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Resumo 

 

O objectivo deste projecto foi o de estudar as propriedades antioxidantes de ésteres alquílicos do 

ácido cafeico e enfatizar a relação entre a estrutura molecular e o seu efeito antioxidante. O meio utilizado 

como teste foi éster metílico de ácido gordo (FAME - fatty acid methyl ester) derivado de óleo de girassol. 

Foram testados diferentes antioxidantes com diferentes gamas de concentração no meio - diferentes ésteres 

alquílicos de ácido cafeico, em que os mais utilizados foram o éster metílico de ácido cafeico (MET CA), o α-

tocoferol e o palmitato de ascorbilo. Usaram-se para determinar a estabilidade dos lípidos à oxidação e 

identificar os produtos primários e secundários de oxidação. Em três das cinco experiências foram 

adicionados simultaneamente dois antioxidantes ao meio. 

Referente à parte experimental, FAME foi preparado por transesterificação e destilação e utilizado 

como meio sujeito à oxidação lipídica. As amostras foram preparadas com FAME e diferentes antioxidantes, a 

concentração variada, e armazenadas num forno laboratorial a 60±0.1°C durante 40 ou 45 dias. Foram usados 

quatro métodos para determinar a capacidade antioxidante, nomeadamente o método da determinação de 

dienos, da concentração de hexanal pela técnica de headspace com GC-MS, da concentração de 

oxopolímeros por HPLC e o decréscimo da estabilidade oxidativa. As mediações foram efectuadas a cada 5 ou 

10 dias consoante o método analítico e a experiência.  

A partir do estudo realizado foi possível concluir que os ésteres alquílicos do ácido cafeico são bons 

antioxidantes quando na concentração de 1.5 mmol/kg de substrato lipídico, nomeadamente MET CA, éster 

etílico de ácido cafeico (ETH CA) e éster propílico de ácido cafeico (PRO CA). As actividades antioxidantes dos 

ésteres alquílicos testados decrescem com o aumento da cadeia de alquílica após o ponto crítico, o que está 

em conformidade com a hipótese do paradoxo polar. 

Relativamente à combinação de antioxidantes com MET CA: (i) o α-tocoferol tem a capacidade de 

promover ou antagonizar o efeito de outros antioxidantes consoante as condições de utilização - a presença 

de α-tocoferol a baixas concentrações traz um efeito sinergético mas a partir de 0.18 mmol/kg apresenta um 

efeito contrário, isto é, diminui a capacidade antioxidante; (ii) o palmitato de ascorbilo apresenta um efeito 

sinergético numa gama de ]0, 0.72] mmol/kg. E, além disso, promove melhor a actividade antioxidante que o 

α-tocoferol. 
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Abstract 

 

The gold of this work is to study the antioxidant properties of caffeic acid alkyl esters and emphasize 

the relationship between their molecular structures and antioxidant activity. The test medium used was fatty 

acid methyl ester (FAME) of sunflower oil. Different antioxidants were added to it in a different range of 

concentrations – methyl ester of caffeic acid (METCA) and other alkyl esters of caffeic acid, α-tocopherol and 

ascorbyl palmitate. These were used for determination of rate of lipid oxidative stability and primary and 

secondary oxidative products. Two antioxidants were simultaneously added to the medium in three out of 

the five experiments. 

Concerning the experimental part, FAME was prepared by transesterification and distillation and used 

as lipid oxidation medium. Samples were prepared with FAME and different antioxidants, at various 

concentrations, and stored in a laboratory oven at 60±0.1°C for 40 or 45 days. Different methods were used 

for determination of the antioxidant effect, as the conjugated dienes content, the hexanal concentration by 

headspace technique with GC-MS, the oxopolymer content by HPLC and the decrease of oxidation stability. 

The measurements were made every 5 or 10 days, in accordance with the analytical method and the 

experiment. 

With respect to the results of the project, it is possible to conclude that alkyl esters of caffeic acid are 

powerful antioxidants at a concentration of 1.5 mmol/kg of lipid substrate, namely MET CA, ethyl ester of 

caffeic acid (ETH CA) and propyl ester of caffeic (PRO CA). The antioxidant activity of the alkyl esters tested 

decreases with the increasing length of their alkyl chain after the critical point, in conformity with the polar 

paradox hypothesis.  

Regarding the combination of antioxidants with MET CA: (i) α-tocopherol has the ability to promote or 

antagonize the effects of other antioxidants depending on the conditions of use - the addition of α-

tocopherol at low concentration brings a synergetic effect but after 0.18 mmol/kg the α-tocopherol effect is 

the opposite, the overall antioxidant activity decreases; (ii) ascorbyl palmitate brings a synergetic effect at a 

range of ]0, 0.72] mmol/kg and it shows a higher antioxidant effect than α-tocopherol. 
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1. Introduction 

 

1.1.  Goal of the Project  

 

The initial goal of this project is to determine the antioxidant effect of caffeic acid alkyl esters in FAME 

of sunflower oil and their combination with other antioxidants. As a result, different methods of 

determination of the antioxidant effect were used, such as the conjugated dienes content, the hexanal 

concentration by headspace technique with GC-MS, the oxopolymer content by HPLC and the decrease of 

oxidation stability that were applied each 5 or 10 days. 

 

1.2.  Starting Point  

 

The Department of Dairy, Fat and Cosmetics of Institute of Chemical Technology in Prague has been 

studying lipid oxidation for 11 years. Their focuses are on the antioxidant properties of phenolic acid and lipid 

oxidation in margarines. The antioxidant effect can be determined by using many methods, like the 

determination of oxidation stability of oil with an antioxidant at higher temperature, Schaal oven-storage 

test; active oxygen method, Rancimat test; Oxidograph test. These tests predict shelf-life of samples and their 

results provide information about how much the added antioxidant increases their oxidative stability [1]. 

Lipids and the studies of lipid oxidation have applications in the cosmetic and food industries as well as 

in nanotechnology. 

 

1.3.  Lipids oxidation 

 

1.3.1.   Definition and mechanism 

  

In the last years the consumers’ trend was to only use natural additives in food and cosmetics. The 

lipid oxidation is responsible for the decrease of nutritional and sensory quality of lipid-containing products. 

Therefore the interest in the natural antioxidants found in plants has risen [1].  

The overall mechanism of lipid oxidation is the process in which free radicals "steal" electrons from the 

lipids in cell membranes, resulting in cell damage. This happens in vivo but is studied in vitro. It proceeds by a 

free radical chain reaction mechanism and most often affects polyunsaturated fatty acids, because they 

contain multiple double bonds in between which lie methylene bridges (-CH2-) that possess especially 

reactive hydrogens. 
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 It has three phases: initiation, the formation of free radicals; propagation, the free-radical chain reactions; 

and termination, the formation of non-radical products [2].  

Initiation is the step in which a fatty acid radical is produced (eq. 1.1). The most notable initiators in 

living cells are reactive oxygen species (ROS), such as OH· and HOO·. It takes place when abstraction of 

hydrogen radial happens from an alkylic methylene group of an unsaturated fatty acid or by addition of a 

radical to a double bond. The reaction on 1.1 happens mediated by trace metals, irradiation, light or heat. 

The equation 1.2 shows the process that occurs when lipid hydroperoxides, ROOH, which exists in trace 

quantities prior to the oxidation reaction, break down to yield radicals [3].  

 

                                                                                     Equation 1.1 

                                                                             Equation 1.2 

 

The propagation of lipid in free-radical oxidation processes happens by chain reaction that consume 

oxygen and yield new free-radical species like, peroxy radicals, ROO•, or by the formation of peroxides, ROOH 

(eq. 1.3 and 1.4). The products R• and ROO• can further propagate free-radical reaction and ROO• initiate a 

chain reaction with other molecules creating lipid hydroperoxides and lipid free radicals [3]. This reaction 

repeats many times so it produces and accumulates big amounts of hyproperoxides and it only stops when 

the unsaturated lipids or fatty acid molecules are depleted. The lipid hydroperoxides are the primary 

products of this step, of autoxidation. 

 

                                                                                    Equation 1.3 

                                                                     Equation 1.4 

 

Lipid radicals are highly reactive and they usually undergo propagation reaction. It can have two ways: 

the reaction with an oxygen molecule in triplet ground state (eq. 1.3) or by removal of a hydrogen atom (eq. 

1.4) [3]. In this step radicals react with a non-radical and always produce another radical, which is why the 

process is called a "chain reaction mechanism". 

The final step is termination. The radical reaction stops when two radicals react and produce a non-

radical species.  This happens because radicals are very reactive and when there is a reduction on the amount 

of fatty acid, the radical bond to one another and form a stable non-radical compound. That leads to the 

termination of the reaction. The equation 1.5, 1.6 and 1.7 show the three ways by which it can happen [3].  

 

                                                                                 Equation 1.5 

                                                                              Equation 1.6  

                                                                   Equation 1.7 

 

The reaction of two radicals releases the energy equivalent to the strength of the bond being formed 

and that chemical energy is released in the form of heat. 
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1.3.2.   Food 

 

Lipids are components of food; they are principally triacylglycerides (TAG), phospholipids and sterols 

found naturally in most biological materials consumed and added in many processed foods.  As nutrients 

lipids are a concentrated caloric source, provide essential fatty acids and are a solvent and absorption vehicle 

for fat-soluble vitamins and other nutrients. They contribute to the quality of foods, including attributes of 

texture, structure, flavour and colour. Although humans and other mammals use various biosynthetic 

pathways to both break down and synthesize lipids, some essential lipids cannot be made this way and must 

be obtained from the diet [4]. 

Lipid oxidation has been long recognized as a major problem in the storage of fatty foods because 

lipids are one of the most chemically unstable food components. Lipids will suffer free-radical chain reactions 

that not only deteriorate the lipids but produce oxidative fragments, degrade proteins, vitamins and 

pigments and cross-link lipids and other macromolecules into non-nutritive polymers. These oxidative 

changes can result in flavour quality loss (rancid flavour), in changes of colour and texture, in destruction of 

valuable nutrients and even in generation of toxic compounds that it will lead to loss of consumer 

acceptance.  This reaction occurs by several molecular mechanisms. The complexity of the chemistry involved 

defies the possibility of one, universal, analytical test [5].    

Free-radical chain reactions are thermodynamically favourable and influence strongly the chemistry, 

metabolism and structure of biological cells. The effects of all processing steps, including raw product 

selection, harvesting, storage, refining, manufacturing and distribution, on the quality of lipids in the final 

commodity are considerable [5, 6].  

Certain variables are now known to influence oxidative processes, so they can be targeted to increase 

food lipid stability during and after processing. The low oxidative stability of lipids can be overcome by 

antioxidant addition, which is important for health protection and also for economic reasons. Retention of 

endogenous or addition of exogenous antioxidants is a well-known matter, but the presence and activity of 

catalysts, the integrity of tissues and cells, the quantity of polyunsaturated lipids, the structural properties of 

the final food product, including total surface area of lipids, and the nature of surfactant materials, play an 

important role in final product stability [6]. 

The susceptibility of lipid systems to oxidation depends upon the strength of the C-H bond against 

attack by oxygen and/or peroxide radicals and plays a significant role in the inhibitor activity. The ability of 

antioxidants to inhibit lipid oxidation can be affected. Having this into account, the effect of an antioxidant 

depends on its participation and on the radicals formed from the latter in a series of reactions [7].  

The lipids stabilization ability of antioxidants has been investigated in natural fats and oils. The results 

showed that the components of oils and fats (free fatty acids, acylglycerols, sterols, dyes, fatty alcohols, metal 

and others) may participate and contribute to the autoxidation process and affect the inhibiting action of the 

added antioxidant. Therefore, the data available on the stabilizing effect of a specific antioxidant in the same 

fats and oils are often quite different [7]. 
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The oxidation process is also dependent on the presence of antioxidants present in food. To date, the 

most common food antioxidants are synthetic additives which trap and stabilize the free radicals responsible 

for propagation and branching reactions and consequently act as chain breakers. Among them, phenol-type 

compounds such as butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) are dominant. An 

attractive alternative is the use of tocopherols. These natural antioxidants exhibit a dual type of activity: free 

radical scavengers and chain breakers, as well as physical quenchers of singlet oxygen. Besides these 

antioxidants, there are also compounds which inhibit the initiation step. The most important initiation 

suppressors are metal scavengers which bind the metal ions catalyzing chain initiation. This group includes 

citric, phosphoric and ascorbic acids [6].  

A large variety of natural compounds have been shown to inhibit oxidation under very specific 

experimental conditions: amino acids, proteins, enzymes, phospholipids, plant and spices components 

(flavonoids, carotene and phenols). Antioxidative effects were also obtained by chemical changes caused 

during food processing. The inhibitory effect of these compounds is dependent on many experimental 

factors. 

  

Different foods possess different bioactive compounds with varied antioxidant capacities. When foods 

are consumed together, the total antioxidant capacity of food mixtures may be modified via synergistic, 

additive, or antagonistic interactions among these components, which may in turn alter their physiological 

impacts. The mixture of antioxidants can have a synergistic or an antagonistic effect because of their 

interactions [8]. Synergism has been observed between primary antioxidants and non phenolic compounds 

like ascorbic acid and lecithin. The mechanism involved in synergism between different compounds usually 

extend the life of a primary antioxidant and the antioxidant effect of the mixture is greater than when the 

compounds are used alone [3].  

The term "antagonism" is the opposite effect of "synergism" which describes a more than additive 

effect with mixtures of antioxidants. It is known that among phenolic antioxidants, binuclear bihydroxylic 

phenols are the most effective antioxidants for polymers, while antagonism is obvious in the mixtures of 

these phenols with monohydroxylic analogues.  The mixture has a weaker antioxidant effect on the reaction 

than the most active individual compound. This is due to the different behaviour of mono- and biphenols in 

side reactions in the course of inhibited oxidation [9]. Recognition of the ability of tocopherols both to 

promote and antagonize the effects of other antioxidants will help to explain further the markedly different 

effects of antioxidants [10]. 

Since lipid autoxidation brings deterioration and toxicity, the ensuring a high quality of lipids, lipid 

containing products and prolonging their storage time is important. This is directly associated with the 

addition of suitable antioxidants for optimum stabilization [11]. 
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1.3.3.   Reactive oxygen species - ROS 

 

Reactive oxygen species (ROS) are chemically reactive molecules containing oxygen, 

like oxygen ions and peroxides. ROS are formed as natural products of the metabolism of oxygen and have an 

important role in cell signalling and homeostasis. ROS are continuously produced during normal physiologic 

events and can initiate the peroxidation of membrane lipids, leading to the accumulation of lipid peroxides. 

But they are removed by antioxidant defence mechanisms. The balance between generation and inactivation 

of ROS is made by the antioxidant system that each organism has [12]. 

The problem with this chemical species arises when it suffers environmental stress (UV, heat exposure 

or ionizing radiation) - ROS is overproduced and results in oxidative stress that leads to significant damage to 

cell structures. ROS is formed when endogenous antioxidant defence is inadequate. The imbalance between 

ROS and antioxidant defence mechanisms leads to oxidative modification in cellular membrane or 

intracellular molecules. 

Therefore the importance of reactive oxygen species (ROS) in vivo and free radicals has attracted lot of 

attention over the past years. ROS which include free radicals such as superoxide anion radicals (O2
•-

), 

hydroxyl radicals (OH•) and non-free radical species such as H2O2 and singlet oxygen (
1
O2), are various forms 

of activated oxygen [13]. Singlet oxygen (
1
O2) is the active species in photooxidation deterioration since this is 

more electrophilic than triplet state oxygen (
3
O2), the reaction is approximately 1500 times faster at carbon 

double bonds [4]. These molecules show factors in cellular injury and aging processes and they are an 

affecting factor in lipid oxidation.  

There are a lot of antioxidants that may be introduced to minimize actions of ROS. Like most phenolic 

compounds can trap the free radicals directly or scavenge them through a series of coupled reactions with 

antioxidant enzymes [13].  

 

1.4.  Antioxidants 

 

1.4.1.   Definition  

 

Antioxidants are substances that delay the onset of, or slow down the rate of oxidation. The most 

common types of lipid soluble antioxidants are mono- or polyhydric phenols with substituted rings. Hydroxy 

derivatives of benzoic and cinnamic acids possess inhibiting properties toward lipid autoxidation. Dihydroxy 

derivatives are more efficient than monohydroxy derivatives and the derivatives of cinnamic acid are more 

effective than those of benzoic acid [7].  

There are two types of antioxidants: primary radicals or chain-breaking and secondary or preventive. 

Primary antioxidants can react with peroxyl radicals before they react with further unsaturated lipid 

molecules and convert them to more stable products. Secondary antioxidants are compounds that retard the 
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rate of chain initiation by various mechanisms other than the pathway followed by the primary antioxidants. 

They reduce the rate of autoxidation of lipids by processes such as binding metal ions, scavenging oxygen, 

decomposing hydroperoxides to nonradical products, absorbing UV radiation, and deactivating singlet 

oxygen. Typical examples are sequestering agents of metal ions, reducing agents (ascorbic acid), and 

tocopherol or other phenolics [3]. 

Antioxidants work either by inhibiting the formation of free radicals in the initiation step or 

interrupting propagation of the free radical chain. The proposed mechanism for phenolic antioxidants is 

believed to involve the antioxidant acting as a hydrogen donor and the phenol group forms radical 

intermediates that are relatively stable due to resonance delocalization. This reduces the number of positions 

suitable for attack by molecular oxygen [4]. If the number of free radicals can be kept low enough, oxidation 

will not occur. But when the chain reaction occurs in a cell, it can cause damage or death to the cell.  

Antioxidants terminate these chain reactions by removing free radical intermediates, and inhibiting 

further oxidation reactions. They do this by being oxidized themselves, so antioxidants are often reducing 

agents such as ascorbic acid or polyphenols [14].  

An ideal antioxidant has to have specific characteristics to be chosen as food ingredient, like: 

 Non harmful physiological effects in humans (e.g., pathological effects; carcinogenic 

potential; interaction with enzymes; effects on reproduction; adequate metabolism rate); 

 Not objectionable flavour, odour, or colour; 

 Effective in low concentration; 

 Fat-soluble; 

 Readily-available; 

 Economical; 

 Not absorbable by the body; 

Moreover, it should also bring out some benefits when used, like health implication and stability in the food 

system [4].  

Although oxidation reactions are crucial for life, they can also be damaging. Plants and animals 

maintain complex systems of multiple types of antioxidants, such as glutathione, vitamin C, A, and E as well 

as enzymes. Insufficient levels of antioxidants, or inhibition of the antioxidants, causes oxidative stress.  

 

1.4.2.   Effect of antioxidant in vivo 

 
Antioxidants are classified into two major groups, depending on whether they are soluble in water 

(hydrophilic) or in lipids (hydrophobic). Most of the cases, water-soluble antioxidants react with oxidants in 

the cell cytosol and the blood plasma, while lipid-soluble antioxidants protect cell membranes from lipid 

peroxidation. These compounds are synthesized in the body or obtained from the diet.  

There are different types of antioxidants present at a wide range of concentrations in body fluids and 

tissues, such as glutathione or ubiquinone mostly present within cells, while others, such as uric acid, are 
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more evenly distributed. Some antioxidants are only found in a few organisms and these compounds can be 

important in pathogens and can be virulence factors. 

The relative importance and interactions between these different antioxidants is complex, with the 

various metabolites and enzyme systems having synergistic and interdependent effects on one another. The 

action of one antioxidant may therefore depend on the proper function of other members of the antioxidant 

system. The amount of protection provided by any one antioxidant will also depend on its concentration [15]. 

Some compounds contribute to antioxidant defence by chelating transition metals and preventing them from 

catalyzing the production of free radicals in the cell. Particularly important is the ability to sequester iron, 

which is the function of iron-binding proteins.  A large number of naturally occurring molecules known for 

their antioxidant properties are phenolic compounds: phenolic acids or flavonoids and their esters [16]. 

 

1.4.3.   Phenolic acid 

 

Phenolics are the best-know and major type of substance that possess antioxidant properties, which 

fall into the category of primary antioxidants. Phenolic acids are derivatives of benzoic acids (p-

hydroxybenzoic, vanillic, syringic and protocatechuic acids) and cinnamic acids (p-coumaric, ferulic and caffeic 

acids), which is the major subgroup of phenolic compounds [3]. These compounds are ubiquitous in plant-

derived foods and therefore a certain quantity of them is consumed in our daily diet [11]. Phenolic derivatives 

have a low acute toxicity, which increases with the increasing length of the alkyl chain. For example, the butyl 

ester of ρ-hydroxybenzoic acid is three times more toxic than methyl ester. The antioxidative properties of 

the phenolic acids in lipids were the object of numbers of investigations and it was discovered that methyl, 

ethyl, and propyl esters of p-hydroxybenzoic acid can be safely applied as food and drug preservatives [17]. 

Phenolic acids are a type of aromatic acids compounds. There are several categories, including 

monohydroxybenzoic acids (salicylic, 3-hydroxybenzoic, 4-hydroxybenzoic acids) dihydroxybenzoic acids 

(vanillic, gentisic, protocatechuic acids) and trihydroxybenzoic acids 

(gallic, ellagic, syringic, eudesmic, phloroglucinol carboxylic acids) [13].  

Phenolic acids can be found in plant species (oilseeds, herbs, fruits and vegetables) and most of the 

time they act as antioxidants because they exhibit the capacity of donating a hydrogen atom for breaking the 

free radical chain. Besides, phenolic acids also have anti-inflammatory, anti-allergic, antimicrobial, 

anticarcinogenic and antiviral properties [17]. 

 

1.4.4.   Conditions 

 

Many factors affect the properties and potential of antioxidants. It has been found that the effect of 

the antioxidant depends on the participation of this molecule and the radicals formed from the latter in a 

series of reactions [11].  
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The effectiveness of antioxidants is determined by their chemical structures (position and number of 

hydroxyl groups) and it may vary depending upon the concentration, temperature, type of oxidation 

substrate, and physical state of the system media, as well as the presence of antagonists and 

synergists. Therefore, all relevant factors must be taken into account in the selecting or designing 

antioxidants for a particular application. For example, antioxidants are found to behave differently when are 

used in various media; their activity in bulk oil is different from that in oil-in-water emulsion systems – 

polarity of system is very important [18]. 

 

1.4.4.1.   Structure of antioxidant 

 

A relationship between the structures of the phenolic acids and their antioxidant activities has been 

established. The antioxidative potency is related to the structure, in particular to electron delocalization of 

the aromatic nucleus. When these compounds react with the free radical formed during autoxidation, they 

generate a new radical which is stabilized by the resonance effect through the aromatic nucleus. Therefore, 

the positions and size of the chain influence the properties of the antioxidants [16]. 

The number, position and geometry of double bonds also affect the lipid oxidation rate. The 

conjugated double bonds are less reactive than non-conjugated double bonds [4].  

It has been found that the derivatives of cinnamic acids are more active antioxidants than the 

derivatives of benzoic acid. At Figure 1.1 it shows the presence of the -CH=CH–COOH group in cinnamic acid 

derivatives that ensures a greater efficiency than the -COOH group in benzoic acids. It was suggested that the 

double bond participates in stabilizing the phenoxy radicals by resonance [11]. 

 

 

 

 

 

  

 

 

 

 

Table 1.1 indicates the measured antioxidant efficiency of some compounds. Antioxidants were 

compared by determination of the quantity of each needed to obtain an equivalent efficiency (fixed as the 

amount to double the half-reaction time of the control). The lower the value of the efficient quantity (EQ) in 

mol/l is, the greater the antioxidant efficiency. It is shown that caffeic acid has a greater antioxidative 

capacity than BHA, ferulic acid and others. This happens because of the number of phenolic OH, their position 

Figure 1.1 – Chemical struture of cinnamic acids (A) and benzoic acid (B) with the representation of the substitution 

positions – ortho or para. 

A B 

Ortho Para 

Ortho 
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in the aromatic ring and the size of the molecule. Table 1.2 helps to understand the relationship between the 

number of OH and the position. 

 

Table 1.1 – Antioxidant efficiency of the phenols tested. Adapted from [16]. 

Phenols Number of phenolic OH EQ (ppm) 
Molecular weight 

 (g/mol) 

EQ 

(10
-5

mol/l) 

Rosmarinic acid 2x2 13 360 3.6 

Caffeic acid 2 8 180 4.4 

Gallic acid 3 8 170 4.7 

BHA 1 12 180 6.6 

Gentisic acid 2 10,5 154 6.8 

Protocatechuic acid 2 11,5 154 7.5 

BHT 1 28 220 13 

Sinapic acid 1 47 224 21 

Ferulic acid 1 72 194 37 

Syringic acid 1 120 198 61 

ρ-Coumaric acid 1 126 164 77 

Vanillic acid 1 >300 168 >100 

ρ-Hydroxybenzoic acid 1 >300 138 >100 

 

1.4.4.2.   Positions 

 

The position of the hydroxyl group affects the capacity of stopping the oxidation. For example, a 2,5-

dihydroxybenzoic acid  have a lower antioxidant power than a 2,3- dihydroxybenzoic.  

Other fact, that was studied, was the influence of methylene groups or ethylene groups (caffeic acid) 

when inserted between a phenyl ring and carboxylic group, that makes a significant changes in antioxidant 

activity [1]. The Figure 1.2 and the Figure 1.3 show different molecules with antioxidant properties sharing a 

similar backbone structure but varying on the position of the hydroxide group (
-
OH) or of the alkoxy group (

-

O–CH3). Moreover, it was found that the second hydroxyl group at either ortho or para position increases the 

antioxidant activity and the activity of monophenols increases considerably with one or two methoxylic 

substituents [16-17]. But the presence of one or two methoxy groups in the ortho position to the hydroxyl 

group has a stronger effect for the increasing of the antioxidant effect [7]. Table 1.2 shows the positions and 

the group of some phenolic acids tested.  

 

 

http://en.wikipedia.org/wiki/Carbon
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Table 1.2  – Position of substitution in hydroxyl-benzoic acids and hydroxylcinnamic acids. Adapted from [16]. 

Substitution position 

(relative to the acid function) 

Hydroxybenzoic acids Hydroxycinnamic acids 

1 OH (para) ρ-Hydorxybenzoic ρ-Coumaric 

1 OH (ortho) Salicylic  

1 OH (para)  and 1 OCH3 (meta) Vanillic Ferulic 

1 OH (para)  and 2 OCH3 (meta) Syringic Sinapic 

2 OH (para-meta) Protocatechuic Caffeic 

2 OH (ortho-meta) Gentisic  

3 OH (para-meta) Gallic  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4.4.3.   Size of antioxidant 

 

The size of the antioxidant is also an important factor that influences the antioxidant properties of the 

phenolic acid. If a phenolic acid has two or more hydroxyl groups in a molecule it is more effective 

antioxidant than a phenolic acids with only one group [3].  

 Some molecules show so-called cut-of-effect in oil-in-water emulsion, the oxidation activity increase 

with the elongation of the alkyl chain up to a critical point in the homologous series of alkyl esters. Afterward 

the antioxidant activity decreases, if the increase of the length chain is too much, because of the decrease of 

the antioxidant concentration in lipid phase [1]. 

Figure 1.2 – Different structure of cinnamic acid (A). A1- Caffeic acid; A2 - Ferulic acid. 

A2 A1 

Figure 1.3 – Different structure of benzoic acid (B). B1- 2,5-dihydroxybenzoic acid; B2- 2,3- dihydroxybenzoic acid. 

B2 B1 
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1.4.4.4.   Temperature 

 

Other factor that influences the activity of the antioxidants is the temperature. There are fundamental 

differences between the oxidation of lipids at high temperatures and the oxidation at ambient temperature. 

The thermal activation can drastically change the further reaction pathways of the initial oxidation products 

[5]. Some studies elucidated the influence of temperature on the inhibiting properties of the phenolic acids. It 

was discovered that the effectiveness of phenolic acids is greater at 90°C than 22°C, and increases in the 

following  order: 3,4-dihydroxybenzoic acid < sinapic acid < caffeic acid. The effect of temperature on the 

effectiveness is much more pronounced for cinnamic acid derivatives. The increase of temperature doesn’t 

change the antioxidant activity of benzoic acid derivatives, whereas the activity of cinnamic acid derivatives 

increases [11].  

 

1.4.4.5.   Polarity of an antioxidant system - Polar Paradox 

 

Polarity of phenolic antioxidants influences their effect. This particularity leads Porter et al. (1989) to 

put forward the polar paradox hypothesis stating among other that nonpolar antioxidants are more effective 

in systems of high surface-to-volume (HSV) ratio such as emulsions than their polar homologues. Potter et al 

(1989) reported that polar antioxidants are more affective in nonpolar systems of bulk oil and lipophilic 

antioxidants are more effective in polar systems of oil-in-water emulsions [19].  

Polar antioxidant (ascorbic acid) accumulates on oil-air interfaces in nonpolar system and thus protects 

oil against oxidation. In the opposite situation, nonpolar antioxidants (α-tocopherol and ascorbyl palmitate) 

are dissolved in the oil phase. This fact and behaviour of the antioxidants is called the polar paradox. 

This paradoxical behaviour was explained later by the concept of the interfacial oxidation that leads to 

the polar paradox shift from an empirical observation to a putative theory. Accordingly, in emulsions, 

lipophilic antioxidants would concentrate in the oil-water interfaces and inhibit lipid oxidation more 

efficiently than hydrophilic antioxidants that partition into the water phase. Although this paradoxical 

behaviour was confirmed in various studies performed in heterogeneous systems, not all antioxidants behave 

in the manner proposed by this hypothesis, suggesting that antioxidant activity in such systems are possibly 

governed by more complex phenomena. Therefore, the hypothesis that the relationship between the 

antioxidant capacity and the hydrophobicity of a molecule in emulsion is not as linear as expected was 

formulated [18-20]. Besides the importance of the hydrophobicity of the molecule, the influence of the type 

(cationic, anionic, and nonionic) and the quantity of the emulsifier present in the emulsion play a crucial role 

in the evaluation of the antioxidant capacity of phenolics. However, the influence of hydrophobicity on 

phenolic antioxidants is not yet well understood, especially in complex systems such as lipid-based ones. 

Porter (1980) [21] summarized the effectiveness of antioxidants in dry oils and emulsions in relation to 

their polarity by tests with the ultra-thin layer chromatography, after which he proposed the polar paradox 

hypothesis. Primary antioxidants that are polar or are amphiphiles of high hydrophilic−lipophilic balance 
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(HLB) tend to be more active in bulk oils (LSV- low surface-to-volume), a nonpolar medium, whereas nonpolar 

or amphiphilic antioxidants with low HLB tend to be more active in polar emulsions (HSV) and polar lipids. 

Early evidence that supported this hypothesis included studies on Trolox, ascorbic, gallic, caffeic, and ferulic 

acids, among others, which exhibited higher antioxidant effect in bulk oil and lower efficacies in emulsions 

than their correspondent nonpolar alkyl esters [18]. 

The polar paradox hypothesis has significance in the food and medicinal applications of antioxidants, 

especially in the development of new antioxidant strategies, such as producing lipophilic derivatives of 

naturally occurring antioxidants for use in emulsions, liposomes, and other biological media, because there 

are very few promising lipophilic or low HLB antioxidants from natural sources [18]. 

 

1.5. Caffeic acid 

 

Caffeic acid is a phenolic compound with C9H8O4 as a molecular formula (3,4-dihydroxycinnamic 

acid) and it is classified as hydroxycinnamic acid (Figure 1.2 - A1) [22]. 

It consists of both phenolic and acrylic functional groups. It is found in all plants because it is a key 

intermediate in the biosynthesis of lignin, one of the principal sources of biomass. Caffeic acid is 

biosynthesized by hydroxylation of coumaroyl ester of quinic ester. This hydroxylation produces the caffeic 

acid ester of shikimic acid, which converts to chlorogenic acid. The transformation to ferulic acid is catalysed 

by the enzyme caffeic acid-O-methyltransferase. In plants, caffeic acid is formed from 4-hydroxycinnamic acid 

and is transformed to ferulic acid (Figure 1.2 – A2) [23]. 

Caffeic acid is known not only as a potent antioxidants but also as an antimicrobial compound and it 

has a coplanar conformation [1]. This compound and its derivatives are good substrates of polyphenol 

oxidases, and under certain conditions may undergo oxidation in plant tissues or products of plant origin. 

According to recent research, caffeic acid is a superior antioxidant compared with other compounds, which 

also shows immunomodulatory and anti-inflammatory activity [13]. 

Caffeic acid has a variety of potential pharmacological effects in in vitro studies and in animal models, 

and inhibitory effect of caffeic acid on cancer cell proliferation by oxidative mechanism in human cell line has 

recently been established [24]. However, studies of the carcinogenicity/anticarcinogenicity of caffeic acid 

have mixed results. Some studies have shown that it inhibits carcinogenesis, and other experiments show 

carcinogenic effects. Oral doses of high concentration of caffeic acid in rats have caused stomach papillomas 

[25]. In the same study, high doses of combined antioxidants, including caffeic acid, showed a significant 

decrease in growth of colon tumours in those rats. It shows that it might decrease the growth of cancer cells 

and viruses. In some animal studies it was proved that it might have a mild stimulant effect and reduce 

fatigue related to exercise. The effects of caffeic acid, when it is taken by people, are not known [26]. 

Caffeic acid is listed in Hazard Data sheets as a potential carcinogen, as a Group 2B (possibly 

carcinogenic to humans) by
 
the International Agency for Research on Cancer.  However, there have been no 

known ill-effects of caffeic acid in humans [27]. 
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The appropriate dose of caffeic acid depends on several factors such as the user's age, health, and 

several other conditions. At this time there is not enough scientific information to determine an appropriate 

range of doses for caffeic acid. Therefore there is not enough information to know if caffeic acid is safe when 

taken as a supplement [28]. 

 

1.6.  α- tocopherol 

 

Tocopherols (TCP) are a class of chemical compounds of which many have vitamin E activity and it is a 

series of organic compounds consisting of various methylated phenols. Tocopherol exists in eight different 

forms, four tocopherols (δ<γ<β<α) and four tocotrienols. Figure 1.4 shows α-tocopherol, which is the one 

with higher antioxidant effect in the tocopherols [3].  

 

 

 

 

 

 

 

 

Alpha- tocopherol is the strongest of several forms of tocopherol elements that scientists and 

nutritionists call “vitamin E” and it is found naturally in a variety of foods.  Many kinds of vegetable oils 

contain large amounts of the substance. It is also present in high levels in wheat germ. Alpha-tocopherol is 

the main source found in food supplements and in the European diet, where the main dietary sources are 

olive and sunflower oils. Some methods of manufacturing are: the isolation from vegetable oils through 

molecular distillation, solvent extraction, or absorption chromatography; by vacuum steam distillation of 

edible vegetable oil products; or the isolation from wheat germ [29].  

The α-tocopherol is the one with the higher biological activity and the most abundant fat-soluble 

antioxidant in tissues, plasma and LDL cholesterol. Its favourable chemical features are: a chromanol ring and 

the hydroxyl group, which are the reason why this substance can donate a hydrogen atom to reduce free 

radicals and a hydrophobic side-chain which allows for penetration into biological membranes [3]. 

Vitamin E plays a fundamental role in protecting the body against the damaging effects of ROS that are 

formed metabolically or found in the environment. The induced oxidative damage in cells and tissues has 

been linked with the etiology of various diseases and can be inhibited by the antioxidant action of this 

vitamin, together with others, to defend the organism [30]. 

Vitamin E is one of the most important antioxidant in the cell. Located in the lipid portion of cell 

membranes, it protects unsaturated phospholipids from oxidative degeneration of membrane by ROS.  The 

content of vitamin E determines the susceptibility of membranes to suffer the damage caused by free 

Figure 1.4 – Molecular structure of α-tocopherol. 
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radicals. The antioxidant action of vitamin E is explained by the fact that provides H• for cell membranes, 

preventing chain reactions that propagate in this environment. When the secondary intermediates are 

produced, lipid hydroperoxides can be decomposed into peroxyl and alkoxyl radicals, leading to an unbroken 

chain of peroxidation reactions. Vitamin E can react with O2, OH· and ROO·. After the neutralization of free 

radicals, α-tocopherol is converted to radical of tocopherol, which has antioxidant properties. The α- 

tocopheryl acetate in the presence of selenium or sulphur may react with ubiquinol, or with ascorbate and 

reduced glutathione giving rice to α- tocopherol and to ubiquinone , ascorbyl or oxidized glutathione occurs, 

respectively. α-tocopherol also works as recyclable chain reaction terminators of polyunsaturated fatty acid 

(PUFA) radicals generated by lipid oxidation [29]. 

 

Alpha-tocopherol can help the body fight off a range of degenerative conditions. Vitamin E is beneficial 

to overall body function, and a regular part of a healthy diet. Far from studies in the specific health effects of 

increasing α-tocopherol consumption, are some studies on how α-tocopherol might negatively affect heart 

health. Other health risks may also apply to elevated levels of α-tocopherol in a daily diet [31]. The 

recommended daily allowance (RDA) for an adult male is 15mg/day [31]. Although α-tocopherol has been 

looked at as a potential helper for battling conditions like glaucoma and some forms of cancer, results are still 

under debate. A vitamin E deficiency is commonly recognized to include hazards like anaemia. 

 

1.7. Ascorbyl palmitate 

 

Ascorbyl palmitate (C22H38O7), showed in Figure 1.5, is an ester formed from ascorbic acid and palmitic 

acid creating a fat-soluble form of vitamin C that it is used in pharmaceutical products, such as suppositories. 

In addition it is used as a source of vitamin C and it is also used as an antioxidant food additive because it 

provides antioxidant protection that helps to improve overall health. It may also be used in topical 

formulations because it is more stable than some water-soluble forms of vitamin C. Ascorbyl palmitate is also 

marketed as "vitamin C ester” but should not be confused with Ester-C, which is primarily calcium ascorbate 

[32].  

 

 

 

 
Figure 1.5 – Molecular structure of ascorbyl palmitate. 
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Ascorbyl palmitate is an amphipathic molecule, meaning one end is water-soluble and the other end 

is fat-soluble. This dual solubility allows it to be incorporated into cell membranes. Consequently, ascorbyl 

palmitate acts as a backup in the event that the body lacks vitamin C nutrients that it would normally get 

from fruits and vegetables. While most forms of ascorbic acid and vitamin C are water-soluble, ascorbyl 

palmitate is fat-soluble, meaning that it stores itself in the human body cell membranes for future use. When 

incorporated into the cell membranes of human red blood cells, ascorbyl palmitate has been found to protect 

them from oxidative damage and to protect α-tocopherol (a fat-soluble antioxidant) from oxidation by free 

radicals [33]. However, the protective effects of ascorbyl palmitate on cell membranes have only been 

demonstrated in the test tube because when administered as diet supplement does not result in any 

significant incorporation into cell membranes.  Most of it appears to be hydrolysed, it is broken apart into 

palmitate and ascorbic acid in the human digestive tract before it is absorbed.  

 

Ascorbyl palmitate is a compound capable of stabilizing fat-containing food because of its function as 

oxygen scavenger [3]. Ascorbyl palmitate is often more effective against oxidative degradation in fatty foods 

because its increased solubility in lipid phase. Cort (1974) shows that ascorbyl palmitate can effectively 

protect vegetable oils from autoxidation because of the natural occurrence of tocopherols in oil [34]. 

From the biochemical and physiological point, ascorbyl palmitate can be easily hydrolysed in the 

gastrointestinal tract and assimilated as ascorbic acid and palmitic acid, which are components of the human 

diet. The presence of ascorbyl palmitate in oral supplements contributes to the ascorbic acid content of the 

supplement and probably helps protect fat-soluble antioxidants in the supplement. The roles of vitamin C in 

promoting collagen synthesis, fighting free radicals and as an antioxidant have generated interest in the use 

of ascorbyl palmitate on the skin [35].  

Ascorbyl palmitate, according to medical experts, supports vascular and joint health as well as protects 

cell membranes. This vitamin C equivalent is also known to protect the body immune system. In addition, the 

supplement reportedly assists in supporting the body defences, including white blood cell counts, antibody 

responses and hormone levels [36]. 

This antioxidant food additive commonly appears as an ingredient in grocery items. For instance, 

ascorbyl palmitate acts as a fat-soluble antioxidant that helps to increase the shelf life of snacks such as 

potato chips or items such as vegetable oils. Ascorbyl palmitate is listed on the FDA list of generally 

recognized as safe (GRAS) substances [37]. 
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1.8.  Methods for determination of lipid oxidation 

 

Numerous analytical methods are routinely used for measuring lipid oxidation in foods. However, 

there is no uniform and standard method for detecting all oxidative changes in all food systems. 

Consequently, it is necessary to select a proper and adequate method for a particular application. The 

available methods to monitor lipid oxidation in foods can be classified into five groups: determination of 

oxidative stability (absorption of oxygen and formation of free radicals), the loss of initial substrates and the 

formation of primary and secondary oxidation products. A number of physical and chemical tests or 

instrumental analyses have been employed in laboratories and the industry for measurement of various lipid 

oxidation parameters. These include the weight-gain and headspace oxygen uptake method for oxygen 

absorption; chromatographic analysis for changes in reactants; iodometric titration, ferric ion complexes, and 

Fourier transform infrared (FTIR) method for peroxide value; spectrometry for conjugated dienes and trienes, 

2-thiobarbituric acid (TBA) value, ρ-anisidine value (ρ-AnV), and carbonyl value; Rancimat and Oxidative 

Stability Instrument (OSI) method for oil stability; and electron spin resonance (ESR) spectrometric assay for 

free-radical type and concentration [38]. 

 

One method widely used is the measurement oxidative stability. This method is based on the fact that 

the oxidation of fats and oils is followed by an uptake of atmospheric oxygen (headspace oxygen uptake) and 

an increase in the weight of the sample (weight-gain method). For the weight-gain method, oxygen 

absorption is measured by recording the increase in the weight of the oxidizing fat under controlled 

conditions. In the other hand, the headspace oxygen uptake directly measures the oxygen consumption by 

monitoring the drop of oxygen pressure. In this method, an oil sample is placed in a closed vessel also 

containing certain amount of oxygen at elevated temperatures, usually around 110°C. The pressure reduction 

in the vessel, which is due to the oxygen consumption, is monitored continuously and recorded automatically 

[39]. The induction period as the point of maximum change in rate of oxygen uptake can be calculated. The 

commercial instrument for applying this method is the Oxidograph, in which the pressure changes in the 

reaction vessel is measured electronically by means of pressure transducers. The headspace oxygen method 

is simple and reproducible and may be the best analytical method to evaluate the oxidative stability of fats 

and oils. Its application in measurement of lipid oxidation in food products other than fats and oils is limited 

because protein oxidation also absorbs oxygen [3]. 

 

Lipid oxidation involves the continuous formation of hydroperoxides as primary oxidation products. 

For the measurement of primary products of oxidation there are several methods used, like the peroxide 

value (iodometric titration method, ferric ion complexes, Fourier transform infrared spectroscopy) and the 

determination of the conjugated dienes and trienes.  

The peroxide value (PV) is the most common quality indicator of fats and oils during production and 

storage. The formation rate of hydroperoxides outweighs their rate of decomposition during the initial stage 

of oxidation and this becomes reversed at later stage. Therefore PV indicates the initial stage of oxidation 
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change. However, it is possible to assess whether a lipid is in the growth or decay portion of the 

hydroperoxide concentration by monitoring the amount of hydroperoxides as a function of time. Analytical 

methods for measuring hydroperoxides in fats and oils can be classified as those determining the total 

amount of hydroperoxides and those based on chromatographic techniques that give information about the 

structure and the amount of specific hydroperoxides present in oil sample. The PV represents the total 

hydroperoxide content and some methods have been developed for determination of PV, such as the 

iodometric titration assay, which is based on the oxidation of the iodide ion (I
-
) by hydroperoxides (ROOH) 

[40]. It is the basis of current standard methods for determination of PV. This method includes a saturated 

solution of potassium iodide that it is added to oil samples to react with hydroperoxides. The liberated iodine 

(I2) is then titrated with a standardized solution of sodium thiosulfate and starch as an endpoint indicator. The 

PV is obtained by the equation 1.8 and reported as milliequivalents of oxygen per kilogram of sample 

(meq/kg). V is the number of ml of standardized sodium thiosulphate solution used for the test, corrected to 

take into account the blank test. T is the exact normality of the sodium thiosulphate solution used. m, is the 

mass, in g, of the test portion. 

  

    
   

 
                                                              Equation 1.8 

 

The method for determination of the conjugated dienes and trienes is based on the fact that their 

formation in fats or oils gives rise to an absorption peak in the ultraviolet (UV) region, at 230–235 nm and at 

268nm. During the formation of hydroperoxides from unsaturated fatty acids conjugated dienes are normally 

produced, due to the rearrangement of the double bonds. The resulting conjugated dienes exhibit an intense 

absorption at 233 nm, while conjugated trienes absorb at 268 nm. An increase in UV absorption in theory 

reflects the formation of primary oxidation products in fats and oils. This method is simples but the result 

may be affected by the presence of compounds that absorb in the same region, such as carotenoids. 

Table 1.3 shows some different methods available for analysis of primary oxidation products. Both 

chemical and instrumental methods are included in this table [38]. 
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Table 1.3 – Summary of Methods for Analysis of Primary Oxidation Products. Adapted from [38]. 

Method Principle Measurement Sensitivity Application 

Iodometric titration 

(PV) 

Reduction of ROOH with 

KI and measurement of 

I2 

Titration with 

Na2S2O3 

≈0.5 meq/kg fat Fats and oils 

Ferric ion 

complexes (PV) 

Reduction of ROOH with 

Fe
2+

 and formation of 

Fe
3+

 complexes 

Absorption at 500-

510 nm of the rex 

complex with SCN
-
 

 

≈0.1 meq/kg fat Fats, oils 

and food 

lipids 

Absorption at 560 

nm of the blue-

purple complex with 

xylenol orange 

≈0.5 meq/kg 

sample 

All samples 

FTIR (PV) Reduction of ROOH with 

TPP 

Absorption at 542 

cm
-1

 of TPPO 

≈0.2 meq/kg fat Fats and oils 

Chemiluminescence 

(PV) 

Reaction with luminal in 

the presence of heme 

catalyst 

Chemiluminescence 

Emission of oxidized 

luminol 

≈1 pmol Fats and oils 

GC-MS (PV) Reduction of ROOH to 

ROH and quantitation of 

ROH derivatives 

ROH derivative From ng to fg 

depending on 

technical details, 

amount of samples 

and detection 

system 

All samples 

UV spectrometry 

(conjugated dienes 

and trienes) 

Estimation of conjugated 

dienes and trienes 

Absorption at 230-

234 nm and 268 nm  

≈ 0.2 meq/kg lipid All samples 

Note: The oxygen absorption measurement and loss of double bonds for fatty acid analysis are not considered as primary 

changes. 

 

Chromatographic techniques, mainly gas chromatography mass-spectrometry (GC-MS) and high-

performance liquid chromatography (HPLC), have also been employed for evaluation of lipid oxidation. These 

methods provide information about specific hydroperoxides, whereas other assays measure their total 

amount. Chromatographic methods require small amounts of sample, and interference from minor 

compounds other than hydroperoxides can be easily excluded. HPLC shows advantages over GC and has 

become a popular technique for hydroperoxide analysis. It operates at room temperature, thus decreases the 

risk of artifact formation, and no prior derivatization is required. A wide range of hydroperoxides can be 

analysed using either normal or reverse-phase HPLC. Thus, hydroperoxides, the primary products and 
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secondary in lipid oxidation reaction, provide an important parameter for evaluation of oxidation level. In 

addition, the inhibition of formation or action of these unstable species by antioxidants can be used as a 

means of assessing antioxidant activity. Measurement of hydroperoxides is also carried out in accelerated 

tests to establish the oxidative stability of an oil. 

 

The primary oxidation products (hydroperoxides) are unstable and susceptible to decomposition. A 

complex mixture of volatile, nonvolatile, and polymeric secondary oxidation products is formed through 

decomposition reactions, providing various indices of lipid oxidation. Secondary oxidation products include 

aldehydes, ketones, alcohols, hydrocarbons, volatile organic acids, and epoxy compounds, among others. 

There are some methods for analysing secondary oxidation products like, the determination of p-anisidine 

value (ρ-AnV), the thiobarbituric acid (TBA) test, Totox Value, Carbonyls, Hydrocarbons and Fluorescence 

Assay that are show in Table 1.4 [38]. 

 

Table 1.4 – Summary of methods of analysis of secondary oxidation products. Adapted from [38]. 

Method Compounds Comments Applications 

TBA TBARS, mainly 

malonaldehyde 

Spectrometry techniques.  It 

can be carried out on whole 

sample 

All samples, 

especially fish oils 

ρ-Anisidine Aldehydes, mainly 

alkenals 

Absorption at 350 nm. 

Standard method 

Fats and oils 

Carbonyls Total carbonyls or 

specific carbonyl 

compound formed 

Spectrometry technique and 

HPLC for total or specific 

carbonyl compounds 

Fats and oils 

OSI methods (Rancimat & 

Oxidative Stability 

Instrument) 

Volatile organic acids Monitoring changes in 

conductivity. Rapids and 

automated 

Fats and oils 

Gas Chromatography Volatile carbonyls 

and hydrocarbons 

Direct headspace Rapid 

analysis 

All samples 

 

The ρ-AnV method measures the content of aldehydes (2-alkenals and 2,4-alkadienals) generated 

during the decomposition of hydroperoxides. It is based on the colour reaction of p-methoxyaniline 

(anisidine) and the aldehydic compounds. The reaction of ρ-anisidine reagent with aldehydes under acidic 

conditions affords yellowish products that absorb at 350 nm. The colour is quantified and converted to ρ-

AnV. The ρ-AnV is defined as the absorbance of a solution resulting from the reaction of 1 g of fat in 

isooctane solution (100 ml) with p-anisidine (0.25% in glacial acetic acid). This test is more sensitive to 

unsaturated aldehydes than to saturated aldehydes because the coloured products from unsaturated 

aldehydes absorb more strongly at this wavelength. However, it correlates well with the amount of total 

volatile substances [41]. The ρ-AnV is a reliable indicator of oxidative rancidity in fats and oils and fatty foods. 
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A highly significant correlation between ρ-AnV and flavour scores and PV has been found. It was indicated 

that ρ-AnV is comparable only within the same oil type because initial AnV varies among oil sources. For 

instance, oils with high levels of polyunsaturated fatty acids might have higher AnV even when they are fresh. 

 

There also other methods that measure secondary volatile organic products. During lipid oxidation 

some secondary volatile organic acids are products (like formic acid and acetic acid) at high temperatures, 

simultaneously with hydroperoxides. And other secondary products, including alcohols and carbonyl 

compounds, can be further oxidized to carboxylic acids. The oil OSI (oxidative stability instrument) method 

measures the formation of volatile acids by monitoring the change in electrical conductivity when effluent 

from oxidizing oils is passed through water [38]. The OSI value is defined as the point of maximal change of 

the rate of oxidation. It attributed to the increase of conductivity by the formation of volatile organic acids 

during lipid oxidation. On the other hand, this method requires a higher level of oxidation (PV > 100) to 

obtain measurable results than other methods. Therefore, to determine oil stability in the laboratory, 

especially for some oils that are stable under normal conditions, the oxidation process is accelerated by 

exposing oil samples to elevated temperatures in the presence of an excess amount of air or oxygen [3]. The 

OSI method differs from ambient storage conditions by using a flow of air and high temperatures to 

accelerate oxidation. The OSI is an automated development of the active oxygen method (AOM), because 

both employ the principle of accelerated oxidation. However, the OSI test measures the changes in 

conductivity caused by ionic volatile acids, whereas PV is determined in the AOM. The Rancimat (Metrohm 

Ltd.) and the Oxidative Stability Instrument (Omnion Inc.) are the two pieces of commercially available 

equipment that are employed for determining the OSI value. 

Rancimat is a rapid automated method, which agrees well with the AOM. In the Rancimat assay, a flow 

of air is bubbled through heated oil, usually at 100°C or more. Volatile compounds formed during accelerated 

oxidation are collected in distilled water, increasing the water conductivity. The change of conductivity is 

plotted automatically and the induction period of the oil or the time taken to reach a fixed level of 

conductivity is recorded. The Rancimat assay enables continuous monitoring of the oxidation process. The 

Rancimat method is four to five times more rapid than by the AOM. Excellent correlation between Rancimat 

and conjugated dienes has been found [3]. The main weakness of this method is that only eight samples can 

be included in each batch.  

Conversely, the OSI operates on the same principle as the Rancimat, and has the capacity of 

simultaneously analysing up to 24 samples. Various modifications have been proposed for assessing lipid 

oxidation by the OSI method. These include the use of auxiliary energies, such as microwaves to shorten the 

analysis time and a combination of the OSI method with chromatography to obtain specific information about 

volatile products. The volatiles trapped during measurement by the Rancimat assay can be analysed by 

headspace-GC (HS-GC) with FID (flame ionization detector) and GC-MS for quantification of individual 

volatiles, thus improving the specificity of the assessment [38]. Although the OSI method is useful for quality 

control of oils, it is not recommended for measurement of antioxidant activity for certain reasons. The high 

temperatures used do not allow reliable predictions of antioxidant effectiveness at lower temperatures. 
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Volatile antioxidants may be swept out of the oil by the air flow under test conditions, and also the oils are 

severely deteriorated when endpoint is reached [40].  

 

Lipid oxidation may be assessed in many ways. Each method shows both advantages and 

disadvantages, thus it is important to select the most adequate, depending on the system under investigation 

and the state of oxidation itself. The use of two or more methods assessing both primary and secondary 

oxidation products is highly recommended. 

 

1.9. Health 

 

The use of antioxidants prevents the oxidative stress that can be an important part to prevent 

diseases, like damage for the cells. Pharmacological studies on the use of antioxidants have been pursued, 

particularly when used as treatments for stroke and neurodegenerative diseases [42]. It seems that the right 

amount of antioxidants can play a significant role in many human diseases, including cancers and oxidative 

stress can be considered to be both the cause and the consequence of some diseases [43]. 

Antioxidants are widely used in dietary supplements and have been investigated for the prevention of 

some diseases (cancer, heart disease and even altitude sickness). Although initial studies suggested that 

antioxidant supplements might promote health, later large clinical trials with a limited number of 

antioxidants detected no benefit and even suggested that excess supplementation with certain putative 

antioxidants may be harmful [44-45].  

There are several possible explanations to account for the results: 

 The amount of antioxidants in supplements may be so high when compared with in the 

recommended dietary levels that it their use leads to a toxic effect. 

 Other nutrients may be present in fruits and vegetables that work in synchronization with 

their antioxidants and are necessary to provide a protective effect. 

 The study participants may have been too old to start taking antioxidants, or they may have 

led lifestyles that were too unhealthy for the antioxidants to make a positive difference. 

 

Furthermore, the observational studies, where investigators look for associations without giving 

participants supplements to take, have linked diets rich in antioxidant fruits and vegetables to a lower risk for 

diseases like cancer, heart disease, stroke, cataracts, Parkinson's, Alzheimer's and arthritis [46-47]. 

So, despite the disappointing findings of trials, scientists remain certain of the many potential benefits 

of dietary antioxidants - they simply have not figured out exactly how the different antioxidant systems work 

together in our bodies to protect us from free-radical damage [48]. 

In spite of this, antioxidants are used in several sectors (see below), such as preservatives in food, 

cosmetics and chemicals (e.g. rubber and gasoline).  
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1.10.   Applications 

 

Beyond the use of natural antioxidants in medicine, they are also frequently added in to industrial 

products as preservatives, in food, cosmetics and chemical (e.g. rubber and gasoline). The market for 

industrial antioxidants had a total volume of around 0.88 million tons in 2007 [15]. This created a revenue of 

2.4 x 10
9
 euro [49]. 

For many years chemists have known that free radicals cause oxidation which can be controlled or 

prevented by a range of antioxidant substances. It is vital that lubrication oils remain stable and liquid (should 

not dry up like paints). For this reason, such oil usually contains small quantities of antioxidants, such as 

phenol or amine derivatives. Although plastics are often formed by free radical action, they can also be 

broken down by the same process, so they require protection by antioxidants like phenols or naphthol [50]. 

A common use of antioxidants is as stabilizers in fuels and lubricants to prevent oxidation, and in 

gasoline to prevent the polymerization that leads to the formation of engine-fouling residues.  

They are widely used to prevent the oxidative degradation of polymers such as rubbers, plastics 

and adhesives that causes a loss of strength and flexibility in these materials.
 
Polymers containing double 

bonds in their main chains, such as natural rubber and polybutadiene, are especially susceptible to oxidation. 

Solid polymer products start to crack on exposed surfaces as the material degrades and the chains break.  

Oxidation and UV degradation are also frequently linked, mainly because UV radiation creates free radicals by 

bond breakage. The free radicals then react with oxygen to produce peroxy radicals which cause further 

damage [51]. 

 

Antioxidants are used also as food additives to help guard against food deterioration. Exposure to 

oxygen and sunlight are the two main factors in the oxidation of food.  Food is preserved by keeping in the 

dark and sealing it in containers or even coating it in wax, as with cucumbers. The storing of plant materials 

in anaerobic conditions plays an important role in food preservation because, otherwise, unpleasant flavours 

and unappealing colours are developed during respiration. Consequently, the packaging of fresh fruits and 

vegetables is often implemented. Antioxidants are an especially important class of preservatives as, unlike 

bacterial or fungal spoilage, oxidation reactions still occur relatively rapidly in frozen or refrigerated food.
 

These preservatives include natural antioxidants such as ascorbic acid and tocopherols, as well as synthetic 

antioxidants [52]. 

One of the most common molecules attacked by oxidation are unsaturated fats, oxidation causes 

them to turn rancid. Since oxidized lipids are often discoloured and usually have unpleasant tastes (metallic 

or sulphurous flavours), it is important to avoid oxidation in fat-rich foods. These foods are rarely preserved 

by drying. Instead, they are preserved by smoking, salting or fermenting. Even less fatty foods such as fruits 

are sprayed with sulphurous antioxidants prior to air drying [53].  

Some fatty foods such as olive oil are partially protected from oxidation by their natural content of 

antioxidants, but remain sensitive to photooxidation.
 
Antioxidant preservatives are also added to fat-based 

cosmetics such as lipstick and moisturizers to prevent rancidity. 
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1.11.   Previous Studies 

 

There are several researchers regarding lipid oxidation, which investigate how shelf-life in food 

products can be optimized. The combination of antioxidants with food products has been an explored area 

for increased food preservation. 

Some studies addressed the effects of some phenolic compounds in lipid oxidation; another study 

focused in there effect when in the presence of further antioxidants like tocopherol, caffeic acid and others. 

This thesis planned to prove if the combination of different antioxidant with different concentration improves 

the antioxidant capacity and which compound is more active.  

The size, structure and concentration of an antioxidant are main factors that influence the antioxidant 

activity in a food system. Therefore, it is crucial to understand the importance of these parameters; the 

mechanisms for their action and their interplay.  

Some phenolic acid alkyl esters (methyl, ethyl, propyl, butyl and hexyl) were studied regarding the 

antimicrobial and antioxidant properties effect [17]. The authors realized that in generally, the antimicrobial 

effect of phenolics acids increases with the increasing length of the alkyl chain. The protocatechuic and 

caffeic acids exhibited higher antioxidant activities in comparison with the respective phenolic acids. The 

highest antioxidant activity was found in caffeic alkyl esters. The antioxidant activities of phenolic acids 

derivatives were determined by Rancimat method [17].  

The same author investigated if the tocopherol that occurs naturally in sunflower oil increases the 

oxidative stability [1]. The authors test media with different tocopherol levels: original refined sunflower oil 

(149 mg/kg), partially tocopherol-stripped sunflower oil (8.7 mg/kg) and distilled fatty acid methyl esters 

(FAME), as a tocopherol-free medium. It was found out that caffeic acid and protocatechuic acid and their 

alkyl esters are more active antioxidants than monohydroxyphenolic acid, gentistic acid, vanillic and ferulic 

acid and their corresponding alkyl esters. It was found that the presence of natural tocopherols in sunflower 

oil has an antagonistic effect on alkyl esters of caffeic acid, because of their protection factor decreased with 

increasing levels of tocopherols in the test medium. Moreover, it was proved that the antioxidant activity of 

these alkyl esters decreased with the increasing length of their alkyl chain, as it was already explained by the 

polar paradox hypothesis. In addition, the presence of natural tocopherols influences considerably the 

activity of the other antioxidants added to vegetable oil. FAME prepared from refined sunflower oil showed 

the highest antioxidant activity of various antioxidants comparing with the other mediums tested.  This 

research used methods based on the determination of oxidation stability of oil with an antioxidant at high 

temperature like, Schaal oven-storage test, active oxygen methods, Rancimat test and Oxidograph test [1]. 

Thus, new studies were made to verify the antioxidant activity of caffeic acid (3,4-dihydroxycinnamic 

acid) and of its potential. One study [13] showed clearly that caffeic acid is an effective antioxidant in 

different in vitro antioxidant assays including total antioxidant activity by ferric thiocyanate method, reducing 

power, ABTS·
+ 

scavenging, DPPH· scavenging, superoxide anion radical scavenging and metal chelating activity 

when it is compared to standard antioxidant compounds such as BHA, BHT, α-tocopherol and Trolox. 

Hereupon, it is proved that the antioxidant activity of cinnamic acid derivatives (sinapic and caffeic acids) is 
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higher than the corresponding derivates of benzoic acid (syringic and 3,4-dihydroxybenzoic acids) during 

oxidation of triacylglycerols o sunflower oil [13].  

The results from numerous studies have shown that some compounds may participate and contribute 

to the autoxidation process be affecting the inhibitory action of the added antioxidant. For that reason, the 

goal of this thesis is to study the antioxidant properties of caffeic acid alkyl esters, emphasizing the 

relationship between their molecular structure and the antioxidant activity, particularly when mixed with 

other antioxidants. Due to the studies already made, FAME prepared by transesterification and distillation of 

sunflower oil will be used as test medium because it has low concentration of α-tocopherol (lower than 2 

ppm). Different mixtures of FAME will be prepared with different concentration of MET CA (methyl ester of 

caffeic acid) with α-tocopherol or ascorbyl palmitate and with different alkyl esters of caffeic acid like ETH CA, 

PRO CA, BUT CA and HEX CA (ethyl, propyl, butyl and hexyl of ester of caffeic acid) for the determination the 

oxidative stability. The different samples will be stored at 60±0.1°C for 40 or 45 days. The tests used will 

characterize by conjugated dienes content, the hexanal concentration by headspace technique with GC-MS, 

the oxopolymer content by HPLC and the decrease of oxidation stability.  The measurement will be done each 

5 or 10 days, dependent on the method. 
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2. Methods 

 

2.1. Equipment 

 

 Table 2.1 shows the equipments used for the implementation of all experiments. 

 

Table 2.1 – Summary of the equipment used in the experiments. 

Equipment Description Country 

Analytical balance Precia XT 2220M-DR Switzerland 

Magnetic Stirring Hotplate IKA C-MAG HS7 Germany 

Precision Balance Denver Instrument. Merci s.r.o. Denmark 

Spectrophotometer Termo Spectronic Helios γ Denmark 

Laboratory ovens Venticell BMT. MMM group Czech Republic 

Oxidograph Mikrolab AARHUS - Oxidograph Denmark 

Rotary vacuum evaporator Büchi water bath B-481 Sweden 

UV chamber CAMAG Switzerland 

GC-MS Agilent Technologies USA 

Pressure gauge Vacuubrand. DVR2 Germany 

Thermometer IKA ETS-D5 Germany 

Vacuum pump KNF lab - Laboport USA 

HPLC Algilent Technologies USA 

GC-FID Algilent Technologies USA 

 

2.2. Materials 

 

Model vegetable oil 

 

Sunflower oil was used for preparation of FAME. Below are the properties of the sunflower oil used in 

the experiments. 

 

Name: Lukana –Slunečnicový olej (Sunflower Oil) 

Volume: 1 L per distillation 

Date: 06-08-2014 B 

Producer:  Ustil Oils, s.r.o. 
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FAME 

 

FAME was used as medium for lipid oxidation. Table 2.2 and Table 2.3 show the tests that were made. 

The test medium was analysed by peroxide value [54], ρ-anisidine value [55], acid value [56], and iodine value 

[57] according to IUPAC methods and the fatty acid composition was also determined by GC-FID [58]. The α-

tocopherol content in FAME was lower than 2 ppm. These tests help gathering more information about the 

medium.  

 

Table 2.2 – Chemical characterization of FAME prepared from original sunflower oil. 

Tests FAME 

Peroxide value (meq.act.O/kg)
a)

 2.3±0.5 

ρ-Anisidine value (ρ-A.V.) 12.65 

Acid value (mg KOH/g) 
b)

 0.21±0.63x10
-3

 

Iodine value (g I2/100g) 
b)

 125.1±5.2 

    a) 
Results expressed as means ± SD of three samples. 

b)
 Results expressed as means ± SD of two samples. 

 

Table 2.3 – Fatty acid composition of FAME of sunflower oil by GC-FID [58]. 

FAME % 

C16:0 6.1 

C18:0 3.6 

C18:1 29.4 

C18:2 59.9 
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Other chemicals 

 

All chemicals used in this work are listed in Table 2.4. 

 

Table 2.4 – Chemical compounds used in the experimental procedure along with respective mark and purity. 

Compound Formula Brand Purity 

Sodium sulphate  Na2SO4 Penta 99% 

Hexane C6H14 Penta 99% 

Ethanol C2H6O Merck 99.8% 

Methanol CH4O Penta 99.8% 

Potassium hydroxide KOH Lach:ner 88.9% 

ρ-toluenesulfonic acid monohydrate CH3C6H4SO3H Sigma-Aldrich 98.5% 

Calcium chloride CaCl2 Lach:ner 97.9% 

Ethyl acetate C4H8O2 Penta 99.7% 

Sodium chloride  NaCl Lach:ner p.a. 

Sodium hydrogen carbonate NaHCO3    Penta p.a. 

Caffeic acid  C9H8O4 Sigma- Aldrich 98% 

α-tocopherol  C29H50O2 Calbio chem 98.2% 

Ascorbyl palmitate C22H38O7 Fluka 99% 

Isopropyl alcohol C3H8O Penta 99.8% 

Dichloromethane CH2Cl2 Sigma- Aldrich 99.9% 

Tetrahydrofuran C4H8O Merck 99% 

Chloroform CHCl3 Penta 99% 

Acetic acid C2H4O2 Penta 99% 

Potassium iodide  KI Lach:ner p.a. 

Sodium thiosulphate solution Na2S2O3 Penta 98% 

Phenolphthalein C20H14O4 Sigma-Aldrich - 

Isooctane C8H18 Penta p.a. 

ρ-anisidine CH3OC6H4NH2 Sigma-Aldrich 99% 

 

 

 

 

 

 

 



28 

2.3. Procedures 

 

The procedure was divided into experimental and analytical procedures. The experimental procedure 

describes the set of steps that were followed to conduct the experiments and the analytical describes a 

golden standard procedure according to UIPAC and uncovers the mathematical methods that were used.  

The order of the experimental procedures and analytical was made according to the temporal 

execution of the work while the analytical methods follow a different order. First was put the method that 

measures the primary oxidation product (conjugated dienes content - CD); then the secondary oxidation 

products (volatile compounds – hexanal and oxopolymers); and at last the oxidative stability (Oxidograph 

method). 

 

2.3.1.   Experimental procedures 

 

Preparation of FAME from sunflower oil 

 

FAME was prepared from sunflower oil according to the method of Rashid and Anwar [59]. Original 

sunflower oil (1kg) was reacted with methanol in the presence of KOH (25°C, 2h) in molar ratio of 1:6:0.2. The 

phase containing FAME was separated from glycerol phase by distilled water (washed) to a neutral reaction 

of phenolphthalein. After this procedure, FAME was dried with sodium sulphate for 2 hours, than it was 

filtered. FAME was stored under argon atmosphere.  

Next step was distillation of the mixture performed at low pressure (2 hPa) at 200°C, in the equipment 

shown in Figure 2.1. After distillation the FAME was kept at 8±0.1°C in a refrigerator under argon atmosphere 

until it was used in the experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.1 – Scheme of the distillation process. 
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Antioxidants - Preparation of MET CA (methyl ester of caffeic acid) 

 

The methyl, ethyl, propyl, butyl and hexyl ester of caffeic acid were prepared by esterification of 

caffeic acid by relevant alcohol, p-toluenesulfonic acid monohydrate was used as catalyst, according to Merkl 

et al. [17]. In this work it was only prepared the methyl ester of caffeic acid (MET CA). The other antioxidants 

(ETH CA, PRO CA, BUT CA and HEX CA) were already available at the Department of Dairy, Fat and Cosmetics 

of Institute of Chemical Technology in Prague.  These compounds had a purity of 99% and had been prepared 

by the same procedure as for described for the MET CA. 

The esterification consists of different steps. Firstly, 5g of caffeic acid was weighted into a 100ml flask 

and 1.9 g of monohydrate ρ-toluenesulfonic acid and 50-80 g of the corresponding alcohol (methanol) were 

further added, so that the molar ratio of caffeic acid : ρ-toluenesulfonic acid : methanol was set at 

0.025:0.1:1. The mixture was magnetically stirred and heated and a reflux condenser, with calcium chloride 

as a siccative, was fitted to the flask. The boiling point of the solvent is reached (63°C) and the reaction with 

caffeic acid takes 4 hours. The reactant and product detection in samples from mixture was performed by 

thin layer chromatography (TLC). The mobile phase is composed of 50 ml of hexane, 5 ml of isopropanol and 

50 ml dichloromethane; a TLC silica gel F254 from Merk was used as stationary phase. The visualization was 

made by phosphomolybdic acid - Figure 2.2. 

When the reaction finished, the mixture was put it in a rotary vacuum evaporator for the evaporation 

of the residual alcohol. The rest of the reaction mixture was dissolved in 80 ml of ethyl acetate and 

transferred to a separation funnel. The unreacted caffeic acid and p- toluenesulfonic acid were removed from 

the mixture by washing two times with 50 ml of an aqueous NaHCO3 solution (concentration 8.4 g/100g) and 

the separated organic phase was thereafter washed twice with 50 ml of aqueous solution of NaCl (1g/100g). 

The mixture was dried over night with sodium sulphate (approximately 12g), and ethyl acetate was then 

evaporated. The mixture was characterized by TLC.  Figure 2.2 shows a TLC revealed plate and highlights the 

bands of MET CA and caffeic acid. The sample was further dried under low pressure (5hPa) during 8 hours.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 – Revealed TLC plate of MET CA after two NaHCO3 plus two NaCl washing steps, 50 ml each, and overnight 

drying with sodium sulphate. 

MET CA 

Caffeic acid 
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Studies of lipid oxidation and antioxidant activity  

 

For each of the five experiments of lipid oxidation, the samples of FAME and antioxidant(s) (MET CA, 

ETH CA, PRO CA, BUT CA, HEX CA, α-tocopherol and/or ascorbyl palmitate) were prepared in 40 ml vials (10 

vials/experiment). Each experiment used a different range of concentration and it is described in the section 

of results and conclusions.  

It was weighed 11.4 g of sample per vial. Each vial was put under oxygen atmosphere and was stored 

in a laboratory oven (Venticell BMT) at 60±1°C. The samples were taken between intervals of 5 or 10 days 

according of the method (CD, Oxidograph and volatile compounds - hexanal). What remained was stored in a 

refrigerator at 8±0.1°C and then measured by HPLC (oxopolymers concentration). 

 

Oxopolymers 

 

To determine the oxopolymers was used the technique of HPLC. The instrument and column -  Agilent 

1100 series Column PLgel (7.5cmx30cm with 5μm of thickness of film) – were from by Agilent Technologies. 

Approximately 10 mg of lipid sample from oxidation experiment was weighted, inserted in a vessel and 

to it 1 ml of THF (tetrahydrofuran) containing an internal standard (±0.5 mg of 1-stearoyl-2,3 dimyristroyl 

glycerol) was added.  Oxopolymer content by HPLC was determined according to the article of Cihelkova et 

al.[60]. The mobile phase was THF at the flow rate of 0.6 ml/min. The samples (5 μl) were injected at room 

temperature and the analysis also run at room temperature. The detection was made by evaporated light 

scattering detector and the sensibility of the detector was 500 at 50°C. Oxopolymers in each sample were 

determined in duplicates.  

 

Oxidative stability – Oxidograph  

 

The samples with 5 g of oil with an antioxidant were measured at 110°C under an oxygen atmosphere 

and the decrease in oxygen pressure was recorded. The induction period (IP) was measured as the time 

interval when oxygen pressure does not decrease [61]. The induction period is mean value of two replicate 

analyses. 

 

2.3.2.   Analytical procedures 

 

Determination of fatty acid methyl esters composition by GC-FID 

 

The determination of FAME composition was made by GC-FID. Briefly, a 1% solution of FAME in n-

hexane was prepared and analysed by GC-FID using the modified methods ISO 5509:200 and ISO 5508:1990, 

according to Zárubová [58]. 
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Conjugated Dienes 

 

The procedure for the determination of conjugated di-unsaturated fatty acid in the lipid mixtures is 

referred by the UIPAC [62].  It was made three replicate analyses for each sample.  

Approximately 0.05 - 0.10g of sample was weight to a 25 ml volumetric flask and dissolved in n-

hexane. Afterwards, 4ml of sample were transferred to a 10ml volumetric flask to be further diluted in n-

hexane. The concentration of conjugated dienes was then measured by spectrophotometry in UV at 233 nm. 

The diluted sample must show an absorbance between 0.2 and 0.8 when measured in 1.00 cm quartz cell. 

The absorbance of solution was measured by using a UV spectrophotometer at 233nm. 

The requisites for using this spectrophotometric reading method depend upon the nature of the 

samples and it follows mathematical method. To calculate the specific absorption coefficient (a) for the wave 

length of 233 nm the equation 2.1 is used, where A is the observed absorbance, b is the exact cell length, in 

cm, m is the mass of sample, in g. 

 

      
 

   
                                                                          Equation 2.1 

 

The specific absorption coefficient at 233 nm (a2) corrected for absorption due to acid or ester groups is given 

by the equation 2.2. Where a0 is 0.07 for esters and 0.03 for soaps and fatty acids [62]. 

 

                                                                              Equation 2.2 

 

The content (m/m) of conjugated dienes (C2) is given by the equation 2.3 [62]. 

 

                                                                                     Equation 2.3 

 

Volatile compounds – hexanal 

 

The determination of hexanal concentration in the lipid mixture was made by GC-MS and followed the 

IUPAC method [63]. A sample of 5.7 g of was collected into a vessel with oxygen atmosphere and was stored 

in a laboratory oven (Venticell BMT) at 60±0.1°C.  

Each sample was analysed two times and it was used a calibration formula (equation 2.4) made by the 

Department of Dairy, Fat and Cosmetics of Institute of Chemical Technology in Prague. The C represents the 

concentration of hexanal (µmol/kg) and A the abundance. The value of A is the average between two 

analyses.  

 

                                                               Equation 2.4 
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 The vessels were stored for 5 minutes at 110°C, the temperature of the loop was 115°C and the 

transferred line was 120°C. Volatile oxidized products were injected for 1 minute at 240°C to GC-MS. The 

column used was a HP5 (0.32mmx30m) and the film of the stationary was 0.25 μm.  

The injection was in splitless mode and the mobile phase was helium at a flow rate of 0.91 ml/min. 

The temperature mode of column was 40°C during 7 minutes. Afterwards, the temperature was increased at 

5°C/min until reaching 200°C. The detection was made by Scan Mode. 

The temperature of source was 230°C and that of the quadupole was 150°C. The hexanal 

concentration was determined by taking a standard mass of m/z=44. 

 

Calculation of the area under the curve 

 

The used of the quadrature rule is essential for the analysis of the results from conjugated dienes, 

oxopolymers concentration by HPLC and oxidative stability by Oxidograph because it facilities the comparison 

between samples of the same experiment.  

The quadrature rule was used for the calculation of the area under the curve. In numerical analysis, 

the trapezoidal rule (also known as the trapezoid rule or trapezium rule) is a technique for approximating 

the definite integral (equation 2.5). 

 

         
 

 
                                                                        Equation 2.5 

 

The trapezoidal rule works by approximating the region under the graph of the function      as a 

trapezoid and calculating its area. It follows the equation 2.6. 

 

                
         

 
 

 

 
                                 Equation 2.6 

 

Protection factor 

 

The protection factor (PF) was determined for the start of lipid oxidation which provides a tool to 

compare the initial PF of each experiment. From the induction period that was taken from the Oxidograph at 

the beginning of each experiment, is possible to determine the protection factor of an antioxidant through 

equation 2.7. 

 

       
     

                 
                                      Equation 2.7 

 

Where PF is the protection factor, IPoil is the induction period of oil without antioxidant from day zero 

(first results of each experiment); IPoil+antioxidant is the induction period of sample of oil with antioxidant at day 
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zero. This equation is used to determine the antioxidant effect (in a range of 0-100%) and the substances with 

a prooxidant effect will have negative values for PF. The PF was only used in the results from the Oxidograph. 

 

Statistical analysis  

 

All measurements of conjugated dienes content, oxopolymers concentration and of the induction 

periods arfqe presented as mean values ±SD (standard deviation) calculated from the results of two and tree 

replicate analyses from each sample vial. The statistics were performed applying the software Excel® tool 

(version 2007 of Microsoft Office). The Student t-test was used with the significance level ρ=0.05.   
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3. Results and Discussion 

 

The goal of the thesis is to understand the behaviour and relative contribution of caffeic acid alkyl 

esters in combination with others antioxidants (α-tocopherol and ascorbyl palmitate) in protecting FAME of 

sunflower oil against lipid oxidation. For this reasons five experiments were implemented in which four 

different methods of analysis were used. Primary and secondary oxidative products and decrease of oxidation 

stability were measured. 

The first experiment tested the behaviour of MET CA in FAME; the second, tested the behaviour of 

MET CA in combination with α-tocopherol in a constant range of concentration; the third, tested different 

alkyl esters of caffeic acid; the fourth, tested α-tocopherol with MET CA in a constant range of concentration 

and; the last one, tested the behaviour of ascorbyl palmitate with MET CA in a constant range of 

concentration.  

Four methods of analysis were used: the first determines the primary oxidation products - conjugated 

dienes (CD); the second and third, determines volatile compounds - hexanal concentration by GC-MS and 

oxopolymers concentration by HPLC determines secondary oxidation products; at last, the oxidative stability 

that measures oxygen absorption. The hexanal concentration was determined only for first two experiments 

since the method is expensive and the results were rather inconclusive (unexpectedly, the hexanal 

concentration was decreasing over the time). At least two replicate analyses were made and a standard 

deviation obtained associated to each of the analytical methods. With these four different techniques it is 

possible to evaluate the overall impact that the selected antioxidants can have in FAME.  

Comparing the results of different experiments but gathered with the same analytical method can lead 

to premature conclusions since FAME sometimes behave differently. It could be because of experimental 

errors and FAME suffer oxidation while is stored.  However, according to the literature [1] the properties of 

the FAME prepared, those are displays in Table 2.2 and Table 2.3, are well adjusted. The peroxide value (PV) 

is a common indicator of lipid oxidation but its use is limited to the early stages of oxidation change. It 

represents the total hydroperoxides that give a measure of the extent to which an oil sample has undergone 

primary oxidation. Extent of secondary oxidation was made by ρ-anisidine value (ρ-AV), an indicator of the 

aldehyde content (mainly as 2-alkenals and 2,4-dienals). The anisidine value is a rather higher. It seems that 

the formation of secondary products was more likely to happen in this medium.  The acid value is defined as 

the amount of potassium hydroxide (in mg) required to neutralize the free fatty acids (R-COOH) in 1 gram of 

oil sample. The acid value is a measure of the amount of carboxylic acid groups in a chemical compound, such 

as a fatty acid. This acid value reveals the condition of the oil. The iodine value measures the degree of 

unsaturated compound in the oil by determination of the amount of I2 (in grams) absorbed per 100 g of 

sample. This unsaturation is in the form of double bonds, which react with iodine compounds. The higher the 

iodine number, the more C=C bonds are present in the oil. It seems that FAME was highly unsaturated since 

the iodine value was high. Regarding the GC-FID analysis, that quantifies the composition of FAME. The 

analyses showed that FAME had more unsaturated fatty acids than saturated, as already proved by the iodine 
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value. This means that the sum of all unsaturated fatty acids which contains one or more double bonds (in a 

cis or trans configuration) are more than saturated. The unsaturated fatty acids were 89.3% (59.2% of the 

C18:2 was linoleic acid and 28.3% of the C18:1was oleic acid) and the saturated were 9.7% in FAME (6.1% was 

palmitic acid and 3.6% was stearic acid). These data are consistent with the values of Codex Alimentarius for 

sunflower oil [64] that establish a range between 48.3 to 74% for linoleic acid, 14.9 to 39.4% for oleic acid, 5 

to 7.6% for palmitic acid and 2.7 to 6.5% for stearic acid. FAME also had 2 ppm of α-tocopherol. 

The Table 6.1 (in appendix) displays the summary results of the four experiments for each four 

methods regarding only the sample that showed the best antioxidant action. 

 

3.1. Experiment I 

 

The first experiment consists to assess how the medium - FAME reacts with the addition of an 

antioxidant, in this case, MET CA with different concentrations during 45 days. Therefore, this experiment 

gives the tools to know, which the best range of concentration to use is.  It was used a range between 3 – 0 

mmol/kg of MET CA and all samples were tested in four different methods.  

 

3.1.1.   Conjugated dienes  

 

This method measures the production of conjugated dienes that are formed during formation of 

hydroperoxides from unsaturated fatty acids. This happens because of the rearrangement of the double 

bonds. Figure 3.1 shows the evolution of conjugated dienes concentration in FAME samples subjected to 

oxidation tests during 45 days, in presence of different concentrations of MET CA.  
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Figure 3.1 – Percentage of conjugated dienes (CD) in FAME of sunflower oil with different concentrations of methyl ester 

of caffeic acid (MET CA) - experiment I.   
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From Figure 3.1 is easy to visualize that the level of conjugated dienes increases over time. The higher 

the percentage of conjugated dienes the higher is the oxidation stage. Therefore, an increase in UV 

absorption reflects the formation of primary oxidation products in the sample. 

Concerning of the antioxidant effect, the higher the concentration of MET CA the lower is the speed of 

formation of primary oxidation products. Therefore, the addition of MET CA provokes an antioxidant effect in 

FAME. It slows down the oxidation rate. The concentration of 3 mmol/kg – the highest in the tested range - is 

the one which led to higher antioxidant achievement and, upon the addition of this antioxidant, the 

improvement in life-shelf of lipid-containing foods is expected.  

Figure 3.2 shows the area under the curves of the chart in Figure 3.1. This new plot supports the 

conclusion mentioned above. The higher the area, the higher is the percentage of conjugated dienes. 

 

 

Figure 3.2 – Area under the curve of CD for experiment I (Figure 3.1) using the trapezium rule, as a function of different 

MET CA concentrations in FAME.  Error bars express SD=2.5%. Results have an exponential trend, 

                         . 

 

According with the chart above it is easy to comprehend that the smaller the area the better is the 

effect of the antioxidant. Moreover, the data follows a negative exponential trend regarding the 

concentration of MET CA during 45 days, with a high correlation. Using the mathematical correlation 

retrieved, approximately 18.7 mmol of MET CA per kg of lipids would be needed to impair the development 

of conjugated dienes (to be lower than 0.01%). 

 

3.1.2.   Volatile compounds – hexanal 

 
Lipid oxidation involves the continuous formation of hydroperoxides as primary oxidation products 

that may break down to a variety of nonvolatile and volatile secondary products.  Hydroperoxides are 

unstable and susceptible to decomposition, consequently secondary oxidations products like aldehydes, 

ketones, alcohol, hydrocarbons, volatile organic acids, among others, are formed. The formation of hexanal, 

an alkyl aldehyde, was determined by GC-MS and Figure 3.3 reports the hexanal concentration registered in 

FAME mixtures with different concentrations of MET CA during 45 days verified along experiment I.  
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Figure 3.3 – Volatile compounds - hexanal concentration in FAME of sunflower oil with different concentrations of MET 

CA measured by GC-MS - experiment I.  

 

Looking to the chart above it is noticeable that the samples with higher concentration of MET CA 

behave the same way as the one without antioxidant. The concentration of hexanal decreases rapidly until 

the twentieth day in all samples and then stabilizes approximately at 0.50 µmol/kg. This behaviour should not 

happen. The hexanal is the decomposition product of linoleic acid and according to Table 2.3 there was 59.9% 

of C18:2 (which 59.3% was linoleic acid)in FAME. Supposedly, the concentration of hexanal should increase 

during the time, i.e., with the occurrence of oxidation because it is the major aldehyde generated from lipid 

oxidation [63]. There are two possible reasons for the decrease of the hexanal concentration: 1) maybe a 

secondary reaction is happening. The hexanal is used as a reagent, so the concentration decreases and after 

20 days there is a balance between the primary and secondary reaction. Perhaps there is the formation of 

hexanoic acid; 2) the headspace GC-MS was insufficiently sensitive to detect the hexanal. Furthermore, it was 

not found generation of octanal and nonanal (decompositions products of oleic acid) despite the fact that 

oleic acid represents 28.3% of fatty acid. To be certain about it, another type of analysis should be done to 

detect the lipid oxidation product.  

The samples with lower concentration of MET CA (0.75 and 0.375 mmol/kg) have a superior rate of 

hexanal concentration decline between the 0 to 10 days when compared with the other antioxidant 

concentrations. This fact suggested that low concentration of MET CA promote more the secondary reaction.  

 

3.1.3.   Oxopolymers 

 

High-performance liquid chromatography, HPLC, is a technique in analytic chemistry used to separate, 

identify and to quantify the components in a mixture. It relies on pumps to pass a pressurized liquid solvent 

containing the sample mixture through a column filled with a solid adsorbent material. Each component in 

the sample interacts slightly differently with the adsorbent material, causing different solute flow rates and 

leading to the separation of the components as they flow out of the column. HPLC is a reliable technique for 

assessing lipid oxidation and can measure both primary and the secondary oxidative change in oils. In this 
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case, the oxopolymers concentration in FAME solutions were measured along the oxidation experiment 

mixed with different concentrations of MET CA during 45 days in experiment I - Figure 3.4.  

 

Figure 3.4 – Oxopolymers concentration in FAME of sunflower oil with different concentrations of MET CA measured by 

HPLC - experiment I.  

 

According to the graph above, it is perceptible that the oxopolymers concentration increases with 

time. This behaviour was expected because with the course of oxidation the production speed of 

oxopolymers tends to increase. However, the addition of the antioxidant, MET CA, slows down the 

production and limits the final quantity. Higher concentration of MET CA brings a bigger impact to the 

concentration of oxopolymers. When MET CA is set a 3 mmol/kg the production of oxopolymers only starts 

after 20 days of storage while for the FAME mixture samples without MET CA it starts in day zero. At the 45
th

 

day, the sample with the highest concentration of MET CA has less 39.7 mg/g of oxopolymers than the 

sample without antioxidant.  

Figure 3.5 shows the area under the curves of the chart in Figure 3.4. This new plot supports the 

conclusion mentioned above. The higher the area, the higher is the concentration of oxopolymers. It is easy 

to comprehend that the smaller the area the better is the effect of the antioxidant. Moreover, an empiric 

mathematical description was not established with the increase of MET CA concentration. 

 

 

Figure 3.5 – Area under the curves of oxopolymers concentration for experiment I (Figure 3.4) using the trapezium rule, 

as a function of MET CA concentration in FAME.  Error bars express SD=5%. An empiric mathematical description was not 

established with the increase of MET CA concentration. 
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According to the data, it is possible to conclude that MET CA impacts is favourably on the mixture by 

slowing down the oxidation rate and that the best MET CA concentration to use is 3 mmol/kg (once again, 

this was the highest concentration in the tested range). 

 

3.1.4.   Oxidative stability 

 

This method measures the drop of oxygen pressure. The pressure reduces due to the oxygen 

consumption when the oxidation of fats and oils is happening. The Oxidograph measures the induction period 

(IP) that is the point of maximum change in rate of oxygen uptake.  Figure 3.6 shows the IP registered in 

FAME solutions mixed with different concentrations of MET CA during the 45 days of oxidation test in 

experiment I.  

 

 

Figure 3.6 – Oxidative stability in FAME of sunflower oil with different concentrations of MET CA expressed as induction 

period using the Oxidograph method (IP of FAME as blank=0.4) – experiment I.  

 

From the graph above is possible to observe that the IP decreases with time. At the beginning of the 

experiment the IP is high in samples with the highest concentration of MET CA (3 and 1.5 mmol/kg) but with 

the course of oxidation it stars to show the first signs (decrease of IP) despite the presence of the antioxidant. 

As the sample is being more oxidized, the residual antioxidant is also decreasing. Therefore, the induction 

period is getting smaller. The samples that have highest concentration of MET CA, even under oxidation 

conditions for some days, still have enough MET CA to delay the onset of oxygen consumption. The samples 

without antioxidant or low concentration of MET CA (0.75 and 0.375 mmol/kg) show low IP and have 

approximately the same behaviour after 12 days of FAME mixture oxidation tests. After 25 days the sample 

with MET CA at 1.5 mmol/kg has the same behaviour as the former with lower antioxidant concentration. The 

sample with 3 mmol/kg has the highest IP values during the experiment. This means that in the range of MET 

CA used in FAME, the higher the concentration of MET CA the higher the antioxidant effect.  
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Figure 3.7 shows the area under the curves of the oxidative stability - Figure 3.6. The graph confirms 

the conclusions taken before, the higher the area the more powerful is the action of the antioxidant. More 

protection it gives. This behaviour was an exponential trend with a high correlation to support. 

 

 

Figure 3.7 – Area under the curve of induction period (IP) for experiment I (Figure 3.6) using the trapezium rule, as a 

function of MET CA concentration in FAME of sunflower oil.   Error bars express SD of 2.5%. Results have an exponential 

trend,                        . 

 

Table 6.1 (in appendix) shows that the sample with 3 mmol/kg of MET CA brings the best antioxidant 

effect to FAME of sunflower oil according to the conjugated dienes method, the concentration of 

oxopolymers and oxidative stability. Only the hexanal concentration disagrees. Nevertheless, the hexanal 

concentration should not be taken too much in account since there is not much knowledge on the 

mechanisms leading to hexanal concentration decrease during the storage time. 

 

3.2. Experiment II 

  
The second experiments consist to assess what happens when it is added MET CA with different 

concentrations in combination with α-tocopherol at a constant range of concentration (0.72 mmol/kg) to 

FAME of sunflower oil during 40 days. It was used the range of 0.72 mmol/kg of TO because of the study 

made by the Department of Dairy, Fat and Cosmetics of Institute of Chemical Technology in Prague [1]. 

Therefore, it provides the knowledge if the addition of α-tocopherol promote a synergistic or an antagonistic 

effect when is added in FAME samples with MET CA subjected to oxidation tests.  

The graphs from CD vs time (days), ID vs time (days) and Coxopolymers vs time (days) are not represented 

in this chapter because they are not essential to understand the behaviour of the samples. The chart that 

represents the area under the curves of CD, IP and oxopolymers are more useful. It gives better details of the 

actions of the antioxidants and it is easier to compare samples of different experiments. 

 

00 

40 

80 

120 

160 

0.00 0.37 0.75 1.13 1.50 1.88 2.25 2.63 3.00 

Concentration of Methyl Caffeate [mmol/kg] 

A
 (

IP
) 

[h
.4

5
 d

ay
s]

 



41 

3.2.1.   Conjugated dienes  

 

Figure 3.8 represents the area under the curves of the evaluation of conjugated dienes (CD) 

concentration in FAME sample subjected to oxidation tests during 40 days, in presence of different 

concentrations of MET CA in combination with α-tocopherol at a constant range of concentration (0.72 

mmol/kg). The samples were measured ±5 in 5 days. 

Looking to the charts, the ones with lower area are the ones with lesser concentration of MET CA but 

the different concentrations have a similar behaviour during the 40 day of experiment. This fact suggests that 

the addition of α-tocopherol brought an antagonistic effect to the mixture because it did not improve the 

antioxidant effect comparing with experiment I and the smaller the area, the higher is the antioxidant effect 

on the mixture. However, an empiric mathematical description was not established. Table 3.1 represents the 

area under the curves from experiment I  (only with MET CA) and II (with MET CA and TO) for 40 days - A(CDI) 

and A(CDII). 

 

 

Figure 3.8 – Area under the curves of CD using the trapezium rule, as a function of FAME of sunflower oil with different 

concentrations of MET CA in combination with 0.72 mmol/kg of α-tocopherol during 40 days - experiment II. Error bars 

express SD (n=2). An empiric mathematical description was not established with the increase of MET CA concentration. 

 

Table 3.1 – Area under the curves of conjugated dienes of experiment I and II during 40 days - A(CDI) and A(CDII). 
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The experiment that added α-tocopherol (II) had higher values of A(CD) than the one without it (I) at 

higher concentration of MET CA. This means that α-tocopherol at a concentration of 0.72 mmol/kg brought 

an antagonistic effect because the mixture has a weaker antioxidant effect on the reaction than the most 

active individual compound, MET CA. However, according to the table above, the antagonistic effect do not 

express at lower concentration of MET CA, [0.375,0[. 

 

3.2.2.   Volatile compounds – hexanal 

 

As previously mentioned, in this section measured hexanal concentration by GC-MS. Figure 3.9 reports 

the hexanal concentration in FAME mixtures with different concentrations of MET CA in combination with 

0.72 mmol/kg of α-tocopherol during 40 days of oxidation test in experiment II. 

  

 

Figure 3.9 – Volatile compounds - hexanal concentration in FAME of sunflower oil with different concentrations of MET 

CA in combination with 0.72 mmol/kg of α-tocopherol measured by GC-MS - experiment II.  

 

Looking to the chart above is noticeable that it is different from the one in experiment I. The addition 

of α-tocopherol brought a superior decrease rate of hexanal concentration comparing to the one without 

antioxidants (MET CA and TO).The first 10 days there was a decreased from 4 to approximately 1 µmmol/kg 

of hexanal at samples with α-tocopherol (TO). It seems that the secondary reaction is still happening and with 

a higher consumption rate. 

The data suggests that α-tocopherol promotes the secondary reaction because the decrease of 

hexanal was higher. After 20 days a balance between the primary and secondary reaction was achieved. 
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3.2.3.   Oxopolymers 

 

In this section, the oxopolymers concentration in the FAME solution were measured along the 

oxidation experiment by HPLC. Figure 3.10 represents the area under the curves of oxopolymers 

concentration in FAME samples subjected to oxidation tests during 40 days, in presence with different 

concentrations of MET CA in combination with 0.72 mmol/kg of α-tocopherol in experiment II. The samples 

were measured ±5 in 5 days. The graph shows a different behaviour when compared with samples without 

TO - experiment I.  

 

 

Figure 3.10 – Area under the curve of oxopolymers concentration using the trapezium rule, as a function of FAME of 

sunflower oil with different concentrations of MET CA in combination with 0.72 mmol/kg of α-tocopherol during 40 days 

measured by HPLC - experiment II.   Error bars express SD=5%. An empiric mathematical description was not established 

with the increase of MET CA concentration. 

 

The addition of α-tocopherol brought a decrease of oxopolymers concentration comparing with the 

one without antioxidants during 40 days. However, the difference between the highest concentration of MET 

CA and without antioxidant is lower than in experiment I, only 16.8 mg/g. The samples with MET CA at a 

concentration between [0.375,3] mmol/kg present almost the same behaviour. The concentration of 3 

mmol/kg of MET CA is the one which led to higher antioxidant achievement during the 40 days. 

Table 3.2 represents the area under the curves from experiment I and II for 40 days - A(Coxopolymers). 

According to the data, experiment I shows lower oxopolymers concentration between a range of [3,0.75] 

mmol/kg  of MET CA along the experiment. The addition of TO brought an antagonistic effect because the 

bigger the area the higher is the concentration of oxopolymers. This means that the addition of α-tocopherol 

had weaker the antioxidant effect of the mixture.  

However the antagonistic effect was not expressed at lower concentration of MET CA, [0.375,0[ 

mmol/kg. It seems that α-tocopherol helped to slow down the production of oxopolymers, i.e., slow down 

the oxidation rate. 
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Table 3.2 – Area under the curve of oxopolymers concentration of experiment I and II during 40 days - A(Coxopolymers).  

MET CA 

[mmol/kg] 

Experiment I
a)

  - A(Coxopolymers) 

[mg/g. 40 day] 

Experiment II
b)

 – A(Coxopolymers) 

[mg/g. 40 day] 

3 152 403 

1.5 248 432 

0.75 380 471 

0.375 870 446 

0 1441 809 

a) I – Tested different concentrations of MET CA (mmol/kg) in FAME of sunflower oil; 
b) II – Tested different concentrations of MET CA (mmol/kg) in combination with α-tocopherol (TO) at a 

constant range of concentration (0.72 mmol/kg) in FAME of sunflower oil;  
 

3.2.4.Oxidative stability 

 

Figure 3.11 shows the area under the curves of IP according with the Oxidograph method registered in 

FAME mixtures with different concentrations of MET CA in combination with 0.72 mmol/kg of α-tocopherol 

during 40 days of oxidation test in experiment II. The samples were measured ±5 in 5 days. Supposedly, the 

results do not support the conclusion made above. The chart shows higher area at high concentration of MET 

CA with α-tocopherol which should happen the opposite behaviour according to the method of conjugated 

dienes. It follows an exponential trend with a high correlation. However the area of experiment II (with MET 

CA and TO) is smaller than the area of the experiment I (only MET CA). 

 

 

Figure 3.11 – Representation of oxidative stability using the Oxidograph method expressed as the area under the curve of 

IP using the trapezium rule, as a function of FAME of sunflower oil with different concentrations of MET CA in 

combination with 0.72 mmol/kg of α-tocopherol during 40 days - experiment II. IP of FAME as a blank=0.4. Error bars 

express SD of 2.5 %. The results have an exponential trend,                         . 

 

Table 3.3 represents the area under the curves of IP, A(IP), of the experiment I and II. The table 

demonstrated that A(IP) of experiment I is higher than in II after 0.350 mmol/kg of MET CA. These results 

prove that the presence of α-tocopherol harms the antioxidant effect of the MET CA, at high concentration. 
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However, according to the data, the antagonistic effect was not expressed at low concentration of MET CA 

(0.375 mmol/kg) or only with TO. Therefore, it was verified that 0.72 mmol/kg of α-tocopherol brings an 

antagonistic effect when mixed with FAME and MET CA between a range of [3, 0.75] mmol/kg. 

 

Table 3.3 – Area under the curve of IP of experiment I and II during 40 days - A(IPI) and A(IPII). 

 

 

a) I – Tested different concentrations of MET CA (mmol/kg) in FAME of sunflower oil; 
b) II – Tested different concentrations of MET CA (mmol/kg) in combination with α-tocopherol (TO) at a 

constant range of concentration (0.72 mmol/kg) in FAME of sunflower oil;  
 

According to Table 6.1 (in appendix) there was not a consistency of which is the sample that shows the 

best antioxidant effect. All methods point to different concentration of MET CA when was combine with 0.72 

mmol/kg of α-tocopherol. Therefore this experiment was inconclusive. Although it gives the information that 

α- tocopherol at 0.72 mmol/kg can bring an antagonistic effect when combine with MET CA at higher 

concentration, between 0.75 and 3 mmol/kg.   

 

3.3. Experiment III 

 

The third experiment consisted to find out which alkyl esters of caffeic acid have the highest 

antioxidant effect. The effectiveness of antioxidants is determined by their chemical structures and size, and 

all relevant factors must be taken into account in the selecting or designing antioxidants for a particular 

application. It was tested different alkyl esters of caffeic as, MET CA, ETH CA, PRO CA, BUT CA and HEX CA at a 

constant concentration of 1.5 mmol/kg, during 40 days.  

The graphs from CD vs time (days), ID vs time (days) and Coxopolymers vs time (days) are not represented 

in this chapter because they are not essential to understand the behaviour of the samples. The chart that 

represents the area under the curves of CD, IP and oxopolymers are more useful. It gives better details of the 

actions of the antioxidants and it is easier to compare samples of different experiments. 

 
 
 
 
 

MET CA 

[mmol/kg] 

Experiment I
a)

  - A (IP) 

[%. 40 days] 

Experiment II
b)

 - A (IP) 

[%. 40 days] 

3 120 55.3 

1.5 52.6 31.1 

0.75 23.6 20.4 

0.375 16.8 18.9 

0 11.4 15.7 
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3.3.1.   Conjugated dienes  

 

Figure 3.12 displays the area under the curves of CD in FAME samples with different alkyl esters of 

caffeic acid at 1.5 mmol/kg subjected to oxidation tests during 40 days according with experiment III. The 

samples were measured approximately 5 in 5 days. Looking to the chart the ones with lower area are MET 

CA, ETH CA and PRO CA and the smaller the area the higher is the antioxidant effect. However, these results 

do not express an empiric mathematical description with the increase of MET CA concentration. 

 

 

Figure 3.12 – Area under the curve of CD using the trapezium rule, as a function of FAME of sunflower oil with different 

alkyl esters of caffeic acid at 1.5 mmol/kg 40 days - experience III. Error bars express SD (n=2). An empiric mathematical 

description was not established with the increase of the length of the alkyl esters of caffeic acid. 

 

According tothe results it is possible to deduce the effect that the size has in alkyl ester of caffeic acid. 

ETH CA and PRO CA at a concentration of 1.5 mmol/kg are the ones with higher antioxidant in the medium 

since the antioxidantion activity increases with the elongation of the alkyl chain to critical point in the 

homologous series of alkyl esters. Afterward, the antioxidant activity decreases if the increase of the length 

chain is too much, because of the decrease of the antioxidant concentration in lipid phase. In FAME (a 

nonpolar system) antioxidants with shorter chain length are positioned on the oil–air interface, while 

antioxidants with longer chain length are mostly dissolved in the oil phase. In this case the critical point 

seems to be propyl ester of caffeic acid. The antioxidant activity of these alkyl esters decreases with the 

increasing length of their alkyl chain after the critical point in conformity with the polar paradox hypothesis. 
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3.3.2.   Oxopolymers 

 

 

Figure 3.13 displays the area under the curves of oxopolymers concentration when it is added different 

alkyl esters of caffeic acid at a constant range of 1.5 mmol/kg to FAME samples subjected to oxidation tests 

during 40 days according with experiment III. The samples were measured ±5 in 5 days by HPLC. 

 As was expected according to the A(CD), the lowest concentration of oxopolymers appears at ETH CA 

and PRO CA. This data support the conclusion made before. The samples with ETH CA and PRO CA at 

concentration of 1.5 mmol/g showed the highest antioxidant effect because they have the lowest area. The 

critical point seems to be three carbons on the alkyl chain. These antioxidants slow down the production rate 

of oxopolymers more than MET CA. However, all the alkyl ester of caffeic acids tested showed an antioxidant 

effect and perhaps with a higher concentration the results could be different.  

 

 

Figure 3.13 – Area under the curve of oxopolymers concentration using the trapezium rule, as a function of FAME of 

sunflower oil with different alkyls ester of caffeic acid at 1.5 mmol/kg 40 days measured by HPLC - experiment III.   Error 

bars express SD=5%. An empiric mathematical description was not established with the increase of the length of the alkyl 

esters of caffeic acid. 

 

3.3.3.   Oxidative stability 

 

Figure 3.14 shows the area under the curves of IP according with the Oxidograph method registered in 

FAME mixtures with different alkyl esters of caffeic acid at 1.5 mmol/kg during 40 days of oxidation test in 

experiment III. The samples were measured ±5 in 5 days.  

The results support the conclusion made above. The chart shows higher area at ETH CA and PRO CA 

that means higher antioxidant effect. These data confirms that the antioxidant activity increases with the 

elongation of the alkyl esters chain until a critical point – PRO CA. The results do not express an empiric 

mathematical description with the increase of the length of the alkyl esters of caffeic acid.  
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Figure 3.14 – Representation of oxidative stability using the Oxidograph method expressed as the area under the curve of 

IP using the trapezium rule, as a function of FAME of sunflower oil with different alkyl esters of caffeic acid at 1.5 

mmol/kg during 40 days - experience III. IP of FAME as a blank=0.3. Error bars express SD of 2.5 %. An empiric 

mathematical description was not established with the increase of the length of the alkyl esters of caffeic acid. 

 

Table 6.1 (in appendix) shows that the sample with 1.5 mmol/kg of PRO CA was the one that brought 

the highest antioxidant effect to the mixture according to the conjugated dienes method and oxopolymers 

concentration. For the oxidative stability the sample that showed better results was ETH CA, but PRO CA only 

had extra 0.80 h.40 days. According on the veracity of the results it can be said that PRO CA is the alkyl ester 

of caffeic acid with higher antioxidant effect in FAME of sunflower oil at 1.5 mmol/kg. 

 

3.4. Experiment IV 

 

The fourth experiment assesses what happens when it is added α-tocopherol with different 

concentrations in combination with MET CA at a constant range (1.5 mmol/kg) to FAME, during 40 days. 

Therefore, this experiment uncovers if some concentration α-tocopherol can bring a synergistic effect instead 

an antagonistic effect to the mixture that was showed at experiment II.  

The graphs from CD vs time (days), ID vs time (days) and Coxopolymers vs time (days) are not represented 

in this chapter because they are not essential to understand the behaviour of the samples. The chart that 

represents the area under the curves of CD, IP and oxopolymers are more useful. It gives better details of the 

actions of the antioxidants and it is easier to compare samples of different experiments. 
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3.4.1.   Conjugated dienes  

 

Figure 3.15 displays the area under the curves of the CD in FAME mixtures with different 

concentrations of TO in combination with 1.5 mmol/kg of MET CA subjected to oxidation test during 40 days -

experiment IV. The samples were measured ±5 in 5 days. 

 Looking to the chart the ones with lower area are the ones with lesser concentration of α-tocopherol, 

in this case 0.09 mmol/kg. The smaller the area, the higher is the antioxidant effect. 

 

 

Figure 3.15 – Area under the curve of CD using the trapezium rule, as a function of FAME of sunflower oil with different 

concentrations of TO in combination with 1.5 mmol/kg of MET CA during 40 days - experiment IV. Error bars express SD 

(n=2). An empiric mathematical description was not established with the increase of TO concentration.  

 

This chart shows that α-tocopherol expressed an antagonistic effect only at concentration higher than 

0.18 mmol/kg of TO with a medium with 1.5 mmol/kg of MET CA and FAME. The results demonstrate that the 

addition of α-tocopherol in low concentration, between a range of ]0, 0.18[, brought a synergistic effect to 

the mixture. α-tocopherol has the ability to promote or antagonize the effects of other antioxidants 

depending on the range of concentration. However, an empiric mathematical description was not attempted.  

 

3.4.2.   Oxopolymers 

 
This experiment was made to verity if lower concentration of TO improves the antioxidant effect of 

the mixture and decrease the rate formation of oxopolymers. Figure 3.16 shows the area under the curves of 

oxopolymers concentration when it was added different concentrations of TO and 1.5 mmol/kg of MET CA to 

FAME during 40 days of oxidation test - experiment IV. The samples were measured ±5 in 5 days by HPLC. 
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Figure 3.16 – Area under the curve of oxopolymers concentration using the trapezium rule, as a function of FAME of 

sunflower oil with different concentrations of TO in combination with 1.5 mmol/kg of MET CA during 40 days measured 

by HPLC – experiment IV. Error bars express SD=5%. An empiric mathematical description was not established with the 

increase of TO concentration. 

 

The chart above shows that the addition of α-tocopherol brought an antagonistic effect to the mixture 

at 0.72 mmol/kg but it seems that after 0.45 mmol/kg of TO the effect is the same. The area is higher at 0.72 

mmol/kg than the sample without TO. According with the results the addition of α-tocopherol in a certain 

range of concentration, between a range of ]0, 0.36] mmol/kg, can bring a synergistic effect to the medium 

because it reduced the oxopolymers formation more than only with MET CA. 

 
 

3.4.3.   Oxidative stability 

 
Figure 3.17 shows the area under the curves of IP according with the Oxidograph method registered in 

FAME mixtures with different concentrations of TO in combination with 1.5 mmol/kg of MET during 40 days 

of oxidation test in experiment IV.  The samples were measured ±5 in 5 days.  

The results of IP support the conclusion made above. The chart shows higher area at lower 

concentration of α-tocopherol according to a range of ]0, 0.18[ mmol/kg, which demonstrated the same 

behaviour according to the method of conjugated dienes. Therefore α-tocopherol at low concentrations do 

not express an antagonistic effect because the mixture had higher antioxidant effect at low concentration of 

TO comparing without it, in a medium with 1.5 mmol/kg of MET CA and FAME. However, the results was not 

expressed an empiric mathematical description with the increase of TO into the mixture. 
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Figure 3.17 – Representation of oxidative stability using the Oxidograph method expressed as the area under the curve of 

IP using the trapezium rule, as a function of FAME of sunflower oil with different concentrations of TO in combination 

with 1.5 mmol/kg of MET CA during 40 days - experience IV. IP of FAME as a blank=0.3. Error bars express SD of 2.5 %. An 

empiric mathematical description was not established with the increase of TO concentration. 

 

Table 6.1 (in appendix) clearly shows that the sample with 0.09 mmol/kg (39 ppm) of TO and 1.5 

mmol/kg of MET CA was the one that brought the highest antioxidant effect to the mixture according to the 

conjugated dienes method and oxidative stability measurement. The antioxidant activity was greatest at 

lower concentrations of -tocopherol and loosed efficacy at higher concentrations due to its participation in 

side reactions. The α-tocopherol concentration is an important factor that influences antioxidant activity in 

bulk oils. Studies in purified triacylglycerols obtained from sunflower oil showed that antioxidant activity of -

tocopherol was greatest at concentration lower than 700 ppm. However, according to the results of this 

thesis the maximum concentration that should be added to FAME samples to have a synergetic effect is 

approximately 78 ppm (correspond to 0.18 mmol/kg of TO) since the medium  already have more 2 ppm. 

 

3.5. Experiment V 

 

The last experiment assesses what happens when was added ascorbyl palmitate (AP) in different 

concentrations in combination with MET CA at a constant range (1.5 mmol/kg) to the medium during 40 days. 

Therefore, this study provides the evidences if ascorbyl palmitate brings a synergistic or an antagonistic effect 

when it is added in samples with MET CA and FAME from sunflower oil.  

The graphs from CD vs time (days), ID vs time (days) and Coxopolymers vs time (days) are not represented 

in this chapter because they are not essential to understand the behaviour of the samples. The chart that 

represents the area under the curves of CD, IP and oxopolymers are more useful. It gives better details of the 

actions of the antioxidants and it is easier to compare samples of different experiments. 
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3.5.1.   Conjugated dienes  

 

Figure 3.18 displays the area under the curves of conjugated dienes in FAME mixtures with different 

concentrations of ascorbyl palmitate in combination with 1.5 mmol/kg of MET CA subjected to oxidation test 

during 40 days in experiment V. The samples were measured ±5 in 5 days.  

Looking to the chart the ones with lower area are the ones with higher concentration of AP. The data 

shows that the addition of AP brought a synergetic effect to the medium because the smaller the area, the 

higher is the antioxidant effect. Besides, the area is smaller at samples that have AP than the one without it. 

These results follow an exponential trend with a high correlation similar to the trend observed for the effect 

of lipid oxidation only with MET CA (Figure 3.2), despite having only three points. According with the trend, 

the higher the concentration of ascorbyl palmitate the lower will be the formation of conjugated dienes. 

 

 

Figure 3.18 – Area under the curve of CD using the trapezium rule, as a function of FAME of sunflower oil with different 

concentrations of ascorbyl palmitate (AP) in combination with 1.5 mmol/kg of MET CA during 40 days - experiment V. 

Error bars express SD (n=2). The results follow an exponential trend,                         . 

 

Table 3.4 displays the data from area under the curves of experiment IV and V - A(CDIV) and A(CDV). 

The experiment with AP (V) had higher values than the one with α-tocopherol (IV) in combination with  1.5 

mmol/kg of MET CA. This means undoubtedly that AP brought superior antioxidant effect to the mixture than 

TO. It is reasonable to say that AP shows a synergetic effect to the mixture while TO brings an antagonistic 

effect at the same range of concentration.  To be more certainty about this conclusion the experiment V 

should be repeated with a bigger range of concentrations (include samples with like 0.18 and 0.09 mmol/kg 

of AP). 
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Table 3.4 – Area under the curves of conjugated dienes of experiment IV and V during 40 days - A(CDIV) and A(CDV). 

Concentration of the second 

antioxidant [mmol/kg)]
a)

 

Experiment IV
b)

 - A (CD) 

[% 40 days] 

Experiment V
c)

 - A (CD) 

[% 40 days] 

0.72 110±3 45.5±0.6 

0.36 106±3 56.6±2 

0.18 90.1±2 - 

0.09 47.3±0.9 - 

0 76.1±0.8 76.1±0.8 

a) The first antioxidant is MET CA for both experiments and the second is α-tocopherol and ascorbyl 
palmitate to experiment IV and V, respectively. 

b) IV – Tested different concentrations of α-tocopherol (mmol/kg) in combination with MET CA at a 
constant range of concentration (1.5 mmol/kg) in FAME of sunflower oil; 

c) V –Tested different concentrations of ascorbyl palmitate (mmol/kg) in combination with MET CA at a 
constant range of concentration (1.5 mmol/kg) in FAME of sunflower oil; 

 

3.5.2.   Oxopolymers 

 
 

This experiment was made to verify if ascorbyl palmitate helps to slow down the formation of 

oxopolymers in combination with MET CA. It was added different concentrations of ascorbyl palmitate and 

MET CA at constant range of 1.5 mmol/kg to FAME. Figure 3.19 displays the area under the curves of 

oxopolymers concentration during 40 days of oxidation test in experiment V. The samples were measured ±5 

in 5 days by HPLC. 

 

 

Figure 3.19 – Area under the curve of oxopolymers concentration using the trapezium rule, as a function of FAME of 

sunflower oil with different concentrations of ascorbyl palmitate (AP) in combination with 1.5 mmol/kg of MET CA during 

40 days measured by HPLC – experiment V. Error bars express SD=5%. The results follow a second degree polynomial. 

 

Looking at the chart, the samples with AP showed minor formation of oxopolymers. This analysis 

illustrates that the addition of AP brought a synergetic effect to the medium because it was lower 

concentration area of oxopolymers comparing with the sample only with MET CA. The addition of AP brought 

a higher antioxidant effect to the mixture. The smaller the area, the lower is the formation of oxopolymers 
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and also the bigger is the delay of formation. Moreover, the data follows second degree polynomial trend 

regarding the concentration of AP during 40 days, but only with three samples represented. The equation is 

not shown because it lacks of more data. However, the trend describes the behaviour of the ascorbyl 

palmitate concentration and emphasizes a minimum (like in Figure 3.20). Using the mathematical correlation 

retrieved, the best concentration of AP that can be added to the mixture to bring the best antioxidant effect 

according to this method is approximately 0.520 mmol/kg and the maximum concentration is 1.04 mmol/kg. 

After this value the ascorbyl palmitate may bring an antagonistic effect to the mixture. To be certain about 

the existence of a maximum antioxidant effect it should repeat experiment V with smaller and higher 

concentration range. 

Table 3.5 represents the data of area under the curves of oxopolymer concentration for experiment IV 

and V - A(Coxopolymers). The table demonstrates that A(Coxopolymers) of experiment V is smaller than in IV. These 

results prove that ascorbyl palmitate has a bigger effect than α-tocopherol to slow down and retard the 

formation of oxopolymers. 
 

 
Table 3.5 – Area under the curves of oxopolymers concentration of experiment IV and V during 40 days - A(Coxopolymers). 

Concentration of the second 

antioxidant [mmol/kg]
a)

 

Experiment IV
b)

  -  A(Coxopolymers) 

[mg/g. 40 day] 

Experiment V
c)

 -  A(Coxopolymers) 

[mg/g. 40 day] 

0.72 386 105 

0.36 156 98 

0.18 134 - 

0.09 206 - 

0 214 214 

a) The first antioxidant is MET CA for both experiments and the second is α-tocopherol and ascorbyl 
palmitate to experiment IV and V, respectively. 

b) IV – Tested different concentrations of α-tocopherol (mmol/kg) with in combination with MET CA at a 
constant range of concentration (1.5 mmol/kg) in FAME of sunflower oil; 

c) V –Tested different concentrations of ascorbyl palmitate (mmol/kg) in combination with MET CA at a 
constant range of concentration (1.5 mmol/kg) in FAME of sunflower oil; 

 

3.5.3.   Oxidative stability 

 

Figure 3.20 shows the area under the curves of IP according with the Oxidograph method registered in 

FAME mixtures with different concentrations of AP in combination with 1.5 mmol/kg of MET during 40 days 

of oxidation test in experiment V.  The samples were measured ±5 in 5 days.  

The results show higher area at high concentration of AP but between ]0.36,0.72[ mmol/kg there is a 

maximum. The data follows second degree polynomial trend regarding the concentration of AP during 40 

days, but only with three samples represented. The equation is not shown because it lacks of more data. 

However, the trend emphasizes a minimum concentration that can be added to bring the best antioxidant 

effect, (like in Figure 3.19). According with the trend, the best concentration of AP that can be added to the 
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mixture to bring the best antioxidant effect is approximately 0.45 mmol/kg and the maximum is 0.90 

mmol/kg. After this value AP could bring an antagonistic effect to the mixture. To be certain about the 

existence of a maximum antioxidant effect it should repeat experiment V with a smaller concentration range 

(as 0.09, 0.18, 0.36, 0.45, 0.54, 0.72, 0.90 and 1 mmol/kg of AP). 

 

 

Figure 3.20 – Representation of oxidative stability using the Oxidograph method expressed as the area under the curve of 

IP using the trapezium rule, as a function of FAME of sunflower oil with different concentrations of ascorbyl palmitate 

(AP) in combination with 1.5 mmol/kg of MET CA during 40 days using the trapezium rule - experience V. IP of FAME as a 

blank=0.3. Error bars express SD of 2.5%. The results have a second degree polynomial. 

 

Table 3.6 represents the data of area under the curves of IP for experiment IV and V - A(IP). The table 

reveals that A(IP) of experiment V was higher than IV. These results prove that the presence of α-tocopherol 

harms the antioxidant effect comparing to AP when combined with 1.5 mmol/kg of MET CA. 

 

Table 3.6 – Area under the curve of conjugated dienes of experiment IV and V - A(IPIV) and A(IPV). 

Concentration of the second 

antioxidant [mmol/kg]
a)

 

Experiment IV
b)

 - A (IP) 

[%. 40 days] 

Experiment V
c)

 - A (IP) 

[%. 40 days] 

0.72 30.6 48.2 

0.36 20.9 57.9 

0.18 38.1 - 

0.09 38.2 - 

0 28.5 28.5 

a) The first antioxidant is MET CA for both experiments and the second is α-tocopherol and ascorbyl 
palmitate to experiment IV and V, respectively. 

b) IV – Tested different concentrations of α-tocopherol (mmol/kg) in combination with MET CA at a 
constant range of concentration (1.5 mmol/kg) in FAME of sunflower oil; 

c) V –Tested different concentrations of ascorbyl palmitate (mmol/kg) in combination with MET CA at a 
constant range of concentration (1.5 mmol/kg) in FAME of sunflower oil; 

 

In addition, the Table 6.1 (in appendix) clearly shows that ascorbyl palmitate brought better 

antioxidant effect to the mixture according to the conjugated dienes method, concentration of oxopolymers 
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and oxidative stability than α-tocopherol. However, to be certain it should repeat experiment V with a smaller 

and higher concentration range (0.09, 0.18, 0.36, 0.45, 0.54, 0.72, 0.90 and 1 mmol/kg of AP).  

Ascorbyl palmitate is often effective against oxidative degradation, stabilizing fat-containing food 

because of its function as oxygen scavenger and because of its increased solubility in lipid phases. The 

multiple effects of ascorbyl palmitate, like hydrogen donation to regenerate the antioxidant, hydroperoxide 

reduction to produce stable alcohols by non-radical processes, and oxygen scavenging are the probable 

causes that justify AP increases the antioxidant effect of the mixture.  

 

3.6. Protection factor 

 

The protection factor (PF) is a very useful tool for comparing different experiments. It estimates a 

percentage of protection given by one or multiple antioxidants added to a lipid mixture through the 

calculation of ratio of induction period values, at day zero, between samples with antioxidants and without 

(equation 2.7).  The higher the IP of the sample with the antioxidant the higher is the protection factor. 

 

Figure 3.21 displays the protection factor of the experiment I and II. The experiment I tested different 

concentrations of MET CA and experiment II tested different concentrations of MET CA (mmol/kg) in 

combination with α-tocopherol (0.72 mmol/kg).  Looking at the graph is perceptible that the experiment II 

has a higher PF until 1.5 mmol/kg of MET CA and then the experiment I take a slight advantaged. This results 

support the conclusions made with the help of the analytical methods. α-tocopherol shows a synergetic 

behaviour only at low concentrations but when the concentration exceeds 0.75 mmol/kg of MET CA it has the 

opposite behaviour. It decreases the antioxidant effect of the mixture. After that concentration is better no to 

use α-tocopherol at 0.72 mmol/kg.  

 

 

Figure 3.21 – Protection factors of experiment I and II measured in FAME of sunflower oil using the Oxidograph method at 

day zero. Experiment I tested different concentrations of MET CA (mmol/kg) and experiment II tested different 

concentrations of MET CA (mmol/kg) in combination with α-tocopherol (TO) at a constant range of concentration (0.72 

mmol/kg).  
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Figure 3.22 display the protection factor of experiment III. MET CA has the highest PF comparing with 

the other alkyl esters. The graph only shows the behaviour of the different alkyl esters of caffeic acid at the 

beginning of the experiment (day zero) that is different along the experiment. The IP of MET CA, BUT CA and 

HEX decreased very rapidly in the first 15 days that is not perceptible in this graph. With Figure 3.14 is 

possible to understand the overall changes of lipid oxidation according with the Oxidograph method. The 

protection factor is a simplify tool that uncover the stage of the IP at the beginning of the lipid oxidation. 

 

 

Figure 3.22 – Protection factors of FAME of sunflower oil with different alkyl esters of caffeic acid at 1.5 mmol/kg at day 

zero using the Oxidograph method - experiment III. 

 

Figure 3.23 displays the PF of experiment IV (with TO and 1.5 mmol/kg of MET CA) and V (with AP and 

1.5 mmol/kg MET CA) at day zero. The PF is higher when it is added ascorbyl palmitate than α-tocopherol. 

This chart supports the conclusions made according the analytical methods. Ascorbyl palmitate brought a 

better antioxidant effect than α-tocopherol when mixed with MET CA in FAME from sunflower oil.  

 

 

Figure 3.23 – Protection factors of the experience IV and V in FAME of sunflower oil using the Oxidograph method. The 

protection factor was made according the induction period of day zero. The experiment IV tested different concentrations 

of α-tocopherol (mmol/kg) with in combination with MET CA in a constant range (1.5 mmol/kg) and experiment V tested 

different concentrations of ascorbyl palmitate (mmol/kg) in combination with MET CA at a constant range of 

concentration (1.5 mmol/kg). The concentration is regarding to α-tocopherol or ascorbyl palmitate to experiment IV and 

V, respectively. 
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4. Conclusion and future perspectives  

 

 

There is a wide variety of natural and synthetic antioxidants used in fat-containing food in order to 

inhibit lipid oxidation. A range of efficiencies is displayed, depending on the selected antioxidant cocktail, the 

individual properties and synergetic or antagonistic effect resulting from their interactions, concentrations, 

and processing conditions.  The goal of this thesis is to demonstrate the antioxidant activity of alkyl esters of 

caffeic acid in combination with others antioxidants and which are the best conditions to use it to improve 

the life-shelf of FAME from sunflower oil and delay its oxidation. Lipid oxidation may be assessed in many 

ways, among which the changes in the initial reactants and the formation of oxidation products are the most 

commonly assessed used methods. These bring essential data forward that help to gather information about 

primary and secondary oxidation products and about the lipid oxidation stage.  The conjugated dienes 

content, the oxopolymers concentration by HPLC and the oxidative stability were the analytical methods that 

showed the more cohesive results. On the other hand, the hexanal concentration should not be taken too 

much in account since there is not much knowledge on the mechanisms leading to hexanal concentration 

decrease during the storage time since there is 59.2% of linoleic acid in FAME. 

According with the studies, regardless the concentration of MET CA added it always improved the 

antioxidant effect of the mixture but the concentration that led to the best antioxidant effect in FAME of 

sunflower oil was 3 mmol MET CA/kg regarding all analytical methods. The conjugated dienes decreased 

138.4%, the oxopolymers concentration decreased 1301.5 mg/g and the induction period increased 112.9 h 

during the 45 days of oxidation test. However, the impact of 0.72 mmol/kg of α-tocopherol combined with 

MET CA in FAME showed that α-tocopherol brings an antagonistic effect to the action of MET CA and the 

negative impact was higher at higher concentration of MET CA, between a range of 3 to 0.75 mmol/kg.  α-

tocopherol weakens the antioxidant effect of the active individual compound MET CA and accelerated the 

lipid oxidation since the formation of conjugated dienes increased 93.4%, the oxopolymers concentration 

increased 251.3 mg/g and the induction period decreased 65.1 h during the 40 days, compared with samples 

only MET CA.  

Aiming to uncover the effect that the size of the alkyl has on the antioxidant activity in alkyl esters of 

caffeic acid a series of esters of caffeic acid were tested for the antioxidant properties over FAME. According 

the data, ETH CA and PRO CA at a concentration of 1.5 mmol/kg are the ones with higher antioxidant effect in 

the medium. The antioxidant activity increased with the elongation of the alkyl chain until the critical point in 

the homologous series of alkyl esters. Antioxidant effect of these phenolipids changed nonlinearly with the 

chain length as a result of the different antioxidant location. In FAME (a nonpolar system) antioxidants with 

shorter chain length are positioned on the oil–air interface (the critical point is propyl ester of caffeic acid), 

while antioxidants with longer chain length are mostly dissolved in the oil phase. Therefore, there is a 

distribution of the antioxidant concentration through the lipid phase rendering it at a decreased local 

concentration when compared with system of short chain length which is in conformity with the polar 
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paradox hypothesis. Consequently, the antioxidant activity decreased when the chain length passed the 

critical point determined for this system. 

Alpha-tocopherol has the ability to promote or antagonize the effects of the other antioxidants 

depending on the condition that it is used due to its participation in side reactions. In this work, the 

antioxidant behaviour of α-tocopherol when in combination with MET CA was also studied.  According to the 

data collected, if TO is combined at a concentration of ]0, 0.18[ mmol/kg with 1.5 mmol MET CA/kg, it shows 

a synergetic effect. The antioxidant activity of α-tocopherol in FAME samples is better at lower 

concentrations (<80 ppm) and it loses efficacy as the concentration exceeds the maximum level. The 

synergistic effect was verified at low concentrations and probably extended the life of the primary 

antioxidant MET CA as the antioxidant effect persisted in the mixture (higher shelf-life of the FAME) at least 

when compared to the effect of MET CA alone. The conjugated dienes decreased 28.8%, the oxopolymers 

concentration decreased 80.3 mg/g and the induction period increased 9.8 h during the 40 days of oxidation 

test according to the best concentration range of each analytical method. 

The combination of MET CA at 1.5 mmol/kg with ascorbyl palmitate was also investigated with respect 

to the antioxidant properties over FAME.  The ascorbyl palmitate presented a synergetic effect in the mixture 

between a range of ]0, 0.72] mmol/kg since it could delay the onset of the lipid oxidation; the conjugated 

dienes decreased 30.6%, the oxopolymers concentration decreased 116.3 mg/g and the induction period 

increased 29.5 h during the 40 days of oxidation test according to the best concentration range of each 

analytical method. Furthermore, according with the empiric mathematical description used in the 

oxopolymers concentration and the Oxidograph method the best concentration of AP that can be added to 

the mixture to bring the best antioxidant effect is  between ]0.45, 0.52[  mmol/kg and the maximum is 

between ]0.90, 1.04[mmol/kg. After this value AP could promote an antagonistic effect to the medium.  

Ascorbyl palmitate also showed a higher antioxidant effect than α-tocopherol when combined with 1.5 

mmol MET CA/kg. However, the natural presence of α-tocopherol in sunflower oil (FAME precursor) at low 

concentration may have contributed to the verified increase in the antioxidant activity. According with Roos 

et al (1999) [33] ascorbyl palmitate protects α-tocopherol from oxidation by free radicals which increases the 

overall antioxidant effect.  The protection factor was another tool that provided support   to the conclusions 

above. The protection factor was higher when it was added ascorbyl palmitate than α-tocopherol. 

Oxidation experiments implemented in this work were useful to evaluate the effectiveness of the 

tested antioxidants because they were performed under conditions similar to those in which the oil will be 

used or stored in food factories or food supply chain. 

 

Next steps regarding the recommended complementation of this study are: 

 To study the different alkyl ester of caffeic at a higher concentration like 3 mmol/kg, to find out if 

ETH CA and PRO CA still are the ones with higher antioxidant effect; 

 To repeat all the experiments made with the best antioxidant, with the aim to find the best 

conditions to improve life-self of FAME from sunflower oil; 
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 To repeat the study regarding the combination of MET CA at 1.5 mmol/kg with ascorbyl palmitate 

with a higher range of concentration, to be able to identify if the best range is between ]0.45, 0.52[ mmol/kg 

of AP; 

 Find out why the hexanal concentration decreases during the storage time and which secondary 

product is being made; 

 To study only the effect of α-tocopherol in FAME of sunflower oil. 
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6. Appendice  
 

Table 6.1 – Results summary from the five experiments of the four methods (area under the curves) regarding the sample that brought the best antioxidant effect. 

Experiment 
Conjugated dienes  
A(CD) [%. 40 days] 

Sample 
Chexanal [μmol/kg] 

40
th

 days
 a)

 
Sample 

A(COxopolymers) 
[mg/g. 40 days] 

Sample 
Oxidative stability 
A(IP) [h. 40 days] 

Sample 

I
b)

 22.3 
3 mmol/kg 

MET CA 
0.501 

1.5 mmol/kg  
ME T CA 

152 
3 mmol/kg 

MET CA 
120 

3 mmol/kg 
MET CA 

II
c)

 116 

0.375 mmol/kg 
MET CA 

+ 
0.72 mmol/kg 

TO 

0.501 

0.75 mmol/kg 
MET CA 

+ 
0.72 mmol/kg 

TO 

403 

3 mmol/kg 
MET CA 

+ 
0.72 mmol/kg 

TO 

55.3 

3 mmol/kg 
MET CA 

+ 
0.72 mmol/kg 

TO 

III
d)

 49.5 
1.5 mmol/kg 

PRO CA 
- - 128 

1.5 mmol/kg 
PRO 

53.0 
1.5 mmol/kg 

ETH CA 

IV
e)

 47.3 

0.09 mmol/kg 
TO 
+ 

1.5 mmol/kg 
MET CA 

- - 134 

0.18 mmol/kg 
TO 
+ 

1.5 mmol/kg 
MET CA 

38.2 

0.09 mmol/kg 
TO 
+ 

1.5 mmol/kg 
MET CA 

V
f)
 45.5 

0.72 mmol/kg 
AP 
+ 

1.5 mmol/kg 
MET CA 

- - 98 

0.36 mmol/kg 
AP 
+ 

1.5 mmol/kg 
MET CA 

57.9 

0.36 mmol/kg 
AP 
+ 

1.5 mmol/kg 
MET CA 

a) The results of hexanal concentration are not from the area under the curve and experiment I are from the 45
th

 day; 
b) I – Tested different concentrations of MET CA (mmol/kg) in FAME of sunflower oil; 
c) II – Tested different concentrations of MET CA (mmol/kg) in combination with α-tocopherol (TO) at a constant range of concentration (0.72 mmol/kg) in FAME of sunflower oil;  
d) III – Tested different alkyl esters of caffeic acid at a constant range of concentration (1.5 mmol/kg) in FAME of sunflower oil. 
e) IV – Tested different concentrations of α-tocopherol (mmol/kg) in combination with MET CA at a constant range of concentration (1.5 mmol/kg) in FAME of sunflower oil; 
f) V –Tested different concentrations of ascorbyl palmitate, AP, (mmol/kg) in combination with MET CA at a constant range of concentration (1.5 mmol/kg) in FAME of sunflower oil; 


