oxygen in polyunsaturated fatty acids, thus hindering the substantial production of 

carbon-based radicals (Jain & Sharma, 2010a). Peroxy radicals are less reactive than 

carbon free radicals. However, they are reactive enough to attract hydrogen atoms, 

forming carbon-free radicals and hydroperoxides (ROOH) (Saluja et al., 2016; Jain & 

Sharma, 2010a). The diatomic oxygen present reacts with carbon-free radicals, 

resulting in increased propagation.   

  

Before the propagation oxidation reaction, the ROOH concentration is relatively low. 

At the end of the initiation process and the onset of the propagation reaction, there is 

a spike in ROOH concentration; this makes it possible to determine the oxidative 

stability of fatty acids or biodiesel under stress conditions (Rashedul et al., 2014). 

There is a direct or indirect alteration of fatty acids or biodiesel properties at stressed 

conditions. A rapid increase in ROOH concentration characterizes the end of the 

induction period (Verma et al., 2016). As the propagation reaction occurs, carbon-free 

radicals from the initiation stage, which are highly reactive, immediately react with 

available bi-radical oxygen, leading to the formation of peroxide radicals (ROO•) 

(Saluja et al., 2016). Hydrogen atoms from the fatty acids alkyl esters (FAAE) 

molecules are removed by peroxide radicals resulting in the formation of form fatty acid 

hydroperoxides (ROOH) and carbon free radicals (Rashed et al., 2015).   
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Formation of non-radical products due to the reaction between the accumulated 

peroxides occurs as the termination stage begins. Chain reactions stop as radicals (R• 

or ROO•) react to form more stable products. Stable products are the result of the 

reaction between two alkyl radicals or two peroxide radicals (Figure 2.4) (Strömberg et 

al., 2013):  

  

R• + R• → R – R  

ROO• + ROO• → stable products  

Figure 2.4: Termination/secondary stage of oxidative degradation  

  

The secondary oxidation phase, referred to as vinyl polymerization process, is 

characterized by hydroperoxide decomposition, leading to the formation of aldehydes 

(propanals, hexanals and heptanals), aliphatic alcohols, formic acid, and formate 

esters. These compounds alter the properties of biodiesel (Yaakob et al., 2014). 

Biodiesel acidity increases due to the presence of short-chain free fatty acids formed 

during the secondary oxidation stage. In both primary and secondary oxidation phases, 

the oxidation reactions will proceed with complete exhaustion of reactive sites of the 

fatty acid molecules. In the secondary phase, the peroxide formation rate is lower than 

the peroxide degradation rate. Hydroperoxide residues remaining after peroxidation 

and other degradation products are either polymerised to sludge or transformed into 

short-chain acids and aldehydes. Rapid generation of acids and other degradation 

products heavily alters biodiesel properties. When used in automobiles, degraded 

biodiesel leads to the clogging of filters and injectors due to the presence of the sludge  

(Strömberg et al., 2013; Christensen & McCormick, 2014).   

  

The primary products formed during oxidation are allylic hydroperoxides species, 

where double bonds initially present in the fatty acids shift or undergo cis/trans 

isomerisation. Various products are generated in the secondary oxidation stage due to 

the rearrangement, fission, and dimerization of unstable hydroperoxides. Different 
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products such as monomeric, oligomeric, and short chains are formed during the 

secondary oxidation stage. At the end of the secondary oxidation stage, different 

products are formed as reactions such as dehydration, cyclization, rearrangement, 

radical substitution, chain cleavage, and dimerization occur simultaneously. The 

number of products from the secondary oxidation stage varies; and is determined 

mainly by the nature of the substrate (Knothe, 2007). Secondary oxidation products 

comprise saturated and unsaturated aldehydes, acids, and dimers, etc (Ukaew et al., 

2014). An increase in acidity occurs during oxidation, owing to hydrolysis reactions 

caused by the presence of water and oxidation by oxygen (Bondioli et al., 1995). The 

presence of unstable compounds in biodiesel leads to the formation of free radicals 

upon oxidation (Mantovani et al., 2018). The radicals react with oxygen, resulting into 

the formation of a larger number of free radicals. The reaction between the free radicals 

formed with olefinic species produces gums (Kumar, 2017). Secondary oxidation 

reactions occurring at high rates and forming large amounts of free radicals and 

peroxide compounds must be eliminated to preserve biodiesel quality during handling 

and storage (Kivevele & Huan, 2015).   

  

2.2.3 Consequences of oxidative degradation   
Unsaturation of fatty acids associated with the presence and position of double bonds 

makes it prone to polymerization reactions, resulting in adverse effects on biodiesel 

properties (Saluja et al., 2016). Polymerisation reactions, in turn, produce gums in 

biodiesel which clog engine filters and injection systems. Hydroperoxides and acids 

generated in large quantities during oxidation degradation have been found to lead to 

corrosion in the engine system, adversely affecting engine efficiency and performance 

(Kumar, 2017). Kreivaitis et al. (2011) observed a significant increase in engine wear 

off when biodiesel stored for 70 days was used. They attributed their observations to 

the possible formation of deep scratch marks in the engine, resulting from impaired 

absorption lubrication film, consequently leading to direct contact between metal and 

oxidation products. Peroxides formed during the propagation phase and acids 
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produced during the initiation stage tend to deteriorate the absorption film and the 

lubrication properties of biodiesel (Fox et al., 2004). At the end of the induction period, 

highly unstable hydroperoxide molecules promote the breaking down of fatty acids, 

further degrading biodiesel lubrication properties (Kumar, 2017). Engine wear is also 

enhanced due to the interaction of hydroperoxide molecules with the engine surface 

(Kreivaitis et al., 2013). Engine corrosion and wear in the overall engine surface are 

due to the formation of acids during the secondary oxidation stage. Engine operation 

and emissions are significantly affected by the oxidative degradation of biodiesel. 

Monyem and Van Gerpen (2001) have reported a 15.1 increase of brake specific fuel 

consumption (BSFCs) of a diesel engine when using oxidized biodiesel. The 

observation was attributed to possible variation in combustion timing because of 

biodiesel’s higher cetane number, injection time and lower heating value. Further, 

oxidized biodiesel showed a lower carbon footprint as compared to unoxidized 

biodiesel. The former had no significant effect on the brake thermal efficiency (BTE) 

and showed high NOx emissions at standard injection timing.   

  

The composition of biodiesel and physicochemical properties (such as density, acid 

value (AV), flash point, viscosity, induction period (IP) and peroxide value (PV)) are 

altered during storage and handling due to oxidation degradation (Jain & Sharma,  

2010b; Bondioli et al., 2003; Bouaid et al., 2007; A. Sarin et al., 2009; Sharma et al., 

2009). These properties are used to monitor the extent of biodiesel oxidation. The most 

common properties indicators of biodiesel quality are AV and viscosity (Kumar, 2017). 

Oxidation degradation results into a tremendous increase in biodiesel AV, which can 

be explained by the formation of different products during the secondary oxidation 

stage, which oxidise hyperoxide molecules to produce acids (Pattamaprom et al., 

2012). Thus, biodiesel's physical properties are altered mainly due to oxidation 

products: hyperoxides, acids, aldehydes, ketones, etc.   
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2.2.4 Measurement of oxidative stability   

European standards EN14213 and EN14214 and US standards ASTM D6751 have 

set standard specifications for biodiesel oxidative stability (Knothe & Razon, 2017; 

Anwar & Garforth, 2016; Saluja et al., 2016; Jain & Sharma, 2010a). The Rancimat 

method (EN14112) and the Oxidative Stability Index (OSI) are among the techniques 

used to measure biodiesel’s oxidative stability (Saluja et al., 2016). Both these 

methods involve heating biodiesel samples to temperatures around 110 °C in a sealed 

tube (Monirul et al., 2015). Oxidation is simulated by passing air through a biodiesel 

sample. A gas containing primary oxidation products is released from the oxidation 

sample, and passed through a tube containing distilled water, equipped with a 

conductivity meter (Jain & Sharma, 2010a). The conductivity, an indicator of oxidation 

degradation, is monitored over time until a sharp increase occurs. This increase 

indicates the generation of water-soluble products such as short-chain carboxylic acids 

(formic acid and acetic acid) (Rashed et al., 2015). The time corresponding to the sharp 

increase in conductivity is the induction period (Saluja et al., 2016).  

  

2.3 Factors affecting oxidation  

The following have been identified as factors associated with biodiesel degradation: the 

presence of bacteria or fungi resulting in microbial degradation; elevated temperatures 

causing thermal oxidation; the presence of moisture leading to hydrolysis; and oxidation 

due to the presence of oxygen (Dunn, 2005; du Plessis et al., 1985; Thompson et al., 

1998). The factors associated with the oxidation process include fatty acid structure, 

trace metals, heat, various impurities, peroxides, light, and the contact surface area 

between biodiesel and air (Knothe, 2007). These factors catalyse the initiation process, 

removing the hydrogen atoms from fatty acids alkyl esters.   
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2.3.1 Structure of fatty acid  

Biodiesel comprises fatty acid mono-alkyl esters (FAAE) and long-chain unsaturated 

species and long chain saturated species which are monosaturated and/or 

polyunsaturated in different proportions. There are minimal differences between the 

chemistry of biodiesel degradation and that of the fatty oils it derives from. The 

feedstock type is one of the main determining factors of fuel properties (Altun, 2014). 

The presence of unsaturated fatty acid chains makes biodiesel prone to oxidation. The 

greater the degree of unsaturation of fatty acids the more biodiesel is likely to undergo 

oxidation degradation. Unsaturated fatty acids are easily attacked by oxygen 

(Thompson et al., 1998; Dunn, 2002). For example, studies have shown that Crambe 

oil biodiesel was more stable than soybean oil biodiesel due to the difference in fatty 

acid profile (i.e., degree of saturation) (Laghetti et al., 1995; Wazilewski et al., 2013). 

Crambe oil is mainly made of erucic acid (56%), a 22 carbon atoms chain with one 

double bond. On the other hand, soybean oil contains the 18 carbon atoms chains 

linoleic acid (54%) and oleic acid (24 %); the former acid contains 2 double bonds and 

the later 1.   

  

Moser (2009) conducted studies of the oxidative stability of fatty acid alkyl esters 

(FAEE) by comparing the Rancimat technique and the pressurized differential 

scanning calorimetry (PDSC) method. The paper reported a decrease in the oxidation 

stability of FAEE with an increased number of double bonds, a reduction in the distance 

between the unsaturation and ester group, and a decline in the number of hydroxyl 

groups. Moreover, it was reported that there was higher sensitivity to cis-isomers' 

oxidation than trans-unsaturated sites. However, conjugated trans-unsaturated 

compounds were more susceptible to oxidation than cis-unsaturated compounds.  

  

The higher number of reactive bis-allylic sites in polyunsaturated fatty acids than in 

monounsaturated acids makes them more prone to oxidation (Karavalakis et al., 2010). 

Radicals easily attack the bis-allylic protons; thus, the molecules containing them easily 
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undergo oxidation and lead to the generation of polar oxy compounds. The high 

reactivity is caused by the attraction of electrons near the double bonds at each side of 

the methylene group. The hydrogens in the methylene group become more acidic, 

translating into easy removal of atoms in the presence of a radical initiator (Karavalakis 

et al., 2010). Hence, biodiesel derived from oils rich in unsaturated acids such as 

soybean, sunflower and grape seed oils which contain large concentrations of linoleic 

and linolenic acids has low oxidation stability.  

 

On the other hand, biodiesel derived from oils with very low unsaturated fatty acids 

(such as palm oil, olive oil, and almond oil) tend to exhibit high resistance to oxidation 

(Ramos et al., 2009). Moreover, the rate of oxidation of fatty compounds is determined 

by the degree of unsaturation (number and position of double bonds). The oxidative 

stability has been reported to decrease with increasing ester side chain length (Jain & 

Sharma, 2010a). It is suggested that longer side chains contain sites more easily 

accessible to oxidation, making them prone to cleavage than shorter chains. Knothe 

and Dunn (2003) have observed that when two molecules have the same number of 

double bonds, the one with higher molecular weight exhibits more excellent oxidation 

stability as measured by the oil stability index (OSI).   

  

A study conducted on biodiesel oxidation observed that the induction period of 

biodiesel derived from soybean (2.68 h) was much longer than that of biodiesel derived 

from poultry fats (0.52 h). The concentration of linolenic and linoleic acids in soybean 

oil (63%) was, however, much higher than in poultry fats (28.4%) (Kivevele & Huan, 

2015). This is because soybean oil-biodiesel contained a higher concentration of 

natural antioxidants than biodiesel derived from poultry fats. These observations 

indicate that biodiesel obtained from vegetable oils tends to be more resistant to 

oxidation degradation than animal fat-derived biodiesels.  
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2.3.2 Effect of external factors on biodiesel degradation  

Biodiesel can be oxidized without any external initiation; however, external factors affect 

the oxidation reaction rate. Studies have shown that factors such as temperature, 

aging, exposure to open atmosphere (air, sunlight, etc.) greatly influence the rate of 

biodiesel oxidation (Sia et al., 2020; Aquino et al., 2012). Biodiesel is known for its 

tendency to absorb moisture, which is a factor that accelerates biodiesel oxidative 

degradation. It has been however observed that compared to other external factors, 

moisture's effect is generally minimal (Yang et al., 2016). Bouaid (2007) conducted 

studies on the oxidation degradation of biodiesels prepared using high oleic sunflower 

oil (HOSO), high and low Erucic Brassica Carinata oil (HEBO and LEBO) and used 

frying oil (UFO).  He subjected the biodiesels prepared from selected oils to a set of 

storage conditions for a duration 30 months. The findings showed an acceleration of 

the oxidation process with increased storage time for all the biodiesel samples under 

observation. Sunlight only had significant effects after 12 months of observation. 

Storage temperature had a significant impact on oxidation degradation. Higher 

temperatures resulted in higher degradation rates and increased sample loss due to 

evaporation associated with highly volatile products formed from the cleavage of fatty 

acid chains. An analysis of the volatile products revealed the presence of peroxides, 

alcohols, aldehydes, ketones, and various low molecular weight species.  

  

Thompson et al. (1998) studied the oxidation degradation of rapeseed methyl and ethyl 

esters over two years of storage. They found that indoor storage resulted in higher 

oxidation degradation than outdoor storage, probably due to higher mean temperature 

indoors. Lin and Chiu (2010) investigated the oxidation degradation of palm oil-derived 

biodiesel at 20 °C and 60 °C, with and without antioxidant addition. The biodiesel 

without antioxidants and stored at a higher temperature, degraded faster than the 

biodiesel sample containing antioxidants at the same temperature. Furthermore, it was 

reported that the degradation rate accelerated over time. Leung et al. (2006) studied 

the effect of storage temperature on biodiesel degradation. They reported that high 
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temperature storage increased the degradation rate much more than lower 

temperature storage. Likely, Bondioli (2003) investigated the oxidation degradation of 

biodiesel derived from rapeseed oil for extended storage periods under various 

conditions. It was observed that the storage container's characteristics and 

temperature affected the path of oxidation. Berrios et al. (2012) also investigated the 

effect of temperature on the oxidation degradation of biodiesel. Both studies reported 

that temperature significantly influences the degradation process of biodiesel. Some 

studies even recommended underground tank biodiesel storage (Kumar, 2017).   

  
A study was conducted by (Agarwal et al., 2015) on the effect of sunlight and air 

exposure on the oxidation stability of biodiesel. The authors observed that the two 

factors significantly affected the degradation of biodiesel. The induction period of the 

biodiesel exposed to sunlight while stored in a metal container open to the atmosphere 

decreased from 21.12 to 2.25 hours. Another biodiesel sample stored in a non-metal 

container and exposed to the same atmospheric air and sunlight resulted in an 

induction period of 21.12 to 3.42 hours. Thus, the process of biodiesel degradation 

was accelerated when stored in a metal container (Das et al., 2009). Aquino et al. 

(2012) observed a significant acceleration in biodiesel degradation when the sample 

was exposed to light and stored at high temperatures. The study showed that the best 

storage conditions for biodiesel are the absence of light and room temperature. Thus, 

it has been concluded by most investigations that the external (storage) conditions 

have a significant effect on biodiesel degradation (Bondioli et al., 2003; Leung et al., 

2006; Berrios et al., 2012; Thompson et al., 1998; Sharma et al., 2009), calling for  a 

need to investigate such conditions (in this work) to enhance the shelf life of biodiesel 

and ascertain its suitability for large scale commercialisation (Christensen &  

McCormick, 2014).   

  

2.3.3 Effect of impurities and storage vessel   
The quality and stability of biodiesel are affected by possible trace substances 

remaining in the product after preparation (A. Sarin et al., 2009; Jakeria et al., 2014). 
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The presence of trace metals can catalyse reactions leading to the formation of free 

radicals, and this could result in degradation of biodiesel properties (Lepri et al., 2011). 

Moreover, during storage in various kinds of vessel or whilst used in engine, biodiesel 

is exposed to various metals (copper, zinc, lead, tin, and bronze) with the potential to 

accelerate the rate of oxidative degradation. According to Fazal et al.  (2022), the 

presence of metallic ions tends to increase the rate of peroxide generation (Figure 2.5).  

  

  
RH + I = R′ + IH  

ROO + M2+ = RO′ + OH + M3+  

ROOH + M3+ = ROO′ + H′ + M2+  

Figure 2.5: Formation of initiator radical (Fazal et al., 2022)  

  

Sarin et al. (2009) investigated the effects of metal contaminants’ concentration on the 

oxidation degradation of biodiesel derived from jatropha oil. It was found that metal 

content had a detrimental effect on biodiesel’s oxidation stability. The concentration of 

the metals had minimal effect such that both low and high metal concentrations 

resulted in nearly the same degree of degradation extent. Copper (Cu) resulted in 

highest detrimental effect based on the catalytic effect observed. Further, it was also 

shown that the antioxidant concentration used depends on the type of metal present 

in biodiesel. Observations made by Sarin et al. (2009), showed that antioxidant 

concentrations of 500, 700, 900 and 1000 ppm was needed to inhibit the oxidation 

degradation of biodiesel containing iron, nickel, cobalt and copper, respectively; with 

the view to obtain biodiesel sample that could comply with the EN-14112 specification. 

Knothe and Dunn’s (2003) studies also showed that copper (Cu), among Fe and Ni 

metals, showed the highest adverse effect on the oxidation stability of biodiesel; with  

Fe being the least.   
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The affinity of monounsaturated methyl oleate in biodiesel is greater towards copper 

than steel and other metals. Contact between biodiesel and copper increases the 

linoleate formation rate, which adversely affects biodiesel's oxidation stability. 

Exposure to metal surfaces also increases biodiesel’s hygroscopic properties (Cursaru 

et al., 2014). Hence based on given literature, the presence of metals in biodiesel 

catalyses the initiation stage of biodiesel oxidation, increasing the rate at which free 

radicals are produced and leading to poor oxidation stability of biodiesel (Aquino et al.,  

2012).   

  
2.4 Effect of oxidation of biodiesel on fuel properties  

When biodiesel is oxidised, the fuel chemistry and physicochemical characteristics are 

affected. The effect of oxidation on biodiesel properties is reviewed in the following 

subsection.   

  

2.4.1 Lubricity and wear capacity  

When biodiesel is oxidised, free radicals react with atmospheric oxygen and substrates, 

yielding peroxides, hydroperoxides, carboxylic acids, and other complex compounds 

(Fu et al., 2017). Polymerization reactions, being part of the biodiesel oxidation process, 

adversely alter the lubricity of biodiesel. Consequently, gums are produced, making 

biodiesel applications prone to clogging filters and injection systems of automobiles. 

Corrosion in automobile fuel systems may also occur due to the action of 

hydroperoxides and high acids concentrations produced during oxidation. As 

mentioned earlier, the factors would result in engine performance deterioration (Jain &  

Sharma, 2010b).   

  

Kreivaitis et al. (2011) reported a significant deterioration of biodiesel’s lubrication 

properties due to oxidation. The study involved four balls tested in biodiesel samples 

stored over time. A greater extent of biodiesel oxidation was associated with more 

significant wear off the balls and deeper scratch marks. This was due to the 
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deterioration of the adsorption layer in the balls, which resulted in direct metal contact 

with biodiesel. The stability of the lubrication adsorption film was destroyed by 

peroxides formed during the early stages of oxidation. These, in return, enhanced the 

decomposition of Fatty acids chains, resulting in significant deterioration of biodiesel 

lubrication properties (Christensen & McCormick, 2014). Compounds such as formic, 

acetic, propionic, caproic acids, etc., resulting from biodiesel oxidation, are responsible 

for the corrosive and overall wear capacity of biodiesel (Goto et al., 2009). Biodiesel’s 

lubricity has been reported to improve during long-term storage, whereas friction and 

wear characteristics are negatively affected due to oxidation (Milano et al., 2022). The 

utilisation of biodiesel leads to increased engine oil dilution, resulting in increased 

complexity of the lubrication of the engine's moving parts. Hydroperoxides produced 

during biodiesel oxidative degradation, further react to generate hydrocarbon and 

proxy radicals, and the compounds further enhance engine wear upon contact with the 

metal surface (Baena & Calderón, 2020).   

  

Materials used to build diesel engines include elastomers, ferrous (cast irons and steel) 

and non-ferrous alloys (aluminium and copper alloys) (Yamagata, 2005). According to 

the aforementioned literature, oxidised biodiesel is detrimental to metals (such as 

aluminium, zinc, brass, bronze, and copper) (Bhardwaja et al., 2014), such that 

biodiesel has been deemed more corrosive than diesel (Cursaru et al., 2014). Geller 

et al. (2008) studied the compatibility of Carbon Steel, 316 Stainless Steel, copper, and 

brass with poultry fat-biodiesel and diesel fuel mixtures. It was observed that neither 

weight loss nor corrosion occurred for both carbon steel and 316 stainless steel for all 

biodiesel concentrations investigated over ten months, except for copper, followed by 

brass.   

  

2.4.2 Efficiency and greenhouse gases emission  
Alteration of the chemistry of biodiesel due to oxidation greatly influences its effects on 

engine efficiency and gases emissions. Studies done by Monyem and Van Gerpen 
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(2001) to assess the influence of oxidized biodiesel on engine performance and 

emissions using a turbocharged direct-injection diesel engine. They selected oxidized, 

non-oxidized biodiesel and diesel fuel for their investigations at different loads and 

injection times. According to their finding, oxidised biodiesel gave the highest brake 

specific fuel consumption, followed by diesel and non-oxidized biodiesel. It was 

suggested that this observation was due to the lower heating value and higher cetane 

number of non-oxidised biodiesel, which relate to combustion and injection time 

changes. Oxidised biodiesel, however, did not affect the brake thermal efficiency and 

was further found to emit the least amount of carbon monoxide and the most NOx 

gases. High NOx and low CO emissions reported for oxidised biodiesel probably 

resulted from high oxygenated product contents. Thus, high cetane number and high 

oxygen content in oxidised biodiesel, make it prone to total combustion and increased 

engine power, resulting in high fuel consumption than diesel and unoxidized biodiesel 

(Pattamaprom et al., 2012).  

  

2.4.3 Effect on fuel quality  

The wide commercialisation of biodiesel is impeded by the oxidation degradation 

effects on the fuel quality (Kumar, 2017). Physicochemical properties of biodiesel; 

density, viscosity, acid value (AV), peroxide value (PV), flash point and composition; 

tend to alter during the product storage (Kumar, 2017). Again, the changes in biodiesel 

properties mainly owe to formed oxidation products such as hydroperoxides, 

aldehydes, ketones, and acids. The physicochemical properties of biodiesel and its 

composition indicate the extent of biodiesel degradation. According to Pullen & Saeed 

(2012), acid value and viscosity are the most common properties used to monitor 

biodiesel oxidation.   
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2.4.3.1 Acid value   

The acid value, also called acid number, indicates the acidity of biodiesel. The acid 

number corresponds to the quantity in milligrams of potassium hydroxide per gram of 

biodiesel sample required for the titration of the sample in the solvent and whose 

volume corresponds to a non-aqueous buffer solution (Dijkstra, 2016). The acid value 

can be affected by several factors, such as the water content of the feedstock and the 

degree of oxidation of biodiesel (Haijing et al., 2017). The oxidative degradation of 

biodiesel significantly increases the acid value (Zuleta et al., 2012). A study was 

conducted on the effect of storage temperature on the oxidation stability of biodiesel 

over a year (Moser, 2009). An increase in acid value over time was reported, and this 

was proportional to decreased oxidation stability.   

2.4.3.2 Oil feedstock type  

Yang et al. (2013) investigated the effect of oil feedstock type on biodiesel using three 

biodiesel samples (soybean, canola, and animal fat) to determine the change in acid 

value. It was found that soybean-derived biodiesel showed the most significant 

increase in acid value compared to the other biodiesels used due to the 

polyunsaturated nature of soybean.   

  

2.4.3.3 Viscosity  

Viscosity significantly affects the fuel injection characteristics, making it an essential 

characteristic of a direct injection fuel. Biodiesel becomes more viscous upon oxidation 

(Zuleta et al., 2012). An increase in viscosity is favoured by polymerisation reactions 

occurring during biodiesel oxidation. This process produces insoluble, long-chain 

saturated compounds, sediments, and gums that plug engine filters and injection 

systems (Komariah et al., 2018). Biodiesel oxidation produces biodiesel with long chain 

molecules and high molecular weight free fatty acids (FFA) with cis or trans double 

bond isomerization (Knothe, 2007). Biodiesel oxidation leads to an increased degree 

of saturation of the biofuel, which correlates to increased viscosity. Geller et al. (2008) 
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conducted a study on the influence of long-term storage on different physical properties 

of poultry fat-derived biodiesel and blends. It was observed for all samples that the 

viscosity either slightly dropped or remained relatively constant over time. The study 

also showed sediment accumulation at the bottom of storage containers, with the most 

sediments in pure biodiesel. Moser (2011) investigated the effect of long-term storage 

on the kinematic viscosity of biodiesel over 12 months. His findings showed a slight 

increase in the kinematic viscosity at the end of the observation period for biodiesel 

stored at low temperatures. On the other hand, the viscosity increase was substantial 

over the observation period for biodiesel stored at high temperatures.   

  
2.4.3.4 Density   

Biodiesel density is a function of the average molecular weight. Studies were 

conducted on the oxidation stability of palm oil, jatropha oil, coconut oil-derived 

biodiesel and some of their blends over three months (Shahabuddin et al., 2012). A 

density increase over the period was reported. The change in density was explained 

by the formation of insoluble sediments and generation of oxidation products. 

Biodiesels with shorter chain-hydrocarbons and highly saturated fatty acids exhibited 

the highest density increase due to oxidation products formed and condensing into the 

resultant density. Another study found that storage time also affected biodiesel density 

(Khalid et al., 2013). An increase in density was associated with longer storage times, 

possibly due to increased molecular interactions upon forming peroxides during 

oxidation.  

  

2.5 Prevention of oxidation   

Researchers have been developing different methods to improve biodiesel's oxidation 

stability (Karavalakis et al., 2011; Hazrat et al., 2021; Amit Sarin et al., 2009). The most 

promising methods are associated with the structural modification of species contained 

in biodiesel and using substances with antioxidant properties.   
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2.5.1 Structural modification  

It has been established that biodiesel's oxidation degradation depends on its 

composition and the structure of the molecules it comprises. The ability to vary 

biodiesel composition can influence its oxidation stability (Kumar, 2017). The main 

compounds that make up biodiesel are triglycerides. Triglycerides are either saturated, 

monounsaturated, or polyunsaturated (Fukuda et al., 2001). Fatty acids in biodiesel 

contain saturated and unsaturated triglycerides and are long chain-hydrocarbons of 16 

- 18 carbons. The most common are palmitic, stearic, oleic, linoleic, and linolenic acid. 

Other fatty acids occur in small concentrations in most oils and fats used to prepare 

biodiesel (Jafarihaghighi et al., 2020; Ramos et al., 2009). High number of saturated 

fatty acids (SFAs) and a relatively low of unsaturated fatty acids (UFA), would result in 

biodiesel having high viscosity, poor cold flow properties, high cetane number, high 

calorific value, and resistance to oxidation degradation (Kumar, 2017). To obtain 

biodiesel with high oxidative stability and good cold flow properties, it will require that 

the oil feedstock used consists of a higher concentration of SFAs as compared to 

unsaturated ones (Kumar, 2017). Thus, enhancing SFA concentration of SFAs in 

biodiesel will improve its oxidation stability, at the expense of cold flow properties (Sia 

et al., 2020). Nonetheless, using monounsaturated fatty acid (MUFA) oils offers the 

possibility of establishing a good balance between oxidative stability and cold flow 

properties of biodiesel (Li et al., 2013; Kumar, 2017). Oxidation stability of biodiesel 

could be improved by increasing the concentration of monosaturated fatty acids 

(MUFAs) (e.g., oleic acid) and decreasing the concentration of polyunsaturated fatty 

acids (PUFAs) (e.g., linoleic and linolenic acids); the latter being the factor to oxidation 

degradation (Serrano et al., 2013).  Some researchers recommend the use of oil 

feedstocks that comprise shorter-chain fatty acids owing to good oxidation stability. 

Such oil feedstocks do not require transesterification; and could be of an advantage to 

lowering the biodiesel production cost (Brahma et al., 2022).   
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Chemical modifications of oil feedstocks through processes such as hydrogenation and 

ozonation, offer the possibility of improving the oxidation stability of biodiesel (Kivevele 

& Huan, 2015). The hydrogenation of vegetable oils is a common practice used 

improve its oxidation stability and texture to the required standard (Dijkstra & van Duijn, 

2016). Studies on the hydrogenation of polyunsaturated fatty acids methyl esters 

(PUFA) and monoesters in the presence of a suitable catalyst, have shown significant 

improvements in the biodiesel’s oxidation stability and its storage properties (Lu et al., 

2018). Ozonation has also been used to modify vegetable oils to improve their 

oxidation stability (Sadowska et al., 2008).   

  
Vegetable oils have mostly been genetically modified in the food industry. Such 

modifications show great potential for the fuels sector. The use of chemical 

modification to improve oxidation stability of vegetable oils, is currently limited in 

industrial applications: lubricants, precursors, or diesel oil substitutes (Salimon et al., 

2012). Genetic modification offers greater potential than chemical modification when it 

comes to improvement of oxidation stability of biodiesel (Chellamuthu et al., 2022).  

  

2.5.2 Use of antioxidants  

One way of improving the oxidative stability of biodiesels is by adding substances 

capable of hindering the oxidation process, antioxidants. Antioxidants are chemical 

compounds that can delay, inhibit, and control autoxidation of substrates; thus, 

minimising the generation of undesired chemical species (Varatharajan & Pushparani, 

2018). Antioxidants slow down the oxidation process by hindering polymerization 

reactions that occur due to free radicals and subsequent oxidizing reactions (Dunn,  

2008). Antioxidants are classified as either primary or secondary antioxidants 

(hydroperoxide decomposers) (Pauquet, 1999). The general mechanism by which 

chain breaking antioxidants occur, illustrated using phenolic and amine antioxidants, 

is, shown in (Figure 2.6):  
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Figure 2.6: Chain breaking antioxidant mechanism (Easchem Co., n.d.)  

  
Primary antioxidants (AH) donate a hydrogen atom to a free radical (especially peroxyl 

radical ROO*), so the propagation phase of the oxidation is slowed down or inhibited. 

Removing the hydrogen atom from the antioxidant molecule is easier than removing a 

fatty oil or ester (Yamane et al., 2007). Consequently, the oxidation chain reaction is 

interrupted while the antioxidant is consumed. The hydrogen atom, removed from the 

active OH or NH groups of primary antioxidants, reacts with free radicals (Yamane et 

al., 2007).  Further, primary antioxidants cannot eliminate a light-induced photo 

oxidation process.   

  

Secondary antioxidants react with hydroperoxides, forming alcohols, and an innocuous 

oxidized form of the antioxidant is shown in Figure 2.7. Secondary antioxidants are 

often combined with primary antioxidants to enhance their effectiveness (Wypych,  

2018).  

  



Literature review  

30  
  

 

Figure 2.7: Secondary antioxidant mechanism (Easchem Co., n.d.)  

  

Oxidation stability is an essential parameter for biodiesel quality control. In addition to 

fatty acid and the nature of oil feedstock mentioned previously, the oxidative 

degradation process of biodiesel depends on the presence of moisture (moisture 

content), the temperature to which it is subjected and exposure to light (Jain & Sharma, 

2010a). Biodiesel is subject to oxidative and thermal degradation. Besides the nature 

of feedstock or type, the susceptibility to oxidation is determined by the presence of 

naturally occurring antioxidants in biodiesel. Autoxidation is biodiesel's most common 

degradation process; atmospheric oxygen is introduced in a C–R bond to form a 

hydroperoxide. Understanding the oxidation propagation stage is required to establish 

a suitable antioxidant mechanism. During the transesterification process, the fatty acid 

chains remain unchanged, implying that the chemical steps involved in degradation 

mechanism of biodiesel are similar to the steps undergone by the feedstock oil 

(Waynick, 2005).  

  

2.5.2.1 Antioxidants' action on initiation and propagation reactions  

Removal of hydrogen atoms from unsaturated fatty acids (UFAs) is influenced by 

factors such as heat, light, high-energy radiation, metal ion catalysts and moisture 

(Amran et al., 2022). The initiation reaction results in the formation of free radicals, as 

in equation 2.1.   
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 RH + O2   → R• + HO2•                  (2.1)  

Where: RH is the organic substrate being oxidized (FAME), R• is a carbon-centred alkyl 

radical derived from RH and HO2• is hydro-peroxyl radical.   

  

The use of primary antioxidants cannot inhibit the initiation reaction. The- latter will, 

however, react with free radicals to produce thermodynamic-stable products (Amran 

et al., 2022). Thus, the initiation reaction can be activated by the action of secondary 

antioxidants and slowed down or deactivated using metal ion catalysts (Kumar, 2017).   

  

In the propagation stage, unstable and highly reactive carbon radicals (R•) generated 

during the initiation phase, reacts with oxygen to produce peroxy radical (ROO•), as 

shown in equation 2.2 (Varatharajan & Pushparani, 2018).  

  

 R• + O2→ ROO•        ( 2.2)  

The peroxy (ROO•) radical formed is more stable and less reactive than the carbon 

radical (R•). However, reactive enough to rapidly detach another hydrogen atom with 

low bond dissociation energy (BDE). It does so by attacking the weak part of the FAME 

structure, thus producing a hydroperoxide (ROOH•) and an additional free radical R• 

(Equation 2.3) (Amran et al., 2022).   

  

 ROO• + RH→ROOH• + R•     ( 2.3)  

  
  

The low bond enthalpy bis-allylic hydrogen is highly susceptible to attacks by peroxy 

radicals, resulting in the collapse of the FAME structure (Varatharajan & Pushparani, 

2018). The additional free radical (R•) generated reacts with diatomic oxygen to 

produce more peroxy radicals and propagates as a chain reaction (Amran et al., 2022). 

The addition of primary antioxidants interrupts the autoxidation chain reaction by 

producing antioxidant radicals (AO•), owing to the deactivation of peroxy radical 
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(ROO•) and termination of the carbon-centred free radical chain (R•) (Fattah et al., 

2014). The antioxidant radical formed is stable and inert such that it can neither initiate 

nor propagate the oxidation reaction. The process ceases the propagation chain as 

the products formed are inactive and do not initiate further oxidation as shown below.   

 

  
ROO• + AH→ROOH + A•  ( 2.4)  

RO• + AH→ROH + A•  ( 2.5)  

ROOH + A•→ROOA  ( 2.6)  

ROH + A•→ROA  ( 2.7)  

 Antioxidant effect on propagation reaction (Fattah et al., 2014)  

  

The reactions shown in equation 2.4 - 2.7 are exothermic, heat is released to the 

surrounding with increasing BDE, leading to increased activation energy (AE) of 

compounds formed and higher oxidant efficiency. Compounds with low activation and 

dissociation energy can easily donate their hydrogen atoms and form stable radical 

intermediates, making them suitable antioxidants (Amran et al., 2022).    

  
2.5.3 Selection of antioxidants for biodiesel  

The oxidation stability is one of the key aspects in biodiesel production regarding 

compliance with quality specification standards (EN 14214 in Europe and ASTM 6751 

in USA). To produce biodiesel that complies with the standards and for  

commercialisation, state-of-the-art technologies require the addition of antioxidants. 

No existing technology can completely eliminate the undesired oxidation degradation 

of biodiesel; however, using antioxidants can significantly delay the degradation 

process and make biodiesel suitable for commercialisation. To maximise antioxidant 

benefits, they should be added to the biodiesel immediately after preparation. When 

biodiesel has become rancid, the addition of antioxidants only has minimal effect. Ideal 

antioxidants for biodiesel should possess the following qualities (Amran et al., 2022):   
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• Non-toxicity, high solubility in biodiesel and effective at low concentrations   

• Low volatility, high thermal stability, and high stability in the presence of light, 

availability, and cost-effective.    

• Low bond dissociation energy (BDE) makes the transfer of hydrogen atoms to 

free radicals easy and rapid, forming more stable products.   

• High molar mass (molecular weight) for long-term storage of biodiesel due to the 

high number of hydrogen atoms available to be transferred, causing a large 

number of initiation sites to be reached and thus enhancing the formation of free 

radicals.  

A suitable antioxidant should possess strong radical-scavenging properties whilst 

suppressing any side reactions. In addition to the aforementioned qualities, the 

effectiveness of an antioxidant to improve the oxidative stability of biodiesel also 

depends on factors such as number of hydroxyl groups, topological surface area 

(TPSA), and melting point (Romola et al., 2021; Amran et al., 2022).    

  

Low molecular weight antioxidants tend to be more effective than those with high 

molecular weight. However, these are volatile and susceptible to evaporation (Romola 

et al., 2021). and hence are not suitable for long term storage and stability of biodiesel 

(Varatharajan & Pushparani, 2018). Antioxidants with multiple hydroxyl groups exhibit 

greater effectiveness than those with a single hydroxyl group. Hydroxyl groups provide 

hydrogen atoms which react with free radicals to terminate the oxidation degradation 

process (Romola et al., 2021). Topological polar surface area (TPSA) is the total 

surface area of polar atoms and depends on structural conformation (Prasanna &  

Doerksen, 2009).   

  

Researchers have investigated the effect of various antioxidants on the oxidation 

stability of biodiesel (Mittelbach & Schober, 2003; Agarwal et al., 2015; Varatharajan 

& Pushparani, 2018; Pantoja et al., 2013; Ramalingam et al., 2016; Liang et al., 2006)  
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And these have been classified into two categories: synthetic and natural antioxidants.  

  

2.5.3.1 Synthetic antioxidants  

The use of synthetic antioxidants to improve the oxidation stability of biodiesel and 

other fuels has been reported in the literature (Focke et al., 2012; van der Westhuizen 

& Focke, 2018). Their wide use owes to their availability, cost, and efficiency (Buosi et 

al., 2016). Many studies conducted so far have focused on synthetic antioxidants. The 

most used synthetic antioxidants for biodiesel are butylated hydroxytoluene (BHT), 

butylated hydroxyanisole (BHA), tertiary-butylhydroquinone (TBHQ), propyl gallate 

(PG), octyl gallate (OG), dodecyl gallate (DG), pyrogallol (PY) and ethoxyquin (EQ) 

(Jakeria et al., 2014).   

  

Yang et al. (2013) reported on the use of TBHQ, a soluble fat-synthetic antioxidant 

that easily blends with biodiesel. According to his finding, it was observed that when 

TBHQ was applied at a concentration of 3000 ppm, the oxidative stability of soybean 

biodiesel was best improved, and TBHQ also acted as a corrosion inhibitor. Saluja et 

al. (2016) reported using BHA, a blend of 2-tert-butyl-4hydroxyanisole and 3-tert-

butyl-4-hydroxyanole. Their results showed that the antioxidant in question (BHA) 

applied at concentrations of 200 ppm and 1000 ppm in biodiesel (vegetable, animal 

fat, grease based), optimally improved the oxidative stability of biodiesel. Scherer et 

al. (Scherer et al., 2011) and Saluja et al. (2016) in their studies, found that BHT at 

different concentrations in different types of biodiesels optimally improved the 

oxidative stability of soybean-based biodiesel at 1300 ppm, that of poultry-based 

biodiesel at 500 ppm, and that of recycled soybean-based biodiesel at 3000 ppm: 

whilst also leading to compliance of the various biodiesels with the EN standards.  

Likely, PG has also proven to be a successful antioxidant for different types of 

biodiesels at different concentration and EN compliance standards (Ramalingam et 

al., 2018; Díaz-Ballote et al., 2018).  In a study by Rashedul et al. (2015), PY 
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demonstrated the best effect on oxidative stability of jatropha oil-biodiesel compared 

to TBHQ, BHA, BHT and PG (Rashedul et al., 2015).   

  

Synthetic phenolic antioxidants can effectively inhibit oxidation by scavenging free 

radicals. When used as additives in refined-petroleum distillates like gasoline and low 

level biodiesel blends, these antioxidants exhibited excellent performance. Still, their 

efficiency is reportedly low in high-level biodiesel blends. Although widely used, 

synthetic antioxidants have been reported to be more effective in animal fat-based 

biodiesel than in biodiesel from vegetable oils (Varatharajan & Pushparani, 2018). The 

Consumers’ concerns about biosafety regarding synthetic antioxidants have hindered 

the consideration of their use in commercial/industrial levels, triggering researchers to 

seek natural antioxidant alternatives (Focke et al., 2012).   

  

2.5.3.2 Natural antioxidants   

Using natural antioxidants in fuels has been considered for health and environmental 

reasons (Romola et al., 2021; Amran et al., 2022). Nature offers a variety of plant 

materials with high phenolic contents, which have shown antioxidant activity in oils and 

fats. Vegetable oils contain natural antioxidants such as tocopherols, polyphenols, 

carotenoids, and many others that can alleviate oxidation degradation (Şahin et al.,  

2020). The challenge, however, associated with the majority of naturally occurring 

antioxidants in oils/fats is that these tend to become ineffective during the 

transesterification and/or post-refining processes of biodiesel (Tang et al., 2008). 

Nonetheless, it has been demonstrated that biodiesels from unrefined vegetable oils 

contain more natural antioxidants and exhibit better stability (Moser, 2009).   

  

Other sources of natural antioxidants are plants that contain phenolic compounds 

(Romola et al., 2021). Yang et al. (2013) reported that cashew-nutshell liquid (CNSL) 

contains cardanol, which causes it to exhibit antioxidant activity. It was found that 

adding the liquid (CNSL) to biodiesel obtained from beef tallow improved the oxidation 
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stability, leading to a 50 % increased induction period. In a study by Uğuz et al. (2019), 

the use of potato peels extracts as a natural antioxidant led to a similar effect as the 

synthetic antioxidant TBHQ at the same concentration. Same with ethanolic potato 

peel extract (solanum tuberosum) in another study, the antioxidant resulted in an 

improved oxidation stability of biodiesel from Mesua ferrea oil (increased induction 

period from 5.63 to 6.21 hours and biodiesel compliant with the EN standards). 

Moreover, Devi et al. (2019) reported using ethanolic leaf extract of Thuja oreantalis 

on biodiesel from WCO (WCO-biodiesel). They found an increase in the biodiesel’s 

induction period from 4.55 h to 9.62 h, including achieving quality compliance with the 

EN standards.    

  

In this study, three natural antioxidants, namely oxidant A, oxidant C and oxidant E (OA, 

OC and OE respectively) known to possess antioxidant properties (Palace et al., 1999; 

Traber & Atkinson, 2007; Traber & Stevens, 2011) have been selected for use as 

antioxidants for biodiesel to be prepared from WCO. OA is a group of fat-soluble 

unsaturated hydrocarbons (retinoids) that exhibit both antioxidant and pro-oxidant 

properties (Dao et al., 2017). OC is a strong antioxidant and free radical scavenger 

(Njus et al., 2020). Its antioxidant behaviour has been demonstrated in its ability to 

donate a hydrogen atom to form an ascorbyl-free and stable radical (Pehlivan, 2017).  

OE is an oil-soluble antioxidant known for its role in inhibiting lipids peroxidation.   
  

In the open literature, there is limited investigations on the use of OA and OC to improve 

the oxidation stability of biodiesel, compared to the wide use of OE (Chakraborty & 

Baruah, 2012; Liang et al., 2006; Varatharajan & Pushparani, 2018; Serrano et al., 

2013; Díaz-Ballote et al., 2018). For example, in a study by Liang et al. (2006), it was 

found that pure OE at a concentration of only 1000 ppm, was sufficient to improve the 

oxidation stability of palm oil-biodiesel (increased induction period from 3.52 h to 6.42 

h). In another study by Serrano et al. (2013), OE at same concentration (1000 ppm), 

improved on the oxidation stability of rapeseed oil-biodiesel and sunflower oil-biodiesel 

with an increase in induction period from 8 to 14 hours and 15 to 33 hours respectively. 
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Based on the above reports, the use of OE as antioxidant has been limited to biodiesel 

produced from sunflower oil, rapeseed oil, palm oil, soybean oil, poultry fat and yellow 

grease. According to the author’s knowledge, this antioxidant use owes to the exception 

of biodiesel produced from waste cooking oil (WCO), being of interest in this work. 

Thus, the present study investigates the application of natural antioxidant A (OA), C 

(OC) and E (OE) to improve the oxidation stability of biodiesel obtained from WCO 

(WCO-biodiesel). WCO is a low cost, readily available and promising feedstock for 

biodiesel production (Vidigal et al., 2021). More to it, using WCO as feedstock is a good 

strategy for waste management that will alleviate the environmental pollution and 

economic demand associated with its disposal challenge.    

  

Synthetic and natural antioxidants differ in performance, in effectiveness based on 

number of peroxides formed in lipids over time and differ in ability to provide stability 

under different processing conditions (Sarin et al., 2010). The focus for using natural 

antioxidants has been due the effectiveness of plant phenolics or phenolic-containing 

extracts (Ramos et al., 2018). A growing body of literature has pointed out the 

importance of natural antioxidants from many plants, which could be used to reduce 

oxidative degradation. These are not only limited to foods or lipid derivatives but also 

in the human body (Xu et al., 2017). The preference for natural antioxidants is also 

emphasised on the fact that these can be harvested from nature or directly from any 

organic source (such as herbs, fruits, vegetables, and organic waste). In contrast, 

synthetic antioxidants are produced artificially to prevent rancidity. Natural 

antioxidants, therefore, are presented as alternatives to synthetic antioxidants due to 

the growing concern among consumers about synthetic antioxidants and their 

toxicological effects (Rodrigues et al., 2020). Moreover, from the review, it should be 

noted that there is limited application of natural antioxidants in commercial industries, 

except for their emergence to be considered alternatives to synthetic antioxidants. 

Lastly, the open literature does not report the use of OA, OC, and OE for WCO 
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biodiesel. Based on the success of the current study, the use of natural antioxidants 

could achieve commercial consideration.   
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CHAPTER 3: MATERIALS AND METHODS  
  

This chapter outlines the methods and procedures for the experiments to improve 

biodiesel’s oxidative stability using natural antioxidants. The experimental stages 

include set-up, design, and procedures. The materials and reagents used are 

presented in section 3.2.1   

  

3.1 Basis for selection of natural antioxidants  

A theoretical study was conducted to find readily available natural antioxidants with the 

potential to retard biodiesel oxidation based on their structural properties.   

  

3.2 Materials and method  

3.2.1 Feedstock and chemical reagents  

Methyl alcohol (CH3OH, 99.8%) and potassium hydroxide pellets (KOH, 99.99%) used 

for biodiesel preparation were obtained from Sigma-Aldrich. Antioxidant A (C20H30O, 

95%), antioxidant E (C29H50O2, 95.5%) and antioxidant C (C6H8O6, 99%) tablets used 

as antioxidants were purchased from Merck. All chemicals were used as received 

without further purification. The antioxidants A, C and E will be referred to as OA, OC 

and OE, respectively. The waste cooking oil (WCO) used to prepare biodiesel was 

purchased from Super Oil South Africa. The oil herein was derived from restaurant 

cooking operations, mainly fish, chicken frying, etc.  

  

Feedstock preparation  

3.2.2 Feedstock preparation  

The WCO received from super oils contained debris of solid particles. The oil was 

transferred from the storage container into a 1000 mL beaker, where large solid 

particles were let to settle. This was allowed to set until it was visually observed that 
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the solids particles had settled. The oil sample, containing the remaining finer particles, 

was transferred into another beaker, from which the particles were filtered through a 

Buchner flask (Figure 3.1) until visible solid particles in the oil were no longer observed.  

The filtered oil was heated to 105 °C to evaporate the water content in the WCO.  

  

  

 
  

Figure 3.1: (a) Waste cooking oil filtration using Buchner flask. (b) Filtered waste cooking 
oil.  

  

3.2.3 Biodiesel preparation by transesterification of WCO  
Biodiesel from WCO was produced in a water-bath apparatus preheated to a 

transesterification temperature of 65 °C. Twenty ml methanol was mixed with 100 ml 

oil in a 250 ml beaker. The mixture was then transferred to a two-necked round bottom 

flask, and 1.5 g KOH catalyst was added. A mechanical stirrer was submerged in the 

reaction mixture through the central neck of the flask, and a thermometer was inserted 

into the flask to account for and regulate the reaction temperature. A reflux system was 

put in place to prevent pressure build-up. The transesterification reaction was run for 

3 hours at 65 °C with continuous stirring at 300 rpm. The product mixture was 

transferred into a separating funnel, which settled overnight. The phases in the mixture 

a)   b)   
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were then separated using a centrifuge vessel, and the biodiesel was collected as the 

top phase and glycerol as the bottom phase.  

  

The process diagram showing oil pre-treatment (as per section 3.1.2) and the set-up 

for the transesterification procedure of WCO for biodiesel production are presented in 

Figure 3.2.  

  
Figure 3.2: Process diagram illustrating the biodiesel production from WCO and 
antioxidant addition.  

  

The yield of biodiesel was determined using equation 3.1.  

𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙 
 𝐵𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙	𝑦𝑖𝑒𝑙𝑑	(%)	=	 	×	100  3.1  

𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑊𝐶𝑂 

   

3.2.4 Antioxidant addition and WCO/biodiesel characterisation  

After the transesterification process, the biodiesel sample was collected in a beaker 

after separation the reaction products from the vessel. The selected antioxidants (OA, 

OC and OE) were ground in crucibles. Varying amounts of each antioxidant were 
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added to the biodiesel at different concentrations. The antioxidants were used 

individually in the first set of experiments and a combination of the two to study the 

synergistic effects of antioxidants blends. The matrix of samples prepared is 

summarized in Table 3.1.   

  

Table 3.1:  Biodiesel samples and codes for oxidation stability test using various 
antioxidants at different concentrations.  

 

Biodiesel samples + Antioxidants  
Biodiesel 
sample   Sample name  Antioxidant 

concentration (ppm)  
B100  Biodiesel  0  

B-OA250  
B-OA500  

B-OA1000  Biodiesel + OA  

250  
500  
1000  

B-OA2000   2000  

B-OA3000   3000  

B-OC250  
B-OC500  
B-OC1000  Biodiesel + OC  

250  
500  
1000  

B-OC2000   2000  

B-OC3000   3000  

B-OE250  
B-OE500  

B-OE1000  Biodiesel + OE  

250  
500  
1000  

B-OE2000   2000  

B-OE3000   3000  

B-OAC  Biodiesel + OA + OC  2000*  
B-OAE  Biodiesel + OA + OE  2000*  
B-OCE  Biodiesel + OC + OE  2000*  

*The concentration of each antioxidant was 1000 ppm. Since they were blended, the total 
antioxidant concentration amounted to 2000 ppm.   

  



Experimental details  

43  
  

3.2.4.1 Physical properties  

WCO and biodiesel were characterised at Oil watch laboratories in Cape Town, South 

Africa, to determine the physical properties such as density, flash point, viscosity, and 

water content. The following instrument was used for each of the above properties 

mentioned:    

• Water content: A Metrohm 808 Titrando + 801 Stirrer was used to measure the 

water content present in the fuel.  

• Viscosity: A Stabinger Viscometer SVM 300 was used to measure the viscosity of 

the fuel. The kinematic viscosity was measured at 40 °C, and the dynamic viscosity 

was measured in cSt.  

• Flashpoint: To measure the flash point of the fuel, a Flash point tester: Herzog; 

Pensky Martens Closed Cup HFP 339 was used.   

• Density: A density meter SVM 300 was used to measure the density of the fuel.  

• The FFA measurements were conducted according to the procedure presented in 

(Win & Trabold, 2018).   

  

3.2.4.2 Gas Chromatography Mass Spectrometry (GC-MS)  

Identification of products was performed on a gas chromatograph (6890N, Agilent 

Technologies network) coupled to Agilent Technologies inert XL EI/CI Mass Selective 

Detector (MSD) (5975, Agilent Technologies Inc., Palo Alto, CA). The GC-MS system 

was coupled to a CTC Analytics PAL autosampler. The fatty acids were separated on 

a ZB-FFAP (30 m, 0.25 mm ID, 0.25 µm film thickness) (Restek, USA) capillary column. 

Helium was used as the carrier gas at a 1 ml/min flow rate. The GC-MS analysis of  

WCO and biodiesel was conducted at the University of Stellenbosch’s central analytical 

facilities in South Africa. Samples of WCO and biodiesel for GC analysis were prepared 

by diluting each sample in 1 mL hexane separately. Each sample was injected into the 

column in a split ratio of 40:1 at 320 °C injection port and interface line temperature. 
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The calibration curve was constructed for each sample based on the 

detection/identification and concentrations of components present therein.   

  

3.2.4.3 Oxidation stability test and equipment operation  
The oxidation stability tests of all samples (Table 3.1) were carried out at the Willowton 

group laboratories in Pietermaritzburg, South Africa. The tests were conducted using 

Metrohm 743 Rancimat equipment to determine the induction period of each biodiesel 

sample according to the ASTMD6751 and EN14214 standards. The biodiesel samples 

containing different concentrations of antioxidants (Table 3.1) were placed in the 

Rancimat equipment. The Rancimat technique is accelerated oxidation that naturally 

occurs slowly when biodiesel reacts with air after a certain period. A computer 

controlled the Rancimat equipment through an interface (RS-232) and an evaluating 

computer program to automatically generate the conductivity measurements as a 

function of time to determine the induction period of each biodiesel sample. The 

Rancimat technique allows the biodiesel sample to be exposed to an airflow of 10 L/h 

at a constant temperature ranging from 50 to 200 °C. For the test in this study, the 

temperature was kept at 120 °C. The biodiesel sample was placed in a glass reaction 

vessel and a heating block. Then the Rancimat internal pump supplied the airflow of 

10 L/h at 120 °C through a fluorinated ethylene-propylene tube into the reaction vessel. 

The formed volatile compounds flew into the measuring vessel via a silicone tube. An 

electrode in the measuring vessel detected the conductivity when the volatile 

compounds (mainly formic acid) were absorbed in the distilled water in the measuring 

cell (Figure 3.6). The induction period was measured as the time required for a rapid 

increase in conductivity detected by the electrode in the measuring vessel. Figure 3.3 

presents the operation of the Rancimat technique.   
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Figure 3.3:  Diagram of Rancimat apparatus (Sakthivel et al., 2019)  
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CHAPTER 4: RESULTS AND DISCUSSION  
  

This chapter analyses and discusses the experimental results obtained from various 

WCO and biodiesel sample analyses. The results provide insight into the oxidation 

stability of biodiesel from WCO using natural antioxidants. The chapter is divided into 

the following sections:   

• Characterization of biodiesel from WCO  

• The effect of natural antioxidants on the oxidative stability of biodiesel  

• The effect of antioxidants concentration on the oxidative stability of biodiesel • 

 The effect of antioxidants blending on biodiesel oxidative stability  

  

4.1 Characterization of WCO and biodiesel  

The physicochemical properties of WCO, characterized by methods discussed in 

section 3.1.4 (3.1.4.1 -3.4.1.2), are presented in Table 4.1.  

  

Table 4.1: Physicochemical Properties of WCO  
Property  Value  

Kinematic Viscosity at 40 °C, cSt  50.13  

Density at 20 °C, g/ml  0.92  

Water content, %  0.03  

FFA content (wt% of oil)  1.00  

Colour  Brownish dark  

Molecular weight, g/mol  812.00  

Acid value, mg KOH/ g oil  2.50  

  

The above properties are typical for WCO obtained from restaurants' frying oil 

(Erchamo et al., 2021; Degfie et al., 2019). It is essential to characterise waste cooking 

oil, especially its acid content, before biodiesel preparation. The fatty acid profile of 
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WCO, characterised via GC-MS (see appendix - Figure A.0.2 for the chromatograms) 

as described in section 3.1.4.2. are reported in Table 4.2.  

  

Table 4.2: Fatty acid composition of WCO from GC-MS analysis 
 

Fatty acid type  Carbon chain  wt. %  

Caprylic   C8:0  0.30  

Palmitic   C16:0  8.40  

Stearic   C18:0  8.80  

Oleic   C18:1  14.30  

Linoleic  C18:2  68.10  

  

 

The physicochemical properties of WCO, as shown in Table 4.1, are critical in 

determining the quality of biodiesel produced from the waste cooking oil. The water 

content and FFA content of WCO, for instance, can affect the biodiesel production 

process and the quality of the final product (Erchamo et al., 2021). A high-water content 

in WCO can lead to the formation of emulsions during the transesterification process, 

which can hinder the separation of the glycerol and biodiesel phases (Degfie et al., 

2019). This can lead to the formation of soap and other impurities that can affect the 

quality of the biodiesel produced. Similarly, a high FFA content in WCO can lead to the 

formation of free fatty acids during the transesterification process, which can react with 

the catalyst used and reduce its effectiveness (Erchamo et al., 2021). This can lead to 

a lower yield of biodiesel and higher amounts of impurities in the final product.  

  

The fatty acid profile of WCO, as shown in Table 4.2, is also important in determining 

the quality of biodiesel produced from the waste cooking oil. The high content of linoleic 

acid in WCO, for instance, can result in a lower oxidative stability of the biodiesel 

produced. This is because linoleic acid is highly unsaturated and prone to oxidation, 

which can lead to the formation of harmful compounds that can negatively affect the 
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engine's performance. Therefore, it is important to consider the physicochemical 

properties and fatty acid profile of WCO before producing biodiesel from the waste 

cooking oil. This can help to optimize the biodiesel production process and improve the 

quality of the final product.   

  
The presence of free fatty acids (FFA) in WCO is due to repeated heating or thermal 

stress from the use of cooking oil (Susilowati et al., 2019). The WCO contained a high 

percentage of linoleic acid (68 wt. %), a polyunsaturated fatty acid. High linoleic acid 

content is a characteristic of vegetable oils from soy, corn, or canola (Fritsche, 2014). 

Linoleic acids are also known to make up the highest percentage of free fatty acids in 

most consumed meats (beef, chicken, pork) prepared in restaurants, usually 

contributing up to 85% (Whelan & Fritsche, 2013). The linoleic acid was followed by 

another unsaturated fatty acid, oleic acid, a mono-unsaturated fatty acid, which 

comprised 14.30% of the free fatty acid content. Biodiesel prepared from WCO with 

high concentrations of FFAs exhibits low oxidation stability (Erchamo et al., 2021; 

Degfie et al., 2019); thus, the need to add antioxidants. The biodiesel prepared by 

transesterification of WCO, under prescribed conditions and procedure described in 

section 3.1.3, was characterized to determine its physicochemical properties. The 

biodiesel was characterised following the South African National Standard (SANS 

342:2016 requirements). The result of the physicochemical properties of WCO, 

viscosity, density, flashpoint, and water content, are presented in Table 4.3.    

  

Table 4.3: Physicochemical properties of biodiesel obtained from WCO SANS 
342:2016 Requirements  

Property  Value  SANS 342:2016  ASTM D6751 Pass/ Fail  

Viscosity @ 40°C, cSt  4.10  2.00 - 5.30   1.9 - 6.0 Pass  

Density, g/ml  0.88  0.80 (min)  0.86 - 0.90 (EN 
14214:2012) 

Pass  

Flashpoint, °C  65.00  55.00 (min)  52.00 (min) Pass  

Water content, %  0.03  0.04 (max)  0.05 (max) Pass  

Oxidation stability, hrs  0.79  3.00 (ASTM-6751)  3.00 (min) Fail  
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The low oxidation stability of the WCO-biodiesel, as shown in Table 4.3, could be 

attributed to the high content of unsaturated fatty acids in the WCO used to produce 

the biodiesel. As shown in Table 4.2, the WCO used in this study had a high content of 

linoleic acid, which is highly unsaturated and prone to oxidation. The low oxidative 

stability of the WCO-biodiesel could also be due to the presence of bis-allylic methylene 

groups close to the double bond within the WCO-biodiesel (Yaakob et al., 2014). The 

high FFA content and water content in the WCO used to produce the biodiesel, as 

shown in Table 4.1, could also contribute to the lower oxidative stability of the WCO-

biodiesel. Several strategies can be employed to improve the oxidative stability of 

biodiesel produced from WCO. One strategy is to use antioxidants during the 

production process to reduce the rate of oxidation. As shown in previous sections of 

this report, natural antioxidants such as OC, OA, and OE can improve the oxidative 

stability of WCO-biodiesel. Another strategy is to use different feedstocks with a lower 

content of unsaturated fatty acids. For instance, biodiesel produced from algae or 

animal fats has been found to have higher oxidative stability than biodiesel produced 

from vegetable oils (Yaakob et al., 2014).  
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Table 4.4: FAMEs composition of WCO-biodiesel 
FAME  Carbon chain  wt %  

Myristic  C14  0.08  
Pentadecylic  C15  0.02  

Palmitic  C16  6.67  
Palmitoleic  C16:1  0.07  
Margaric  C17  0.01  
Stearic  C18  6.39  
Oleic  C18:1cis  18.70  

Linoleic  C18:2cis  66.35  
Arachidic  C20  0.41  
Behenic  C22  0.89  

arachidonic  C20:4n6  0.01  
Tricosylic  C23  0.03  

Tetracosanic  C24  0.22  
Nervonic  C24:1cis  0.01  
Others  n/a  0.15  

  

 

It is well known that polyunsaturated fatty acids such as linoleic acid contain bis-allylic 

sites, which are sensitive to ambient conditions and are easily attacked by oxygen. 

This lower oxidation capacity may be of concern as it reveals a high possibility of further 

oxidation upon extended oil storage.   

  
The result of the fatty acid profile (fatty acids methyl esters, FAMEs) of the obtained 

WCO-biodiesel, as also characterised via GC-MS as described in section 3.1.4.2, is 

presented in Table 4.4. In Table 4.4, the GC-analysis results of WCO-biodiesel 

indicated the dominance of fatty acid content with 66.35% linoleic acid which is a 

polyunsaturated fatty acid (PUFA), followed by 18.70% oleic acid which is a 

monounsaturated fatty acid (MUFA), 6.67 % palmitic acid, 6.39% stearic acid and other 

fatty acids which are saturated made up the balance. Thus, the finding suggests that 

WCO biodiesel has low oxidative stability (OS), which can be attributed to the high 

degree of unsaturated fatty acids content (PUFA + MUFA ≈87 wt %) in the biodiesel 

product (Rashed et al., 2015). The above agrees with results obtained by Bondioli et 

al. (1995) and Lin et al. (2006) regarding the degree of unsaturation of soybean and 
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distilled sunflower oil, respectively, vis-à-vis the oxidation stability. The fatty acid 

content significantly affects the different biodiesel properties, including its oxidative 

stability (Chhetri et al., 2008). The auto-oxidation of fatty acids is one of the 

mechanisms to decrease oxidative biodiesel stability. The susceptibility to oxidation is 

a function of the level of unsaturation and the number of double bonds present in the 

free fatty acid. A high number of double bonds enhances oxidation degradation due to 

the pi bond's weak and low energy, making the unsaturated compound highly reactive 

(Romola et al., 2021).   

   

4.2 Selection of natural antioxidants   

The structure of active molecules determines the performance of antioxidants, their 

operation mechanism, the system in which they are present, and the storage and 

processing conditions (Shahidi, 2015). In the current study, the structural properties of 

readily available molecules have been used as the main selection criteria. Therefore, 

three antioxidants, i.e., OA, OC and OE, known to display antioxidant properties 

(Palace et al., 1999; Traber & Atkinson, 2007; Traber & Stevens, 2011) were selected 

for the study. The structures of the antioxidant used are shown in Figure 4.1.   
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Figure 4.1: Selected antioxidants chemical structures: (a): OA (b) OC (c) OE  
  
  

It can be noticed from the structures of the molecules under consideration that OC has 

four hydroxyls while OA and OE only have one hydroxyl group each. The hydroxyl 

group is one of the factors responsible for the vitamins' antioxidant properties (Traber 

& Atkinson, 2007). Therefore, OC having a more significant number of hydroxyl 

radicals than OA and OE implies that it has the potential to donate a more significant 

number of hydrogen-free radicals or electrons to eliminate oxidative free radicals. The 

performance of the antioxidants is also determined by the strength of the most reactive 

O-H bond. Hence, the O-H bond dissociation energy (BDE) is a good predictor of 

antioxidant activity (Romola et al., 2021). Previous studies have estimated the BDE of 

OA, OC and OE in water (Lucarini et al., 1994; Pandithavidana & Jayawardana, 2019; 

Evgeny & Taisa, 2010). The results are summarized in Table 4.5, with the molecular 

masses of each selected component included.   

( a )   

( b )   

( c )   
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Table 4.5: BDE and molecular mass of selected antioxidants 
Antioxidant  Bond dissociation energy (kJ/mol) Molecular mass (g/mol)  

OC  318.50  176.12  

OE  330.10  430.71  

OA  356.00  286.40  

  

The antioxidants' molecular mass can be used to indicate antioxidant activity (Romola, 

2021). OC has the lowest molecular mass of the three selected antioxidants, followed 

by antioxidant OA and antioxidant OE.   

  

OC was found to have the lowest BDE of the three selected antioxidants, followed by 

OE. OA showed the highest BDE of the antioxidants selected for this study. The 

antioxidant capacity is generally significant in molecules with lower BDE (Romola et 

al., 2021). This observation can also relate to the larger molecules offering a high ability 

to donate electrons, and hydrogen may dictate their effectiveness as antioxidants. 

Another advantage of larger molecules is the potential for multiple electron donations, 

the metal's chelating capabilities, and the potential for complex formation with the 

radical that needs to be scavenged (Tyrakowska et al., 1999).  

   

4.3 The effect of natural antioxidant types on oxidative biodiesel stability  

The effect of three antioxidants, OA, OC and OE, on the oxidative stability of WCO 

biodiesel was investigated. The initially selected concentration of each antioxidant in 

WCO biodiesel samples was 1000 ppm (section 3.1.4, Table 3.1). The induction time 

determined using a Rancimat device indicates the oxidative stability of the respective 

biodiesel samples. Figure 4.2 present the Rancimat analysis curve obtained for 

biodiesel without any antioxidant addition and biodiesel with added antioxidants (1000 

ppm).   
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Figure 4.2: Rancimat curve for induction period estimation for WCO-biodiesel with (a) 
No antioxidant addition (b) 1000 ppm OA (c) 1000 ppm OC (d) 1000 ppm OE   

  

Initially, a gradual increase in conductivity is due to the dissociation of volatile organic 

acids generated as a result of biodiesel oxidation (Figure 4.2). The point of inflection 

shows that accelerated biodiesel oxidation is occurring, marking the induction period 

of biodiesel. The addition of antioxidants to WCO-biodiesel samples improved their 

oxidative stability, as evidenced by the longer induction periods obtained. The induction 

period of the WCO-biodiesel sample without any added antioxidant was only 0.79 

hours, while the addition of OA, OC, and OE increased the induction period to 1.94, 

6.96, and 0.95 hours, respectively. This suggests that OC is the most potent 

antioxidant, followed by OA and OE. The differences in the effectiveness of the 

antioxidants can be related to their chemical structures and properties (Oyetunji et al., 

2019). For instance, OC has a large number of hydroxyl groups, which can scavenge 

free radicals and inhibit the oxidation process. OA and OE also have hydroxyl groups, 

but their effectiveness may be lower due to differences in their molecular weight and 



Results and discussion  

55  
  

branching. Additionally, the antioxidant activity of these compounds may also be 

influenced by their solubility and reactivity with the free radicals generated during the 

oxidation process.  

  

Summarily, the results suggest that the addition of antioxidants to WCO-biodiesel 

samples can improve their oxidative stability and increase their shelf life. OC, OA, and 

OE are potential candidates for use as antioxidants in biodiesel production, and further 

research is needed to optimize their concentration and application in industrial-scale 

biodiesel production. Figure 4.3 presents the results of Rancimat analysis of induction 

time upon adding antioxidants to the various biodiesel samples.   

  

 

  

Figure 4.3: Rancimat induction periods for WCO-biodiesel with natural antioxidants 
(antioxidant concentration = 1000 ppm). B100: biodiesel without antioxidant, and B-O:  
biodiesel with added antioxidants of OE, OC and OA.  

  

It is observed in Figure 4.3 that the WCO-biodiesel (B100), prior to antioxidant addition, 

did not comply with EN-14112/IS-15607’s standard induction period of 6 hours, neither 

with the ASTM-6751 limit of 3 hours. According to Nagarajan & Narayanasamy (2020) 

and (Bharti & Singh, 2019), the induction period of biodiesel produced from WCO 
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feedstocks usually does not comply with these minimum standards. This can also be 

explained by the high poly-unsaturated fatty acid methyl esters (PUFA) content (66 %) 

in WCO-based biodiesel, as reported earlier in Table 4.4. Moreover, the WCO used to 

prepare the biodiesel was unsaturated, and this resulted in biodiesel prepared from it 

having low oxidation stability.  

  

Nonetheless, the results in Figure 4.3 reveals that all the natural antioxidants employed 

improved the oxidation stability of WCO-biodiesel. OC showed the most significant 

effects based on a more extended induction period of 6.96 hours. OC is insoluble in 

oils and partially soluble in glycerol (PubChem, 2021; Othmer, 1969; O’Neil, 2013). 

The study showed that OC appeared to dissolve in waste cooking oil biodiesel. Two 

possible explanations exist: firstly, OC can dissolve in the water contained in biodiesel 

(cite references & indicate how OC is water-soluble). The oil used for this study is the 

waste product of restaurant oils used for frying purposes, which contains water, as 

shown in the physicochemical characterization of the waste cooking oil biodiesel (see 

Table 4.3). Secondly, OC could react with methyl palmitate to form ascorbyl palmitate, 

the oil-soluble form of OC (Lewis, 2007). Interestingly, the gas chromatography 

analysis of the waste cooking biodiesel prepared for this study revealed the presence 

of methyl palmitate (6.67 wt%) (Table 4.4). This observation explains the reaction 

between methyl palmitate and OC to produce ascorbyl palmitate.  

  

The findings from this study are consistent with those of (Park et al., 2019), who 

reported that the oxidation stability of biodiesel produced from waste cooking oil 

feedstocks did not comply with minimum standards, possibly due to high PUFA 

content. They also found that methyl palmitate was present in significant quantities in 

the biodiesel, which could react with OC to form ascorbyl palmitate, the oil-soluble form 

of OC. Park et al. (2019) identified methyl oleate, methyl linoleate, methyl palmitate, 

methyl linolenate, and methyl stearate as the significant components of fatty acid in 

biodiesel produced from restaurant waste cooking oils. In the current study, the 
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induction period of biodiesel was increased from 0.79 to 6.96 hours with 1000 ppm of 

OC as an antioxidant. The performance of OC can be attributed to the presence of its 

four hydroxyl groups. Many OH groups mean more sites allow complexes between  

free radicals and antioxidant radicals, thus, stabilizing the biodiesel (Liang et al., 2006). 

Another possible explanation is the formation of ascorbyl palmitate, which exhibits 

strong antioxidant properties. The structure of the ascorbyl palmitate is shown in Figure 

4.4. Multiple OH groups greatly enhance the ascorbyl palmitate's antioxidant 

behaviour.   

  

  

 

Figure 4.4: Ascorbyl Palmitate structure  

  
  

It can be seen that OA performed better than OE. The induction times of waste cooking 

oil-based biodiesel prepared with 1000 ppm of OA and OE antioxidants were 1.94 and 

0.95 hours, respectively (Figure 4.3). The molecular mass of OE is approximately 1.5 

times bigger than that of OA (Table 4.5), while the value of the BDE of the OA is greater 

than OE’s (Table 4.5). The lower molecular mass of OA compared to OE provides a 

possible explanation for its better performance. Studies conducted on OE have shown 

that the antioxidant activity of OE is limited, which is more effective in hydrocarbon than 
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in vegetable oils (Waynick, 2005). The waste cooking oil used for the present study is 

vegetable oil. This explains the low performance of OEs in improving biodiesel 

oxidation stability. A study by Ramos et al. (2018) on the evaluation of natural 

antioxidant action in the oxidative stability of commercial animal-vegetable oil-based 

biodiesel showed that using OE had little effect on the oxidation stability of biodiesel. 

To the best of our knowledge, there is no report in the literature on using OA as a 

natural antioxidant to reduce oxidation degradation of waste cooking oil-based 

biodiesel. The observations above show that OA will perform better as an antioxidant 

for waste cooking oil biodiesel than OE.  

  

4.4 The effect of antioxidants concentration on oxidative biodiesel  

stability  

Following the application of the three antioxidants (OA, OC, and OE) over WCO 

biodiesel at a fixed concentration of 1000 ppm, the oxidation stability (OS) tests using 

the Rancimat method were further investigated at varying concentrations between 250 

to 3000 ppm as prescribed in section 3.1.4 (Table 3.1).  

  

4.4.1 Influence of OA concentration on oxidation stability  
Figure 4.5 presents the effect of the varying concentrations of antioxidants on biodiesel 

oxidation stability (in terms of rancimat’s induction period).   
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Figure 4.5: Effect of the concentration of antioxidant A (OA) on the induction period 
of WCO-biodiesel  

  

An increase in the induction period was observed for OA concentrations up to 500 ppm 

(Figure 4.5). Despite the beneficial effect of OA addition, the oxidation stability did not 

meet the ASTM-6751 limit of 3 hours for waste cooking oil-based biodiesel. One 

possible explanation is the high content of unsaturated fatty acids in WCO, which are 

highly susceptible to oxidation. Previous studies have shown that biodiesel produced 

from WCO has lower oxidative stability than biodiesel produced from other feedstocks, 

such as animal fats or algae (Mohammad et al., 2013). The high content of free fatty 

acids and water in WCO may also contribute to the lower oxidative stability of the 

resulting biodiesel. At an OA concentration of 500 ppm, the antioxidant activity has 

reached its peak value, as beyond 500 ppm OA, the induction period was observed to 

decrease. Some studies have shown the existence of an antioxidant saturation point 

beyond which no significant or even pro-oxidant effect is observed (Varatharajan & 

Pushparani, 2018). It has been reported that natural antioxidants show high sensitivity 

to concentration and exhibit pro-oxidant behaviour when used in large quantities 

(Prankl, 2005). At OA concentrations of 2000 ppm and above, the induction period 

reached a plateau value of about 2 hours.  
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4.4.2 Influence of OE concentration on oxidation stability   
Figure 4.6 shows the influence of OE, also known as tocopherol, as an antioxidant in 

waste cooking oil biodiesel.   

 

Figure 4.6: Effect of the concentration of OE on the induction period of biodiesel  

  

The effect of the concentration of OE follows similar trends as OA shown above (Figure  

4.5), such that there is an optimum induction period of 1.4 hours at a concentration of 

500 ppm and a sharp decrease at higher concentrations.  It is to be specified that OE 

is a well-recognized natural antioxidant used to improve the oxidation stability of 

biodiesel (Serrano et al., 2013; Liang et al., 2006; Varatharajan & Pushparani, 2018). 

Petroleum diesel containing about 600 ppm of OE was characterized by an optimum 

induction period of 25 hours. At the same time, refined palm oil methyl esters showed 

an optimum induction period of 3.5 hours for an OE antioxidant concentration of 600 

ppm (Liang et al., 2006). Our value of 1.4 hours for an OE concentration of 500 ppm is 

slightly below the 3.5 hours observed in the previously mentioned study. In another 

study, OE has been found to have little or even slight negative impact on the oxidation 

stability of yellow grease and poultry fat-based biodiesels (Tang et al., 2008). OE, 

although capable of improving the oxidation stability of biodiesel, has been reported to 

exhibit pro-oxidant behaviour in the presence of metal impurities (Romola et al., 2021).  
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The pro-oxidant behaviour observed in this study at OE concentrations above 250 ppm 

could be due to enhanced degradation of OE at high concentrations due to the 

presence of metal impurities in the waste cooking oil used to prepare the biodiesel.   

  

4.4.3 Influence of OC concentration on oxidation stability   
OC provided the best antioxidant activity, as indicated in section 4.3. Figure 4.7 shows 

the effect of OC, also known as ascorbic acid, on the induction period.  

 

Figure 4.7: Effect of the concentration of OC on the induction period of biodiesel  

  

Upon the addition of 250 ppm OC, a sharp increase in the induction period is observed. 

The increase peaks at 2000 ppm, where the induction period observed is around 7 

hours. At OC concentrations higher than 2000 ppm, no significant increase in the 

induction period is observed. Similar trends were observed with synthetic antioxidants 

PY and PG to improve the oxidation stability of frying oil-based biodiesel (Mittelbach & 

Schober, 2003). A saturation antioxidant concentration exists beyond which 

antioxidant activity improvement should not be expected. Further addition of 

antioxidants might promote biodiesel degradation (Varatharajan & Pushparani, 2018).  
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The results obtained from the individual use of antioxidants in this study suggest that 

using natural antioxidants, including OC, OA, and OE, can improve the oxidative 

stability of WCO-biodiesel. The increase in the induction period observed at different 

concentrations of each antioxidant is consistent with previous studies. For instance, a 

study by Meher (2006) found that the induction period of WCO-biodiesel can be 

increased by using synthetic antioxidants such as BHT, TBHQ, and tert-butyl 

hydroxyanisole (TBHA). Similarly, a study by Vatandoost et al. (2014) found that the 

induction period of WCO-biodiesel can be increased by using natural antioxidants such 

as tocopherol and carotenoids. However, the optimal concentration of each antioxidant 

reported in this study differs from previous reports. For instance, the optimal 

concentration of OC in this study was above 1000 ppm, while a previous study by  

Kumar et al. (2018) found that the optimal concentration of OC in WCO-biodiesel was 

500 ppm. Similarly, the optimal concentration of OA and OE reported in this study 

differs from those reported in previous studies. The differences in the optimal 

concentration of each antioxidant reported in this study could be attributed to 

differences in the experimental conditions, such as the type of biodiesel used, the 

source of the waste cooking oil, and the analytical methods used to determine the 

induction period.  

  

4.4.4 Synergistic effects of antioxidants on biodiesel oxidative stability  

The antioxidant blending and their effect on the oxidation stability of biodiesel were 

conducted as described in section 3.1.4. Figure 4.8 presents the result of the 

antioxidants’ combined effect on the oxidation stability of WCO-biodiesel.   
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Figure 4.8: Effect of antioxidants blends on the induction period of biodiesel.  
  

As shown in Figure 4.8, combining OA and OC (OAC) into the biodiesel led to an 

induction period of 12.9 hours for the antioxidant ratio of 1 to 1 (combined antioxidant 

concentration 2000 ppm). This proves to be almost 6 times and 2 times better than the 

individual antioxidant (OA and OC) performance, respectively, demonstrating 

maximum activity at 2 and 7 hours, respectively (Figures 4.5 and 4.6). On the other 

hand, combining antioxidants OA and OE (OAE) did not improve the oxidation stability 

of biodiesel but rather had an adverse effect, leading to an induction period of 0.33 

hour. This can be attributed to the fact that OA acts as a free radical scavenger and a 

metal chelator. In contrast, OE acts as a singlet oxygen quencher and a chain-breaking 

antioxidant. When combined, the different mechanisms of action of OA and OE might 

interfere with each other, leading to a decrease in their effectiveness and a consequent 

decline in the oxidation stability of biodiesel. The chemical interaction between the two 

antioxidants could also contribute to the adverse effect observed. Further studies could 

be conducted to investigate the exact mechanism of this adverse effect. It was, 

therefore, unnecessary to have the two (OA and OE) antioxidants blended for use in 
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biodiesel’s antioxidation application, compared to their performance individually for 2 

hours and 0.9 hours, respectively.    

4.5 Summary  

Natural antioxidants like OA, OC and OE showed good antioxidant activity by improving 

waste cooking oil biodiesel induction periods. Unlike the OA and OE, OC showed a 

minimum increased induction period of 5.5 hours at 500 ppm concentration. This was 

further increased to an optimum induction period of over 7 hours upon varying 

concentration to 1000 ppm. Therefore, WCO-biodiesel treated with OC at an optimised 

concentration in WCO-biodiesel was the only biodiesel sample that complied with the 

ASTM-6751 limit of 3 hours. OC has resulted in being the best antioxidant in improving 

the oxidation stability of biodiesel. Its large number or hydroxyl groups explain this, 

lower BDE and molecular weight as compared to OA and OE (See Table 4.5).  

  

These findings have significant implications for the storage and commercialization of 

biodiesel. Biodiesel is susceptible to oxidative degradation during storage, forming 

harmful compounds that can negatively affect the engine's performance. Using natural 

antioxidants like OC can help increase biodiesel's shelf life and reduce the formation 

of harmful compounds during storage. This can reduce the cost of biodiesel storage 

and transportation, making biodiesel a more economically viable alternative to 

traditional fossil fuels. In addition, the study's findings also have implications for the 

commercialization of biodiesel. Natural antioxidants can improve the biodiesel's quality 

and make it more attractive to potential buyers. In addition, using natural antioxidants 

can help address concerns about the environmental impact of biodiesel production, as 

these antioxidants are derived from renewable sources and are biodegradable.   

In conclusion, the study's findings suggest that using natural antioxidants like OC can 

significantly improve the oxidative stability of WCO-biodiesel. This has important 

implications for the storage and commercialization of biodiesel, as it can increase 

biodiesel's shelf life and make it more attractive to potential buyers. Further research 
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is needed to investigate the long-term effects of natural antioxidants and to identify 

other potential benefits of their use in biodiesel production.  
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS  
  

Biodiesel has been identified as an attractive, suitable, and sustainable alternative to 

conventional petroleum diesel. Biodiesel is biodegradable and offers more significant 

technical advantages than petroleum diesel, such as higher combustion efficiency, 

higher cetane number, low emission of aromatic and sulphurous compounds, low 

flammability with a high flash point, and high lubricity. Because of biodiesel's various 

advantages, it has successfully been used to replace petroleum diesel in diesel 

engines partially. Biodiesel is prepared using lipid or oil feedstock via transesterification 

in the presence of appropriate catalysts.  

  

One of the major drawbacks associated with the commercialisation of biodiesel is 

oxidation degradation. Biodiesel is prone to degradation upon radical chemical 

reactions. Biodiesel oxidation occurs due to the presence and position of double bonds 

(unsaturation) in fatty acid molecules. The double bonds of the unsaturated fatty acids 

increase their reactivity with oxygen, especially when the molecules are exposed to 

water or air. To tackle the oxidation stability challenge, antioxidants are added to 

biodiesel. Antioxidants have the potential to retard the biodiesel oxidation process. 

Furthermore, these antioxidants prevent free radicals' propagation and minimize the 

formation of compounds that promote biodiesel degradation.   

  

Several investigations on the improvement of biodiesel's oxidative stability have been 

conducted. Various antioxidants have been proposed; these can be classified as 

synthetic and natural. Most studies have focused on synthetic antioxidants, which are 

the most commonly used. However, consumers’ concerns regarding the biosafety of 

synthetic antioxidants have shifted research focus toward natural antioxidants, which 

are the subject of this project. Waste cooking oil (WCO) which has been identified as 

a promising oil feedstock for biodiesel production, has been used for the present study. 

This is due to its low cost and the fact that it is readily available. Using WCO as 
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feedstock for biodiesel means putting to good use a waste product often discarded 

inappropriately with a negative environmental impact.  

   

Biodiesel was successfully produced from WCO via transesterification using a 

potassium hydroxide catalyst. Physicochemical analysis of WCO-biodiesel via GC 

showed that the product dominantly consisted of unsaturated fatty acids (85 %) (66.35% 

Linoleic-PUFA acid and 19% monounsaturated fatty acids). Consequently, the derived 

biodiesel was associated with low oxidation stability with an induction period of 0.79 

hours. The produced biodiesel complied with the South African National Standard 

biodiesel specification (SANS 342:2016) regarding the measured physicochemical 

properties (viscosity, density, flash point and water content) but not oxidation stability.  

  

To tackle the oxidation stability challenge, antioxidants are added to biodiesel. 

Antioxidants have the potential to retard the biodiesel oxidation process. This study 

selected three natural biodiesel antioxidants: OA, OC and OE. The antioxidants were 

first investigated individually and then in pairs. The effect of antioxidant concentration 

on oxidation stability was studied using the Rancimat method. The technique is used 

to determine the biodiesel's induction period, which indicates oxidation stability. 

Antioxidant OC performed best for biodiesel oxidation stability with the lowest Bond 

Dissociation Energy (BDE, 318.5 kJ/mol) and molecular weight (176.16 g/mol). 

Addition of 1000 ppm OC led to an increase in the Rancimat induction period from 0.79 

to 7 hours. A study on the effect of the concentration of OC (250 – 3000 ppm) on 

oxidation stability showed an improvement in the induction period for all concentrations 

studied.   Using 3000 ppm OC led to an induction period of 7.64 hours. Biodiesel 

prepared with OC addition with concentrations higher than 500 ppm complied with EN- 

14112/IS-15607’s standard induction period of 6 hours and the ASTM-6751 limit of 3 

hours. Using OA and OE at different concentrations improved the oxidation stability of 

biodiesel. However, biodiesel prepared with either OA or OC did not comply with EN- 
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14112/IS-15607’s standard or with the ASTM-6751 standard.   

  
The combined effects of antioxidants selected for this study were assessed in pairs on 

a 1 to 1 ratio. Antioxidant OA combined with OC (OAC) resulted in WCO biodiesel with 

an induction period of 12.9 hours from 0.79 hours of biodiesel without antioxidants.  An 

induction period of 7 hours was obtained by combining OC and OE (OCE). The effect 

of combined OA and OE (OAE) was detrimental and resulted in an induction period of 

0.33 hours. Antioxidants appeared to have synergistic effects when used in pairs; they 

exhibit better antioxidant activity than when used individually, except for the OAE 

combination.   

  

This study has shown the potential benefits natural antioxidants offer to improve the 

oxidation stability of waste cooking oil biodiesel. Such a study will provide great insight 

for industries interested in harnessing the waste cooking oil potential in biodiesel 

manufacture.   

  

5.1 Recommendations for further studies  

The mechanistic phenomena leading to the observed antioxidant activity are worth 

investigating on the molecular level to understand and improve antioxidant activity.  

Furthermore, a comparative study between synthetic and commercial antioxidant on 

WCO biodiesel and natural antioxidants whose performance have been exalted in this 

study will be justifiable. Lastly, owing to the knowledge gained in this study, it will be 

useful to assess the economic impact of using the applied natural antioxidants OA, 

OC, and OE compared to synthetic antioxidants.  
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APPENDIX: CHROMATOGRAPHS OF FATTY ACIDS  

  

Figure A.0.1: Waste cooking oil (concentrated) chromatogram  
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Figure A.0.2: Biodiesel oil (10x diluted) chromatogram.  
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Figure A.0.3: 500 ppm standard mixture chromatogram.  


