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Abstract 

The control of virgin olive oil freshness requires new tools for assessing the oil 

stability that reflect the diverse chemical changes that take place during marketing. The 

current accelerated methods established for assessing virgin olive oil stability provide 

information that are not always well correlated with the actual shelf life, since they use 

conditions that are far from those given in the market. Thus, low intensity of light and 

mild heating need to be integrated in stability studies to ensure confidence in the olive 

oil sector when distributing the product. 

The main objective of this Thesis was to develop a multiparametric strategy 

based on spectroscopic techniques to assess the stability of virgin olive oil during storage 

under moderate conditions of light and temperature, emulating those found in 

supermarkets. Mesh cell-Fourier transform infrared (FTIR) spectroscopy was optimised 

for this aim, in order to evaluate the stability of the oils under mild conditions and to 

compare the results with the common methods using high temperature.  

With the purpose of gaining knowledge about the degradation processes that 

take place during storage, fresh monocultivar virgin olive oils were stored during 27 

months and the spectral properties were studied together with the quality indexes 

(peroxide value, free fatty acids, K270, K232), the organoleptic characteristics, and the most 

relevant chemical parameters (phenolic compounds, volatile compounds, α-tocopherol 

and pigments derived from chlorophyll) during the storage period. The changes of 

quality category of the stored virgin olive oils were mainly due to the variations of K270, 

median of the defect, and median of the fruity attribute. Nevertheless, the storage at 

moderate conditions generated changes in all the chemical and physical-chemical 

parameters studied, mainly during the first months of the storage experiment. This 

observation was also verified with fluorescence spectroscopy, which also showed a 

similar variation of the fluorescent compounds. On the other hand, the variation in the 

composition of volatile compounds explained the sensory changes detected by the 

panellists during the storage months. 

The stored samples were incubated in mesh cells for 576 h under different 

moderate conditions (dark and mild heating, light, and light combined with mild 

heating) and they were analysed by FTIR spectroscopy. This strategy allowed to assess 

the influence of these conditions on the chemical characteristics of virgin olive oil as they 

aged, considering different chemical species (primary and secondary oxidation 

products) simultaneously. This technique combined with chemometric tools provided 

dynamic information about the degradation of the samples and the variations of virgin 

olive oil stability during storage. Mesh cell-FTIR spectroscopy showed a good ability to 

classify virgin olive oils of different storage times. A relationship was also found 

between the spectral differences observed in the samples during storage and the changes 

in those parameters that led to a downgrading of category. 

 

 

 

 

 

 



 



 
 

Resumen 

El control de la frescura del aceite de oliva virgen requiere nuevas herramientas 

para evaluar su estabilidad con capacidad de dar información sobre los diversos cambios 

químicos que tienen lugar durante el periodo de comercialización. Los métodos actuales 

se basan en procedimiento acelerados que proporcionan información que no siempre 

está bien correlacionada con la vida útil real, ya que utilizan condiciones que distan 

mucho de las que se dan en el mercado. Por este motivo, es necesario incluir en los 

estudios de estabilidad el uso de condiciones de luz y temperatura moderadas con el fin 

de garantizar la confianza del sector del aceite de oliva en los procesos de distribución 

del producto. 

El objetivo principal de esta Tesis es desarrollar una estrategia multiparamétrica 

basada en técnicas espectroscópicas para evaluar la estabilidad del aceite de oliva virgen 

durante su almacenamiento en condiciones moderadas similares a las encontradas en 

los supermercados. Para ello, se optimizó la espectroscopía de infrarrojos por 

transformada de Fourier (FTIR) mediante el uso de celdas de malla (mesh cell-FTIR), con 

el fin de evaluar la estabilidad de los aceites en condiciones suaves y comparar los 

resultados con los métodos habituales que utilizan alta temperatura.  

Con el fin de obtener mayor información de los procesos de degradación durante 

el almacenamiento, se almacenaron aceites de oliva vírgenes monovarietales durante 27 

meses y se estudiaron secuencialmente las propiedades espectrales junto con los índices 

de calidad (índice de peróxido, ácidos grasos libres, K270, K232), las características 

organolépticas y los parámetros químicos más relevantes (compuestos fenólicos, 

compuestos volátiles, α-tocoferol y pigmentos derivados de la clorofila). Los cambios de 

categoría de calidad se debieron principalmente a las variaciones de K270, y de las 

medianas de defecto y del atributo frutado. Sin embargo, el almacenamiento en 

condiciones moderadas generó cambios en todos los parámetros químicos y físico-

químicos estudiados, especialmente durante los primeros meses del experimento. Estos 

resultados se verificaron con espectroscopía de fluorescencia, que también mostró una 

variación similar de los compuestos fluorescentes en las muestras. Por otra parte, la 

variación en la composición de los compuestos volátiles explicó los cambios sensoriales 

detectados por los panelistas durante los meses de almacenamiento. 

Las muestras almacenadas se incubaron en celdas de malla durante 576 h en 

diferentes condiciones (combinando oscuridad, luz y calentamiento suave) y se 

analizaron mediante espectroscopía FTIR. Esta estrategia permitió evaluar la influencia 

de estas condiciones en las características químicas del aceite de oliva virgen a medida 

que envejecían, considerando simultáneamente diferentes grupos de compuestos 

(productos de oxidación primarios y secundarios). Esta técnica, combinada con 

herramientas quimiométricas, proporcionó información dinámica sobre la degradación 

de los aceites de oliva vírgenes y sus variaciones de estabilidad durante el 

almacenamiento. La espectroscopía FTIR combinada con el uso de celdas de malla 

permitió la clasificación de los aceites de oliva vírgenes de diferentes tiempos de 

almacenamiento. Asimismo, se encontró una relación entre las diferencias espectrales 

observadas en las muestras durante el almacenamiento y las variaciones en aquellos 

parámetros que dieron lugar a un cambio de categoría. 
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 INTRODUCTION 

1. Introduction. 

1.1. Lipid oxidation. 

Lipids are key components of foods, because they and their alteration products 

contribute to flavour, odour, colour and texture, and they also provide a sense of satiety 

and palatability to foods (Frankel, 2005a). Food lipids are usually complex mixtures that 

are unstable, because their chemical composition can be affected by external variables 

causing changes associated with a loss of sensory and nutritional quality.  

The main processes leading to a deterioration of lipids are lipolysis and 

oxidation, of which oxidation has been identified as the major problem affecting edible 

oils (Velasco and Dobarganes, 2002; Frankel, 2005b; Morales and Przybylski, 2013). 

Whereas lipolysis starts when the oil is in the fruit or oilseeds, the oxidation is mainly 

produced during the oil extraction process, storage, and distribution (Velasco and 

Dobarganes, 2002; Wasowicz et al., 2004). Postharvest and storage effects promote 

gradual quality degradation of lipid with decreases in shelf life stability. As lipids are 

oxidised, hydroperoxides may be formed and they are easily converted into secondary 

products, such as aldehydes, alcohols, ketones and acids, in a further oxidation step 

(Choe and Min, 2006; Knothe et al., 2007). The formation of these compounds has a strong 

effect on food lipids in term of palatability, nutritional and sensory quality, making the 

food product unacceptable for consumers or for industrial use.  

The susceptibility of oils to oxidation is described by the oxidative stability of 

them, which is defined as the resistance to oxidation during processing and storage 

(Guillén and Cabo, 2002; Mikołajczak et al., 2021). This term is an important indicator of 

oil shelf life, and it depends on their chemical composition, as the fatty acid composition 

and the presence of minor compounds, but also on external variables or conditions, such 

as light or temperature, which act as catalysts for the reaction (Guillén and Cabo, 2002; 

Morales and Przybylski, 2013). This fact highlights the complexity of the lipid oxidation 

process, where many parameters are involved and can influenced by each other. 

Different chemical mechanisms are responsible for the lipid oxidation during 

storage, which depends on the factor that provide the input of energy to start the 

reaction. Thus, depending on the type of energy source, such as light or heat, different 

processes can affect the chemical composition of lipids, and consequently, thereby 
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modifying its shelf life (Choe and Min, 2006; Choe, 2017). This section is dedicated to 

review the different oxidation pathways due to the action of the different variables and 

parameters encountered during the commercialisation process of edible oils, which takes 

place under moderate conditions of light and temperature.  

1.1.1. Mechanism of lipid oxidation during storage (moderate conditions). 

Most lipid food products need to be stored for a period of time to ensure their 

supply to consumers, especially when their production is limited to several months of 

the year, as is the case of virgin olive oil (VOO). This storage refers to various points in 

the food chain, since the time the oil is extracted in the oil mill until it is sold bottled in 

supermarkets. During this period, some external variables can cause changes in the 

composition of the oils that lead to a loss of quality. The oxidation of oil is affected by its 

fatty acid composition, the oil processing, light, heat, the concentration and type of 

available oxygen and other present compounds. All these factors interact with the oil 

and with each other, making it difficult to differentiate their individual effect (Choe and 

Min, 2006). Numerous researches (Morales et al., 1997; Méndez and Falqué, 2007; 

Sikorska et al., 2008; Maszewska et al., 2018; Sikorska et al., 2019) have been focused on 

the effect of storage conditions on the degradation and oxidation process of the oils, 

which can considerably affect consumer acceptability. Thus, light and temperature at 

mild conditions can cause significant changes in the oil stability and quality. Therefore, 

the study of the oil degradation needs to consider both factors, light and heating, 

particularly at mild conditions, in order to have an approximation of the progress of the 

oxidation process as realistic as possible, using the same conditions that occur during oil 

storage.  

1.1.1.1.  Autoxidation. 

Autoxidation is recognised as the main responsible of causing most of the 

chemical alterations during the oil storage (Morales and Przybylski, 2013). This is an 

inevitable process, which occurs spontaneously under mild conditions. Depending on 

the proportion of unsaturated fatty acid contained in a triglyceride and the double bonds 

present in it as well as its positions of them in the fatty acids, oils will present different 

susceptibility to be oxidised (autoxidised) (Tena et al., 2018). Fatty acids are more 
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unstable the higher the unsaturation degree they have. Therefore, the relative rate of 

autoxidation between the monounsaturated and polyunsaturated fatty acids revealed 

great differences, being 1:40-50:100 for oleate:linoleate:linolenate on the basis of the 

oxygen uptake (Wasowicz et al., 2004).   

Autoxidation takes place in presence of available oxygen, which favours the 

reaction of the organic compounds with the molecular oxygen (Frankel, 2005b). 

Autoxidation consists in free-radical chain mechanism with three steps that are 

sequential and overlapping reactions (Wasowicz et al., 2004). Figure 1.1 shows the main 

reactions involved in lipids oxidation in a simplified scheme. The three steps are: 

initiation, propagation, and termination. 

  

Figure 1.1. Simplified scheme of lipid oxidation process. The abbreviation used 

means: RH, triacylglycerol undergoing oxidation in one of its unsaturated fatty acyl 

group; R•, alkyl radicals; ROO•, alkylperoxyl radicals; RO•, alkoxyl radicals; ROOH, 

hydroperoxides; AH, antioxidant compounds.  

Autoxidation is initiated by different free radical intermediates. Although it 

occurs spontaneously under mild conditions, it is normally initiated by singlet oxygen, 

trace metals, peroxides or hydroperoxides present at low concentrations in oils or 

produced after a homolytic reaction (Frankel, 2005a; Tena et al., 2018; Zhang et al., 2021). 

In this step, free radicals abstract a hydrogen from the unsaturated fatty acid (Figure 1.1), 

resulting in an alkyl radical (R•) stabilised by resonance to a conjugated diene system.  
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When lipids are directly oxidised by triplet oxygen (3O2) is spin forbidden 

because of the opposite spin direction of the lipid ground state of singlet multiplicity 

and oxygen of triplet multiplicity, which can be overcome in the presence of initiators, 

such as hydroperoxides, metals or light, which can produce radicals by several 

mechanisms. The most common initiation process is the metal-catalysed decomposition 

of performed hydroperoxides, because the thermal oxidation of unsaturated lipids is 

usually autocatalytic and involves initiation by decomposition of hydroperoxides 

(Frankel, 2005a). Furthermore, the reaction of lipids with singlet oxygen (1O2) takes place 

at a greater rate than the reaction of them with triplet oxygen, rapidly forming 

hydroperoxides, which can act as initiators of the lipids oxidation by triplet oxygen 

again.  

The alkyl radicals (R•) formed during the initiation step can be part of many 

reactions during the propagation step (Figure 1.1). The addition reaction of molecular 

oxygen to an alkyl radical produces a conjugated peroxyl radical, which can abstract 

hydrogen from another polyunsaturated fatty acid and forms a hydroperoxide (ROOH) 

and another alkyl radical (Tena et al., 2018). This last reaction, i.e. the hydrogen transfer 

reaction with unsaturated lipids to form hydroperoxides, is much slower than the 

formation of peroxyl radicals. So, the generation of primary oxidation products, 

hydroperoxides, is slow and rate-determining by the availability of hydrogens to be 

abstracted from unsaturated lipids, which conditions the susceptibility of lipids to 

autoxidation (Frankel, 2005a). These reactions (Figure 1.1) can be continuously repeated 

while oxygen and non-oxidised lipids are present (Girotti, 1985; Culler et al., 2021). 

Figure 1.2 shows a brief diagram of the oxidation of polyunsaturated fatty acids, 

indicating the effect of oxidation and the resulting products. The oxidation of 

unsaturated fatty acids generates several isomers of hydroperoxides (primary oxidation 

products) during the first stages of lipids shelf life. Its formation depends on the number 

of double bonds and the oxidation mechanism involved (Morales and Przybylski, 2013). 

The hydroperoxides are produced in a period called induction time (Figure 1.2) (Li et al., 

2019). This is a period in which the lipid deterioration is increasingly rapid, and which 

ends when unpleasant flavours or off-flavours become noticeable (Wasowicz et al., 2004). 
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Figure 1.2. Brief scheme of the oxidation process effect on polyunsaturated fatty 

acids (PUFAs).  The different steps, oxidation products and effects of oxidation are 

indicated.  

In parallel with the propagation, the reactions involved in the termination step 

are taking place. Hydroperoxides (ROOH) are unstable and they are easily decomposed 

to peroxyl (ROO•) and alkoxyl (RO•) radicals (Figures 1.1 and 1.2), which are highly 

reactive (Wasowicz et al., 2004). The peroxyl radicals can react with each other to form 

non-radical products (Figure 1.1) (Schaich, 2013; Velasco and Dobarganes, 2002; Choe 

and Min, 2006; Tena et al., 2018). Nevertheless, at the same time, other termination 

reactions take place under moderate temperature. One of them is the combination or 

condensation of peroxyl, alkoxyl or alkyl radicals, which produces peroxyl-linked 

dimers. Another one is the reaction of alkyl or peroxyl radicals with non-fatty acids such 

as antioxidant compounds. Other termination reactions can take place when fatty acids 

are subjected to high temperature, such as the fragmentation reaction (Frankel, 2005a).  
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During the last step of autoxidation, a great variety of compounds (secondary 

oxidation products) with low molecular weights are formed (Schaich, 2013; Morales and 

Przybylski, 2013; Gaca et al., 2021). Non-volatile and volatile compounds are produced 

(Figure 1.2), which can also decompose to a wide range of secondary oxidation products 

that are responsible of changes in taste, flavour, and quality of oils (Morales and 

Przybylski, 2013; Gaca et al., 2021). Volatile compounds formed, such as aldehydes and 

ketones, produce off-flavours and, consequently, develop the rancid defect. This change 

in the sensory properties of oils during their shelf life is one of the aspects that most 

influence the rejection of the products by consumers (García-González et al., 2011; 

Aparicio-Ruiz et al., 2019).  

1.1.1.2.  Oxidation mechanism at moderate temperature (< 60 °C). 

Great differences in lipid oxidative stability are found when it is evaluated at low 

and high temperatures, mainly due to the relationship between temperature and oxygen 

solubility (Cuvelier et al., 2017; Tena et al., 2018; Roppongi et al., 2021). The solubility of 

oxygen is high when low or moderate temperature are considered. Under moderate 

temperature, the alkylperoxyl radicals (ROO•) (Figure 1.1) are the most common 

structure, which rapidly form hydroperoxides (ROOH). This moderate condition of 

temperature causes a higher formation rate of hydroperoxides than the decomposition 

rate of them. Only when the concentration of the initial non-oxidised lipid considerably 

decreases, the formation of the termination reaction products starts to have major 

concentrations. Minor volatiles compounds with a relevant effect on the oil flavour are 

formed. However, when the temperature increases the solubility of oxygen decreases, 

which accelerates all the oxidation reactions.  

Under high temperature conditions, such as in frying or baking, the 

concentration of alkyl radicals (R•) is higher than the concentration of alkylperoxyl 

radicals (ROO•) and polymeric compounds are formed (Velasco and Dobarganes, 2002). 

This mechanism of oxidation under high temperature is known as thermoxidation (> 150 

°C). 
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1.1.1.3.  Photooxidation. 

Light has a significant effect on photosensitized oxidation, because it accelerated 

the oxidation of unsaturated fats. This mechanism is called photooxidation, which is 

recognised as one of the factors that is able to generate more changes in the oxidative 

stability of edible oils (Morales and Przybylski, 2013; Esposto et al., 2021). Figure 1.3 

shows the general mechanism that take places in photooxidation. Fats and oils have 

some minor compounds known as photosensitizers, such as chlorophylls, pheophytins 

and porphyrins, among others. Photosensitizers are activated when oils are subjected to 

light, i.e. they can absorb energy from the ultraviolet or visible light and be excited 

electronically, thus presenting two excited states (Frankel, 2005c; Choe, 2017). The two 

types of sensitizers, excited singlet molecule and excited triplet molecule, are unstable 

and can transfer the excess of energy by two different mechanisms. In a simple way to 

interpret the photooxidation, two types of reactions can be distinguished, which are 

known as Type I and Type II pathways (Girotti, 1985; Choe, 2017). Figure 1.3 shows these 

two possible pathways in photooxidation.  

 

Figure 1.3. Photooxidation reactions as Type I and Type II pathways.  

In the Type I pathway, the triplet excited sensitizers (3Sen*) reacts with the lipid 

substrate by transferring a hydrogen atom or electron to radical form, which can latter 

react with oxygen (3O2) (Figure 1.3). This type of reactions can initiate and propagate the 

lipid oxidation chain reactions, but, unlike the free radical autoxidation, it cannot be 

inhibited by chain-breaking antioxidant (Frankel, 2005d). 

In the Type II pathway (Figure 1.3), the triplet excited sensitizers (3Sen*) transfer 

energy to triplet oxygen (3O2) generating singlet oxygen (1O2) and singlet excited 

sensitizer (1Sen*) (Schaich, 2013; Tena et al., 2018). This highly reactive species of 
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molecular oxygen (1O2) reacts with unsaturated lipids producing hydroperoxides, which 

further decompose easily to alkoxyl and peroxyl radicals that accelerate autoxidation. 

That is why this reaction is considered as the most damaging reaction within 

photooxidation mechanisms (Morales and Przybylski, 2013). Like the photosensitized 

oxidation explained above, this reaction is not inhibited by chain-breaking antioxidant 

(Frankel, 2005c). Nevertheless, in this case, it is expected that the initiated free radical 

peroxidation would be inhibited by chain-breaking antioxidant (Tena et al., 2018).  

The rate of the photosensitized reactions (Type I and Type II pathways) during 

the storage of oils mainly depends on the concentration of oxygen, the types of 

compounds present in the oil and their concentrations, and how triplet oxygen (3O2) and 

fatty acid compete for triplet excited sensitizers (3Sen*) (Tena et al., 2018). At room 

temperature, the singlet oxygen reacts between 1000 – 10000 times faster than the triplet 

oxygen (Velasco and Dobarganes, 2002), which favours the generation of 

hydroperoxides from Type II pathway. However, when the concentration of oxygen 

decreases, the Type I reactions are considerable higher than Type II (Song et al., 1999). 

Furthermore, the effect of temperature is less pronounced on Type II reactions, whereas 

it has an important effect on Type I reaction. On the contrary, light is able to influence 

much more the singlet oxygen (1O2) reactions than temperature, shorter wavelengths 

showing more detrimental effects than the longer ones (Sattar et al., 1976).  

1.2. Oxidative stability of edible vegetable oils. 

The different degrees of oxidative stability among edible vegetable oils are 

mainly due to their fatty acid composition (Li et al., 2018) and the presence of minor 

compounds that may inhibit (antioxidants) or accelerate (prooxidants) the oxidation 

process (Syed, 2016).  

The autoxidation rate depends on the speed of fatty acid or acylglycerol alkyl 

radical formation, which depends mainly on the types of fatty acids that form the oil 

(Choe and Min, 2006; Schaich, 2017). Oils with more unsaturation are oxidised faster 

than oils with less unsaturation (Parker et al., 2003; Syed, 2016). The rate of formation of 

primary oxidation products increases as the number of unsaturation increases. Thus, the 

relative rate of autoxidation of oleate:linoleate:linolenate is 1:12:25 based on peroxide 

formation (Frankel, 1983; Tena et al., 2018). Furthermore, the speed of hydroperoxides 
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decomposition depends on the number of double bonds in the oxidised fatty acid, 

therefore linolenate hydroperoxides show a faster decomposition than the rate observed 

for linoleate and oleate.  

The fatty acid composition of edible vegetable oils is mainly defined by their 

botanical origin. Table 1.1 shows the fatty acid composition of some vegetable oils 

expressed as the percentage of total fatty acids. The oils listed in Table 1.1 are the most 

consumed vegetable oils for 2019/2020 worldwide (United States Department of 

Agriculture, 2021).  

Table 1.1. Fatty acid composition (in saturation order) of some vegetable oils, 

including olive oil, expressed as percentage of total fatty acids. 

Note: a, Codex Stan 210-1999 (Codex Alimentarius, 2019); b, COI/T.15/NC No 3/Rev. 15, 2019 

(IOC, 2019a); c, it includes C18:1 n-7 and n-9; d, it includes C20:1 n-9 and n-11; e, it includes 

C22:1 n-9 and n-11; f, it includes C18:3 n-3 and n-6; g, it includes C20:4 n-3 and n-6; h, 75.0-

90.7% in sunflower oil (high oleic acid); Nd, non detectable; Na, not applicable. The IOC 

standard establishes the concentrations with two decimal places. 

  

Fatty acid 

Vegetable oils 

Coconut 

oila 

Cotton-

seed oila 
Palm oila 

Palm 

kernel 

oila 

Olive oilb 
Rapeseed 

oila 

Soybean 

oila 

Sunflower    

oila 

C14:0 16.8-21.0 0.6-1.0 0.5-2.0 14.0-18.0 ≤0.03 Nd-0.2 Nd-0.2 Nd-0.2 

C16:0 7.5-10.2 21.4-26.4 39.3-47.5 6.5-10.0 7.50-20.00 1.5-6.0 8.0-13.5 5.0-7.6 

C17:0 Nd Nd-0.1 Nd-0.2 Nd ≤0.40 Nd-0.1 Nd-0.1 Nd-0.2 

C18:0 2.0-4.0 2.1-3.3 3.5-6.0 1.0-3.0 0.50-5.00 0.5-3.1 2.0-5.4 2.7-6.5 

C20:0 Nd-0.2 0.2-0.5 Nd-1.0 Nd-0.2 ≤0.60 Nd-3.0 0.1-0.6 0.1-0.5 

C22:0 Nd Nd-0.6 Nd-0.2 Nd-0.2 ≤0.20 Nd-2.0 Nd-0.7 0.3-1.5 

C24:0 Nd Nd-0.1 Nd Nd ≤0.20 Nd-2.0 Nd-0.5 Nd-0.5 

C16:1 Nd Nd-1.2 Nd-0.6 Nd-0.2 0.30-3.50 Nd-3.0 Nd-0.2 Nd-0.3 

C17:1 Nd Nd-0.1 Nd Nd ≤0.60 Nd-0.1 Nd-0.1 Nd-0.1 

C18:1c 5.0-10.0 14.7-21.7 36.0-44.0 12.0-19.0 55.00-83.00 8.0-60.0 17.0-30.0 14.0-39.4h 

C20:1d Nd-0.2 Nd-0.1 Nd-0.4 Nd-0.2 ≤0.50 3.0-15.0 Nd-0.5 Nd-0.3 

C22:1e Nd Nd-0.3 Nd Nd Na 2.0-60.0 Nd-0.3 Nd-0.3 

C24:1 Nd Nd Nd Nd Nd Nd-3.0 Nd Nd 

C18:2 1.0-2.5 46.7-58.2 9.0-12.0 1.0-3.5 2.50-21.00 11.0-23.0 48.0-59.0 48.3-74.0 

C20:2 Nd Nd-0.1 Nd Nd Na Nd-1.0 Nd-0.1 Nd 

C22:2 Nd Nd-0.1 Nd Nd Na Nd-2.0 Nd Nd-0.3 

C18:3f Nd-0.2 Nd-0.4 Nd-0.5 Nd-0.2 ≤1.00 5.0-13.0 4.5-11.0 Nd-0.3 
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The high content of polyunsaturated fatty acid of soybean and sunflower oil 

(excluding high-mid oleic sunflower oil) revealed the great susceptibility of these oils to 

be oxidised. Soybean oil contained approximately 64% of polyunsaturated fatty acid, 

mainly linoleic acid, respect to the total fatty acid concentration (Table 1.1). As well as 

sunflower oil, which contain between 48-74% of polyunsaturated fatty acids, mainly 

linoleic, is not very resistance to oxidation (Madhujith and Sivakanthan, 2019). On the 

contrary, other vegetable oils, such as palm oil, palm kernel oil and coconut oil, contain 

higher amount of saturated fatty acids than unsaturated (Table 1.1). Palm and palm 

kernel oil have equal amount of saturated (mainly palmitic acid) and unsaturated fatty 

acids (oleic acid), which make them quite resistance to oxidation. Coconut oil contains 

more than 90% of saturated fatty acids, making it highly stable against oxidation. In fact, 

a study carried out by Tan et al. (2002) where the oxidative stability index (OSI) of 

different vegetable oils was determined, confirmed that edibles oils with higher degree 

of unsaturation are more susceptible to oxidation. Thus, soybean and sunflower oils 

showed OSI values of 195 and 133 min respectively, which showed significantly lower 

induction time than coconut (675 min) or palm kernel oils (1608 min). In this context, it 

is worth noting that the genetic modification of oil crops is continuously evolving and it 

yield new oil varieties with modified fatty acid profile (Maheshwari and Kovalchuk, 

2016).  

Virgin olive oil (VOO) is characterised by a high monounsaturated-to–

polyunsaturated fatty acid ratio (Table 1.1), which provides a good resistance to 

oxidation. Although the fatty acid composition varies depending on the cultivar, the 

olive ripening, pedoclimatic conditions, among other factors, the percentage of 

monounsaturated fatty acids present in VOO is approximately 77.5% (being mainly oleic 

acid), covering a range of 55.0-83.0%, whereas the percentage of polyunsaturated fatty 

acids (such as linoleic and linolenic acids) is just closely 6.4% (Uceda et al., 2009). In 

addition to this, virgin olive oil is considered as one of the most resistant to oxidation 

among all the edible vegetable oils (Aparicio-Ruiz et al., 2017), principally due to two 

reasons. VOO contains minor components, such as phenols or tocopherols, which are 

potent antioxidants and may stunt or, even, inhibit the oxidation (Psomiadou and 

Tsimidou, 2002a; Bendini et al., 2007a). On the other hand, there are also some 
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compounds with prooxidants effects in presence of light, such as chlorophyll pigments, 

which can modify the oxidative stability of oils, and hence their shelf life (Roca et al., 

2003; Trypidis et al., 2019). For these reasons, VOO is considered a good quality oil with 

high resistance to oxidation; thereby it is widely used for food application involving high 

temperatures such as frying (Madhujith and Sivakanthan, 2019). 

1.3. Hydrolysis of triglycerides.  

Another important alteration process of lipids is hydrolysis. This process is of 

particular interest in virgin olive oil during olive oil production and distribution (Frega 

et al., 1999). The causes of the hydrolytic degradation are quite different of those that 

produces the oxidation of lipids; nevertheless, they interact between them and act 

together, contributing to the degradation of antioxidant compounds, the development 

of rancidity and then, the reduction of oil shelf life (Brenes et al., 2001; Lavelli et al., 2006; 

Cinelli et al., 2020).  

Triglycerides can be hydrolysed either chemically or enzymatically to produce 

diglycerides, monoglycerides, free fatty acids and glycerol. Chemical hydrolysis is a 

reaction that occurs randomly when lipid react with water and produces free fatty acids 

(Frankel, 2005a). Hydrolysis can also be possible when enzymes, in particular lipase, and 

water are present. This reaction is promoted by storage temperature higher than 18-20 

°C (Di Giovacchino, 2013). Thus, in VOO, the diacylglycerols can be found as 1,2- and 

1,3-isomers. The former is due to an incomplete biosynthesis of triacylglycerols, while 

the latter is due to triacylglycerol hydrolysis (Pérez-Camino et al., 1996; León-Camacho 

et al., 2013). 

Moreover, far from the conditions found during storage of oils, hydrolysis is one 

of the reactions that takes place during deep-fat frying, causing the formation of off-

flavours and changes in the healthy and quality properties of the oil. When food is fried 

in oil, the water contained in it (moisture) moves into the oil. Then, water attacks the 

ester bond of triacylglycerols and generates acidity and other degradation products 

(Morales and Przybylski, 2013).  
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1.4. Virgin olive oil. 

Olive oil is the most important ingredient in the Mediterranean diet because of 

its evidenced healthy and sensory properties (Bendini et al., 2007a; Aparicio and García-

González, 2013; García-González et al., 2019). Due to its relevance, olive oil is a product 

with its own international accord, which stablishes the policy on the standardisation of 

the market of olive oil and tables olives (Barjol, 2013). The International Olive Council 

(IOC) is the world’s only international intergovernmental organization in the field of 

olive oil and table olives, which contributes to the sustainable and responsible 

development of olive growing and it serves as a world forum for discussing 

policymaking issues and tackling present and future challenges. 

According to International olive council in COI/T.15/NC No 3/Rev.15 November 

2019: Trade standard applying to olive oils and olive pomace oils (IOC, 2019a), virgin 

olive oil (VOO) is defined as the oil obtained from the fruit of the olive tree (Olea europea 

Linneo) solely by mechanical or other physical means under conditions, particularly 

thermal conditions, that do not lead to alterations in the oil, and which have not 

undergone any treatment other that washing, decantation, centrifugation and filtration.  

This international trade (IOC, 2019a) and the European regulation (European 

Union, 1991) stablish the different designations or grades within the VOO according to 

several physical-chemical parameters, such as their acidity values, peroxide value, 

ultraviolet absorbance (K270, K232 and ΔK), and organoleptic characteristics, namely 

median of the defect and fruity attribute. According to these quality parameters, the 

European regulation in force distinguishes three categories of VOO. Firstly, extra virgin 

olive oil (EV) is the category with the highest quality. Form an organoleptic point of 

view, it has no defects and is fruity. Its acidity level must not exceed 0.8%. Secondly, 

virgin olive oil (V) is the oil that may have some sensory defects but a very low level. Its 

acidity must not exceed 2%. Finally, the lampante olive oil category (L) is a lower quality 

virgin olive oil with an acidity of more than 2%, with no fruity characteristics and 

substantial sensory defects. Lampante olive oil cannot be marketed at retail stage. It is 

refined or used for industrial purposes. Table 1.2 shows the categories of VOO stablished 

according to the parameters described by current European regulation (European 

Union, 1991). 
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Table 1.2. Categories of virgin olive oils defined according to the European 

regulation (European Union, 1991). 

Category Acidity (%) 
Peroxide value 

(mEq O2/kg) 
K232 K270 

Median of the 

defect (Md) 

Median of the 

fruity 

attribute (Mf) 

Extra virgin olive oil ≤ 0.8 ≤ 20 ≤ 2.50 ≤ 0.22 Md = 0 Mf > 0 

Virgin olive oil ≤ 2.0 ≤ 20 ≤ 2.60 ≤ 0.25 Md ≤ 3.5 Mf > 0 

Lampante olive oil > 2.0 - - - Md > 3.5 - 

 

According to the international olive council and its regulation (IOC, 2019a), 

another VOO category must be added to the three above-mentioned, which is named as 

ordinary virgin olive oil (O).  

1.4.1. Minor compounds and virgin olive oil oxidation.  

The characteristics of the VOO designations described above are in continuous 

evolution since it is extracted in the olive mill. Thus, VOO chemical composition is 

slowly changing as consequence of the oxidation process (Tena et al., 2018). These 

changes could result in a modification of some quality parameters, as the generation of 

undesirable flavour (increasing the median of the defect value). 

Virgin olive oil contains minor components, such as free fatty acids, mono- and 

diacylglycerols, trace of metals, phospholipids, peroxide, chlorophylls, carotenoids, 

phenolic compounds, and tocopherols, that affect the oxidative stability of the oils. Some 

of these minor compounds can accelerate (prooxidants) the oxidation process while 

others inhibit the progress of it, i.e. they act as antioxidants (Choe and Min, 2006; Choe, 

2017). 

1.4.1.1.  Free fatty acids.  

Free fatty acids act as prooxidant in edible oils because they are more susceptible 

to autoxidation than esterified fatty acids (Morales and Przybylski, 2013; De Leonardis 

et al., 2016). Free fatty acids molecules are composed of hydrophilic and hydrophobic 

groups. Their prooxidant effect is caused by the hydrophilic carboxyl group presence in 

the hydrophobic hydrocarbon chain (Tena et al., 2018). The carbonyl group is not easily 

dissolved in the oil, and they prefer to be concentrated on the surface of oils, what make 

the surface tension lower and the diffusion rate of oxygen from the headspace into the 

oil much higher, accelerating the oxidation process (Choe and Min, 2006). 
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1.4.1.2.  Metals. 

Metals are present in VOO at trace levels, which may originate from the soil and 

fertilisers or even from contamination during processing or storage. VOOs normally 

contain traces of Fe and Cu in a concentration range of 0.5-3.0 and 0.001-0.2 mg/kg, 

respectively (Velasco and Dobarganes, 2002).   

Traces of metals act as promoters of lipid oxidation by different chemical 

mechanism. Firstly, they can reduce the activation energy to form lipid alkyl radicals 

during the initiation step in the autoxidation (Schaich, 2017). Secondly, metals are able 

to react directly with lipids to generate lipid alkyl radicals, also producing a reactive 

oxygen species as 1O2 and hydroxyl radical from 3O2 and hydrogen peroxide, 

respectively (Choe and Min, 2006). Thirdly, metals catalyse the hydroperoxides 

decomposition, resulting in the formation of hydroxyl, peroxyl and alkoxyl radicals and 

accelerating the oxidation of oils (Wasowicz et al., 2004). Furthermore, they can cause the 

decomposition of phenolic compounds, which decreases the oxidative stability of oils.  

These reactions depend on several factors, such as the specific metal complex, 

concentration of the metal, valence state of the metal, oxygen pressure in the system and 

the presence of hydroperoxides (Schaich, 1992; Schaich, 2017). However, the highest 

oxidation potential was identified in transition metals that contain two or more valence 

states, such as iron, copper and nickel (Morales and Przybylski, 2013). Thus, they 

considerably reduce the oxidative stability of lipids and accelerate the development on 

rancidity. 

1.4.1.3.  Phospholipids. 

The concentration of phospholipids in VOOs ranged between 40-135 mg/kg, 

being mainly phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylinositol (PI), and phosphatidylserine (PS) (Morales and Przybylski, 2013). 

Phospholipids can act as antioxidants and prooxidants, which mainly depend on 

their concentration and the presence or not of other compounds, such as metals (Choe 

and Min, 2006). They can act as antioxidant in the presence of metals, because they have 

the capacity to chelate them and inactivate their prooxidant effect. Furthermore, they can 

act as synergists with phenolic compounds and tocopherols, increasing their antioxidant 
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activity (Bandarra et al., 1999). The concentration of phospholipids for the maximal 

antioxidant activity was between 3 and 60 mg/kg (Choe and Min, 2006).  

The high concentration of phospholipids in oils turns them into prooxidants, 

which can accelerate the oxidation process. Due to the fact that phospholipids have 

hydrophilic and hydrophobic groups in the same molecule, they can increase the 

diffusion rate of oxygen to the oil (Choe and Min, 2006).  

1.4.1.4.  Chlorophylls and derivatives. 

The content of chlorophylls and their derivatives is greatly related to the stage of 

olive maturity. Chlorophylls a and b are turned into more stable pigments, pheophytins 

and pyropheophytins (Gallardo-Guerrero et al., 2005; Aparicio-Ruiz et al., 2012; Trypidis 

et al., 2019), which are the main form in VOO (Gutiérrez et al., 1999; Lobo-Prieto et al., 

2020a). 

In the presence of light and atmospheric 3O2, chlorophylls and their degradation 

products, pheophytins and pheophorbides, are promoters of the photosensitised 

oxidation in VOO. They act as sensitizers to produce 1O2, which accelerate the oil 

oxidation. Chlorophylls and their derivatives potentiate the early stages of the 

autoxidation process and they generate allyl hydroperoxides (Giuliani et al., 2011). On 

the other hand, when oils are subjected to dark, chlorophylls and pheophytins act as 

antioxidant, because they may donate hydrogen to free radicals (Psomiadou and 

Tsimidou, 2002b). Thus, these compounds show different behaviour depending on the 

conditions applied to the oil, and the pigment profile of virgin olive oil could be 

indicative of the oil freshness (Roca et al., 2003; Aparicio-Ruiz et al., 2012).  

1.4.1.5.  Carotenoids. 

Virgin olive oils (VOOs) contain carotenoids in a range of 0.8 to 18.3 mg/kg 

(Gandul-Rojas and Minguez-Mosquera, 1996), which depend on the olive cultivar and 

maturity, processing method, and storage conditions. Carotenoids are potent protectors 

against photosensitised oxidation since they act as singlet oxygen quenchers (Bradley 

and Min, 1992). They have a low singlet energy state, which enable the acceptance of 

energy from the singlet oxygen. Furthermore, they do not produce oxidised products, 

because they return to the ground state by transferring energy to the oil, mainly as heat 
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(Stahl and Sies, 1993). The number of conjugated double bonds in its polyene chain raises 

the capacity of the carotenoids to quench 1O2 (Min and Boff, 2002).  

Carotenoids can additionally act as natural light filter and they can absorb light 

between 400 and 500 nm, protecting the oil against the formation of singlet oxygen 

(Morales and Przybylski, 2013; Elias and Decker, 2019). Other mechanism to slow down 

oxidation is that they can donate hydrogen to a hydroxyl radical and produce a 

carotenoid radical, which can react with lipid peroxyl radicals and form non-radical 

products (Beutner et al., 2001).  

The storage conditions can modify the antioxidant effects of carotenoids, for 

example, they can act as prooxidants in vegetable oils when they are kept in the dark. 

Furthermore, they also modify its effect depending on the chemical composition of the 

oil. In fact, they can improve its protection against oxidation in presence of tocopherols 

(Tena et al., 2018).   

1.4.1.6.  Phenolic compounds.  

Phenols constitute the hydrophilic antioxidant group of compounds in olive oil. 

VOO shows a complex composition of phenols, which include phenolic alcohols, 

phenolic acids, flavonoids, lignans, and secoiridoids (Morales and Przybylski, 2013; 

Tsimidou et al., 2018). They are able to donate an electron or hydrogen atom to a lipid 

radical, which is formed due to the propagation step of oxidation. Their antioxidant 

activity is explained by their ability to scavenge peroxyl and alkoxyl radicals, and by 

chelation of transition metals present at trace levels (Chimi et al., 1991; Tsimidou et al., 

2018). All of them have antioxidant activity and show a protective effect on the oil against 

oxidation (Servili et al., 2009). Their high antioxidant activity can be explained because 

polar antioxidants are more effective in nonpolar lipids, whereas nonpolar antioxidants 

are more active in polar lipid emulsions (Bendini et al., 2007a).  

The phenolic compounds are responsible for the longer shelf life of VOO 

compared to other vegetable oils containing chlorophyll at a similar concentration. These 

compounds are able to stabilise the oils, protecting them from the formation of off-

flavours (Bendini et al., 2007a; Di Stefano and Melilli, 2019). On the one hand, ortho-

diphenols, such as hydroxytyrosol, caffeic, p-coumaric, cinnamic, and syringic acids, act 

as hydrogen-donating antioxidant, and then, they provide a great contribution to 
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oxidative stability in VOOs (Aparicio et al., 1999). This effect is higher in monohydroxy 

or polyhydroxy phenolic compounds with at least two or three aromatic rings 

substitutions (Choe and Min, 2006). Furthermore, one or two methoxy substitutions at 

the ortho-position in the phenol structure improve the antioxidant efficiency (Morales 

and Przybylski, 2013). On the other hand, lignans also scavenge free radicals and they 

showed antioxidant activity in the dark as well as under light, when they act as quencher 

of 1O2 (Tena et al., 2018).  

From comparison with the principal phenolic constituents of VOO, 

hydroxytyrosol is one of the most antioxidant compound (Tsimidou et al., 1992). It has 

shown to be scavenger of superoxide anions and inhibitors of the hypochlorous acid-

derived radicals (Visioli et al., 1998). Although hydroxytyrosol also scavenges hydroxyl 

radicals, in this case oleuropein showed to be more effective (Chimi et al., 1991). On the 

other hand, hydroxytyrosol acetate shows weaker ability to scavenge radicals than 

hydroxytyrosol, but better than 3,4-DHPEA-EDA in oils (Gordon et al., 2001).  

The antioxidant effect of different compounds is difficult to individualise, 

because the stability of VOO results from the synergistic interactions between different 

antioxidants (phenolic and non-phenolic) and the lipid composition (Bendini et al., 

2007a). Some phenols have demonstrated an antioxidant synergism with α-tocopherol 

(Cai et al., 2002; Neunert et al., 2015), because some phenols with an ortho-dihydroxyl 

structure are able to reduce the oxidised forms of tocopherols (Bendini et al., 2006).  

1.4.1.7.  Tocopherols. 

Tocopherols are the lipophilic antioxidant group of VOOs. They are, together 

with phenolic compounds, the most important antioxidants present in edible oils (Choe 

and Min, 2006; Fritsche et al., 2017). The tocopherol content in edible oils depends on the 

cultivar, processing, and storage. In VOO, the concentration of tocopherols decreases 

during the storage, even in the dark (Morelló et al., 2004; Esposto et al., 2020). 

The antioxidant activity of tocopherols is explained by the fact that they compete 

with unsaturated oils for lipid peroxyl radicals. The latter react with tocopherols much 

faster than with lipids, therefore they slow down the oil oxidation speed in the 

propagation step (Sayago et al., 2007). Moreover, they also act as singlet oxygen 

quenchers, this action increasing the oxidative stability of oils when they are subjected 
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to storage in presence of light. The antioxidant ability of the different tocopherol isomers 

depends on the conditions. Thus, when edible oils are stored in the dark, the highest 

capacity to scavenge free radicals is for δ-tocopherol followed by γ-, β- and α-tocopherol, 

whereas when oils are exposed to light, α-tocopherol shows the highest antioxidant 

effect (Jung et al., 1991; Tena et al., 2018).  

1.4.1.8.  Sterols.  

The concentration of sterols in olive oils range from 180 to 265 mg/100g, where 

the main sterols are β-sitosterol, ∆5-avenasterol, and campesterol (Morales and 

Przybylski, 2013; García-González et al., 2019). Sterols show natural antioxidant activities 

in food at high temperature (> 150 °C), however they seem to be ineffective at low 

temperature and under the conditions of accelerated test (100 °C) (Velasco and 

Dobarganes, 2002). During storage, 30-45% of them can be oxidised, whereas during 

frying the majority of sterols are transformed into other products, including high 

molecular weight components (Rudzińska et al., 2009). 

1.4.1.9.  Volatile compounds.  

In the case of VOO, the volatile responsible for green and fruity flavours are 

formed by the lipoxygenase pathway (Morales et al., 1999; García-González et al., 2011), 

whereas the volatile compounds associated to the unpleasant notes derived from a long 

or non appropriate storage, as rancid defect, are mainly produced by lipid oxidation 

(Aparicio et al., 1996; Luna et al., 2006; Aparicio-Ruiz et al., 2018). The decomposition of 

hydroperoxides (primary oxidation products) generates secondary oxidation products, 

which produce off-flavours in oils and reduce their shelf life or even make them unfit 

for human consumption (Morales and Przybylski, 2013). There are various pathways for 

the development of these volatiles, which depend on the oxidation state of the oil, 

oxygen pressure, temperature, and the presence of pro-and antioxidants.  

The main decomposition products are aldehydes, alcohols, ketones, acids, 

hydrocarbons, lactones, furans, and esters (Morales et al., 2013; Morales and Przybylski, 

2013). Aldehydes are among the main contributors to unpleasant odours because of their 

low odour thresholds. Other compounds, such as aliphatic alcohols and hydrocarbons, 

have high odour thresholds, so they have a small contribution to off-flavours in VOOs.  
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1.5. Olive oil storage. 

VOO is just produced during several months per year, which leads to the 

necessity of storing the oil in order to ensure a continuous supply to consumers. The 

storage is carried out at various levels in the food chain. Thus, the storage would start in 

tanks during the first steps of trading and it would continue in bottles in retailers. During 

storage, VOO is affected by different external variables, such as light and temperature, 

that can generate changes in the chemical composition of the oils, causing a loss of the 

nutritional quality, developing unpleasant tastes and off-flavours and, finally, the 

consumer rejection of the product or problems in retailing. Furthermore, if the storage 

conditions are not appropriate, extra virgin olive oil (EV) can fall into a lower 

commercial category (virgin olive oil) and in a further oxidation, it may become unfit for 

consumption (lampante olive oil) (IOC, 2018a). The influence of the storage conditions 

in the degradation of the oils has been reported in numerous studies (Morales et al., 1997; 

Morelló et al., 2004; Méndez and Falqué, 2007; Sikorska et al., 2008; Lobo-Prieto et al., 

2020b). Various factors, even at mild conditions, can considerably affect the stability of 

oils (Genovese et al., 2015; Hernández-Sánchez et al., 2017; Tena et al., 2017; Trypidis et 

al., 2019; Esposto et al., 2020; Iqdiam et al., 2020).  

For that reasons, the regulatory bodies stablish some requirements about VOO 

storage. IOC and the European Union (EU) in their regulations highlight the importance 

of storage condition of olive oil, underlining that they should be clearly indicated on the 

label (European Union, 2013; IOC, 2019a). Furthermore, IOC has published a document 

with the best practice guidelines for the storage of olive oils (IOC, 2018a), with the aim 

of maintaining the olive oil composition and characteristics specified in the legislation 

throughout its shelf life.  

1.5.1. VOO shelf life. 

The term shelf life refers to the moment when food undergoes a change in its 

composition (Tena et al., 2018). In other words, shelf life means the period a product may 

be stored before a specific element of the product makes it unsuitable for use or 

consumption (Valero et al., 2012). According to Codex Alimentarius (2016), shelf life is 

defined as the estimated period during which the food maintains its safety and sensory 
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qualities at a specific condition. In the EU (2005), this term is described as the period 

preceding by the “use by” or the “minimum durability date”. Thus, in general terms, the 

shelf life of a product can be defined as the number of days that the quality of the finished 

product is as good as when it was fresh, when it was stored under specified preservation 

conditions (Syed, 2016). This definition seems simple and straightforward, but it can lead 

to great differences of opinion when it comes to the details, due to several aspects related 

to the heterogeneities found in the terminology concerning date marking of food 

products between the different competent regulations. In fact, these heterogeneities are 

found when comparing the information between different countries and labelling rules. 

Furthermore, in the case of VOO, another important issue is the lack of a harmonised 

methodology stablished by regulation to estimate its shelf life. 

1.5.1.1.  Date marking regulations, terminology, and definitions. 

Regulation (EU) No 1169/2011 on food information to consumers (European 

Union, 2011) requires that most pre-packed foods show a date mark, which must be 

accompanied by a wording explaining whether the date marks a threshold in the safety 

of the product (“use by”) or its quality (“best before date” or “best before end”). This last 

term is also known as “date of minimum durability” of food and it is defined as the date 

until which the food retains its specific properties when properly stored (European 

Union, 2011). In Codex Alimentarius (1985), the “best before date” (“minimum 

durability date”) is defined as “the date which signifies the end of the period, under any 

stated storage conditions, during which the unopened product will remain fully 

marketable and will retain any specific qualities for which implied or express claims 

have been made”. This definition also states that the food may still be acceptable for 

consumption beyond this date. Other terms used by the Codex Alimentarius regulation 

are “use-by date” and “expiration date” (Codex Alimentarius, 1985), which refer to “the 

date which signifies the end of the period under any stated storage conditions, after 

which the product should not be sold or consumed due to safety and quality reasons”. 

This last term has the advantage that provide a simple and useful information to 

consumers about how long the food could be marketed and consumed (Tena et al., 2018).  

Regarding IOC, the norms of this organism indicate that, in the case of pre-

packaged olive oil, the “date of minimum durability” (preceded by the words “best 
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before end”) should be declared on the label, as well as storage conditions, designation 

of the product and geographical indications (IOC, 2019a).   

In the case of olive oil, the European regulation No 432/2012 (European Union, 

2012) establishes a health claim, granted to oils containing a concentration of phenols 

above 250 mg/kg, that may have some implication in VOO storage and shelf life. Thus, 

VOOs with this health recognition must retain the required concentration of phenols 

until reaching the “best before” date.  

The date mark is intended for its use by consumers but also informs food chain 

operators, examples being retailers and food redistribution systems. However, this 

ambiguous terminology generates some inconveniences in the food industry. A survey 

carried out by the European Union (European Union, 2018), which was focused on 

studying the date marking and waste prevention, found variations in the date marking 

practices within the same product types and among the member states. In addition to 

the differences found in the member states, some differences may be found in some 

practices. Thus, shelf life is normally determined to keep the quality of food products, 

but other factors such as producers’ expectations of how consumers will store the 

product and retail practices related to the storage conditions in each country can affect 

the specified date. In fact, some producers decide to use a “used by” date mark instead 

of a “best before” date mark although this last term may be more appropriate (European 

Union, 2018), as a precautionary measure given the uncertainties about consumer 

handling food safety. 

The “Dataset Flash Eurobarometer 425: Food waste and date marking” carried 

out by EU (European Union, 2015) evaluated the consumers’ perception of date marking 

and revealed that although the majority of the Europeans pay attention to the date 

marking on labels, many might not fully understand its meaning. This highlighted the 

difficult understanding of the terminology and the lack of education in the population 

about this subject. All these studies suggest that there is a need of a technical guide for 

food business on how to choose the appropriate date marking either for producers and 

for consumers.  
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1.5.1.2.  Control methods for shelf life assessment and stability measurement. 

 Today, consumers are more concerned and aware about freshness and quality of 

food products. For that reason, one of the most important problem in the oils industry is 

related to predict shelf life. This interest is also high in VOO production. The current 

regulations do not stablish a method to determine VOO shelf life of fresh oils, which 

leads to the producers to establish shelf life following their own criteria for defining 

quality and for considering a product as acceptable (Tena et al., 2018).  

The current regulations stablish a list of quality parameters to determine the 

quality and the designation of olive oil. However, the study of the quality parameters 

gives a static idea of the quality of the oil in the moment of the measurement, but it is 

not enough for shelf life control. These parameters provide individual information of 

some chemical aspects of the oil, without bringing further information about the possible 

relationships between them and the changes of the oil composition during the storage. 

On the other hand, there are some methods available to estimate the VOO 

stability, which are normally called as accelerated shelf life testing because they usually 

apply conditions different by far from those found in actual storage (e.g. temperature of 

100 °C in Rancimat). These accelerated methods are widely used in the oil sector because 

they are very useful providing a fast information about the effects of processing, 

formulation or packaging changes on lipid stability and it is useful to make decisions. 

Nevertheless, the drastic conditions they use may modify the kinetics of the real 

oxidation process, which provides results that do not correlate well with the oxidation 

process that take place during storage (Schaich, 2021). Furthermore, they do not usually 

take into account light, so they are not able to estimate the effect of photooxidation.  

By contrast, the real time tests produce information of the quality changes in 

VOO during the oxidation process under mild conditions of light and temperature, so 

they provide a real and accurate information of VOO shelf life. Although it generates a 

complete information about the stability of the products, it also takes time and it is costly, 

thereby producers do not apply this method in the daily routine analysis (Figure 1.4). 

Figure 1.4 shows a comparative scheme of the use of accelerated and real tests for 

determining VOO stability and shelf life.  
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Due to the fact that the available methods need a long time of analysis or they are 

speculative in relating the results with actual storage processes, there is still the need to 

develop new methods totally accepted by the sector under real storage conditions. The 

use of new methods is relevant because the producers usually try to found a balance 

between guaranteeing the quality of the product and extending the distribution time 

enough to be competitive in the market, mainly in the exportations. In fact, the European 

action plan for the olive oil sector form the Directorate-General of the European 

Commission for Agriculture and Rural Development encourages research to develop 

method to assess VOO shelf life and then, studying the date of minimum storage “best 

before date”.  

 

Figure 1.4. Comparative scheme of accelerated and real time tests for determining 

VOO stability and shelf life. 

1.5.2. Measurement of lipid oxidation.  

The regulatory bodies and the oil producers implement different strategies to 

prevent and measure the oxidation in their products. Specifically, from the analytical 

perspective, the identification of quality parameters that may act as oxidation markers 

and the establishment of a maximum limit for rejecting products are absolutely 

necessary for a correct determination of oxidation of fats and oils (Tena et al., 2018).  

Currently, there are two different strategies to study the oxidation of oils, which 

provide different information about the oxidation process. Figure 1.5 shows a scheme of 

the two kinds of strategies followed to measure lipid oxidation, including their main 
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objective and the methods or tests used in each of them. One of them provides 

information about the oxidation state of the oil at a given moment, whereas the other 

strategy measures the response of a parameter during a period, providing information 

about the oxidation stability of the oil.  

 

Figure 1.5. Scheme of the two strategies followed to measure lipid oxidation, their 

main objectives and the methods or tests used in each one of them.  

1.5.2.1.  Strategy based on oxidation state measurement. 

This strategy consists in studying the oxidation state of the oil at a given time. 

The analytical methods used for this purpose determine the concentration or value of a 

quality parameter indicative of the oxidation process, which provides information on 

the oxidation state of the oil at the time of the measurement (Figure 1.5). These methods 

need the experience of the analyst in the analysis to estimate the “best before date”, 

always based on the quality parameter limit set in the regulations and the previous 

experience regarding the evolution of this parameter during storage (Tena et al., 2018). 

These methods are as follow:  

 Peroxide value (PV): There are numerous procedures, but the most common 

method is iodometric titration. It is a volumetric method, which has been widely 

used due to the simplicity of the experimental procedure (Barriuso et al., 2013). 

Hydroperoxides and other peroxides react with the iodide ion to generate iodine 

in acidic medium (IOC, 2017a). The amount of iodine is directly proportional to 
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the peroxide content, which provide information of the oxidation state of lipids 

in a primary phase of oxidation. The limits stablished for the different category 

of VOO are indicated in the IOC trade standard applying to olive oils and olive 

pomace oils (IOC, 2019a). This method shows some disadvantages related to the 

high susceptibility of iodine to be oxidised in the presence of molecular oxygen 

and accelerated by light (Barriuso et al., 2013). In addition, overestimation of 

results due to the spontaneous formation of hydroperoxides or underestimation 

of results due to the absorption of iodine by unsaturated fatty acids may occur 

(Sun et al., 2011). 

 Ultraviolet absorption: During the formation of peroxyl radicals and 

hydroperoxides, a shift in double-bond configuration takes place, which turns 

the normal methylene-interrupted configuration into conjugated form, dienes 

and trienes (Morales and Przybylski, 2013). These compounds are relatively 

stable and they absorb in the UV range. Then, in order to assess the oxidation 

level of an oil, the spectrophotometric technique is used. The conjugated dienes 

absorb at 232 nm and the conjugated trienes absorb at 270 nm (IOC, 2019b). This 

technique is simple and rapid, but it shows some problems of underestimation 

as oleic acid hydroperoxides contained less than two double bonds and it cannot 

be detected. On the other hand, overestimation is also possible if conjugated 

double bonds are in the original fatty acid (Barriuso et al., 2013). 

 Thiobarbituric acid (TBA) test: This test informs about the secondary oxidation 

products. It is based on the reaction between thiobarbituric acid (TBA) and 

malondialdehyde (MDA), resulting in a red fluorescent MDA-TBA complex 

(Morales and Przybylski, 2013; Tena et al., 2018). This chromophore offers a 

maximum absorbance peak at 532 nm. One of the drawbacks is the fact that TBA 

is not selective to MDA and it can react with many other compounds, such as 

other aldehydes, carbohydrates, amino acids and nucleic acids (Salih et al., 1987), 

resulting in an overestimation of the oxidation state of the oil (Barriuso et al., 

2013).  

 Iodine value: It measures the unsaturated bonds in oils and fats. The iodine value 

is the mass of iodine in grams that is consumed by 100 grams of oil. The higher 
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the iodine value, the more unsaturation are in the oil. As the oxidation process 

advances, the unsaturation decreases and, thus, the iodine value is reduced as 

well (Tena et al., 2018). 

 p-Anisidine value (AV): This spectroscopic method uses the p-anisidine value to 

detect the presence of aldehydes during the advanced stage of lipid oxidation 

(Barriuso et al., 2013). The test is based on the reaction of p-anisidine with the 

unsaturated carbonyl compounds present in the oils (Morales and Przybylski, 

2013). A coloured product is formed and it is measured by spectrophotometry at 

350 nm. The colorimetric response of this test varies according to the extent of 

aldehyde unsaturation. Then, when di-unsaturated compounds are present in 

the oil, a more intensive response is found compared with the presence of mono-

unsaturated aldehydes. Moreover, p-anisidine reacts with all aldehydes and 

some phenolic compounds can interfere in the analysis of VOO.  

 Volatile analysis by gas chromatography (GC): The compounds responsible for 

the off-flavour of VOO are directly measured. The most widely applied 

techniques were static headspace, dynamic headspace, and direct injection 

(Aparicio et al., 2012; Morales et al., 2013; Romero et al., 2015). During the 

oxidation process, several changes in the sensory characteristics of the oils take 

places. At high temperature (~100 °C), the initial content of VOO volatile 

compounds changes in the first stage of oxidation, which lead to the loss of the 

initial flavour of the oil. In a further oxidation, different volatile compounds are 

generated and they provide rancid notes to the VOO flavour (Morales et al., 1997; 

Morales et al., 2005; Oliver-Pozo et al., 2015). 

1.5.2.2. Strategy based on oxidative stability measurement. 

On the other hand, the other available strategy is the measure of the oxidative 

stability of the oils. For this purpose, there are several stability tests that focus on the 

study a specific quality parameter over a period. In contrast to the other methods, they 

may provide a more dynamic idea of the chemical response of the oil to the oxidation, 

and can therefore generate a more robust data of “shelf life” of the oil (Tena et al., 2018). 

Nevertheless, there are two kind of tests depending on the conditions used: the real time 

test or the accelerated shelf life tests (Figure 1.4). These methods are as follow:  
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 Oil stability index (OSI): This index is widely used in the oil industry. It can be 

measured in a Rancimat instrument, in which the oil sample is heated at 100 °C 

and it is exposed to a continuous stream of air, which is conducted through a 

vessel containing deionized water. The conductivity of the water is the parameter 

being monitored. All the volatile compounds produced during exposure of the 

oil to heat and air are dissolved and concentrated in the water (AOCS, 1997). 

Consequently, the conductivity value increases, indicating that volatile organic 

acids have been formed due to the oxidation. The result is expressed in hours 

and is defined as the time necessary to reach the maximum change of 

conductivity (Tena et al., 2017).  

 Active oxygen method (AOM): The oil sample is subjected to 98 °C while air is 

bubbled through the sample. Peroxide value (PV) is determined at defined 

intervals during the time needed by the sample to reach 100 mEq/kg of peroxide. 

The result is indicated in time that shows the resistance of the oil to rancidity.   

 Oxygen uptake method: The oil sample is placed in a closed vessel containing 

oxygen. The pressure reduction in the vessel is monitored while it is heated at 

around 100 °C, which is caused by the oxygen consumption. The method 

determines the time needed to reach the maximum rate of oxygen consumption 

(Tena et al., 2018).  

 Schaal oven test: The oil is placed in a loosely sealed container (e.g. a glass jar 

with a loose fitting cap or in a beaker covered with a watch glass) and is kept in 

the dark at 63 °C in an oven. The sample is tested to determine when rancidity is 

detected. The peroxide value, conjugated dienes or carbonyl value can be 

determined during the experiment. This test better represents the changes 

observed under real storage conditions than the tests that use elevated 

temperature, such as Rancimat. Furthermore, it is also performed with light to 

evaluate the effect of photooxidation upon oil oxidative stability (Morales and 

Przybylski, 2013). Although the results obtained with this test better correlate 

with the actual shelf life, the determinations of peroxide value, conjugated dienes 

or carbonyl values of oils are more meaningful with oils heated at 60 °C or below 

(Frankel, 2005e). 
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 Ambient storage test: This test is similar to the Schaal oven test, but it is 

performed at room temperature. The storage under these conditions provides an 

information similar to the changes produced during the shelf life of the oils. 

Nevertheless, it needs a long time to get results due to the slow oxidation process. 

Thus, they are too slow to be practical for producers (Frankel, 2005e).  

1.5.2.3.  Prospects and needs for oxidation measurements in oils.  

During storage, different variables (type of container, volume, temperature, light, 

etc.) simultaneously can influence the oxidative stability of oils, which can modify the 

“best before date” declared on the label and generate problems in the acceptance of the 

product by consumers. Therefore, studying the physical-chemical changes that occur 

during VOO “shelf life” under conditions similar to those of actual storage would allow 

to identify the best storage conditions to ensure the correct preservation of the oil and 

the consumer confidence.   

One of the main difficulties to study and control oil oxidation is the variable 

composition of fatty acids and minor compounds in different oil samples, which have 

an important role in oxidation. Although there are several methods available to estimate 

the VOO stability and oxidation state, they only consider the concentration, value, or 

their evolution in a period of a single parameter. Those parameters, individually 

considered, usually represent a partial aspect of the complex oxidation and degradation 

processes. An appropriate method to determine the oxidative stability of oils with 

enough accuracy must take into account the multiple factors that affect oxidation and 

the different reactions and compounds being formed and degraded. This fact turns 

spectroscopic techniques into promising alternatives to determine the oxidative stability 

of oils. These techniques are able to control a high number of parameters simultaneously 

during the different steps of the food chain, including storage, providing global 

information of the quality state of the oil and the evolution over time. Thus, 

spectroscopic techniques have been extensively applied in food analysis as they allow a 

rapid and efficient measurement form a multi-factor perspective (García-González et al., 

2013a; Tena et al., 2018), which includes several properties (temperature, light and a 

combination of both) and chemical species (primary and secondary oxidation products). 

Several studies have proposed using spectroscopic techniques to assess VOO stability 
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under different storage conditions (Sikorska et al., 2008; Aparicio-Ruiz et al., 2017; 

Hernández-Sánchez et al., 2017; Tena et al., 2017; Trypidis et al., 2019). 

1.6. Fluorescence spectroscopy. 

Fluorescence spectroscopy is an electromagnetic spectroscopic technique, where 

fluorophore compounds present in a sample are excited by the interaction with a beam 

of light. Fluorescence may be defined as the emission of light subsequent to absorption 

of ultraviolet or visible light of a fluorescent molecule, called a fluorophore (Karoui and 

Blecker, 2011; García-González et al., 2013a). Thus, the energy in form of light is absorbed 

by the fluorophore and it is released in form of light emission at a higher wavelength 

with less energy. Thus, when light interacts with the molecule, it absorbs energy and it 

is transferred to an electronically excited state. After that, a relaxation occurs and the 

molecule goes to a lower electronic state. The emission takes place when the molecule 

returns to the stable ground state (Karoui and Blecker, 2011; García-González et al., 

2013a; Sikorska et al., 2014).  

A schematic diagram of a spectrofluorometer is shown in Figure 1.6. The main 

components of a spectrofluorometer are the light source (or lamp), two monochromators 

(one in the excitation light path and the other in the emission light path), whose function 

is to isolate a wavelength range of the entire light spectrum, and a detector to measure 

the fluorescence intensity. The most common accessory to analyse liquid samples are the 

quartz cuvettes with different paths (Mcmahon, 2007; García-González et al., 2013a). On 

the other hand, different sampling geometries could be used, which depend on the 

absorbance value. If the absorbance is less than 0.1, the fluorophore concentration is 

proportional to the intensity of the emitted light and the right angle (Figure 1.6) 

fluorescence device could be used. However, when the absorbance is higher than 0.1, the 

intensity of emission and excitation spectra decrease and the results obtained are 

distorted. To avoid these problems, the sample can be diluted to reduce the absorbance 

intensity. Front face geometry can be also used in this case (Figure 1.6). 

Within this technique, there are different methods of analysis. Conventional 

fluorescence spectroscopy provides an emission spectrum for a fixed excitation 

wavelength. The emission spectra are obtained by recording the signal at different 

wavelengths for a constant excitation wavelength and the excitation spectra are obtained 
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at different wavelengths for a constant emission wavelength. On the other hand, there 

are two more recent techniques, the total luminescence spectroscopy or 

multidimensional fluorescence spectroscopy, and synchronous fluorescence techniques.  

 

Figure 1.6. Diagram of a spectrofluorometer, where the main parts of the instrument 

are indicated. The two types of geometries of the sample holder are also illustrated.  

The total luminescence spectroscopy registers simultaneously multiple excitation 

and emission wavelengths, generating an excitation-emission data matrix (EEM) that 

provides a total intensity profile of the sample over the range of wavelengths scanned 

(Sikorska et al., 2004; Tena et al., 2012).  Figure 1.7 shows an example of an excitation-

emission matrix of a VOO sample. The excitation–emission matrix (EEM) is a three-

dimensional spectrum or contour map, and contains signals from all fluorophores that 

are present in the sample (Lobo-Prieto et al., 2020a). Thus, this technique provides more 

information about the fluorophores present in a sample than the conventional 

fluorescence, because it measures in a continuous range of emission and excitation 

wavelengths. Furthermore, it is useful for selecting the excitation wavelength with the 

best ability to obtain information about the sample and to carry out a further study of 

some specific compounds by conventional fluorescence (García-González et al., 2013a). 

The technique requires a statistical data treatment, such as parallel factor analysis, to 
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extract the information of the EEM and turn it into a two dimensional array (Tena et al., 

2012).  

 

Figure 1.7. Example of an excitation-emission matrix (EEM) of a VOO sample. 

Synchronous fluorescence is also a multidimensional technique. In this case, 

excitation and emission monochromators are simultaneously scanned keeping a 

constant wavelength interval (∆λ). The selection of ∆λ depends on the fluorophore 

compound of interest to the study (García-González et al., 2013a). This fluorescence 

technique is very suitable for analysis of multicomponent samples, such as edible oils, 

because it is able to reduce spectral overlaps (Sikorska et al., 2005; Poulli et al., 2009). 

The analysis of VOO with fluorescence spectroscopy involves the determination 

of several fluorophore compounds such as phenols, tocopherols, and pheophytins 

(Sikorska et al., 2014; Lobo-Prieto et al., 2020a). In fact, several authors have used 

fluorescence spectroscopy to characterise VOO (Sikorska et al., 2004; Sikorska et al., 2005; 

Ammari et al., 2012; Cabrera-Bañegil et al., 2018; Squeo et al., 2019). Furthermore, these 

techniques have been applied to detect frauds of VOO with other vegetables oils (Sayago 

et al., 2004; Sayago et al., 2007), to study the chemical changes of oils under thermal 

degradation (Tena et al., 2009; Tena et al., 2012) or even to discriminate oils with different 

geographical provenances (Dupuy et al., 2005). Fluorescence spectroscopy is identified 

as an appropriate technique for tracking the chemical changes of the different 

fluorophores in VOO during its storage (Aparicio-Ruiz et al., 2017; Lobo-Prieto et al., 

2020a), since it is able to provide information about how the oxidation process progress 

depending on the VOO chemical composition and the storage conditions applied.  
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1.7. Infrared spectroscopy. 

Infrared (IR) spectroscopy is a vibrational spectroscopy technique, which 

comprises near infrared (NIR from 0.8 to 2.5 µm) and mid infrared (MIR from 2.5 to 25 

µm) (García-González et al., 2013a; Sikorska et al., 2014). 

The principle of this technique is based on the interaction of an electromagnetic 

radiation with particular bonds in the molecule causing them to absorb energy at specific 

frequencies, and, as a consequence of this energy absorption, the molecule vibrates 

(Bureau et al., 2019). These vibrations can take different forms, such as stretching, 

bending, scissoring, wagging, rocking, among others. The detection is based on the 

assignment of the frequencies with specific molecular bonds, providing information 

about molecules in terms of functional groups, the orientation of those groups and 

information on isomers, and, also, quantitative chemical information (García-González 

et al., 2013a). 

The energy in this spectral region is insufficient for electronic transitions 

(Meurens, 2003; García-González et al., 2013a). A vibrational energy transition 

corresponding to an IR absorption requires that the radiation frequency exactly matches 

the vibration frequency of a bond (Meurens, 2003; Haas and Mizaikoff, 2016). The 

vibrational frequency depends on the atomic masses and the binding force constants. 

The vibrational shift about a bond should produce a change in the dipole moment, and 

then the radiation interacts with the bond and cause vibration. In the NIR region, energy 

transitions occur over more than one energy level and thus overtone vibration is one of 

the main forms, while for the MIR region, transitions are only allowed between 

neighbouring energy levels.  

NIR spectrum exhibits broad bands arising from overlapping absorptions, which 

correspond mainly to overtones and combinations of vibrational modes (Ríos-Reina et 

al., 2018). These overtones occur due to the high vibrational frequencies of the chemical 

bonds between light atoms (C-H, O-H and N-H) (Arendse et al., 2021). Figure 1.8 shows 

an example of an NIR spectrum of VOO recorded with a transmission cell. The spectral 

region near to 1720 nm is characteristic of the first overtone of the C-H vibration of 

various chemical groups (such as –CH2, -CH3, -CH=CH-), depending on the 

triglycerides in the oil analysed (García-González et al., 2013a; Gao et al., 2017). On the 
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other hand, the spectral region located near 2143 nm is characteristic of the C-H vibration 

of cis-unsaturation, which shows more intense absorbance value in polyunsaturated 

than in monounsaturated fatty acids. Saturated fatty acids show an absorbance peak in 

the region of 1800 nm (García-González et al., 2013a).   

 

Figure 1.8. An example of a NIR spectrum of VOO collected with a transmission 

cell. 

MIR spectroscopy shows higher resolution of the fundamental vibrational 

absorption bands than NIR spectrum. MIR spectrum shows several absorbance bands 

due to fundamental transitions. The MIR spectra show different functional groups 

simultaneously. Figure 1.9 shows a MIR spectrum of VOO (sample test) using ATR. The 

main functional groups are indicated. In a fresh VOO, the band assigned to C=O 

stretching vibration of the triglyceride ester linkage would be the most intensive band 

observed in the MIR spectrum (Van de Voort et al., 2001; Sikorska et al., 2014). Another 

intensive band is located at 3025 – 2800 cm-1 that is assigned to CH stretching absorptions 

of the methylene and methyl groups of the fatty acid chains of the triglycerides (Guillén 

and Cabo, 1997; Mendes and Duarte, 2021). As the degradation and oxidation progress, 

the bands assigned to OH stretching vibrations (hydroperoxides and alcohols) are 

observed at 3700 – 3400 cm-1 (Tena et al., 2017; Tena et al., 2018). Furthermore, in advanced 

state of VOO oxidation, other carbonyl absorption bands due to aldehydes and ketones 

can be observed at 1730 – 1650 cm-1 (Van de Voort et al., 2001; Tena et al., 2017). In the 

fingerprint region (1500 – 900 cm-1), several functional groups are found, such as isolated 

and conjugated trans double bonds (García-González et al., 2013a; Mendes and Duarte, 

2021).  
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Figure 1.9. FTIR spectrum of VOO obtained with ATR. The main functional groups 

are indicated. 

The use of infrared spectroscopy, in conjunction with chemometrics techniques, 

has made possible to extract useful information about the chemical composition of the 

oils during different moments of the food chain. The high sensitivity and speed make 

these techniques a powerful and accurate tool for evaluating and quantifying individual 

components of complex samples. Table 1.3 shows the advantages of NIR and MIR 

spectroscopy, in order to identify the main differences between them and their possible 

limitations in terms of applications.  

Table 1.3. Some advantages and limitations of NIR and MIR spectroscopy. 

Characteristics NIR spectroscopy MIR spectroscopy 

Advantages 

 Inexpensive instrumentation. 
 Spectral information with higher 

resolution than NIR absorption bands.  

 Continuous online monitoring 

(avoiding sampling). 

 Fingerprint region is very sensitive to 

chemical composition.  

 NIR instruments are suitable for 

industry environment. 

 Method adjustment for a target 

analyte. 

 Flexibility in sample handling.  Different spectral acquisition modes. 

Limitations 

 Absorption bands are broad and 

some overlapping occurs. 

 The thickness of the sample should be 

studied before analysing.  

 The chemical assignments of 

specific absorptions are more 

difficult. 

 The instruments may be expensive for 

some food sectors. 
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1.7.1. Fourier transform infrared (FTIR) spectroscopy.  

The Fourier transform (FT) is an algorithm or mathematical process that permits 

obtaining spectra in the infrared region in less time than the classical dispersive methods 

(Griffiths and De Haseth, 2007). This procedure is applied to signals obtained in an 

interferometer, forming the basis of Fourier transform infrared (FTIR) spectroscopy. 

Currently, FT is extensively used in the medium infrared spectrometers. In fact, although 

FT can be used in other kinds of spectrometers, the acronym FTIR is associated to 

medium infrared. FTIR instruments use an interferometer instead of a monochromator, 

because they solve the problem of the classical instrument method of low energy, since 

the interferometer allows more energy to reach the sample (García-González et al., 

2013a). Figure 1.10 shows a diagram of a FTIR spectrometer with Michelson 

interferometer.  

  

Figure 1.10. Diagram of a FTIR spectrometer with Michelson interferometer. 

The Michelson interferometers are a multiplex system which consists of a fixed 

mirror, a moving mirror and an optical beamsplitter. The infrared radiation passes 

through a beamsplitter from where part of the radiation is then directed to the fixed 
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mirror and the other part is directed to a moving mirror. After that, the mirrors reflect 

the IR radiation back to the beamsplitter, some of it is recombined and passes to the 

detector. The function of the moving mirror is to generate a difference in the optical paths 

of the two light paths separated by the beamsplitter, in such a way that one is slightly 

out of phase with the other as it travels a slightly different distance (Mcmahon, 2007). 

The recombined IR beam produces an interference spectrum of multiple wavelengths 

before passing through the sample. This IR beam interacts with the sample and reaches 

the detector generating an interferogram. 

Fourier transformation algorithm converts this complex signal (interferogram) to 

the frequency domain, generating the spectrum. This conversion is performed by an 

equation applied to the intensity recorded by the detector to give the spectrum expressed 

as a frequency-dependent function (Griffiths and De Haseth, 2007).  

The acquisition of the absorption spectrum consists of one interferogram 

obtained without sample (background) and other with sample. Both interferograms are 

processed with the Fourier transform to obtain two frequency domain spectra (García-

González et al., 2013a). Finally, a subtraction of the two spectra is performed to eliminate 

absorptions due to CO2 and humidity. 

Regarding medium infrared spectroscopy (henceforth FTIR spectroscopy), this 

technique has become an important tool for quantitative and qualitative analysis of 

edible oils, which is an active area of research. FTIR spectroscopy combined with 

chemometrics has been widely used in oil analysis (Van de Voort et al., 2001; García-

González et al., 2013a; Tena et al., 2015). One of the most reported applications of FTIR 

spectroscopy is the study of the quality of edible oils (Li et al., 2008; Nigri and 

Oumeddour, 2013). These techniques have been successfully used to determine some 

quality parameters in oils, such as iodine value (Hendl et al., 2001) or free fatty acids (Li 

et al., 2008). Others studies have been focused on the authentication (Bendini et al., 2007b; 

Lerma-García et al., 2010; Zhang et al., 2012; Nurwahidah et al., 2019), characterisation or 

classification of edible oils (Pinto et al., 2010; Gao et al., 2017).  

Another application of FTIR spectroscopy is the study of adulteration in VOO. 

Usually, when this occurs the added material has a similar chemical profile than the 

original material, so in order to identify them different analyses should be carried out in 
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the samples, which need time and are costly. Thus, particularly in this case, FTIR 

spectroscopy is presented as a promising and advantageous technique compared to 

classical analytical methods. Adulterations of virgin olive oil with other edible oils have 

been widely studied with FTIR spectroscopy (Baeten et al., 2005; Vlachos et al., 2006; 

Filoda et al., 2018; Pan et al., 2018). 

Furthermore, FTIR spectroscopy has demonstrated to be useful in the monitoring 

of the oxidation processes in VOO (Guillén and Cabo, 2002; Russin et al., 2003; Tena et 

al., 2018). This application is based on the fact that this technique is able to register 

absorptions assigned to different chemical species related with different oxidation stages 

at the same time. For this reason, different studies have been carried out on lipid 

oxidation under different conditions of temperature, light or the combination of both 

(Russin et al., 2003; Tena et al., 2018; Trypidis et al., 2019; Lobo-Prieto et al., 2020b; 

Matsakidou et al., 2020), or even in thermoxidation studies of VOOs (Tena et al., 2013). 

1.7.2. FTIR sample handling.  

FTIR spectroscopy allows the analysis of solid, liquid and gaseous samples. As 

this study is focused on the analysis of VOO, only the accessories for handling liquid 

sample are explaining below.  

1.7.2.1. Transmission cells.  

Transmission cells allow the analysis in transmission mode. There are three main 

types of transmission cells: sealed cells, demountable cells, and piston cells.  All of them 

have three characteristics in common: they employ metal frame plates, windows to allow 

light to go through the sample, and spacers to define the optical path length (OPL) 

(García-González et al., 2013a). The main difference between them is that they have an 

invariable or variable OPL. The sealed cells have invariable OPL. The demountable cells 

allow to use spacers with different thicknesses and then it can be configured with 

different OPLs (Tena et al., 2013; Tena et al., 2017). Finally, the piston cells allow the 

windows separation to vary continuously over a range of OPLs.  

The path length is defined as the distance that the IR beam travels through the 

sample in an analytical cell. When working in transmission mode, the sample is located 

in the optical path of the IR beam. Normally, the VOO sample is injected into the cell to 
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form a thin-film between the two windows. The intensity of the IR spectral bands is 

defined by the optical path length. In order to illustrate the relationship between the path 

length and the amount of sample, Figure 1.11 shows the spectra of the same VOO 

recorded with five transmission cells with different optical path lengths. When the path 

length of the transmission cell increased, the absorbance of the spectra increased too, due 

to the higher amount of oil loaded. Due to this link between path length and the amount 

of sample, in spectroscopy, quantitative analysis involves working under a constant and 

known optical path length.  

 

Figure 1.11. FTIR spectra of a VOO sample loaded in transmission cells with 

different optical path lengths (50 – 523 µm). 

1.7.2.2.  Attenuated total reflectance (ATR). 

The analysis carried out with ATR does not require sample preparation and it 

allows the direct analysis of liquids in a simple manner with enough sensitivity (Ríos-

Reina et al., 2017). Figure 1.12 shows an ATR accessory. Infrared light is reflected on the 

inner surface of an ATR crystal with a high refractive index, for example zinc selenide 

crystal, causing an evanescence wave above its surface. The working principle of the 

ATR accessory is based on the interaction between the sample and this evanescent wave 

produced (García-González et al., 2013a; Arendse et al., 2021).   
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Figure 1.12. ATR accessory (A) and diagram of the internal IR beam reflections (B).  

ATR is today the most widely sample handling accessory used in FTIR 

spectroscopy, due to its fast and simple sampling characteristics (Socaciu et al., 2020; 

Mendes and Duarte, 2021). Furthermore, there are different types of ATR available that 

have been developed for addressing almost any kind of analytical measurement (Haas 

and Mizaikoff, 2016). Thus, ATR-FTIR spectroscopy has proven to be an appropriate 

method for characterisation and authentication of several liquid foods (Ríos-Reina et al., 

2017), such as olive oil (Abdallah et al., 2016; Hirri et al., 2016; Tena et al., 2017; 

Matsakidou et al., 2020; Socaciu et al., 2020). On the other hand, ATR-FTIR spectroscopy 

has been widely used to assess the adulteration of VOO with others vegetable oils 

(Poiana et al., 2015; Rohman et al., 2015; Sun et al., 2015; Rohman et al., 2017; Filoda et al., 

2018). Furthermore, the application of ATR combined with FTIR spectroscopy and 

chemometrics has been applied to the study of the chemical changes generated during 

VOO storage at different conditions (Nenadis et al., 2013; Üçüncüoǧlu and Küçük, 2019; 

Matsakidou et al., 2020). 

1.7.2.3. Mesh cells. 

Mesh cell is an innovative sample handling accessory to be used in FTIR 

instruments. It was designed as an enhance approach of IR card. The commercial IR 

cards were developed to analyse liquid, especially oils, but they have the limitations 

related to their short path lengths and the lack of retention of the sample over time, 
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which prevent accurate quantitative analysis. Mesh cell was designed to overcome these 

limitations. It was designed by García-González and Van de Voort (2009) to study 

oxidation in edible oils at moderate conditions. This accessory is able to accelerate the 

lipid oxidation process by increasing the surface-to-volume ratio of the oil film deposited 

on the mesh (García-Gonzalez and Van de Voort, 2009) and the oxygen availability 

(Choe and Min, 2006; Da Silva and Pereira, 2008). The mesh cell design has two openings 

with a stainless mesh, one opening is for depositing the oil, while the other is left empty 

(García-Gonzalez and Van de Voort, 2009). Figure 1.13 shows a mesh cell accessory and 

its location in an FTIR spectrometer during the measurements. The mesh cell design 

provides a consistent path length over the time. The oil is retained as a uniform layer by 

surface tension between the oil and the mesh, which allows to carry out long term 

experiments, as is the case of lipid oxidation experiments at different moderate 

conditions (García-Gonzalez and Van de Voort, 2009; Xu et al., 2015; Tena et al., 2018).  

 

Figure 1.13. Mesh cell accessory and its location in a FTIR spectrometer. The oil 

deposited on the mesh is shown in a picture taken with a handheld digital 

microscope.  

The combination of mesh cell-FTIR spectroscopy allows monitoring different 

chemical species simultaneously, such as primary and secondary oxidation products. 

Moreover, mesh cell amplifies the spectral region with lower absorbance values, such as 

the region related to the oxidation process where the spectral band assigned to 

hydroperoxide is located. In fact, the capability of mesh cell-FTIR spectroscopy to assess 

the oxidative stability of VOO at moderate condition has been recently reported (Tena et 

al., 2017). Furthermore, they can be incubated and exposed at different conditions, from 
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high to room temperature, or even, with the application of light at different intensities. 

Thus, recently, mesh cell has been used to monitor VOOs subjected to different 

conditions of light (Tena et al., 2017; Trypidis et al., 2019).  

The mesh cells are simple and easy to use because the oil sample does not need 

any prior preparation. Thus, the oxidation of the sample takes place with minimum 

manipulation. After use, the mesh cells are reusable and allows easy cleaning (García-

González et al., 2013a). Thus, unlike other accessories (e.g. ATR, transmission cells), the 

availability of a high number of mesh cells allows parallel studies of stability for different 

samples under the same conditions, or for the same sample under different conditions. 

The oxidation experiments are carried outside of the FTIR instrument. Therefore, the use 

of mesh cell does not prevent the use of the instrument for other purposes. 
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2. Objectives. 
 

The main objective was to develop a multiparametric strategy, including the 

application of spectroscopic techniques, to evaluate the stability of virgin olive oil (VOO) 

during storage under moderate conditions of light and temperature similar to those 

found in supermarkets. This aim involves the understanding of the chemical, physical-

chemical and sensory changes that take place in VOO during the storage under moderate 

conditions. For this purpose, the objective covered the development and optimisation of 

a new strategy using mesh cell combined with Fourier transform infrared (FTIR) 

spectroscopy, as well as testing fluorescence spectroscopy for controlling VOO 

deterioration.  

In order to achieve the main objective, the following sub-objectives were defined:  

1. Characterisation of the chemical and quality changes of VOO during the storage 

by simulating market conditions, with special emphasis on the study of the 

sensory characteristics of the stored oils and stablishing relationship between the 

different chemical and physical-chemical parameters involved in the 

degradation process of virgin olive oil.  

2. Optimisation and implementation of a rapid method based on mesh cell-FTIR 

spectroscopy to assess VOO stability using moderate conditions of light and 

temperature. Evaluation of the main differences in VOO stability results obtained 

by methods using moderate conditions (mesh cell-FTIR spectroscopy) and other 

using high temperature (oil stability index). 

3. Assessment of the fluorescence spectroscopy in conjunction with chemometrics 

to get a multifactor overview of the changes occurring in VOO during the 

storage, in particular those referring to compounds with anti/prooxidant 

properties (phenols, tocopherols and chlorophyll pigments); and also to evaluate 

the ability of this method to distinguish between fresh and aged oils. 

4. Analysis of the potential and suitability of mesh cell-FTIR spectroscopy 

combined with multivariate tools as a rapid and efficient methodology for the 

characterisation of VOO stability changes during ageing. Furthermore, 
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assessment of the individual and simultaneously effect of light and temperature 

at moderate conditions on the stability of the stored VOOs. 

5. Determination of the relationship between the FTIR spectral bands obtained by 

incubation in mesh cell under different moderate conditions with the chemical 

changes observed during VOO storage. 

6.  Evaluation of the ability of mesh cell-FTIR spectroscopy to represent the quality 

changes that take place during VOO storage.  

Figure 2.1 shows an outline of the work plan to achieve the proposed objectives. 

The procedure and analytical determinations that have been carried out during the study 

are described in section 3.  

 

Figure 2.1. Outline of the work plan. 
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3. Materials and methods.  

3.1. Samples and reagents. 

3.1.1. Samples. 

Four virgin olive oils (VOOs), from different producers, have been used for 

developing a storage experience under real condition (moderate conditions). Table 3.1.1 

shows the codes identifying the samples, the VOO cultivar, their extraction date and 

their category. Three samples were categorised as “extra virgin olive oil” (EV) and one 

of them as “virgin olive oil” (V) (Table 3.1.1). All the samples were monovarietal and 

they were from different cultivars, with the purpose of studying how the oxidative 

process affects different chemical compositions, related to the olive cultivar. 

Furthermore, in order to guarantee that the VOOs were fresh at the beginning of the 

experiment, they were directly collected from the vertical centrifuge at the oil mills. 

Samples were collected on site to check the origin and freshness of the oils. After the 

samples were collected, they were taken directly to the laboratory.      

Table 3.1.1. Information of the four virgin olive oils, such as oil cultivar, their date of extraction, 

olive oil category and the codes used for identifying the sample. (EV, extra virgin olive oil; V, 

virgin olive oil). 

Characteristic VOO1 VOO2 VOO3 VOO4 

Cultivar Hojiblanca Arbequina Picual Arbequina 

Extraction date (dd/mm/yy) 31/10/2015 3/12/2015 12/11/2015 20/11/2015 

Olive oil categorya EV EV EV V 

Note: a Categorisation carried out by the official panel test of Instituto de la Grasa (CSIC). 

3.1.1.2.  Samples storage: experimental design. 

Once in the laboratory, the oil was filtered to remove the water and transferred 

into clear plastic bottles, 500 mL each, supplied by Aceites del Sur- Coosur, S.A. (Dos 

Hermanas, Spain). The bottle material was of polyethylene terephthalate (PET), which 

is commonly used for packaging olive oil. The bottle caps permitted to hermetically seal 

the bottles.  
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With the objective of studying the chemical changes of virgin olive oil (VOO) 

related to its quality and its health properties during the shelf life, from the VOO 

extraction in the oil mill to its use by the consumer, a long-term storage (27 months), 

simulating real conditions, was designed. The VOOs were stored in a compartment with 

controlled conditions. Inside the compartment, samples were stored under diffuse 

lighting (light intensity of ≈1000 lx) with 12 hours of light/dark cycles under air 

conditioning (set at 25 °C), simulating the conditions of a supermarket shelf. The 

temperature and humidity were controlled daily during the 27 months of storage study 

by means of a temperature-humidity data logger (TFA Dostmann Hygrometer, 

Wertheim, Germany), recording a maximum and minimum value per each one, 29.7-

16.3 °C and 70-21%, respectively. The experimental design was performed to take a 

bottle from the compartment of each oil every month and they were analysed 

immediately. The remaining oil after collection and analyses was discarded. Thus, the 

oil analysed every month was extracted from a bottle just opened. Figure 3.1.1 shows the 

codes of each sample, in which the VOO cultivar and the months of storage are indicated.   

 

Figure 3.1.1. Codes of stored samples. Summary of the storage conditions and the sampling 

process.   
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Quality parameters were analysed in the four stored VOOs every month. 

Furthermore, these analyses were combined with the monitoring of the spectral changes 

of the stored samples by Fourier transform infrared (FTIR) spectroscopy, using the new 

accessory called mesh cell. The stored samples were deposited in mesh cells and exposed 

to moderate conditions in a short-term storage of 576 h, henceforth called incubation 

experiment.  Figure 3.1.2 shows a diagram of the procedure. The incubation experiments 

in mesh cell are based on the fact that the mesh cell is able to accelerate the oxidation 

process using moderate conditions. Thereby, it provides the advantage of tracking VOO 

chemical changes in several days through the spectra acquisition of the sample on the 

same accessory without further sample manipulation.  

 

Figure 3.1.2. Diagram of the experimental design. 

Other VOO samples were used: 

 A commercial extra virgin olive oil (EV) sample of Hojiblanca cultivar 

was used for carrying out the repeatability study of the phenol content 

analysis by HPLC-DAD and the volatile analysis by SPME-GC-FID.   
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 An extra virgin olive oil (EV) sample, of Picual cultivar, was used for 

selecting the spectral regions that were susceptible to change during the 

mesh cell-FTIR experiments. This sample was named as test sample. 

 Four samples of extra virgin olive oils (EVs) (Koroneiki cultivar) were 

analysed by mesh cell-FTIR spectroscopy to evaluate the protective effect 

of light filtering material on VOO photooxidation.  

3.1.2. Reagents. 

All the reagents used to develop the objectives are shown in Table 3.1.2. They 

have been grouped according to the methods where they have been used. 

Table 3.1.2. Reagents used in this work. 

Method Reagents, supplier (city, country) 

Peroxide value 

Chloroform, Sigma-Aldrich, (St. Louis, USA). 

Glacial acetic acid, Sigma-Aldrich, (St. Louis, USA). 

Potassium iodide, Panreac Química SLU, (Barcelona, 

Spain). 

Sodium thiosulfate, Panreac Química SLU, (Barcelona, 

Spain). 

Starch solution, Sigma-Aldrich, (St. Louis, USA). 

Absorbance in the ultraviolet region Cyclohexane, Panreac Química SLU, (Barcelona, Spain). 

Free acidity 

Diethyl ether, VWR Chemicals (Briare, France). 

Ethanol, 95%, VWR Chemicals (Briare, France). 

Sodium hydroxide, Panreac Química SLU, (Barcelona, 

Spain). 

Phenolphthalein, Panreac Química SLU, (Barcelona, 

Spain). 

Fatty acids 

n-hexane, VWR Chemicals (Briare, France). 

Ethyl ether, Romil, (Barcelona, Spain). 

n-heptane, Panreac Química SLU, (Barcelona, Spain). 

Methanol, Romil, (Barcelona, Spain). 

Potassium hydroxide, Sigma-Aldrich, (St. Louis, USA). 

Phenols 

Hexane, Sigma-Aldrich, (St. Louis, USA). 

Ethyl acetate, Panreac Química SLU, (Barcelona, Spain). 

o-cumárico, Sigma-Aldrich, (St. Louis, USA). 

p-hydroxyphenyl acetic, Sigma-Aldrich, (St. Louis, USA). 

Methanol, HPLC quality, Romil, (Barcelona, Spain). 

Acetonitrile, HPLC quality, Romil, (Barcelona, Spain). 

σ-phosphoric acid, HPLC quality, Romil, (Barcelona, 

Spain). 

Tocopherols 

α-tocopherol, Sigma-Aldrich (St. Louis, MO, USA). 

Hexane, 95%, Sigma-Aldrich, (St. Louis, USA). 

2-propanol, VWR Chemicals (Briare, France). 

Methanol, Sigma-Aldrich, (St. Louis, USA). 
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Table 3.1.2. Continued. 

Volatile compounds 

4-methyl-2-pentanol, Sigma-Aldrich (St. Louis, MO, 

USA). 

Volatile Standards: octane, pentanal, hexanal, heptanal, 

octanal, nonanal, E-2-hexenal, E-2-heptenal, ethanol, 

butan-1-ol, butan-2-ol, 2-methyl-butan-1-ol, 3-methyl-

butan-1-ol, hexan-1-ol, E-3-hexen-1-ol, heptan-2-ol, 1-

octen-3-ol, pentan-3-one, heptan-2-one, 1-penten-3-one, 

6-methyl-5-hepten-2-one, octan-3-one, 1-octen-3-one, 

acetic acid, propanoic acid, butanoico acid, pentanoico 

acid, ethyl acetate, ethyl butanoate, Sigma-Aldrich (St. 

Louis, MO, USA). 

Derived from chlorophyll 

Chlorophyll a, extract from spinach, Sigma-Aldrich (St. 

Louis, MO, USA). 

Acetone, HPLC quality, Sigma-Aldrich (St. Louis, MO, 

USA). 

Methanol, HPLC quality, Romil, (Barcelona, Spain). 

Petroleum ether, boiling point range 40 to 60 °C, Romil 

(Barcelona, Spain).  

Ethyl eter, HPLC quality, Romil, (Barcelona, Spain). 

Hexane, HPLC quality, Sigma-Aldrich, (St. Louis, MO, 

USA). 

Hydrochloric acid, HPLC quality, Sigma-Aldrich (St. 

Louis, MO, USA).  

Sodium sulphate, Sigma-Aldrich, (St. Louis, MO, USA).  

Fluorescence spectroscopy 
Hexane, HPLC quality, Sigma-Aldrich, (St. Louis, MO, 

USA).  

Mesh cell-FTIR spectroscopy 
Hexane, HPLC quality, Sigma-Aldrich, (St. Louis, MO, 

USA). 

3.2. Materials, instrumentation, and analytical procedure. 

The evolution of the major and minor compounds of VOOs was studied during 

the storage period. Different chemical and physicochemical parameters related to the 

quality, healthy properties (concentration of phenols) and sensory characteristics 

(organoleptic assessment) were determined with the methods describe below. 

3.2.1. Analysis of the quality parameters. 

The commission regulation (EEC) No 2568/91 “on the characteristics of olive oil 

and olive-residue oil and on the relevant methods of analysis” (European Union, 1991) 

was used to study the VOOs samples category during the entire storage time, in order 

to identify changes in the category of the oils, due to their loss of quality caused by the 

oxidation process.  

The quality parameters were determined in the stored samples following the 

methods for chemical analysis of olive oil, which are specified in “Trade standard 
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applying to olive oils and olive pomace oils (COI/T.15/NC No 3/Rev. 15 2019)”(IOC, 

2019a). 

3.2.1.1. Peroxide value.  

Peroxide value (PV) was determined using the standard COI/T.20/Doc. No 

35/Rev.1 (IOC, 2017a). The peroxide value results are expressed in milliequivalents of 

active oxygen per kilogram (mEq O2/kg).  

3.2.1.2. Absorbance in the ultraviolet region. 

Ultraviolet absorptions at wavelengths 232 nm (K232) and 270 nm (K270) were 

determined using the standard COI/T.20/Doc. No 19/Rev. 5 (IOC, 2019b). The UV-Vis 

spectrophotometer used was a Thermo Scientific Genesys 10s (Waltham, MA USA), 

which is shown in Figure 3.2.1. The results are expressed as specific extinction at each 

wavelength (K).  

 

Figure 3.2.1. UV-Vis spectrophotometer Thermo Scientific Genesys 10s. 

3.2.1.3. Free acidity. 

Free fatty acids were determined using the standard COI/T.20/Doc. No 34/Rev. 1 

(IOC, 2017b). The content of free fatty acids is expressed as acidity, determined as the 

percentage of oleic acid (% m/m expressed in oleic acid). 

3.2.1.4. Sensory assessment. 

The organoleptic assessment of the VOOs collected during the storage was 

carried by an accredited panel (UNE-EN-ISO/IEC 17025) using the standard 

COI/T.20/Doc. No 15/Rev.10 (IOC, 2018b). Trained assessors tested the samples to assess 

the oil quality by determining the levels of positive attributes, such as fruitiness and 
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pungency, and levels of negative attributes, such as rancid and fusty defects. The sensory 

assessment results are expressed as the median of defect and the median of fruity. 

Subsequently, the VOOs were graded by comparing their median values with the 

reference ranges specified in the commission regulation (EEC) No 2568/91 (European 

Union, 1991). 

3.2.1.5. Fatty acid composition. 

The fatty acids composition of the stored samples was determined using the 

standard COI/T.20/Doc. No 33/Rev.1 (IOC, 2017c). This standard gives guidance in the 

use of gas chromatographic for the quantitative analysis of fatty acid methyl esters 

(FAME). The method allows the determination of fatty acid methyl esters (FAMEs) from 

C12 to C24, including saturated, cis- and trans-monounsaturated and cis- and trans-

polyunsaturated fatty acid methyl esters. Previously, the bound fatty acids of the 

triacylglycerol are converted into FAMEs by trans-esterification with methanolic 

solution of potassium hydroxide at room temperature, explained in part 1 of the same 

standard. Due to our samples showed a free acidity less than 2.0%, they did not need the 

purification step.   

The results are expressed as a percentage by mass of methyl esters, determining 

the percentage represented by the area of the corresponding peak relative to the sum of 

the areas of all the peaks.  

3.2.2. Analysis of oxidative stability. 

The oxidative stability of the samples was measured before the storage, in order 

to compare the oil oxidative stability between the samples. Furthermore, the obtained 

results from accelerated test were used to develop a comparative study with the mesh 

cell-FTIR spectroscopy results, carried out under moderate conditions.   

3.2.2.1. Rancimat. 

The oxidative stability of the stored samples was determined by Rancimat, which 

allows the determination of the also called oil stability index (OSI). This determination 

was carried out according to the AOCS standard method Cd 12b-92 (AOCS, 1997), which 

consists in heating the sample at 100 °C while air was forced through the sample at 20 
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L/hour. The air was bubbled trough a vessel with 60 mL of deionized water. Volatile 

organic acids, product of the oxidation, were captured in water, so the reported result 

was the conductivity of the water, which exponentially increased. The results were 

expressed as induction time in hours, indicating the moment when oil had lost the ability 

to resist oxidation.  

The Rancimat equipment (Metrohm, Herisua, Switzerland) used to perform this 

analysis is shown in Figure 3.2.2. 

 

Figure 3.2.2. Rancimat equipment. 

3.2.2.2. Oxidative susceptibility (OS). 

The oxidative stability of the stored samples was also determined through the 

method proposed by Cert et al. (1996). This method is based on the susceptibility of 

polyunsaturated fatty acid to be oxidised. The information obtained from the analysis of 

fatty acid (section 3.2.1.5) was used for this method.  

3.2.3. Analysis of α-tocopherol.  

The determination of tocopherols was carried out following the method specified 

by ISO 9936:2016 (ISO, 2016a) regulation. 

3.2.3.1. Materials.  

 Glass weighing boats with stem, Afora (Barcelona, Spain). 

 10 mL conical bottom volumetric flasks, Afora (Barcelona, Spain). 

 Volumetric pipette, of 1.0 mL capacity, Supelco (Bellefonte, PA, USA). 

 50 mL and 100 mL conical bottom volumetric flasks, Afora (Barcelona, Spain). 
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 2 mL amber vials, Supelco (Bellefonte, PA, USA). 

 Silica gel column Superspher®RP-18, particle size of 5µm (250 mm length X 4 mm 

I.D.). It is packed into a LiChroCART® 250-4 HPLC cartridge, Merck (Darmstadt, 

Germany). 

 10 mm path length cell, Hellma Analytics (Müllheim, Germany). 

3.2.3.2. Equipment. 

 AB 304-S Analytical balance Mettler-Toledo (Barcelona, Spain). 

 Rotary evaporator with heating bath, Heidolph (Schwabach, Germany).   

 UV-VIS spectrometer Thermo Scientific Genesys 10s (Waltham, MA, USA). 

 Agilent Technologies 1200 HPLC system (Santa Clara, CA, USA) with 

fluorescence detector (G1321A) (Figure 3.2.3). 

 

Figure 3.2.3. Agilent Technologies 1200 HPLC chromatograph equipped with 

degasser (G1322A), quaternary pumping system (G1354A), standard autosampler 

injector (G1329B), thermostated column compartment (G1316A), fluorescence 

detector (G1321A), and diode array detector (G1362A). 

3.2.3.3. Analytical procedure. 

Preparation of calibration solutions: a stock solution of α-tocopherol was 

prepared. For this purpose, α- tocopherol standard (10 mg) was weighed and diluted 

with hexane into a 50 mL volumetric flask. From this solution, 10 mL were transferred 

into an amber glass flask that was connected to a rotary evaporator under vacuum at 
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30 °C until all the solvent was removed. Then, methanol (10 mL) was pipetted into the 

flask to dissolve the residue. Finally, the maximum absorbance of this solution was 

measured in a wavelength range between 270 nm and 310 nm, using the UV-VIS 

spectrometer with a 10 mm path length cell. We obtained the concentration (µg/mL) 

dividing the absorbance value by the division factor given in Table 1 in the ISO 9936:2016 

(ISO, 2016a).  

Standard solution: The standard of α-tocopherol was diluted with hexane to give 

a solution containing between 0.5 and 5 µg/mL. The standard solution was stored in 

glass flask wrapped in aluminium foil and refrigerated. In order to build a calibration 

curve, the different concentration solutions are injected into the HPLC system, so their 

areas were determined. 

 Analytical procedure: The sample (0.1 g) was weighted in a 10 mL volumetric 

flask. It was dissolved with 10 mL of hexane and an aliquot of this solution (20 µL) was 

injected into the HPLC system.  HPLC was equipped with a fluorescence detector with 

λex = 290 nm and λem = 330 nm. The mobile phase used was hexane/isopropanol (99:1, 

v/v), with a flow rate of 1 mL/min. The analysis time was 25 minutes, 5 minutes of them 

being used to a post-run cleaning of the column. Figure 3.2.4 shows a summary of all the 

procedure followed in this determination.    

 
Figure 3.2.4. Summary of the analytical procedure followed to determine α-

tocopherols.  
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 Quantitative determination by HPLC: the tocopherols quantification was carried 

out using the stock solution of α-tocopherol as external standard. Five solutions with 

different concentrations was prepared and injected into the HPLC system, in order to 

determine the α-tocopherol peak area and built a calibration curve.  

The five different concentrations of α-tocopherol solutions used for determining 

the concentration of α-tocopherol in the samples were shown below. Table 3.2.1 shows 

the five different concentration solutions of α-tocopherol, named as external standard 1 

- 5.  

Table 3.2.1. Concentrations and peak areas of the α-tocopherol external standard 

solutions.  

External standard Concentration (µg/mL) Peak area (AU) 

1 0.57 25.75 

2 1.15 49.14 

3 1.55 66.44 

4 2.01 85.70 

5 2.29 97.50 

 

The linear fit obtained from the calibration curve is:  

𝑦 = (41.869 × 𝑥) + 1.544  

𝑥 = (𝑦 − 1.544)/41.869   

Where:  

- Y is the peak area (AU).  

- X is the tocopherol concentration in the injected aliquot (µg/mL).  

- Xf is the tocopherol concentration in the sample (mg/kg).   

- V is the volume of the solution (mL).  

- W is the sample weight (g).  

3.2.4. Analysis of phenols. 

The determination of phenols was carried out according to the method proposed 

by Mateos et al. (2001). 

3.2.4.1. Materials. 

 50 mL conical bottom volumetric flasks with ground glass and caps, Afora 

(Barcelona, Spain). 

𝑥𝑓 =  
𝑥 × 𝑣

𝑤
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 25 mL conical bottom volumetric flasks with ground glass mouth and cap, Afora 

(Barcelona, Spain).  

 500 µL micropipette, Hamilton (Bonaduz, Switzerland).  

 Diol solid phase extraction (SPE) cartridges, Supelco (Bellefonte, PA).  

 2 mL amber glass vials with cap, Supelco (Bellefonte, PA). 

 1 mL syringe and needle, Nipro Europe N.V. (Zaventem, Belgium). 

 Syringe filters 0.45 µm pore size, Albert (La Rioja, Spain).  

 LiChrospher column 100 Rp-18 (250 mm length X 4.0 mm I.D.) for C18-RP 

reversed-phase (5 µm size), Merck (Darmstadt, Germany).  

3.2.4.2. Equipment. 

 AB 304-S Analytical balance, Mettler-Toledo (Barcelona, Spain). 

 Vacuum station equipped for the use of solid phase extraction cartridges, 

Supelco (Bellefonte, PA). 

 Rotary evaporator with heating bath, Heidolph (Schwabach, Germany). 

 HPLC chromatograph Agilent Technologies 1200 (Waghaeusel-Wiesental, 

Germany) with diode array detector (G1362A) (Figure 3.2.3). 

3.2.4.3. Analytical procedure. 

Internal standard preparation: A solution of p-hydroxyphenylacetic (0.12 

mg/mL) and o-coumaric (0.01 mg/mL) acids in methanol was used as internal standard.  

Sample preparation: A fraction of 2.5 g of the VOO sample was weighed, and 0.5 

mL of standard solution was added. The solvent was evaporated at 30 °C using the 

rotary evaporator. The oily residue was dissolved in 6 mL of hexane. Immediately, the 

phenolic fraction isolation is carried out by solid phase extraction.  

Phenolic fraction isolation: A diol-bonded phase cartridge (SPE column) was 

placed in a vacuum station apparatus (flow ≈ 1 mL/min), where it was conditioned by 

passing 6 mL of methanol and 6 mL of hexane, without allowing the cartridge get dry. 

The oil solution is added to the SPE column, and the solvent is passed through, leaving 

the sample and the standard solution on the solid phase. The flaks were washed twice 

with 3 mL of hexane and this solvent was added to the SPE column, which allowed the 

removal of less polar compounds, such as triglycerides, tocopherols and hydrocarbons. 
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Then, the SPE column was again washed with 3 mL of hexane/ethyl acetate (90:10 v/v), 

which removed other polar compounds, such as sterols. These eluents were discarded. 

The SPE column was eluted with 10 mL of methanol and collected in a 25 mL 

conical bottom flask. Afterwards, the solvent was evaporated in a rotary evaporator at 

30 °C until dryness, approximately 30 minutes. The residue was extracted with 0.5 mL 

of methanol/water (1:1, v/v) and filtered. Figure 3.2.5 shows a procedure diagram of the 

phenolic fraction isolation step. Finally, a 20µL aliquot was injected into the HPLC 

system.  

 

Figure 3.2.5. Diagram of phenolic fraction isolation step. 

HPLC analysis: HPLC was equipped with a diode array detector. The mobile 

phase used was a mixture of water/o-phosphoric acid (99.5:0.5 v/v) (solvent A) and 

methanol/acetonitrile (50:50, v/v) (solvent B), with a flow of 1 mL/min. The solvent 

gradient is showed in Table 3.2.2. Chromatograms were acquired at 235, 280 and 335 nm. 
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Table 3.2.2. Solvents gradient of solvent A and B. 

Time (min) %A %B 

0 95 5 

25 70 30 

35 65 35 

40 60 40 

50 30 70 

55 0 100 

60 0 100 

65 0 100 

 

Quantitative determination by HPLC: The identification and quantification of 

phenols, cinnamic acid and lignans were carried out at 280 nm using p-

hydroxyphenylacetic acid as internal standard. Whereas, the identification and 

quantification of flavones were done at 335 nm using o-coumaric acid as internal 

standard. The following equation was used for calculating the individual phenol 

concentration:  

𝑃ℎ𝑒𝑛𝑜𝑙𝑠 (𝑚𝑔/𝑘𝑔) =
1000 × 𝑊𝐼𝑆 × 𝐴𝑃ℎ𝑒𝑛𝑜𝑙 × 𝑅𝐹𝑃ℎ𝑒𝑛𝑜𝑙

𝐴𝐼𝑆 × 𝑊𝑆𝑎𝑚𝑝𝑙𝑒
 

Where:  

 WIS, internal standard weight; p-hydroxyphenylacetic acid at λex = 280 nm and o-

coumaric acid at λex = 335 nm. 

 Aphenol, phenol area in the chromatogram.  

 RFphenol, response factor of each phenol.  

 AIS, internal standard area.  

 Wsample, sample weight (g).  

 

Precision study: It was divided into two parts, which are described below.  

 Repeatability: The phenolic fraction was extracted from a commercial extra 

virgin olive oil (Hojiblanca cultivar). The final extract was divided in six 

different aliquots and injected into the HPLC system. The relative standard 

deviation (%RSD) for each phenol is shown in Table 3.2.3. The %RSD was 

lower than 10% in all cases, except for p-HPEA-EDA. The %RSD of p-HPEA-
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EDA may be explained by its high instability after its extraction (García-

González et al., 2010). 

 Time-different intermediate precision: The phenolic fraction was obtained 

from the same sample in three different days. The variation coefficient for 

each individual phenol is shown in Table 3.2.3. The obtained results did not 

show large differences with the repeatability results.   

Table 3.2.3. Results of the precision studies expressed as relative standard deviation (%RSD) of 

each phenol concentration.  

Compound %RSD (repeatability) %RSD (intermediate precision) 

Hydroxytyrosol 3.11 6.79 

Tyrosol 4.18 7.36 

Vanillic acid 4.77 5.77 

Vanillin 4.32 9.15 

p-coumaric acid 8.70 8.87 

Hydroxytyrosol acetate 9.01 9.85 

3,4-DHPEA-EDA 4.70 7.27 

p-HPEA-EDA 11.36 7.18 

Pinoresinol 9.92 7.19 

Cinnamic acid 4.91 6.71 

Acetoxypinoresinol 7.78 8.39 

3,4-DHPEA-EA 9.09 6.75 

p-HPEA-EA 5.45 8.09 

Luteolin 3.45 7.24 

Apigenin 4.25 1.14 

Total phenols 6.47 4.51 

Total ortho-diphenols 6.61 6.27 

Total secoiridoid derivatives 7.25 5.15 

 

3.2.5. Analysis of volatile compounds. 

The volatile compounds were determined by solid phase microextraction-gas 

chromatography-flame ionization detector (SPME-GC-FID).  

3.2.5.1. Materials. 

 20 mL vials with 10 mmØ aluminium-tin caps and polytetrafluoroethylene 

(PTFE) septum (10 mmØ x 3 mm thick) to provide a hermetic seal, 

Tecknokroma (Barcelona, Spain).  

 Capping and de capping tools, Tecknokroma (Barcelona, Spain).  

 0.5 µL micropipette, Treff (Degersheim, Suiza).   

 SPME fibre of divinylbenzene-carboxen-polydimethylsiloxane 

(DVB/CAR/PDMS), 1 cm length and 50/30 µm film thickness, Supelco 
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(Bellfonte, PA). The fibre was previously conditioned following the 

supplier’s instructions (30 minutes at 270 °C).  

 Agilent J&W GC DB-WAX capillary column (60 m x 0.25 mm internal 

diameter, 0.25 µm coating), Agilent Technologies (Santa Clara, CA).   

3.2.5.2. Equipment. 

 AB 304-S Analytical balance, Mettler-Toledo (Barcelona, Spain). 

 Vortex mixer, J.P. Selecta S.A. (Barcelona, Spain).  

 Multipurpose sample (MPS) autosampler from Gerstel (Mülheim an der 

Ruhr, Germany).  

 Agilent Technologies 7820A Gas chromatograph (Santa Clara, CA) equipped 

with a flame ionization detector (FID) and a mass spectrometer Series MSD 

5975 (Agilent Technologies, Santa Clara, CA) with a split-splitless injector 

and a SPME liner. Figure 3.2.6 shows the chromatograph system.  

 

Figure 3.2.6. Agilent Technologies 7820A Gas chromatograph coupled with Gerstel MPS 

autosampler.  

3.2.5.3. Analytical procedure. 

Internal standard preparation: A solution of 4-methyl-2-pentanol (55 mg/kg) in 

refined olive oil was used as internal standard (I.S. solution). 
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Concentration step by SPME (solid phase microextraction): The I.S. solution (0.1 

g) was transferred into a 20 mL glass vial and 2 g of the olive oil sample was added. The 

vial is immediately capped with the septum. The prepared sample is heated at 40 °C and 

stirred during 10 min to allow for the equilibration of the volatiles in the headspace.  

Gas chromatography: After the equilibration time, the septum was pierced with 

an SPME needle, and the fibre is exposed to the headspace for 40 min. The volatiles 

adsorbed on the fibre are thermally desorbed in the injector at 260 °C for 5 minutes under 

splitless mode. The carrier gas was hydrogen at a flow rate of 1.5 mL/min and the 

auxiliary gas was nitrogen. The oven temperature was held at 40 °C for 10 min and then 

programmed to rise at 3 °C/min to a final temperature of 200 °C. The FID temperature 

was 280 °C. The signal was recorded and processed by Gerstel Maestro (v14) software 

(Gerstel GmbH et Co.KG, Mülheim an der Ruhr, Germany).  

Volatile compounds identification: the identification of volatile compounds was 

carried out with standards (Luna et al., 2006). Additionally, the identification was 

checked by analysing the samples with mass spectrometry (GC7820-MSD5975) 

following the strategy described in previous works (Romero et al., 2015; Oliver-Pozo et 

al., 2019).  Thus, the information from mass spectra, and their comparison with standards 

in the FID chromatograms and linear retention index were considered for a full 

identification.  

Volatile compounds quantification: A total of 46 volatile compounds were 

analysed. Quantification was done with internal standard (4-methyl-2-pentanol) and 

response factors (Oliver-Pozo et al., 2015). The actual concentration of the internal 

standard, which was previously added to the samples, was calculated based on the 

internal standard solvent weight.  

Odour activity values (OAVs): The odour activity values (OAVs) (Aparicio and 

Morales, 1998; Buettner and Schieberle, 2000) of the volatile compounds were calculated 

in samples collected during the storage experiment in order to study the sensory 

influence of each compound on the total aroma of VOO. 

SPME fibre repeatability study: A commercial EVOO of Hojiblanca cultivar was 

analysed ten times repeating the preparation of the sample in each analysis. The %RSD 
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of the internal standard area was 3.92%, which was considered adequate according to 

the experience of the group.  

3.2.6. Analysis of compounds derived from chlorophyll. 

The determination of the degradation products of chlorophyll a, such as 

pheophytin a and pyropheophytin a, was based on the standard method ISO 29841:2016 

(ISO, 2016b).  

3.2.6.1.  Materials.  

 2 mL vials with caps, Supelco (Bellafonte, PA, USA). 

 20 mL beakers, Supelco (Bellafonte, PA, USA). 

 25 mL taper-shaped flaks with glass ground mouths and caps, Afora (Barcelona, 

Spain).  

 100 µL micropipette, Hamilton (Bonaduz, Switzerland).  

 1 mL pipette, Supelco (Bellafonte, PA). 

 Silica cartridge, 1000 mg/6 mL, 55 µm, 700 nm, Supelco (Bellefonte, PA, USA).  

3.2.6.2.  Equipment. 

 AB 304-S Analytical balance, Mettler-Toledo (Barcelona, Spain). 

 Lichrospher RP18 HPLC column, 250 mm length, 4.0 mm internal diameter, filled 

with reversed-phase, particles size 5 µm, Merck (Darmstadt, Germany). 

 Rotary evaporator with heating bath, Heidolph (Schwabach, Germany). 

 LaChrom Elite HPLC system, Hitachi (Tokyo, Japan). The chromatograph was 

equipped with 5 units: diode array detector (L-2455), oven (L-2300), automatic 

injector (L-2200) and pump (L-2130). The pump was equipped with an in-line 

degasser. Figure 3.2.7 shows the HPLC system.  

3.2.6.3.  Analytical procedure.  

Solid phase extraction of pheophytin fraction: the oil sample (0.3 g) was 

transferred into a 20 mL beaker and it was dissolved in 1 mL of n-hexane. This solution 

was poured on the silica cartridge and the solvent was passed through, leaving the 

sample on the solid phase. The beaker was washed twice with 1 mL of petroleum 

ether/diethyl ether solvent mixture (90:10 v/v), which was added to the silica cartridge 
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too. Then, 5 mL of petroleum ether/diethyl ether solvent mixture (90:10 v/v) was added 

twice to the silica cartridge, in order to elute the non-polar substances. Next, the 

pheophytin fraction was eluted with 5 mL acetone and it was collected in a 25 mL taper-

shaped flask protected from light. Finally, the solvent was evaporated in a rotary 

evaporator at 20 °C maximum until dryness. The residue was dissolved in 200 µL 

acetone and immediately injected into the HPLC system.  

 

Figure 3.2.7. LaChrom Elite HPLC system. 

HPLC analysis: HPLC was equipped with a diode array detector. The mobile 

phase used was a mixture of water, methanol and acetone, volume fractions: φH2O= 4 

mL/100 mL; φMeOH = 36 mL/100 mL; φMe2CO = 60 mL/100 mL. The flow rate was 1 mL/min. 

The chromatograms were acquired at 410 nm. The total time of the run was 25 minutes. 

Peak identification: The peak identification was carried out using the standard of 

chlorophyll. Due to pheophytins are not available as reference material because they are 

unstable, the pheophytin pattern was obtained in the lab. The procedure to obtain the 

pheophytin was the following: a dissolution of chlorophyll a and ethyl ether was 

prepared, which was acidified with two drops of HCl at 13% (v/v). The solution was 

shaken during 5 minutes. After that, the acid was neutralised by a solution of Na2SO4 to 

2% (Sievers, 1977). Once the pheophytin was isolated, it was injected in the HPLC system 

(20 µL).  

Diode array
detector

Oven

Automatic injector

Pump



 

 
70 

 MATERIALS AND METHODS 

Quantitative determination: The pigments concentration was calculated using 

calibration curves. In order to calculate the exact concentration of pheophytin a in the 

pattern solution, its absorbance 410 nm were determined by spectrophotometry. The 

concentration of the pattern solution was calculated by the following equation:  

𝑋 (𝑚𝑔/𝑘𝑔) =
𝐴𝑏𝑠(410𝑛𝑚) × (𝑀𝑤) ×  1000

ɛ410
 

Where:  

- X (mg/kg), concentration of pheophytin a.  

- Abs (410), absorbance at 410 of the solution. 

- Mw, molecular weight pheophytin a.   

- ε410, molar extinction coefficient of pheophytin a.   

The quantification of the compounds derived from chlorophyll was carried out 

by calibration curve. Thus, seven different volumes of the standard solution, in 

duplicate, were injected into the HPLC. The volumes varied from 1 µL to 75 µL, covering 

the normal range of these compounds in virgin olive oil. The areas obtained were used 

for building a calibration curve. Table 3.2.4 and Figure 3.2.8 show the data obtained for 

pheophytin a and its calibration curve.  

Table 3.2.4. Data of the calibration curve obtained with HPLC. Peak areas of pheophytin a at 

410 nm, according to the injection volume of the standard solution.  

 

 

 

 

 

 

 

 

Figure 3.2.8. Calibration curve of pheophytin a. 
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On the one hand, the calibration factor of pheophytin “a” was calculated from the 

slope value of its calibration curve, applying the following equation:  

𝐶𝐹 = 𝑃 ×  𝑉 

 Where:  

- CF, calibration factor of pheophytin a.  

- P, calibration curve slope.  

- V, injection volume, 20 µL.  

On the other hand, due to pheophytin a and pyropheophytin a have the same 

absorption spectrum, the calibration factor of pyropheophytin a was obtained using the 

pheophytin calibration factor but using its molecular weight. 

𝐶𝐹𝑃𝑦𝑎 = 𝐶𝐹𝑝  ×  (
𝑀𝑊𝑝

𝑀𝑊𝑃𝑦𝑎
) 

 Where:  

- CFPya, calibration factor of pyropheophytin a. 

- CFp, calibration factor pheophytin a. 

- MWp, molecular weight of pheophytin a, 870 g/mol.  

- MWpya, molecular weight of pyropheophytin a, 812 g/mol.  

The calculated calibration factors were:  

 calibration factor at 410 nm 

Pheophytin a 543482.80 

Pyropheophytin a 507250.60 

Once the calibration factor was calculated per each compound, the concentration 

of them was calculated. The equation used was:  

𝑃𝐶(𝑚𝑔/𝑘𝑔) =
𝑃𝐴  ×  𝑉

𝐶𝐹  ×  𝑊
 

 Where:  

- PC (mg/kg), pigment concentration.  
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- PA, pigment peak area, in case of pheophytin is the sum of the peak 

areas of pheophytin a and a’.  

- V (mL), injection volume.  

- CF, calibration factor of each pigment. 

- W (kg), sample weight.  

3.2.7. Fluorescence spectroscopy. 

Fluorescence spectroscopy was used for monitoring changes in fluorescent 

compounds of extra virgin olive oils during their storage under moderate conditions. 

These analyses were carried out in Poznan University during a stay for three months.  

3.2.7.1.  Materials. 

 10 mm fused-quartz cuvette, Hellma Analytics (Müllheim, Germany). 

 20 µL micropipette, Eppendorf (Hamburg, Germany). 

 2 mL micropipette, Eppendorf (Hamburg, Germany). 

3.2.7.2.  Equipment.  

 AqualogTM spectrofluorometer, Horiba (Montpellier, France), equipped with a 

xenon lamp source. The equipment is shown in Figure 3.2.9. 

 

Figure 3.2.9. Horiba AqualogTM spectrofluorometer. 

3.2.7.3.  Analytical procedure. 

The oil sample (60 µL) was diluted in 2 mL of n-hexane (3% v/v). The fluorescence 

spectra were obtained on the spectrofluorometer using a xenon lamp source for 
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excitation. The excitation and emission slit widths were 5 nm. The three-dimensional 

spectra were obtained by measuring the emission spectra from 250 to 830 nm with an 

average increment of 4.66 nm repeatedly, at excitation wavelengths from 240 to 800 nm, 

spaced by 5 nm intervals.  

Right-angle geometry was used for analysing the oil samples diluted in n-hexane 

(3% v/v) in a 10 mm fused-quartz cuvette, this low concentration being chosen to avoid 

spectral distortions.  

Although a low concentration sample was used, spectral corrections were 

necessary to remove the Rayleigh scatter and the inner filter effect. The spectra distortion 

as consequence of these phenomena on the three-dimensional spectra and the correction 

results are shown in Figure 3.2.10. The signal intensity of the Rayleigh lines was removed 

by applying the Rayleigh-masking algorithm and the inner filter effect was corrected 

based on the simultaneous absorbance measurements, both were carried out using 

AqualogTM built-in software.  

 

Figure 3.2.10. The three-dimensional spectra of a virgin olive oil sample in which the results of 

the spectral correction are shown.  

3.2.8. Mesh cell-FTIR spectroscopy. 

Mesh cell combined with FTIR spectroscopy was used to monitor the lipid 

oxidation process in VOOs and the continuous chemical changes of VOOs during 

incubation under moderate conditions.   



 

 
74 

 MATERIALS AND METHODS 

3.2.8.1.  Materials. 

 20 µL micropipette, Eppendorf (Hamburg, Germany). 

 Several tools to assemble and disassemble the mesh cell: screwdriver with 

different heads, small pliers and tweezers. 

 Mesh cells manufactured to be adapted to the transmission cell holder of the FTIR 

spectrometer (García-González and Van de Voort, 2009).  

 Transmission cell of CaF2 with different spacers (1, 0.5, 0.2, 0.1, 0.05 mm) and 

known path lengths, Specac (Orpington, UK).  

 Coloured (green) plastic material from PET bottles (henceforth called light 

filtering packaging material), Oleoestepa (Estepa, Spain).  

3.2.8.2.  Apparatus. 

 Incubator, J.P. Selecta S.A. (Barcelona, Spain). 

 Laboratory heater, Memmert (Schwabach, Germany). 

 In-house system: This compartment allows 12 mesh cells to be simultaneously 

analysed, and its dimensions guaranteed that all mesh cells received the same 

light intensity and temperature. The light source used was a neutral white 

dimmable LED tube of 9 W, Lexman (Ronchin, France), and the intensity applied 

was regulated with a dimmer. The light intensity was controlled with a digital 

lux meter, Trotec BF05 (Heinsberg, Germany). The temperature was controlled 

with a heater cable, 25 W and 5 m long, Neptune (Valencia, Spain) distributed at 

the bottom of the compartment. Figure 3.2.11 shows a scheme of the in-house 

system designed, where all the components are shown.  

 

Figure 3.2.11. Scheme of the in-house system, where all the components are shown. 

 Lamps equipped with a LED of 9W, Lexman, ADEO Services (Ronchin, France).  
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 Designed compartment used for incubating the samples (short time storage) at 

moderate conditions, which was designed by Food Traceability and Quality 

group at Instituto de la Grasa (CSIC) (Utility Model ES1217719) (Tena et al., 2018).  

 

Figure 3.2.12 shows pictures of the compartment. It consists of three main parts:  

 

 Opaque and hermetic receptacle with a holder for mesh cells, where 

samples are exposed to controlled conditions of light and temperature.  

 

  Lighting was controlled by means of:  

- The light source was a 5-50 W led light, Lexman, ADEO Services 

(Ronchin, France). 

- Dimmer, Electro DH (Barcelona, Spain), which allows for light 

intensity regulation.  

- Digital lux meter, Trotec BF05 (Heinsberg, Germany) for 

measuring the light intensity.  

 

 Temperature was controlled by means of:  

- An adjustable heating cable of 25 W and 5 m (Neptune, Neptune 

hydroponics, Valencia, Spain) distributed throughout the base of 

the compartment to facilitate a homogeneous heating.  

- Thermostat INKBIRD ITC-380, Shenzhen Inkbird Technology Co. 

Ltd (Guangdong, China) to keep the temperature constant during 

the entire experiment thus compensating some temperature 

variations in the laboratory. 

- Thermometer TFA Dostmann (Wertheim, Germany) controlled 

the temperature inside the receptacle.  

 

 Ultrasonic bath, J.P. Selecta S.A. (Barcelona, Spain). 
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Figure 3.2.12. Designed compartment used for incubating the samples in mesh cells. Its 

different parts are indicated. 

3.2.8.3.  Equipment. 

 Bruker Vertex 70 FTIR spectrometer, Bruker Optics (Ettlingen, Germany) 

equipped with a deuterated triglycine sulfate (DTGS) detector. It was equipped 

with a standard cell holder, which was used for measurement with mesh cell. 

This equipment is shown in Figure 3.2.13.  

 
Figure 3.2.13. Bruker Vertex 70 FTIR spectrometer equipped with mesh cell holder. 

3.2.8.4.  Mesh cell. 

Mesh cells were manufactured according to the design described by García-

González and Van de Voort (2009). Mesh cells were sized to fit into a standard FTIR 

transmission cell holder. Each mesh cell had two apertures; one of them was used for 

loading the samples and collecting the sample spectra, while the other one was used for 

collecting the background spectra in each measurement. Both apertures were located in 

such manner that they are centred in the IR beam depending on the position of the mesh 

Standard FTIR cell holder
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cell, normal or inverted. Figure 3.2.14 shows a mesh cell with indications of the different 

parts:  

 

Figure 3.2.14. Design of the stainless-steel mesh cell for FTIR spectroscopy. The front (A) and 

the rear (B) of a mesh cell are shown. 

 100 mesh stainless steel wire cloth, with a wire diameter of 0.114 mm, Suministro 

MAM S.L. (Madrid, Spain). 

 O-rings with an internal diameter of 1.9 cm.  

 Pressure plates, two of them are necessary per each mesh cell. Figure 3.2.14 

indicate which is the front (A) and the rear (B).  

  Screws. 

 

3.2.8.5. Calculation of the mesh cell effective path length. 

3.2.8.5.1. Materials. 

 Transmission cell of CaF2 with different spacers (1, 0.5, 0.2, 0.1, 0.05 mm) and 

known path lengths, Specac (Orpington, UK).  

 Sample test: An extra virgin olive oil (EV) sample, from Picual cultivar.  

3.2.8.5.2. Procedure. 

The effective path length of the mesh cell was determined by comparing the 

signals with those obtained with a demountable transmission cell of CaF2 with spacers 
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of different thickness (0.05, 0.1, 0.2, 0.5, 1.0 mm) and, hence, different path lengths. For 

determining the path lengths, a spectrum of an empty cell was acquired per each spacer. 

These spectra were characterised by a sinusoidal line with peaks (fringes) and valleys. 

Figure 3.2.15 shows two spectra obtained from an empty transmission cell equipped 

with two different spacers. The optical path length (OPL) of the transmission cell 

equipped with different spacers was calculated by applying the following equation 

(García-González et al., 2013a):  

𝑂𝑃𝐿 =
𝑛

2( 𝑣2+𝑣1)
  

 Where:  

 υ2 and υ1 are the initial and the last wavenumber of a considered range. 

 n is the number of peaks counted between υ2 and υ1. 

 

Figure 3.2.15. Spectra obtained from an empty CaF2 transmission cell with an optical path 

length (OPL) of 112 µm and 200 µm associated to spacers of 0.1 mm and 0.2 mm, respectively. 

After the calculation of the optical path length associated to each spacer, the 

determination of the effective path length of mesh cell was carried out following the 

procedure described by García-González & Van de Voort (2009). The absorbance 

assigned to the maximum of the CH combination band at 4333 cm-1 was measured using 

the different transmission cells and mesh cell. In this case, they were loaded with a VOO 

sample. A calibration curve was built with the results from different spacers providing 

the different path lengths and the results from the mesh cell were interpolated in this 

calibration curve. 
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3.2.8.6.  Mesh cell-FTIR analytical procedure. 

The method was slightly modifying from the one described by García-González 

& Van de Voort (2009). 

Sample loading: the oil sample (16 µL) was deposited on the mesh in one of the 

two apertures (Figure 3.2.16) using a micropipette. The sample was uniformly 

distributed on the surface with the micropipette tip, avoiding any surface uncovered and 

any excess of oil. After that, the mesh cell was placed in a vertical position for 5 minutes 

to drain off any excess sample, which should be aspirated away using the same pipette. 

Figure 3.2.16 shows a scheme of the analytical procedure followed to load the mesh cell 

with the oil sample. Finally, the loaded mesh cells should be maintained in horizontal 

position to ensure film uniformity.  

 

Figure 3.2.16. Procedure followed to load the oil sample into mesh cell. 

Mesh cell incubation: once oil samples (fresh samples and samples collected 

every month during the storage experiment) were loaded on the mesh cells, they were 

incubated in an especial compartment designed for it (Figure 3.2.12), where cells were 

exposed horizontally to controlled conditions of light and temperature for 576 h. The 

spectral changes in oil samples were monitored by FTIR spectroscopy every 24 hours 

along the experiment.   
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Spectroscopic measurements: for the analysis, mesh cell was mounted in the 

transmission cell holder provided with the FTIR instrument (Figure 3.2.13). All spectra 

were collected in the range of 5000-400 cm-1 by co-addition of 32 scans and a resolution 

of 4 cm-1 using weak Norton-Beer apodisation. The optimisation of the spectroscopic 

parameters, such as the number of scans, was carried out to find a balance between the 

length of analysis and the signal-to-noise ratio of spectra. Furthermore, in order to 

facilitate the comparison between the samples, all of the spectra obtained were 

normalised to an effective path length of 110 µm. A diagram of the analytical procedure 

is shown in Figure 3.2.17. 

 

Figure 3.2.17. Diagram of the analytical procedure carried out with mesh cell-FTIR 

spectroscopy.  

Mesh cell maintenance: After each experiment, the mesh cells were disassembled 

and meshes were cleaned with hexane in an ultrasonic bath at 25 °C for 30 minutes. No 

physical alteration was observed in the meshes associated with the cleaning process.   

3.2.8.6.1. Analytical procedure to evaluate the protective effect of light filtering 

packaging materials. 

In order to check the protective effect of the light filtering packaging materials 

used in VOO bottling, two experiments applying the same conditions were carried out 

simultaneously. In one of the experiments, the sample loaded on the mesh cell aperture 

is protected with a light filtering packaging material, while in the other experiment no 

protection was used. The sample loading on mesh cell and the spectra collection were 

the same as those explained in the previous section (Section 3.2.8.6). The incubation 
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experiments were carried out during 344 h (6000 lx and 24 °C ± 2 °C) and three spectra 

were acquired per day at different time intervals.  

3.3. Processing of FTIR spectra. 

The aim of preprocessing techniques was to remove the spectral variations that 

were not related to the sample compounds and to improve the linear relationship 

between the spectral signals and the concentrations of the different chemical compounds 

determined by other analytical methods (García-González et al., 2013a; Sikorska et al., 

2014). The use of data preprocessing removed unusable information, such as noise or 

base line drifting, only retaining the useful information.  

The processing of the FTIR spectra was carried out using Omnic 7.3, (Thermo 

Electron Inc., Madison, WI, USA) with the help of macros programmed with the 

Macro/Basic tool provided by Omnic 7.3. The processing procedures implemented in the 

FTIR spectra were the following:  

 Offset correction: this procedure was applied to correct for a parallel 

baseline shift (Candolfi et al., 1999). It is a special normalisation to a user 

defined position on the x-axis, in our case, 4800 cm-1.  

 Normalisation: this procedure is able to compensate the possible 

variations for the amount of oil loaded in the mesh and, hence, in the path 

length of the cell. The normalisation was based on the oil absorption at 

4334 cm-1, which corresponds to a maximum of the broad absorption band 

that oils exhibit in the CH combination band region (García-Gonzalez and 

Van de Voort, 2009).  

 Smoothing: this procedure improves the appearance of the spectrum by 

removing the fluctuations caused by the spectral noise, then “smoothes” 

the spectrum. The automatic smooth algorithm of Omnic 7.3 was used. 

The number of points used in the smoothing process was 5 (9.644 cm-1). 

This procedure was implemented only in the noisy spectra.  

 Peak height value: This value allows to compare the evolution of the 

different functional groups monitored during the storage and incubation 

time. The peak heights were measured relative to a selected single-point 
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baseline. The peak heights corresponding to the isolated and conjugated 

trans double bonds (967 and 987 cm-1) were measured relative to a selected 

double-point baseline (Tena et al., 2017). 

In order to identify the most remarkable FTIR bands that are susceptible to 

changes during the storage conditions, the variance of the spectra collected during the 

storage and after 576 h of incubation in mesh cell was calculated. The variance permitted 

highlighting the spectral changes or fluctuations of each band during the storage and 

incubation at moderate conditions. The software Omnic 7.3 (Thermo Electron Inc., 

Madison, WI, USA) was used for carrying out these data analyses. The variance from the 

FTIR spectra was computed with two different methodologies:  

1. Total variance spectra: the variance at each wavenumber is computing 

considering all the spectra in the whole-time frame of an experiment, either 

from an incubation experiment or from the storage experiment. The main 

spectral changes in the whole experiment were identified with this 

procedure.  

2. The cumulative variance spectra: the variance of the spectra collected in 

increasing time frames (0-24 hours, 0-48 hours, 0-72 hours, etc.) was 

computed, with the aim of highlighting the spectral variability acquired 

sequentially during the storage period. Unlike the total variance spectra, the 

cumulative variance spectra are able to point out the gathered changes taking 

place in the spectrum over the storage time, detecting the moment when the 

oils underwent the highest changes in their chemical composition.  

3.4.  Mathematical and statistical treatment of information. 

The data processing and the multivariate data analysis were carried out using 

different software tools. Excel software was used as an interface between the information 

obtained through the analytical equipment and the statistical software used for the data 

treatment.   

The software packgases for the data analysis were:  

 Statistica Version 8.0 (StatSoft, Inc., Tulsa, OK, USA) for statistical 

treatment of the data. 
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 Unscrambler 11 Client (Camo Analytics, Oslo, Norway) for statistical 

data processing from FTIR and fluorescence spectra.  

 SOLO v.8.7.1 software (Eigenvector Research Inc., Wenatchee, WA, USA) 

for PARAFAC analysis of fluorescence spectra. 

The procedures and algorithms to interpret the numerical results according to 

the objectives of the work have been grouped into two groups: basic statistics and 

multivariate procedures.    

3.4.1. Basic statistics. 

Univariate statistical algorithms, such as average value, variance, standard 

deviation and relative standard deviation, were performed with the data obtained from 

the analytical determinations including the spectroscopic measurements. Furthermore, 

this statistical study allows for the outlier detection within a data matrix and assessing 

the parameters related to the quality of the analytical method used.  

The statistical tool method of t-test for independent samples by groups was 

applied to study significant differences (p < 0.05) between means of groups. In the case 

of phenols, the analysis of variance (ANOVA) was applied to identify significant 

differences between means of storage periods.  

3.4.2. Multivariate procedures: chemometrics. 

The multivariate analyses of the spectra were focused on finding patterns in the 

data, classifying the samples, performing correlation models between the spectra and 

the chemical/physical-chemical parameters (Sikorska et al., 2014). The statistical tools 

used in this work are described below.  

3.4.2.1. Principal component analysis (PCA).  

Principal component analyses (PCA) was used since it is one of the most 

frequently applied multivariate method to elucidate the complex nature of multivariate 

relationships using mapping and visualization techniques to understand the set 

structure of complex multivariate data (Bro et al., 2002). The results obtained through 

PCA was analysed according to the scores and loadings plots. The scores plot were used 

for assessing the relationships between the samples (e.g. samples collected from different 
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months during the storage experiment), whereas the loadings plots are used for 

assessing the relationships between different variables in the model (e.g. intensity of 

spectral bands and different chemical/physical-chemical parameters) (Sikorska et al., 

2014). 

PCA’s mathematical procedure is based on the following equation:  

𝑋𝑚𝑛 = ∑ 𝑡𝑖𝑃𝑖
𝑇 + 𝐸

𝑖=𝑎

 

Where, X is the data matrix to be processed, which dimensions are m (columns) x 

n (rows). PCA splits the processed data matrix into two matrices: t is the scores matrix, 

which is the matrix that contain the new variables, and P is the loadings matrix, which 

contains the weight of the contribution of each original variable on the linear 

combination with the superindex T referring to the transposed matrix. E is the error 

matrix, which is defined as the residual variance of X that is not explained by the model 

with a principal components.  

3.4.2.2. Stepwise linear discriminant analysis (SLDA). 

The objective of applying this analysis was to build a model in which the 

variables could predict the most appropriate group where a sample should be included. 

The forward stepwise analysis was used for building a model step by step. At each step, 

the unselected variables were evaluated to determine which one contributes the most to 

the discrimination between groups, which was finally included in the model. The control 

of the variables to be included or excluded from the model was carried out according to 

the F-value of the variables (Aparicio and García-González, 2013). 

3.4.2.3. Parallel factor analysis (PARAFAC). 

Parallel factor analysis (PARAFAC) was applied for the statistical treatment of data 

from fluorescence spectroscopy since it is a statistical tool suitable for interpreting 

fluorescence excitation-emission matrices (EMMs) (Tena et al., 2012; Lozano et al., 2013; 

Cabrera-Bañegil et al., 2018; Sikorska et al., 2019). Thus, this method is able to decompose a 

three-dimensional matrix into three two-dimensional sub-matrices. Figure 3.4.1 shows a 

diagram of the working principle of a PARAFAC algorithm. 
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Figure 3.4.1. Diagram of the decomposition of a three-dimensional excitation-emission matrix 

by means of a PARAFAC algorithm. 

The EMMs obtained with fluorescence spectroscopy was considered as a cube of 

dimension I x J x K, named M in Figure 3.4.1, that was decomposed into three new 

matrices:  

 A, this matrix contained the scores;  

 B and C, both matrices contained the loadings; 

 E, this matrix contained the residuals, which is the information not 

explained by the model. 

The selection of the correct number of components or factors was carried out by 

the prior knowledge of the sample, the study of residuals and the study of core-

consistency, which was related to the mathematical robustness. The method named 

CONCORDIA (Andersen and Bro, 2003; Bro and Kiers, 2003) was used to find the optimal 

number of components in the PARAFAC model.  

3.4.2.4. Partial least squares (PLS). 

Partial least squares regression (PLS) was applied to build a model explaining 

the relationship between dependent variables (Y) and independent variables (X). This 

statistical method has been widely applied in food science for predicting some physical-

chemical parameters (Sedman et al., 1998; Che Man et al., 1999; Li et al., 2000). The 

objective of this analysis is to find the latent variables in the input matrix (X) that describe 

most of the relevant variations in this matrix and at the same time predict the latent 

variables in Y (Sikorska et al., 2014).  
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In this work, NIPALS (Non-Linear Iterative Partial Least Squares) was the 

algorithm used because it maximized the amount of variance explained in X that was 

relevant to the prediction of Y. NIPALS decomposed X and Y simultaneously into a 

product of two other matrices of scores and loadings. This method is described as: 

𝑋 = 𝑇𝑃𝑇 + 𝐸 

𝑌 = 𝑈𝑄𝑇 + 𝐹 

Where X is a matrix of N x M predictors; Y is a matrix of N x P responses; TPT 

approximates the data in the matrix X and UQT to the true values of Y. There is a lineal 

relationship between the T and U scores, which are matrices N x L (scores), which in 

turn are projections of X and Y, respectively. P and Q are orthogonal load matrices 

(loadings) and the superindex T means the transpose of the matrix. E and F are the error 

matrices (Wold et al., 2001).  

The performance of regression models was assessed based on internal (cross 

validation, CV) and external validation (independent test samples, P), using the 

determination coefficients (R2CV, R2P), which represented the portion of the explained 

variance of the physical-chemical parameters studied. Thus, the R2CV value defined the 

ability of the spectra to represent the changes occurred in the physical-chemical 

parameters during the storage, whereas the R2P defined the ability of the model to predict 

the physical-chemical parameters. This last value permitted testing the model 

robustness. The error of a calibration was defined as the root mean square error for cross 

validation (RMSECV) and the prediction error (RMSEP) when external validation is 

used. The optimal number of latent variables (LV) was selected as the one that minimizes 

the root mean square errors (RMSECV and RMSEP). In addition, the relative predictive 

deviation (RPDCV and RPDP) was used for comparing the accuracy of the models. This 

coefficient was interpreted according to Nicolaï et al. (2007), who indicated the following 

meaning of the RPD values: An RPD between 1.5 and 2.0 means that the model could 

discriminate between low and high values of the response variable; a RPD value 

between 2.0 and 2.5 means that a coarse quantitative prediction is possible; and a RPD 

value between 2.5 and 3.0 or above means a good or excellent prediction accuracy, 

respectively.  
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4. Results and discussion. 

4.1. Optimisation of a method based on mesh cell-FTIR spectroscopy. 

The main objective of this chapter is to set up an analytical procedure using mesh 

cell combined with Fourier transform infrared (FTIR) spectroscopy for evaluating virgin 

olive oil (VOO) stability. Mesh cell is a new accessory for FTIR spectroscopy, which was 

proposed by García-González and Van de Voort (2009). Due to its successful results in 

oxidation studies and the well-known ability of spectroscopy techniques to provide a 

complete information of the quality state of edible oils (García-González, et al., 2013a; 

Sikorska et al., 2014), mesh cell-FTIR spectroscopy was proposed as a rapid and accurate 

technique to determine the stability of VOO. 

The mesh cell optimisation for VOO analysis involves several parameters related 

to the VOO, such as the VOO amount to load on the mesh and the conditions or time 

(hours) of the VOO incubation, as well as parameters related to the physical 

characteristics of the mesh cell design, such as the mesh size (measured as mesh 

number). Furthermore, the spectrum preprocessing is also studied and implemented, in 

order to be able to compare the results obtained from different mesh cells and samples. 

All parameters related to the optimisation of the method are explained below. 

4.1.1. Mesh cell design. 

Mesh cells were manufactured according to the design described by García-

González and Van de Voort (2009).  The mesh cell design is explained in section 3.2.8.4, 

where a schematic diagram of it is shown (Figure 3.2.14.). This accessory was designed 

in order to meet some characteristics to be implemented in oil oxidation studies under 

moderate conditions:  

1. It should allow the oxidation in situ and should be easily removed from the 

spectrometer without disrupting oxidation study. 

2. It should be low cost and simple enough to build in a reproducibly way so 

that a set of them can be produced. Then, oxidation studies of different 

samples can be conducted in parallel under the same conditions, each sample 

being loaded on a different mesh cell. 
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3. The path length should be stable to permit quantitative analysis.  

4. It should be robust, easy to clean, and reusable.  

4.1.1.1. Mesh material. 

The mesh material has to meet two main requirements. Firstly, it should have 

good infrared (IR) transmission characteristics and allow obtaining a good signal-to-

noise ratio. Secondly, the mesh should have a good ability to retain oil and to keep a 

certain amount of oil retained in the mesh due to the superficial tension. The initial work 

of García-González and Van de Voort (2009) determined that stainless steel was the best 

material to build this FTIR accessory. They tested several materials (stainless steel, nylon, 

polyester and polypropylene) and determined that stainless steel was the most 

appropriate one due to its IR characteristics and its capacity to retain oil.  

In order to verify the adequacy of stainless steel mesh for this application, the 

spectra of a mesh assembled in an empty cell (no oil loaded) were examined together 

with the spectra of the same cell assembled with polyester, polypropylene, and nylon. 

Figure 4.1.1 shows the VOO spectra acquired using the cells assembled with the different 

materials (A) and the VOO spectra acquired with ATR-FTIR spectroscopy (B). According 

to its IR characteristics, the stainless steel showed the most appropriated material since 

it cannot interfere with the VOO absorption profile (Figure 4.1.1.B). Although a tilt of the 

baseline is observed due to the metal scatters the IR beam, stainless steel showed no 

absorption band in the spectral range considered. Whereas polyester, polypropylene and 

nylon showed the disadvantage that they absorb in some regions of the spectra, and 

therefore they can hide some chemical changes produced in VOO during the 

experiment. Thus, these materials highly interfere in the ranges 3700 – 3000 cm-1 and 

1500 – 800 cm-1. As it is shown in Figure 4.1.1.B, VOO intensely absorbed in these both 

ranges, due to the absorption assigned to OH stretching vibration (3700 – 3400 cm-1) (Van 

De Voort et al., 2001), C-H stretching vibration (3000 – 2800 cm-1) (Sikorska et al., 2014) 

and several abortions in the fingerprint region (1500 – 900 cm-1) associated with the 

scissoring and bending vibrations of the methyl group and the C-H out-of-plane 

deformation (Guillén and Cabo, 1997). The fact that these materials absorbed in these 

regions makes them not appropriate for the study of oxidative stability of VOO, because 



 

 
91 

 RESULTS AND DISCUSSION 

they do not allow the monitoring of some groups of compounds, such as hydroperoxides 

(3430 cm-1) or alcohols (3535 cm-1), which are closely related to the oxidation process. 

 

Figure 4.1.1. Spectra acquired of empty (no oil loaded) polyester, polypropylene, nylon, and 

stainless steel meshes assembled in a cell (A) and a VOO spectrum acquired using ATR (B). 

The functional groups identified in the ATR spectrum are marked. Furthermore, the spectral 

regions where the absorption of these materials interfere in the spectrum of VOO are indicated: 

3700 – 3000 cm-1 and 1500 – 800 cm-1. 

In addition to the better spectral characteristics, the stainless steel material was 

able to retain VOO in a stable manner longer than the other materials. Thus, mesh cell is 
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based on the fact that the oxidation of oil can be accelerated by increasing its surface-to-

volume ratio and then, the access of oxygen to the oil (Choe and Min, 2006). On the 

contrary, some materials, such as polyester and nylon, have some lipophobic 

characteristics, and consequently they repel the oil and after a while some of the cells 

could get empty. A mesh cell of stainless steel with a mesh number of 100 allowed 

retaining the oil for more than 3 weeks avoiding the loss of sample and changes in the 

path length during the incubation time.   

4.1.2. Selection of the amount of VOO loaded in the mesh cell. 

The VOO sample should be uniformly spread out in the mesh, which is retained 

as a result of the surface tension or the adhesive forces between the VOO and the mesh 

material. The optimum VOO amount will provide stability to the effective path length 

of the mesh cell and avoid the risk of losing VOO sample during the incubation time. 

Four different amounts (15, 16, 18 and 20 L) of the same VOO (henceforth ‘test sample’) 

were loaded into the mesh cells and they were kept in the dark at room temperature (23 

C) during 4 hours. The analysis was carried out in triplicate; thus 12 mesh cells were 

loaded with VOO. The range of VOO amount (15 – 20 L) was selected to base on the 

previous works (Tena et al., 2017; Tena et al., 2018). Two spectra were acquired; one was 

obtained at the beginning of the experiment (0 hours) and other after the incubation in 

mesh cell during 4 hours. Figure 4.1.2 shows the spectral range 5000 – 3800 cm-1 obtained 

per each amount of VOO in both incubation times commented above. This spectral range 

was used because in this region the peak corresponding to the maximum of the CH 

combination band (at 4333 cm-1). The absorbance value of this band is proportional to 

the VOO amount loaded on the mesh. Then, its variation during the first hours of 

incubation would point out some modifications of VOO amount and provide 

information about which amount is more convenient to keep the oil thickness stable into 

the mesh cell. According to the spectra showed in Figure 4.1.2, some variations between 

the spectra recorded at 0 hours and 4 hours were detected, highlighting the changes 

underwent when the VOO amount of 20 L was used. Furthermore, the relative 

standard deviation of the absorbance value at 4333 cm-1 of the spectrum acquired in both 

moments of the VOO incubation in mesh cell was calculated for each VOO amount. 
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Table 4.1.1 shows the mean value of the absorbance at 4333 cm-1 measured in triplicate 

per each amount of VOO, together with the corresponding standard deviation (SD) and 

relative standard deviation (%RSD).  

 
Figure 4.1.2. Spectra recorded at 0 and 4 h of incubation of different amounts of VOO incubated 

in mesh cell. The spectral range 5000 – 3800 cm-1 is shown, where the peak at 4333 cm-1 was 

located. 

According to the %RSD showed in Table 4.1.1, the experiment using 20 L of VOO 

showed the highest %RSD. In this case, the VOO could not be retained in the mesh by 

surface tension due to the excess of VOO used. In spite of taking away the drops found 

in the mesh, some spreading of the oil along the mesh was observed during the 

experiment (Figure 4.1.2). The VOO showed to be more settled when the amount loaded 

into the mesh is lower (Figure 4.1.2). The experiment with 16 L of VOO showed the 

lowest %RSD. The VOO was homogeneously distributed on the mesh and the 

absorbance values obtained in both moments showed that the VOO film kept its 

thickness constant during the experiment (Figure 4.1.2). For that reason, 16 L was 

selected as the optimum VOO amount to carry out further studies.  
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Table 4.1.1.  Mean value of the absorbance at 4333 cm-1 measured in triplicate per each amount 

of VOO. The absorbance was obtained at 0 and 4 hours of VOO incubation in mesh cell. The 

relative standard deviation (%RSD) of the absorbance value between both times is also shown.   

Amount of 

VOO (µL) 

Incubation time in mesh cell 
%RSD 

0 hours 4 hours 

15 0.353 ± 0.008 0.337 ± 0.006 3.22 

16 0.303 ± 0.002 0.297 ± 0.002 1.59 

18 0.269 ± 0.001 0.260 ± 0.009 2.52 

20 0.444 ± 0.007 0.412 ± 0.017 5.20 

 

4.1.3. Determination of the mesh cell effective path length. 

The next step of this study was to determine the effective path length of mesh cell 

equipped with a mesh number of 100, with a wire thread diameter of 0.11 mm and a 

light of 0.144 mm. The path length is linked to the amount of sample (section 3.2.8.5) and 

at the same time, the amount of sample is related to the intensity registered by the 

detector. Thus, working under a constant and known optical path length allowed 

comparing the results obtained from different mesh cells and different samples. Thus, 

qualitative and quantitative analyses involve working under a constant and known 

optical path length.  

In our case study, the accessory proposed (mesh cell) consists of a stainless steel 

mesh to deposit the oil sample, instead of two windows founds in transmission cells. 

Thus, in the mesh cell, the path length is not determined by the distance between two 

windows. In this case, the effective optical path length would depend on the thickness 

of the oil layer obtained after loading the VOO sample in the mesh. 

The effective path length of mesh cell was determined by comparing the signals 

with those obtained with a demountable transmission cell of CaF2 with spacers of 

different thickness (0.05, 0.10, 0.20, 0.50, 1.00 mm) and, hence, different path lengths. The 

procedure to calculate the optical path length of this transmission cell was explained in 

section 3.2.8.5. 

Table 4.1.2 shows the optical path lengths calculated for the transmission cell 

equipped with the different spacers. The results showed that the optical path length 

increased as the spacer dimension increased.  
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Table 4.1.2. Optical path length (OPL) of each spacer assembled in the CaF2 transmission cell. 

The range of wavenumbers and the number of peaks used to calculate the path length 

according to the procedure explained in section 3.2.8.5 is also shown. 

Spacers of CaF2 

transmission cell 

(mm) 

Range of 

Wavenumber (cm-1) n 

Optical path 

length 

(OPL) v2 v1 

0.05 4874 3872 10 49.90 

0.10 4773 4326 10 111.86 

0.20 4866 4620 10 203.25 

0.50 3537 3435 10 490.20 

1.00 4559 4473 9 523.26 

 

Once the path lengths of the transmission cell with different spacers were known, 

the spectra of a VOO (test sample) were acquired using the same spacers. The absorbance 

assigned to the maximum of the CH combination band at 4333 cm-1 was used, because 

this spectral band (4333 cm-1) is proportional to the VOO amount loaded into the mesh 

cell, which is also related to the effective path length (García-González and Van de Voort, 

2009). These data of absorbance were used to obtain a calibration equation relating path 

length to the peak height at 4333 cm-1 of the VOO sample (test sample), measured relative 

to a single-point baseline at 4550 cm-1, following the procedure described by García-

González and Van de Voort (2009). Figure 4.1.3 shows the calibration curve obtained.  

The calibration equation obtained was:  

𝑦 = 0.0045𝑥 − 0.22 (R2 = 0.990) 

 

Figure 4.1.3. Calibration curve obtained by recording the peak height at 4333 cm-1 

(relative to a single-point baseline at 4550 cm-1) of VOO named as test sample using a 

demountable transmission cell with different optical path lengths.  
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After obtaining the calibration equation, the spectrum of the same VOO sample 

(test sample) was collected by loading the oil in mesh cell. Four mesh cells were used 

and the analyses were run in duplicate. The peak height of 4333 cm-1 (base line at 4550 

cm-1) were also recorded with mesh cell, which are shown in Table 4.1.3. These data were 

processed through the calibration equation to determine the effective path length of 

mesh cell. The results revealed that the effective path length of mesh cell was 109.94 m.  

Table 4.1.3. Peak heights of the spectral band at 4333 cm-1 (baseline at 4550 cm-1) using mesh 

cell-FTIR spectroscopy.  

Mesh cell used Replicates 
Peak height at 4333 cm-1 

(baseline at 4550 cm-1) 

Mesh cell 1 
1 0.211 

2 0.213 

Mesh cell 2 
1 0.298 

2 0.303 

Mesh cell 3 
1 0.279 

2 0.204 

Mesh cell 4 
1 0.305 

2 0.304 

4.1.4. Repeatability study and normalisation procedure.  

When the sample is loaded in the mesh cell, the surface tension makes the oil 

thickness to be stable over time. However, previous experiences pointed out that 

possible fluctuations in FTIR absorptions recorded with the mesh cells can be observed 

due to: 1) polymerization of the oil because of oxidation, which produces a change in the 

surface tension, and, therefore, a change in the sample thickness and the effective path 

length; 2) some openings in the mesh are sometimes emptied, reducing the absorption 

of the sample and the effective path length. Figure 4.1.4 shows a photography of the 

mesh openings with the sample and the same openings empty (no sample) when the 

mesh cell was incubated for a long time (1 month).    

 

Figure 4.1.4. Photography (digital handheld microscope) of the mesh openings with 

the sample and empty openings (no sample) when the mesh cell was incubated for 

one month.    
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A change in the effective path length would involve a change in the intensity of 

the recorded FTIR bands. Therefore, to perform studies of the oil alteration over time, 

these changes need to be studied. In order to know the stability of the effective path 

length during the VOO incubation into mesh cell, a repeatability study was carried out. 

With this purpose, the peak height at 4333 cm-1 was monitored during 576 h in 6 mesh 

cells loaded with the same VOO (sample VOO1). This band, which is proportional to the 

VOO amount loaded on the mesh, is not affected by oxidation and, then, it should be 

invariant during the experiment (García-González and Van de Voort, 2009). 

Nevertheless, some spreading of the oil along the mesh may happen during the 

incubation time, causing the variation of the VOO film thickness and, consequently, the 

modification of the effective path length during the experiments. Thus, the repeatability 

study of the band at 4333 cm-1 can be used to check if the analysis has been affected by 

some changes in the distribution of the oil into the mesh in addition to the errors 

associated to the measurements. Table 4.1.4 shows the absorbance at 4333 cm-1 (relative 

to a single-point baseline at 4550 cm-1) measured each 24 h during 576 h of incubation in 

mesh cell. Furthermore, the mean value, the standard deviation (SD) and the relative 

standard deviation (%RSD) of each mesh cell were also shown. The relative standard 

deviation values were lower than 12% in all of the mesh cells, which revealed that the 

band located at 4333 cm-1 did not undergo major changes during the VOO incubation 

into mesh cell.  

Despite %RSD of the absorbance value at 4333 cm-1 did not show important 

changes, a normalisation procedure was implemented. The normalisation procedure 

applied in this study was previously designed and successfully tested by García-

González and Van de Voort (2009). This procedure allows correcting the possible 

changes of the path lengths over time and, consequently, it allows the comparison 

between the results obtained from different mesh cells or different sample loadings on a 

quantitative basis. This procedure is based on the fact that the band at 4333 cm-1 is 

proportional to the VOO amount loaded into the mesh cell.  
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Table 4.1.4. Absorbance at 4333 cm-1 relative to a single-point baseline at 4550 cm-1 measured 

during 576 h of the same VOO incubated into 6 mesh cells. A spectrum is acquired every 24 h. 

The mean values, the standard deviations (SD) and the relative standard deviations (%RSD) of 

the absorbance values per each mesh cell are shown before and after the normalisation 

procedure was implemented.   

Incubation time (hours) Mesh cell 1 Mesh cell 2 Mesh cell 3 Mesh cell 4 Mesh cell 5 Mesh cell 6 

0 0.277 0.273 0.240 0.286 0.308 0.237 

24 0.254 0.272 0.246 0.285 0.318 0.232 

48 0.263 0.268 0.243 0.286 0.314 0.228 

72 0.257 0.265 0.244 0.285 0.313 0.225 

96 0.240 0.259 0.244 0.285 0.306 0.222 

120 0.245 0.255 0.244 0.285 0.306 0.219 

144 0.249 0.250 0.245 0.285 0.305 0.215 

168 0.253 0.247 0.245 0286 0.306 0.211 

192 0.234 0.242 0.242 0.283 0.302 0.209 

216 0.244 0.239 0.243 0.282 0.300 0.207 

240 0.241 0.237 0.235 0.280 0.295 0.205 

264 0.237 0.233 0.240 0.277 0.293 0.202 

288 0.234 0.229 0.239 0.278 0.290 0.197 

312 0.230 0.225 0.240 0.278 0.290 0.195 

336 0.228 0.220 0.240 0.279 0.289 0.190 

360 0.220 0.209 0.239 0.276 0.287 0.183 

384 0.220 0.217 0.236 0.272 0.284 0.188 

408 0.214 0.211 0.236 0.274 0.283 0.186 

432 0.206 0.201 0.235 0.271 0.272 0.183 

456 0.206 0.202 0.234 0.271 0.271 0.180 

480 0.205 0.203 0.233 0.270 0.271 0.177 

504 0.206 0.204 0.232 0.268 0.271 0.175 

528 0.202 0.201 0.231 0.266 0.262 0.175 

552 0.196 0.198 0.225 0.256 0.262 0.173 

576 0.193 0.194 0.222 0.248 0.262 0.171 

Without normalisation procedure 

Mean value 0.230 0.230 0.238 0.276 0.290 0.199 

SD 0.023 0.026 0.006 0.010 0.017 0.020 

%RSD 9.851 11.221 2.615 3.519 6.020 10.208 

Normalisation procedure implemented 

Mean value 0.191 0.191 0.191 0.191 0.191 0.191 

SD 0.000a 0.000a 0.000a 0.000a 0.000a 0.000b 

%RSD 0.077 0.100 0.079 0.092 0.062 0.083 

 Note: a The SD value was 0.0002; b the SD value was 0.0003.  
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The factor used to carry out the normalisation described above was calculated 

using the following equation, where the peak height at 4333 cm-1 (relative to a single-

point baseline at 4550 cm-1) obtained with a transmission cell with a path length of 110 

m was divided by the peak height of the same band in the spectra obtained with a mesh 

cell. 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =  
0.202

𝑃𝑒𝑎𝑘 ℎ𝑒𝑖𝑔ℎ𝑡 𝑎𝑡 4333 𝑐𝑚−1    

  Where:  

- 0.202 is the peak height at 4333 cm-1 relatives to a single-point baseline at 4550 

cm-1 obtained with a transmission cell with a path length of 110 m. 

In order to assess the effect of the normalisation procedure over the precision of 

the method, the spectra obtained in the repeatability study with six mesh cells were 

previous normalised before computing the peak height at 4333 cm-1. After that, the 

%RSD during the entire incubation time (576 h) was calculated again for each one of the 

mesh cells. Table 4.1.4 shows the mean value, the standard deviation and the relative 

standard deviation of the absorbance of this band during the experiment when the 

normalisation procedure is implemented. The %RSD values were lower than 0.10% in 

the 6 mesh cells when they were previous normalised.  

Furthermore, the normalisation effect upon the VOO spectrum is shown in 

Figures 4.1.5 and 4.1.6. These figures show two different results obtained from the same 

spectra. Figure 4.1.5 shows the peak height changes of the band assigned to the isolated 

trans double bonds at 967 cm-1 for the VOO incubation during 576 h. Figure 4.1.5 - A 

corresponds with the data obtained from the raw spectra, i.e. the spectra without any 

pretreatment, whereas Figure 4.1.5 - B belongs to the data obtained from the spectra 

previously pretreated with the normalisation procedure. Although the results of the 

peak height of isolated trans double bonds showed a linear response during the VOO 

incubation in mesh cell, the values obtained from the raw spectra (Figure 4.1.5 - A) were 

affected by some variations in the path length, which prevents the data to fit properly to 

the linear regression. However, when the normalisation procedure is implemented, the 

data acquired are much better adjusted to the linear regression (Figure 4.1.5 - B).  
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Figure 4.1.5. Peak heights of the band assigned to the isolated trans double bonds at 967 cm-1 in 

VOO1 during 576 h of incubation computed from the raw (A) and normalised (B) spectra.  

Furthermore, Figure 4.1.6 shows the region of the spectra corresponding to the CH 

combination band (4333 cm-1) for both cases (before and after spectral normalisation) during the 

incubation time (576 h). The effect of the normalisation procedure is also revealed in this figure, 

where the variation of this region (Figure 4.1.6 - A) is corrected after implementing the 

normalisation procedure (Figure 4.1.6 - B). The effect of the incubation time can cause variations of 

the distribution or the thickness of the oil, which is corrected by the implementation of the 

normalisation procedure.   

 
Figure 4.1.6. Spectra of VOO1 obtained during the incubation before (A) and after (B) applying 

the normalisation procedure. The spectral region displayed is where the CH combination band 

(4333 cm-1) is located.   

The repeatability study carried out in the spectra before and after the 

normalisation procedure proved that the normalisation procedure is able to compensate 

the changes in the path length during the VOO incubation in mesh cell. It allowed 

comparing the spectra acquired using different mesh cells and, as well as sample 

loadings. 



 

 
101 

 RESULTS AND DISCUSSION 

4.1.5. Selection of the most informative spectral regions. 

The application of mesh cell is focused on monitoring the chemical changes of 

VOO emulating the conditions found when the VOO is being transported or stored. For 

that purpose, the study of the changes in the spectra when VOO is incubated in mesh 

cell under different conditions essentially involves determining the spectral regions that 

are involved in the oxidation process.  

Firstly, those regions that were off-scale due to the strong absorption of some 

functional groups that exceeded the available source of energy were identified to be 

ignored in further studies. Mesh cell-FTIR spectroscopy allows the amplification of 

spectral signals that are typically characterised by a low absorbance (García-González et 

al., 2013a), but this technique also produces the amplification of other spectral regions 

that are characterised with high absorbance values and thereby they are placed in the 

off-scale signal range. In order to illustrate the amplification of the spectrum obtained 

with mesh cell and identify the spectral regions that are off-scale, Figure 4.1.7 shows two 

FTIR spectra acquired with two accessories, mesh cell and ATR, the latter being an 

accessory that permits keeping all the absorption bands on-scale. The off-scale spectral 

regions in the mesh cell-FTIR spectrum are highlighted by rectangles. These three 

regions corresponded with the main functional groups in VOO: (i) the range of 3007 – 

2853 cm-1 corresponded to the C-H stretching vibration and the intense bands at 2924 

and 2853 cm-1 are assigned to asymmetric and symmetric stretching vibrations of CH2 

groups of the fatty acid chains (Guillén and Cabo, 1997; García-González et al., 2013a), 

(ii) the intense peak found at 1746 cm-1 is ascribed to C=O stretching vibrations of the 

carbonyl group in ester linkages between fatty acids and glycerol (Sikorska et al., 2014), 

(iii) the range of 1500 – 900 cm-1, the fingerprint region, shows several absorption due to 

different chemical species (Dubois et al., 1996; García-González et al., 2013a; Che Man et 

al., 2010). The maximum intensity in the later region is located at 1163 – 1097 cm-1 and 

723 cm-1, which are assigned respectively to C-O stretching vibration and CH2 rocking 

vibration (Guillén and Cabo, 1997). 
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Figure 4.1.7. Spectra of the test sample (section 3.1.1) acquired by mesh cell-FTIR 

and ATR-FTIR spectroscopies. The spectral regions with off-scale absorbance are 

marked by rectangles and their related functional groups are indicated. 

Once the off-scale regions were identified, the spectral regions that were more 

susceptible to change during the incubation of VOO were selected. For this purpose, the 

test sample (section 3.1.1) was loaded into six different mesh cells and they were exposed 

to six different storage conditions during 328 h (approximately 14 days). The conditions 

used were selected in order to represent the different kinds of degradation that an oil 

undergo during its shelf life. Thus, Figure 4.1.8 shows the six different conditions used 

grouped according to the different processes that they emulate. The conditions were: (1) 

dark and room temperature (23 C), (2) dark and moderate temperature (35 C and 65 

C), and (3) light with different intensities (400 lx, 1000 lx and 7000 lx) at room 

temperature (23 C). The first group of conditions (1) represented the alterations 

associated to the autoxidation processes. This temperature is normally found in retail 

stores and warehouse with air conditioning. The second group of conditions (2) emulate 

the temperature that VOO can be accidentally exposed during storage or transportation 

without temperature control. Finally, the third group of conditions (3) emulate 

photooxidation at different degrees by applying three different light intensities. The 

lowest value (400 lx) was used to carry out an experiment with mesh cell because it is 
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the light intensity typically found in supermarkets. Whereas 1000 lx and 7000 lx were 

applied to assess the influence of different light intensities in the kinetics changes of the 

spectroscopic bands over time. Then, the combination of all these conditions permits to 

assess the influence of temperature and light (individually or combined) on VOO 

degradation. 

 

 

Figure 4.1.8. Chart of the six different conditions used in the experiments, which are grouped 

according to the process being emulated. 

 

In order to identify the spectral regions susceptible to changes during the storage 

conditions, the cumulative variance was used. The cumulative variance was appropriate 

for studying chemical changes at moderate conditions because it is able to maximise 

changes that were not observed easily in the raw spectra (García-González and Van de 

Voort, 2009). This procedure was computed on the spectra collected daily during the 

entire experiment (328 h) for the different storage conditions. The cumulative variance 

results revealed that there are three spectral regions with a remarkable variation. Figure 

4.1.9 shows the spectra acquired during the experiment at 400 lx and 23 °C, as an 

example, where the selected spectral regions are marked with rectangles.  
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Figure 4.1.9. Spectra acquired for the test sample incubated in mesh cell under 400 lx and 23 °C 

during 328 h. The three spectral regions selected from the cumulative variance study are 

marked with rectangles.  

The spectral region I (3700-3100 cm-1) is assigned to the OH stretching (García-

González and Van de Voort, 2009). Table 4.1.5 shows the bands located in the spectral 

region I that are subjected to changes when VOO was incubated in mesh cell under 

different conditions. Furthermore, this table also shows the chemical assignments of 

each band.  

Table 4.1.5. FTIR bands located in the spectral region I (3700 – 3100 cm-1) that are subjected to 

changes when VOO was incubated in mesh cell under different conditions. The chemical 

assignments of the bands are described. 

Position (cm-1) Assignment 

 3535 R-OH, alcohols, hydroxyl groups. 

 3475 O-C=O, ester linkage carbonyl overtone band. 

 3430 R-OOH, OH stretching vibration of hydroperoxides. 

 

Figure 4.1.10 shows the cumulative variance spectra of the spectral region I for 

the test sample incubated in mesh cell under the six different storage conditions. The 

changes observed in this spectral region provide information about the early stages of 

the oxidative process, because it revealed the formation of primary oxidation products 

(Morales and Przybylski, 2013; Tena et al., 2018), mainly hydroperoxides whose 

absorption band is located at 3430 cm-1 in the spectrum. The cumulative variance spectra 
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showed that the band assigned to the hydroperoxides increased in all experiments 

(different incubation conditions), nevertheless its increment during the experiments is 

different according to the conditions used. Then, the highest intensity was registered 

when the sample was kept in the dark at 65 C, in which this band reached an absorbance 

value of 0.28 absorbance units (AU). Whereas, the other experiments carried out with 

lower temperature, 23 C and 35 C, showed less variance (0.019 and 0.14 AU, 

respectively) compared with the experiment at 65 C (0.28 AU) and at 1000 and 7000 lx 

(0.17 and 0.21 AU, respectively). It is remarkable that, although these experiments (23 C 

and 35 C) showed the lowest changes in this band, they showed large differences in the 

absorbance values between the two temperatures, which highlights the different kinetics 

and oxidation mechanisms that take place at different storage conditions, even when the 

difference of temperature is not very large (12 C).  

 

Figure 4.1.10. Cumulative variance spectra of the spectral region I (OH stretching region) for 

the test sample incubated in mesh cell under the six different storage conditions. The band 

assigned to hydroperoxides (ROOH) and alcohols (ROH) are also marked.  
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Regarding the experiments applying light, the intensity of the hydroperoxide 

band increased with the intensity of the light in a nonlinear way. Thus, the experiment 

at 400 lx and 23 °C showed an absorbance value of this band of 0.08 AU, the experiment 

at 1000 lx showed a value of 0.17 AU and the experiment at 7000 lx showed a value of 

0.21 AU. These compounds are unstable and they are rapidly derived to secondary 

oxidation products, such as alcohols, which can also be monitored in this region 

(Frankel, 2005a; Morales and Przybylski, 2013). The band assigned to alcohols is located 

at 3535 cm-1 (Sikorska et al., 2014). This band also showed its highest intensity when the 

sample is exposed at 65 C (Figure 4.1.10). The changes of variance spectra at this 

wavenumber were not so evident for the other experiments although a slight shoulder 

is observed in the cumulative variance spectra of the experiment carried out at 35 °C. 

The spectral region II (1850 – 1550 cm-1) was assigned to C=O stretching (Sikorska 

et al., 2014). Different functional groups can be assigned in this region, which are shown 

in Table 4.1.6. The bands observed in this region showed different behaviours depending 

on the storage conditions. Figure 4.1.11 shows the variance spectra of the spectral region 

II for the test sample incubated in mesh cell under the six different storage conditions. 

The band assigned to unsaturated aldehydes (1685 cm-1) showed the highest intensity 

when the oil is kept in dark at 65 C. These compounds are secondary oxidation products 

and they include, among others, volatile compounds that are responsible for the off-

flavour in oxidised oils (Morales and Przybylski, 2013). Furthermore, other two bands 

assigned to ketones were found in the variance spectra of the VOO stored at 65 C. One 

of them was located at 1780 cm-1 and it is assigned to C=O of ketones in cyclic structures, 

probably in cyclobutanone derivatives (Socrates, 1994). The second one is also ascribed 

to ketones, which is located at 1630 cm-1 (Van de Voort et al., 2001). However, the 

maximum variation was observed in other locations when the sample was exposed to 

the other storage conditions. Thus, a pronounced shoulder at 1672 cm-1 was found when 

samples were exposed to light at different intensities, while it was not observed when 

the VOO was incubated at 35 C and 65 C (Figure 4.1.11). This band is assigned to 

conjugated aliphatic aldehydes that were typically originated from the oxidation 

reactions (Dubois et al., 1996; Choe and Min, 2006). Other remarkable change was 

observed in the band at 1711 cm-1 in the experiment carried out with different light 
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intensities. This band corresponded to the stretching vibration of the carbonyl groups of 

the free fatty acids (FFA) (Sikorska et al., 2014).  

Table 4.1.6. FTIR bands located in the spectral region II (1850 – 1550 cm-1) that are subjected to 

changes when VOO was incubated in mesh cell under different conditions. The chemical 

assignments of the bands are described. 

Position (cm-1) Assignment 

 1780 R-C=O, cyclobutanone derivatives. 

 1750 R-O-C=O, carbonyl absorption of the triglyceride ester linkage. 

 1711 RCOOH, free fatty acid. 

 1685 RR`C=C-CHO, unsaturated aldehydes. 

 1672 Conjugated aliphatic aldehydes. 

 1630 Ketones. 

 

 

Figure 4.1.11. Cumulative variance spectra of the spectral region II (C=O stretching 

region) for the test sample incubated in mesh cell under the six different storage 

conditions. The band assigned to ketones, unsaturated aldehydes (RR’C=C-CHO), 

carbonyl group of the free fatty acids (FFA) and conjugated aliphatic aldehydes 

(conjugated-CHO) are marked.  

Finally, the spectral region III (1000 – 800 cm-1) was assigned to alkene C-H 

deformation vibration. Table 4.1.7 shows the four bands that underwent the highest 
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changes in this region during the incubation time. Figure 4.1.12 shows the variance 

spectra of the region III for the test sample incubated in mesh cell under the six different 

conditions. The most relevant changes in this region were found at 967 cm-1 and 987 cm-

1. The first one (967 cm-1) corresponded to the absorption of isolated trans double bonds 

(Guillén and Cabo, 1997) and the second one corresponded to the absorption of 

conjugated trans double bonds (Russin et al., 2003). The changes in these bands are 

related to the loss of cis double bonds (Li et al., 2000). The band assigned to isolated trans 

double bonds was clearly observed in the experiments at 65 C and at different light 

intensities (Figure 4.1.12). The variance spectra of the sample kept at 23 C and 35 C 

underwent less remarkable changes than in the other experiments, and they were just 

characterised by a small change at 987 cm-1.  

Table 4.1.7. FTIR bands located in the spectral region III (1000 – 800 cm-1) that underwent 

changes when VOO was incubated in mesh cell under different conditions. The chemical 

assignments of the bands are described. 

Position (cm-1) Assignment 

 987 Trans C=C-H conjugated. 

 967 Trans C=C-H isolated. 

 903 Vinyl hydrocarbon -CH=CH2, CH2. 

 860 Vinyl ester CH2=CHOCOR, CH2 out of scale. 

 

The results obtained from the variance spectra revealed that the chemical 

degradation of the VOO evolved in a different way depending on the storage conditions, 

even at moderate temperature and light (Choe and Min, 2006; Trypidis et al., 2019). In 

order to monitor the degradation of the oil during the incubation at different conditions, 

it is necessary to select bands (henceforth monitoring bands) that are easily measured in 

all the oils and in all the conditions and allows establishing differences in the oil stability. 

Thus, although other bands may appear in the spectra as a consequence of oil 

degradation, these monitoring bands should be easily identified to track degradation at 

qualitative and quantitative terms. Considering the cumulative variance spectra of all 

the identified bands (Tables 4.1.5 - 4.1.7), three monitoring bands were selected for 

showing the highest variance values and thereby informing better about oxidation 

process. The three selected bands were the following: 
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- The band assigned to hydroperoxides (3430 cm-1) (Figure 4.1.10), which 

informs on the formation of the primary oxidation products and about the 

induction period of the samples.  

- The band assigned to alcohols (3535 cm-1) (Figure 4.1.10), informing on 

secondary oxidation product.  

- The band assigned to unsaturated aldehydes (1685 cm-1) (Figure 4.1.11). Like 

the last one, this band is associated to the advanced stage of the oxidation 

process.  

 

Figure 4.1.12. Cumulative variance spectra of the region III (alkene C-H deformation vibration) 

for the test sample incubated in mesh cell under the six different conditions. The bands 

assigned to conjugated trans double bonds (conjugated -CH=CH-) and isolated trans double 

bonds (isolated-CH=CH-) are marked.  

Then, these three bands provide information about oxygenated compounds 

produced in the samples undergoing oxidation (Dubois et al., 1996).  Furthermore, the 

bands assigned to conjugated and isolated trans double bonds, which are located at 987 

and 967 cm-1 respectively, were considered to study the degradations of the VOO during 
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its shelf life in those cases where a change in these bands were remarkable. Although 

they are not related to the oxidation process, they can provide certain information about 

the oil degradation and the quality state.   

4.1.6. Baseline point selection. 

The study of the effect of the oxidation process upon the different spectral bands 

that were selected requires tracking the intensity of each band by computing their peak 

heights. To do this, selecting a single-point baseline per each band was necessary. The 

baseline point works as a reference point to measure the peak height, which was kept 

constant during the entire experiment and permit the comparison of the data obtained 

from a sample during its incubation in different mesh cells and also the comparison 

between different samples. The selected baseline points may also be affected by some 

absorbance and it may affect the results (Collares et al., 2014). Thus, a study was carried 

to select the most appropriate baseline points.  

The baseline points were selected under the basis that they should allow the 

measurement of the peak heights and the latter should represent well the tendency of 

the band during the incubation and avoid any misinterpretation due to the interferences 

from adjacent absorptions. Thus, Figure 4.1.13 shows the effect of wrong baseline point 

selection on the possible interpretation of the spectral band trend during the incubation 

time. This figure shows the spectral region where the hydroperoxides band is located 

and the peak height of the band assigned to hydroperoxides measured using a baseline 

at 4600 cm-1. When the peak heights of this band were obtained using 4600 cm-1 as single-

point baseline, the resulting values decreased over time, while the raw spectra show that 

peak heights of this band actually increased as the incubation time progressed.  

On the other hand, Figure 4.1.14 shows the peak heights of the same spectra 

calculated using the baseline point at 3324 cm-1. In this case, the peak heights values 

showed that the tendency of the band assigned to hydroperoxides increased during the 

incubation time, which corresponded to the actual trend observed in the raw spectra. 

The baseline point at 3324 cm-1 was finally selected to measure the peak height of the 

band assigned to hydroperoxides as it shows the most representative trend of spectral 

changes compared with other tested baseline points. 
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Figure 4.1.13. Spectral region (3700 – 3200 cm-1) where the hydroperoxide band (3430 cm-1) is 

located. The baseline point for computing the peak height (4600 cm-1) is indicated. Five spectra 

of the same sample acquired at five different incubation times are shown as well as the line plot 

of the peak heights of the hydroperoxide band against the incubation time.  

 

Figure 4.1.14. Spectral region where the hydroperoxide band (3430 cm-1) is located. Five spectra 

of the same sample acquired at five different incubation times are shown and the baseline 

points of 3324 cm-1. The peak heights measured with this baseline point are represented in a 

line plot against the incubation time.  
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The baseline points in the boundaries of the other studied bands were also tested 

with the same procedure. Table 4.1.8 shows the baseline points selected in each case.   

Table 4.1.8. Peak locations of the selected FTIR bands and the baseline points used in the peak 

height measurements (single-point baseline mode). 

Compounds Peak location (cm-1) Baseline (cm-1) 

Alcohols 3535 4600 

Hydroperoxides 3430 3324 

Aldehydes 1685 1576 

 

The peak height of the band assigned to isolated (967 cm-1) and conjugated (987 

cm-1) trans double bonds required a special care in the selection of the baseline points 

because they are located in the fingerprint region, where many other absorptions take 

place (Tena et al., 2013). For that reason, two different baseline points were selected for 

each band instead of performing a single-point baseline measurement. Thus, the band 

assigned to isolated trans double bonds was measured relative to 977 cm-1 and 938 cm-1, 

while the conjugated trans double bonds were measured relative to 1150 cm-1 and 977 

cm-1. These baseline points are indicated in Figure 4.1.15. 

 

Figure 4.1.15. Spectral region where the conjugated and isolated trans double bonds absorb. 

The diagram shows how the peak heights were calculated using a two-point baseline.  

4.1.7. Study of the behaviour of the monitoring FTIR bands under different 

incubation conditions. 

The selection of the baseline points for each band permitted the measurement of 

the peak heights, the latter being comparable between samples and conditions. The 

comparison of the results allows an assessment of which monitoring bands and 
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incubation conditions were able to reveal the most relevant differences in stability 

between VOOs. To this end, the four fresh VOOs (VOO1, VOO2, VOO3, and VOO4) 

were loaded in several mesh cells (one per each storage condition) and they were 

maintained during 328 h at six different incubation conditions: three of them applying 

temperature (23 °C, 35 °C and 65 °C) and the other three applying light (400 lx, 1000 lx 

and 7000 lx). Figure 4.1.16 shows the maximum intensities reached by the monitoring 

bands for the four VOOs incubated 328 h in mesh cell under the six conditions. 

Furthermore, in order to know which incubation condition was able to amplify the 

differences in stability of VOO, the relative standard deviation (%RSD) between samples 

was calculated for the monitoring band per incubation condition. Figure 4.1.17 shows 

the %RSD values of the three monitoring bands grouped according to the storage 

conditions. 

 

Figure 4.1.16. Maximum absorbance intensity reached by the monitoring bands assigned to 

hydroperoxides (3430 cm-1), alcohols (3535 cm-1) and aldehydes (1685 cm-1) for the four VOOs 

incubated in mesh cells under the six different conditions.  

- Experiment carried out in the dark at 65 °C: 

The experiment carried out in the dark at 65 C showed the maximum intensities 

in the three monitoring bands, as this was previously observed with the cumulative 

variance spectra (Figures 4.1.10, 4.1.11 and 4.1.12). In this experiment, the highest values 

were registered for the band assigned to aldehydes in the four VOOs with an absorbance 
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values in the range 0.95 – 1.13 AU. The maximum for this band was registered in VOO3, 

while the other VOOs showed absorbance values 7 - 16% lower.  

In the case of the bands assigned to hydroperoxides and alcohols, the highest 

intensity was found in VOO2, where these bands reached absorbance values of 0.85 and 

0.81 AU, respectively. However, these bands reached similar values in the other VOOs. 

The maximum intensity reached in VOO1, VOO3 and VOO4 was just a 10% 

(hydroperoxide band) and a 12% (alcohol band) lower than the intensity reached in 

VOO2.  

Thus, the storage condition at 65 C produced the most dramatic alteration of the 

oils. Nevertheless, the %RSD values calculated between the results obtained for each 

monitoring band did not reveal large difference in terms of stability between VOOs 

(Figure 4.1.17). In fact, the experiment carried out at 65 C presented the lowest %RSD 

values for the monitoring bands. 

 

Figure 4.1.17. %RSD values of the monitoring bands (bands assigned to hydroperoxides, 

alcohols and aldehydes) calculated between VOOs. The results are grouped according to the 

incubation conditions. 

- Experiments carried out in the dark and moderate temperature (23 °C and 35 °C): 

These experiments (23 C and 35 C) produced similar information to those found 

in the experiment at 65 C. VOO2 was the most unstable oil for the three bands. It showed 

the maximum intensity in the band assigned to hydroperoxides (Figure 4.1.16). The band 
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assigned to aldehydes showed an increment in all VOOs, however it revealed 

approximately the same trend in all the studied VOOs.  

The experiment carried out at 23 °C and 35 °C were able to generate more 

differences in stability between the oils, particularly the experiment at 35 C was 

characterised with the highest %RSD (Figure 4.1.17). In this experiment, the absorbance 

of the bands assigned to hydroperoxides and alcohols showed a %RSD value of 120% 

and 90%, whereas the absorbance obtained for the rest of the conditions showed a %RSD 

lower than 64%. Thus, the experiment carried out using 35 C was selected for a further 

study due to its capability to reveal stability differences between VOOs.  

All the results obtained in the experiments at different temperatures highlighted 

the large differences between the mechanisms and formation rates evolved in the 

oxidation process. They depend on the temperature applied, even at moderate 

temperatures.  

- Experiment carried out at different light intensities (400 lx, 1000 lx and 7000 lx) at 23 

°C: 

These experiments showed different information from those acquired with the 

experiments at moderate heating. The three selected bands reached their maximum 

values when the VOOs were incubated at 7000 lx, except in VOO2, where the highest 

intensity was found in the experiment at 1000 lx. The intensity of the studied bands 

increased in a non-linear way with the light intensity applied.  

The %RSD obtained in the experiments at different light intensities showed a 

range of variation of 20 – 40% for the bands assigned to hydroperoxides and alcohols. 

The highest %RSD for the band assigned to the hydroperoxides was found in the 

experiment at 400 lx (Figure 4.1.17), however, the experiment at 1000 lx showed similar 

%RSD values. The most radical experiment applying light (7000 lx) showed the lowest 

value of %RSD (Figure 4.1.17), because of the evolution of the hydroperoxides band was 

similar in all VOOs. According to the variation of the band assigned to alcohols, the 

experiment at 1000 lx showed the highest %RSD value. Nevertheless, all %RSD values 

were similar between them. Thus, 400 lx was selected as the light intensity for further 

studies since it was close to the real conditions found in a supermarket.  
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The results proved that the band assigned to aldehydes showed %RSD equal or 

lower than 10% in all the conditions, consequently this band would not allow a large 

differentiation between oils (Figure 4.1.17). Furthermore, the %RSD study revealed that 

the best storage conditions informing about differences in stability between samples 

were those in the dark and 35 C and those that the samples were exposed to light 400 lx 

and room temperature (23 C). These conditions showed high variability between the 

oils and they were also selected because they were close to the real conditions found in 

a supermarket shelf. The combination of these both conditions was also proposed to 

carry out another experiment to study the simultaneous effect of the light and the 

temperature at moderate intensity (400 lx and 35 C) and to optimise the procedure to 

apply these conditions. 

4.1.8. Optimisation of the equipment for VOO incubation in mesh cells.  

Once the best incubation conditions to study the oxidative stability of VOO were 

selected, the next step was to determine the instruments required to carry out the 

experiments. In these experiments, different mesh cells would be loaded with VOO and 

incubated under the selected conditions. Thus, a compartment or instrument was 

required to provide heat and light under controlled and adjustable conditions. Different 

instruments were considered, bearing in mind that they must comply with several 

requirements. Firstly, the conditions applied should be constant during the entire 

experiment, i.e. the temperature at 35 C or light intensity at 400 lx should be kept during 

the experiment. However, some slight variations were allowed, in the case of the 

temperature  2 C, and in the case of the light intensity  5 lx, which were considered 

technically possible and low enough to produce no effect on the experiments. Secondly, 

the instrument should distribute the heat and light on the mesh cells homogenously. 

Thirdly, the instrument used should have an equipment or the possibility to incorporate 

a heater and a light controller to control the conditions. Finally, the easy access to the 

incubated mesh cell inside the instrument or compartment should be the top priority, 

since the mesh cells would be extracted for measurements every 24 h.  
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With all these requirements in mind, different instruments were selected according to 

the conditions applied. Figure 4.1.18 shows the instruments tested in each experiment. 

These instruments are the following: 

1.- In order to perform the experiments where the mesh cells were incubated in 

the dark and 35 C, two different instruments were studied. One of them was a 

fan-less incubator and the other one was a lab heater equipped with a fan system 

(henceforth “incubator” and “laboratory heater”) (section 3.2.8.3).  

2.- To carry out the experiments with 400 lx and room temperature (23 C), mesh 

cells were incubated in a light/temperature controlled room equipped with a 

lamp and air conditioning (henceforth “light/temperature controlled room”) 

(section 3.2.8.3).  

 

Figure 4.1.18. Instruments tested in each experiment. 

3.- An in-house system, previously designed (Figure 3.2.11), was proposed to 

perform the experiments carried out at 35 C and 400 lx (henceforth “in-house 

system”) (Section 3.2.8.3). The experiment at 400 lx and 23 C can be performed 

with this instrument as well.  

4.- Finally, a new compartment specially designed for keeping the mesh cells 

under different conditions was proposed (henceforth “designed compartment”, 

Figure 3.2.12). This system was developed by the Food Traceability and Quality 
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Group at Instituto de la Grasa (CSIC) (Tena et al., 2018) and it includes a heat and 

a light source with a regulatory system, which can be used at different intensities 

(20 - 100 °C and 300-10000 lx). The heat and light sources can be used individually 

or together depending on the experiment in course. 

In order to evaluate the performance of these instruments providing stable 

measurements over time, a repeatability study was carried out. A fresh VOO (VOO2) 

(Table 3.1.1, section 3.1.1) was loaded in mesh cells and they were exposed under two 

different conditions, in dark and 35 C (Experiment I), and light (400 lx) at room 

temperature (23 C) (Experiment II), both conditions being reproduced using the 

different instruments mentioned above (Figure 4.1.18). The incubation time was 360 h. 

The experiment under each condition was carried out in triplicate, which means a total 

of 18 meshes being incubated. The absorbance value of the band assigned to 

hydroperoxides was registered every 24 h and the %RSD of this band was calculated 

every 24 hours per each instrument used, with the purpose of determining which 

instrument produced less variation during the incubation time and to check if this 

variation was constant over time. Table 4.1.9 shows the results of this repeatability study.  

In general terms, the repeatability study showed that the %RSD values increased 

as the incubation progressed. However, the data acquired when the mesh cells were 

incubated inside the designed compartment showed a %RSD lower than 10% in both 

experiments. On the contrary, the other instruments presented %RSD values much 

higher than 10% at the end of the incubation. The maximum %RSD value was observed 

for the experiment carried out in the light/temperature controlled room (88.52% at the 

end of the incubation).  

The repeatability study revealed that the designed compartment was the most 

appropriate to provide reproducible measurements between mesh cells subjected under 

the same conditions and it was consequently selected to carry out the next experiments. 
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Table 4.1.9. Repeatability study results of the experiments carried out in the dark and 35 °C 

and 400 lx and 23 °C using different instruments during an incubation time of 360 h. The mean 

values of the absorbance of the hydroperoxide band at 3430 cm-1 (Absorbance Hy) are shown 

as well as the relative standard deviation (%RSD) associated.  

Experiment I: Dark and 35 °C 

 Incubator Laboratory heater Designed compartment  

Hours Absorbance Hy %RSD Absorbance Hy %RSD Absorbance Hy %RSD 

0 0.015 ± 0.001 4.35 0.015 ± 0.001 6.37 0.016 ± 0.000 1.02 

24 0.015 ± 0.001 5.31 0.015 ± 0.001 5.72 0.015 ± 0.000 2.53 

48 0.014 ± 0.001 5.91 0.014 ± 0.001 3.70 0.015 ± 0.000 1.36 

72 0.016 ± 0.001 5.48 0.015 ± 0.001 5.36 0.015 ± 0.000 1.64 

96 0.015 ± 0.001 4.25 0.015 ± 0.001 5.16 0.015 ± 0.000 2.34 

120 0.016 ± 0.001 5.21 0.014 ± 0.001 5.82 0.015 ± 0.000 1.25 

144 0.015 ± 0.001 4.25 0.015 ± 0.001 6.02 0.015 ± 0.001 2.22 

168 0.017 ± 0.001 3.53 0.016 ± 0.002 10.71 0.016 ± 0.001 3.67 

192 0.018 ± 0.001 6.40 0.017 ± 0.001 8.61 0.015 ± 0.000 3.16 

216 0.018 ± 0.002 11.07 0.017 ± 0.001 5.37 0.016 ± 0.001 3.31 

240 0.019 ± 0.003 13.50 0.018 ± 0.002 8.78 0.016 ± 0.000 0.87 

264 0.019 ± 0.002 11.34 0.019 ± 0.002 10.89 0.016 ± 0.000 2.11 

288 0.019 ± 0.002 11.69 0.019 ± 0.002 10.77 0.016 ± 0.001 2.05 

312 0.020 ± 0.002 12.14 0.020 ± 0.002 10.91 0.016 ± 0.000 1.29 

336 0.021 ± 0.003 14.21 0.020 ± 0.002 10.50 0.017 ± 0.000 2.44 

360 0.022 ± 0.004 17.74 0.021 ± 0.003 13.93 0.017 ± 0.001 3.42 

Experiment II: 400 lx and 23 °C 

 
Light/temperature 

controlled room 
In-house system Designed compartment  

Hours Absorbance Hy %RSD Absorbance Hy %RSD Absorbance Hy %RSD 

0 0.016 ± 0.001 3.56 0.015 ± 0.001 6.82 0.013 ± 0.001 4.62 

24 0.015 ± 0.000 1.81 0.016 ± 0.001 4.58 0.012 ± 0.000 1.62 

48 0.029 ± 0.022 76.14 0.029 ± 0.013 42.81 0.013 ± 0.000 3.09 

72 0.111 ± 0.083 74.31 0.081 ± 0.063 78.21 0.016 ± 0.001 3.38 

96 0.134 ± 0.101 75.95 0.110 ± 0.080 72.80 0.017 ± 0.001 3.24 

120 0.086 ± 0.055 73.23 0.109 ± 0.082 72.59 0.019 ± 0.001 2.59 

144 0.106 ± 0.095 79.05 0.100 ± 0.080 73.05 0.019 ± 0.000 2.34 

168 0.096 ± 0.075 78.33 0.110 ± 0.081 73.45 0.021 ± 0.001 2.22 

192 0.086 ± 0.076 88.82 0.112 ± 0.080 71.25 0.021 ± 0.001 3.93 

216 0.079 ± 0.073 92.77 0.110 ± 0.068 62.04 0.021 ± 0.001 5.99 

240 0.071 ± 0.072 101.20 0.113 ± 0.057 50.38 0.023 ± 0.001 3.97 

264 0.068 ± 0.068 100.11 0.119 ± 0.047 39.95 0.023 ± 0.001 4.23 

288 0.066 ± 0.045 96.25 0.129 ± 0.037 33.96 0.023 ± 0.001 4.05 

312 0.076 ± 0.055 101.20 0.130 ± 0.042 31.25 0.024 ± 0.002 4.29 

336 0.064 ± 0.059 92.17 0.132 ± 0.037 27.86 0.025 ± 0.001 4.72 

360 0.069 ± 0.062 88.52 0.126 ± 0.035 27.79 0.027 ± 0.002 5.69 
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4.1.9. Ability of mesh cell-FTIR spectroscopy to study the protective effect of 

packaging materials.  

Once the mesh cell-FTIR method was optimised to be applied in VOO stability 

assessment, a study was carried out to check if this method could be used to evaluate 

the protective effect of the packaging materials in VOO stability, especially when VOO 

is subjected to light and the packaging acts as a light filter (henceforth called light 

filtering material). Thus, the main objective of this work was to examine the combination 

effect of chlorophyll content and light filtering material on the photooxidative stability 

of VOO using mesh cell-FTIR spectroscopy. For this purpose, four Koroneiki VOOs were 

used in this study, the four samples covering the natural concentration range of 

chlorophyll pigments (Psomiadou and Tsimidou, 2001). These samples - coded as A, B, 

C, and D- were provided by the University of Thessaloniki, which also provided their 

quality characterisation and their concentration of chlorophyll pigments (Trypidis et al., 

2019). Thus, the total chlorophyll content (expressed as mg pheophytin a/kg oil) of the 

oils were 46.30 mg/kg, 36.01 mg/kg, 23.08 mg/kg, and 11.73 mg/kg, for samples A, B, C 

and D, respectively. 

In order to accelerate the experiment, the conditions used were 6000 lx and 24 °C, 

which allowed a rapid analysis by mesh cell-FTIR spectroscopy to compare the stability 

of the samples under high light intensity and a predominant effect of photooxidation, 

and to measure the different kinetics when these samples were protected by the light 

filtering material. Thus, each sample was loaded into two meshes, one of them being 

covered by a filtering packaging material used in the market for olive oil bottling, while 

the other was uncovered. 

Figure 4.1.19 shows the time-course trend of the peak height of the 

hydroperoxide band when the oil deposited on the mesh cell was not protected by the 

light filtering material. The peak heights showed an order, from high to low, that 

corresponded to the order of pigment content (A, B, C, and D). Thus, the sample A 

presented the highest values of peak height, which denotes the low stability. On the 

contrary, the most photo-stable sample was the sample D. When the oil was protected 

with the light filtering material, the latter clearly reduced the peak heights of the 
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hydroperoxide band in the four oils (Figure 4.1.19). The order of peak heights, from high 

to low, was similar, the samples B and C showing similar values. 

 
Figure 4.1.19. Time trends of the peak height of the band assigned to hydroperoxides 

(3430 cm-1) measured in mesh cells with and without light filtering material. 

The differences in the rate of hydroperoxide formation between the samples was 

enlarged when the light filtering material was used. Thus, considering the slope of the 

plotted lines as indicative of the hydroperoxide formation rate, sample D showed a 5-

fold lower slope than sample A, while this difference was only 2.4-fold when the light 

filter material was not used (Figure 4.1.19). The material exerted a delay in the 

hydroperoxide formation, mainly during the first hours of incubation. In order to 

quantify the effect of the light filtering material, the ratio of the peak heights from the 

two experiments (without and with light filtering material) was calculated for the band 

assigned to hydroperoxides during the incubation time. Thus, any deviation from 1 in 

the ratio would indicate an effect of the light filtering material on the oil deterioration 

and a value > 1 would point out a protective effect of the material (lower peak height 

value). The maximum ratios were 1.7, 2.6, 1.8, 2.2 for samples A, B, C and D, respectively. 

The maximum ratios were found at 28 h for sample A, and 52 h for samples B, C, and D. 

Thus, these results indicated that the effect of the light filtering material was more 
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remarkable in the first hours of the incubation period. At the end of the incubation 

period, the ratios were close to 1 in samples A (1.1), B (1.6) and C (1.2), and 2.0 in sample 

D. The latter ratio showed a longer protective effect of the light filtering material on 

sample D.    

4.2. Study of the oxidation state of the fresh VOOs prior to the storage 

experiment. 

Four VOOs were selected from three different cultivars: Hojiblanca, Picual, and 

two oils from Arbequina (Table 3.1.1, section 3.1.1) to study their quality degradation 

during a storage experiment. These three cultivars were selected for this study due to 

several reasons. Firstly, these cultivars are cultivated worldwide, they have the highest 

cultivated area and they are predominant in a particular region (Uceda et al., 2009). 

Secondly, they cover different chemical composition, they show different rate of 

monounsaturated/polyunsaturated fatty acids, phenols and tocopherols concentration, 

and consequently, they are characterised with different oxidative stability (Uceda et al., 

2009). Finally, these cultivars show genuine sensory characteristics, which are different 

between them (Luna et al., 2006; Taticchi et al., 2014). All these aspects permit to obtain 

the most extensive information about different VOOs with an affordable experiment 

design.   

The initial state (“time zero”) of the fresh VOOs was evaluated according to the 

physical-chemical parameters and the medians of the defect and fruity attribute 

according to the standard methods defined by the regulation (IOC, 2019a). Additionally, 

their oxidative stability was determined by the oil stability index (OSI) and the oxidative 

susceptibility (OS), the content of phenols and chlorophyll pigments were determined, 

and the FTIR spectra were evaluated. 

4.2.1. Physical-chemical parameters. 

The International Olive Council and the European Commission regulations 

(European Union, 1991; IOC, 2019a) set up a list of quality parameters that have a causal 

relationship with the degradation of the olive oil during its shelf life. Thus, common tests 

used to assess VOO quality are the determination of peroxide value (PV), UV absorbance 

(extinction coefficients K270 and K232), free fatty acids (FFA) and the organoleptic 
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assessment (medians of the defect and the fruity attribute). The fresh VOOs were 

analysed to obtain the value of these parameters before starting the storage (“time zero”) 

with the aim of characterising their actual quality at the moment of bottling. Table 4.2.1 

shows the results of quality parameters. According to the results obtained for FFA, PV, 

K270, and K232, all the values were below the limits stated in EC regulation (European 

Union, 1991) for the classification as “extra virgin olive oil” category (Table 4.2.1). 

Concerning these parameters, VOO2 was the most oxidised oil before starting the 

experiment despite all the oils were collected from the vertical centrifuge and the storage 

experiment started shortly after. Thus, VOO2 showed the highest values, although far 

from the maximum limits for the “extra virgin olive oil” category. VOO4 showed values 

of K270 and K232 similar to those of VOO2. On the contrary, VOO1 and VOO3 showed the 

lowest values in all these parameters; however, they were not far from the other samples, 

except for the case of K270, which were approximately 10 times lower compared with the 

values of VOO2 and VOO4.  

Table 4.2.1. The organoleptic assessment results, free fatty acids content (FFA), peroxide value 

(PV), and absorbance in ultraviolet (K270 and K232) together with the quality criteria of extra 

virgin olive oil according to the EC regulation No 2568/91 (updated version) for each fresh 

virgin olive oil (VOO1-VOO4) before bottling. 

Quality parameters 
 Virgin olive oil codes 

 VOO1 VOO2 VOO3 VOO4 

Organoleptic characteristics Mf 4.7 3.5 3.8 3.0 

Md 0.0 0.0 0.0 2.1 

FFA (% m/m of oleic acid) 

Peroxide value (mEq O2/kg) 

  0.15 0.21 0.20 0.22 

  4.30 5.13 3.63 4.80 

K232 (𝐾1𝑐𝑚
1% )  1.52 1.87 1.72 1.84 

K270 (𝐾1𝑐𝑚
1% )  0.06 0.19 0.04 0.18 

Note:  Mf, median of the fruity attribute; Md, median of the defect. Limits for extra virgin olive oil according 

to European commission regulation (European Union, 1991): PV ≤ 20 mEq O2/kg, FFA ≤ 0.8%, K270 ≤ 0.22, 

K232 ≤ 2.50. Limits for virgin olive oil: PV ≤ 20 mEq O2/kg, FFA ≤ 2.0%, K270 ≤ 0.25, K232 ≤ 2.60. 

 

4.2.2. Sensory assessment. 

The medians of the defect and the fruity attribute of each VOO at time zero are 

shown in Table 4.2.1. The organoleptic assessment before the storage experiment 

reported the sensory differences associated to the cultivars (Uceda et al., 2009; Taticchi et 

al., 2014). Thus, the assessors identified an intense fruity and green odour in the fresh 

VOO1, which explained the highest median value of the fruity attribute. VOO3 was 

characterised by a high median of the fruity attribute and the panellists described it as a 
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fruity, bitter and pungent oil with some fig and wood notes, typical from Picual cultivar 

(Luna et al., 2006). On the other hand, VOO2 and VOO4, from Arbequina cultivar, 

showed a delicate fruitiness with slight bitter and pungent notes, showing the lowest 

median of the fruity attribute. The sensory quality parameters (Table 4.2.1) revealed that 

all the VOOs met the sensory quality criteria established for “extra virgin olive oil” 

category by EC regulation (European Union, 1991), except for VOO4. This oil was 

initially categorised within the “virgin olive oil” category instead of “extra virgin olive 

oil” category because panellists detected a winey-vinegary defect (median of defect = 

2.1) before starting the storage (Table 4.2.1). 

4.2.3. Fatty acid composition. 

The fatty acid composition and its proportion, i.e. the rate between 

polyunsaturated/monounsaturated fatty acids, partially determined the oxidation 

resistance and nutritional characteristics of the VOO (Tena et al., 2018). The fatty acid 

composition is influenced by the cultivar (García-González et al., 2013b), but it is also 

impacted by fruit ripeness (Gutiérrez et al., 1999) and climate (Morales and Aparicio, 

1993; Aparicio and Luna, 2002; García-González et al., 2009; Aparicio et al., 2013). Table 

4.2.2 shows the fatty acid composition of the four VOOs before starting the storage under 

moderate conditions. The four VOOs showed high content of monounsaturated fatty 

acids (68.35-81.82%) (Table 4.2.2), mainly due to the high content of oleic acid (65.93-

80.28%), which is characteristics of VOO and provide oxidation resistance. VOO3 and 

VOO1 presented the highest content of monounsaturated fatty acids (Table 4.2.2), 

whereas VOO2 and VOO4, both belonging to Arbequina cultivar, showed the lowest 

content. However, the largest difference among oils was found in the content of 

polyunsaturated fatty acids, where the two Arbequina oils, VOO2 and VOO4, showed 

the highest content (12.88% and 13.01%, respectively, vs. 8.37% in VOO1 and 4.27% in 

VOO3). A higher content of polyunsaturated fatty acids would involve a lower stability 

for these oils, although this stability would be also influenced by other antioxidants and 

prooxidants compounds present in the matrix (Morales and Przybylski, 2013).  
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Table 4.2.2.  Fatty acid composition (percentages) for the four fresh VOOs. 

Fatty acids 
 Virgin olive oil codes 

 VOO1 VOO2 VOO3 VOO4 

C16:0  14.30 15.46 10.79 16.02 

C16:1  0.93 1.77 1.19 1.87 

C17:0  0.18 0.11 0.04 0.15 

C17:1  0.29 0.24 0.08 0.27 

C18:0  2.56 1.95 2.49 1.91 

C18:1  72.38 66.71 80.28 65.93 

C18:2  7.29 12.22 3.45 12.36 

C18:3  1.08 0.66 0.82 0.65 

C20:0  0.47 0.40 0.41 0.39 

C20:1  0.31 0.30 0.28 0.28 

C22:0  0.14 0.13 0.12 0.12 

C24:0  0.09 0.07 0.065 0.06 

C12:0, C14:0, tC18:1, tC18:2, tC18:3  <0.01 <0.01 <0.01 <0.01 

∑SFA  17.73 18.11 13.91 18.64 

∑ MUFA  73.90 69.01 81.82 68.35 

∑ PUFA  8.37 12.88 4.27 13.01 

∑ UFA  82.27 81.89 86.09 81.36 

Note: SFA, saturated fatty acids (C16:0 + C17:0 + C18:0 + C20:0 + C22:0 + C24:0); MUFA, monounsaturated 

fatty acids (C16:1 + C17:1 + C18:1 + C20:1); PUFA, polyunsaturated fatty acid (C18:2+C18:3); UFA, 

unsaturated fatty acid (MUFA + PUFA). 

 

4.2.4. Phenols, -tocopherol and oil stability.  

Phenols and tocopherols are the main responsible for the antioxidant properties 

of the VOO, so they are involved in the oxidation stability of the oils (Psomiadou and 

Tsimidou, 2002a; Bendini et al., 2007a; Tena et al., 2018). These parameters provide 

information about the VOO resistance to the oxidation process during its shelf-life. Thus, 

the contents of total phenols and -tocopherol were determined in the fresh samples. 

Furthermore, the oil stability index (OSI) was determined using a Rancimat instrument 

and oxidative susceptibility (SO) was calculated through the fatty acid composition 

(Table 4.2.2), which values are showed in Table 4.2.3, together with the phenols and -

tocopherol concentration. According to the results obtained with Rancimat, the stability 

order of the oils was (from more to less stable): VOO3, VOO4, VOO1, VOO2. Thus, 

VOO3 showed the highest oxidative stability (82.80 h), which can be explained by its 

high concentration of phenols and tocopherols (534.82 mg/kg and 256.91 mg/kg, 

respectively) and monounsaturated fatty acids (81.82%). The two Arbequina VOOs 

(VOO2 and VOO4), which were characterised by a medium content of phenol (338.90 

mg/kg and 451.25 mg/kg, respectively) (Table 4.2.3) and the lowest monounsaturated 



 

 
126 

 RESULTS AND DISCUSSION 

fatty acids (69.01% and 68.35% respectively) (Table 4.2.2), showed different oxidative 

stability values between them. Thus, VOO4 showed better stability (53.60 h) than VOO2 

(22.95 h), which can be explained by the higher phenol content of the former. However, 

VOO4 displayed a lower concentration of -tocopherol (192.94 mg/kg) than VOO2 

(272.28 mg/kg). VOO1 showed an intermediate situation, because its oxidative stability 

value was of 38.71 h. Although this sample had a high monounsaturated fatty acid 

percentage (73.90%), it showed the lowest total phenol content (226.71 mg/kg) and one 

of the lowest concentrations of -tocopherol (212.62 mg/kg). Regarding the results 

obtained by the oxidative susceptibility, VOO2 and VOO4 were the oils more susceptible 

to oxidation, whereas VOO3 showed the lowest index (Table 4.2.3).  

Table 4.2.3. Total phenols and α-tocopherol concentrations, the oil stability indexes (OSI), and 

the oxidative susceptibility (OS) of the four fresh VOOs.  

Parameters 
 Virgin olive oil codes 

 VOO1 VOO2 VOO3 VOO4 

Total phenols (mg/kg)  226.71 338.90 534.82 451.25 

α-tocopherol concentration (mg/kg)  212.62 272.28 256.91 192.94 

Oil stability index (OSI) at 100 °C (h)  38.71 22.95 82.80 53.60 

Oxidative susceptibility (OS)  509.94 684.91 319.07 689.55 

 

4.2.5. Chlorophyll pigments.  

The content of the derivative compounds of chlorophylls, such as pheophytin a 

and pyropheophytin a, were determined in the fresh samples. Although these 

parameters are not considered as quality parameters in VOO by EU and IOC (European 

Union, 1991; IOC, 2019a), they are accepted as control parameters in other regulations 

(García-González et al., 2017) and they have been used in the prediction of VOO stability 

and its loss of freshness (Aparicio-Ruiz et al., 2012). Furthermore, pigments act in 

different ways according to the storage conditions applied. Thus, these compounds are 

the most active promoters of photosensitised oxidation in VOOs in presence of light, 

which contribute to its susceptibility to oxidation (Psomiadou and Tsimidou, 2002b; 

Tena et al., 2018). Nevertheless, they also show slight antioxidant effect when oils are 

kept in the dark (Velasco and Dobarganes, 2002). Figure 4.2.1 shows the concentration 

of pheophytin a and pyropheophytin a in the four fresh VOOs. The highest 

concentration of pheophytin a in the fresh samples was found in VOO3 with a value of 



 

 
127 

 RESULTS AND DISCUSSION 

23.43 mg/kg, whereas the rest of the oils showed values ranged of 7.50 – 3.02 mg/kg. On 

the other hand, the highest concentration of pyropheophytin a in the fresh oils was found 

in VOO4 with a value of 0.11 mg/kg.  

 

Figure 4.2.1. Pheophytin a and pyropheophytin a concentrations in the fresh VOOs. 

4.2.6. Volatile compounds.  

Once the samples were characterised with their basic physical-chemical 

parameters and oxidative stability, the next step was the analysis of the volatile 

composition of the fresh virgin olive oils. A total of 46 volatile compounds were 

identified and quantified and their concentration values were subjected to a preliminary 

explorative study by principal component analysis (PCA). The PCA results are shown 

in Figure 4.2.2, where 84% of the variance was explained by factor 1 and factor 2. The 

PCA grouped the two Arbequina samples (VOO2 and VOO4) in the same quadrant very 

close to each other. Meanwhile, the other two samples, belonging to Hojiblanca (VOO1) 

and Picual (VOO3) cultivars were totally separated in different quadrants. These results 

verified the different volatile composition associated to the different cultivars of the oils 

(Luna et al., 2006).  

Regarding the volatile composition, Table 4.2.4 shows the concentration of the 

identified volatile compounds of the fresh oils before starting the storage experiment, 

their odour thresholds and their sensory attributes. These concentrations values provide 

a useful information about their oxidation state or the presence of some 

oxidative/fermentative defects before the storage. Table 4.2.4 shows the high content of 

C6 aliphatic compounds, such as hexanal, (E)-2-hexenal, hexyl acetate, hexanol, (E)-3-

hexen-1-ol, (Z)-3-hexen-1-ol, (E)-2-hexen-1-ol, (Z)-2-hexen-1-ol and (Z)-3-hexenyl 

acetate, which derived from linoleic and linolenic acids through the lipoxygenase (LOX) 
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pathway (Angerosa et al., 2004; Salas et al., 2006; Morales et al., 2013). Thus, the total 

concentration for this group of compounds, which provide pleasant notes to the oil, 

accounted for more than 20% of the total concentration of volatiles in all the oils. Thus, 

the highest concentration for C6 lipoxygenase products was found in VOO1, 

representing 33% of its total volatile compounds, with a value of 18.26 mg/kg. The 

percentages and concentrations values in the rest of samples were 25.33% and 11.13 

mg/kg for VOO2, 24.41% and 15.45 mg/kg for VOO3 and 25.90% and 11.09 mg/kg for 

VOO4.  

 

Figure 4.2.2. Scores plot obtained from PCA performed with the concentration of the volatile 

compounds of the fresh VOOs.  

 (E)-2-hexanal was one of the most abundant compounds in the fresh VOOs, with 

a concentration value that ranged from 4.53 to 5.81 mg/kg. Hexanal and hexanol 

presented high concentration values as well, in the range of 1.08-3.83 mg/kg. These three 

compounds strongly contributed to the aroma of all the fresh samples since their 

concentrations exceeded their odour threshold value (Table 4.2.4). The high amount of 

(Z)-3-hexen-1-ol in VOO1 (1.10 mg/kg) and (Z)-3-hexenyl acetate in VOO3 (1.73 mg/kg) 

was also remarkable. All these compounds are characterised by ripe fruity, bitter and 

green sensory attributes. 
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Table 4.2.4. Volatile compounds identified in the fresh VOOs, with their codes and 

their concentrations (mg/kg). The odour threshold and the sensory descriptors of 

each volatile compound are included. 

Note: a the concentration of the compound exceeds its odour threshold (Odour Activity Value, 

OAV >1). b Not detected. c Compounds derived from the lipoxygenase (LOX) pathway.  

On the other hand, the analysis of the fresh samples pointed out that the 

compounds responsible for rancid defect (Morales et al., 2005), such as heptanal, octanal, 

(E)-2-heptanal, nonanal, and (E)-2-decenal were present at low concentrations before the 

Code Volatile compounds VOO1 VOO2 VOO3 VOO4 

Odour 

threshold 

(mg/kg) 

Sensory descriptors 

1 Octane 0.33 1.06a 0.65 2.01a 0.94 Sweet, alkane 

2 Methyl acetate 0.51a 1.28a 0.13 1.03a 0.20 Solvent, fruit 

3 Butanal 0.05 0.05 0.07 0.04  0.08 Green, pungent 

4 Ethyl acetate 0.70 1.11a 0.16 1.59a 0.94 Sticky, sweet 

5 Butan-2-one 0.48 0.29 0.55 0.12 40.00 Ethereal, fruit 

6 2-methylbutanal 0.04a 0.15a 0.05a 0.16a 0.005 Malty 

7 3-methylbutanal 0.02a 0.06a 0.04a 0.09a 0.005 Malty 

8 Ethanol 19.63 12.17 21.09 15.88 30.00 Alcohol 

9 Ethyl propanoate 0.76a 0.32a 0.24a 0.10a 0.10 Fruit, strong 

10 3-pentanone 4.83 2.41 3.46  2.23 70.00 Sweet, fruit 

11 Butan-2-ol 0.07 0.09 0.09 0.06 0.15 Winey 

12 Hexanalc 3.83a 2.08a 2.62a 2.41a 0.08 Green-sweet 

13 2-methylpropan-1-ol 0.12 0.04 0.02 0.01 1.00 Wine, solvent 

14 1-penten-3-ol 0.96a 0.44a 0.51a 0.40a 0.40 Pungent, butter 

15 (E)-2-pentenal 0.46a 0.16 0.26 0.12 0.30 Green, apple 

16 Butan-1-ol 0.30 0.01 0.10 0.04 0.40 Fatty-medicine 

17 Heptanal 0.10 0.06 0.05 0.08 0.50 Oily, fatty, woody 

18 2-methyl butan-1-ol 0.01 Ndb 0.01 0.02 0.30 Winey, spicy 

19 3-methyl butan-1-ol 0.03 0.04 0.02 0.08 0.10 Woody, whiskey 

20 (E)-2-hexenalc 4.53a 5.03a 5.81a 5.71a 0.42 Green, apple-like 

21 Octan-3-one 0.08 0.04 0.15 0.02 0.75 Herb, butter 

22 Pentanol 0.03 0.01 0.06 0.01 0.47 Fruity 

23 1-octen-3-one 0.17 0.16 0.11 0.10 0.01 Mushroom, mould 

24 Hexyl acetatec 1.87a 0.85 1.69a 0.89 1.04 Green, fruity, sweet 

25 Octan-2-one 0.08 0.02 0.12 0.02 0.51 Mould, green 

26 Octanal 0.07 0.42a 1.01a 0.55a 0.32 Fatty, sharp, citrus-like 

27 (Z)-3-hexenyl acetatec 0.63a 0.56a 1.73a 0.48a 0.20 Green 

28 (E)-2-heptenal 0.08a 0.02a 0.02a 0.02a 0.005 Oxidised, tallow 

29 6-methyl-5-hepten-2-one 0.01 0.01 0.02 0.01 1.00 Pungent, green 

30 Hexanolc 3.56a 1.57a 1.65a 1.08a 0.40 Fruit, banana, soft 

31 (E)-3-hexen-1-olc 0.46 0.10 0.21 0.05 1.00 Green 

32 (Z)-3-hexen-1-olc 1.10 0.16 0.29 0.05 1.10 Green 

33 Nonanal 0.22a 0.19a 0.24a 0.22a 0.15 Fatty, waxy, pungent 

34 1-octen-3-ol 0.14a 0.05a 0.14a 0.05a 0.001 Mouldy, earthy 

35 (E)-2-hexen-1-olc 0.83 0.50 0.85 0.25 5.00 Green grass, leaves 

36 (Z)-2-hexen-1-olc 1.43a 0.29 0.59 0.16 1.00 Green 

37 Acetic acid 1.63a 5.16a 2.94a 0.63a 0.50 Sour, vinegary 

38 Propanoic acid 0.14 0.18 0.13 0.10 0.72 Pungent, sour 

39 Butanoic acid 0.47 0.13 0.25 0.25 0.65 Rancid, cheese 

40 2-methylpropanoic acid 0.08 0.07 0.10 0.06 - Butter, cheese, rancid 

41 (E)-2-decenal 0.13a 0.12a 2.75a 2.55a 0.01 Painty, fishy, fatty 

42 Pentanoic acid 0.24 0.13 0.29 0.11 0.60 Unpleasant, pungent 

43 Hexanoic acid 1.50a 0.57 2.51a 0.63 0.70 Pungent, rancid 

44 Heptanoic acid 1.27a 3.99a 4.96a 1.15a 0.10 Rancid, fatty 

45 Octanoic acid 1.07 1.77 4.47 1.03 3.00 Oily, fatty 

46 Nonanoic acid 0.02 0.02 0.12 0.02 - Fat, must, sweat, sour 



 

 
130 

 RESULTS AND DISCUSSION 

storage. The Hojiblanca oil (VOO1) was characterised by the lowest concentration of 

octanal (0.07 mg/kg for VOO1 vs. 0.42 mg/kg, 1.01 mg/kg and 0.55 mg/kg for VOO2, 

VOO3 and VOO4, respectively). The total amount of carboxylic acids also pointed out a 

higher degradation of VOO2 (12.02 mg/kg) and VOO3 (15.75 mg/kg) compared to VOO1 

(6.41 mg/kg) and VOO4 (3.97 mg/kg). Furthermore, ethanol and acetic acid, which are 

typically present at high concentrations in oils with fermentative defects (e.g. winey-

vinegary defect) (García-González and Aparicio, 2002; Morales et al., 2005), were 

identified in the fresh samples, although their concentrations were not enough to 

produce a remarkable sensory impact. Thus, the concentrations of ethanol were lower 

than its odour threshold in all of the cases. On the contrary, in the case of acetic acid, the 

concentrations were higher than the odour threshold in all the oils (Table 4.2.4). Only 

VOO2 presented a particularly high concentration of acetic acid (5.16 mg/kg), which was 

at least 2 times the concentration found in the other oils (Table 4.2.4).      

4.2.7. Mesh cell-FTIR spectroscopy. 

4.2.7.1. Mesh cell-FTIR spectra of the fresh VOOs. 

The fresh VOOs were also characterised by mesh cell-FTIR spectroscopy. A 

spectrum was obtained for each VOO loaded in a mesh cell, which showed similar 

features that were reported in others works (Tena et al., 2017; Tena et al., 2018; Trypidis 

et al., 2019) and those were described in section 4.1.5. The bands related to the oxidation 

products, previously described - hydroperoxides (3430 cm-1), alcohols (3534 cm-1) and 

aldehydes (1685 cm-1) - allowed to know the different oxidation state of the oils before 

starting the storage. On the other hand, the bands assigned to isolated (967 cm-1) and 

conjugated (987 cm-1) trans double bonds provide information of the degradation state 

of the oils.   

In order to carry out a comparative characterisation of the oils, Figure 4.2.3 shows 

the spectrum obtained for each VOO in the different spectral regions where the 

monitoring bands are located. Furthermore, the intensity of each band for the four VOOs 

was plotted in a bar graph. The bands did not show large differences in their absorbance 

intensities between the four VOOs. The maximum intensity was registered in the band 

assigned to aldehydes, which reached intensity values at least 3 times higher than the 
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other bands. This band also showed the highest differences between the oils. Thus, its 

intensity pointed out that VOO4 (0.194 AU) and VOO2 (0.183 AU) were the most 

oxidised VOOs at the beginning of the experiment compared with the rest of the oils 

(VOO1, 0.177 AU; VOO2, 0.170 AU). The band assigned to alcohols also showed the 

maximum intensity in VOO4 (0.062 AU) and VOO2 (0.060 AU) with respect to the other 

two oils (VOO1, 0.052 AU; VOO3, 0.050 AU). The results obtained from both bands 

agreed with the quality indexes, which showed that VOO2 and VOO4 had the highest 

values of K270 and K232 (Table 4.2.1). The band assigned to hydroperoxides was the band 

related to oxidation products that showed the lowest intensity in all the oils, which 

pointed out the low content of these compounds in the fresh VOOs. Furthermore, the 

intensity of this band presented similar values in all of the VOOs (0.014 - 0.015 AU). 

 

 

Figure 4.2.3. Spectra obtained for the four fresh VOOs divided in the spectral regions where 

the monitoring bands are located. Furthermore, the peak heights (absorbance intensity) of the 

bands (hydroperoxides, alcohols, aldehydes, isolated trans double bonds, and conjugated trans 

double bonds) in the four VOOs were plotted in bar graphs. 

The bands assigned to isolated and conjugated trans double bonds showed 

different intensities between them. The highest intensity was always registered in the 

band assigned to isolated trans double bonds. This band showed an intensity range of 

0.027 – 0.040, whereas the band assigned to conjugated trans double bonds showed 

values ranging from 0.001 to 0.003. The maximum intensities of the band assigned to 

isolated trans double bonds was registered in VOO4 and VOO2, which agrees with the 
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high content in polyunsaturated fatty acids of both oils, belonging to Arbequina cultivars 

(Table 3.1.1, section 3.1.1). 

4.2.7.2. Mesh cell-FTIR spectra of the fresh VOOs incubated under different 

conditions. 

Once the fresh VOOs were characterised by their spectral characteristics, the next 

step was to study the response of the selected spectral bands when VOOs were subjected 

to different moderate conditions. For this purpose, the fresh four VOOs (16 µL) were 

loaded in mesh cells and kept under the three selected conditions: in the dark and 35 °C, 

400 lx and 23 °C, and 400 lx and 35 °C for 576 h. During the incubation time in mesh cell, 

one spectrum was acquired every 24 h. Then, the changes of the spectral bands related 

to primary (hydroperoxides ~3430 cm-1), secondary oxidation products (alcohols ~3535 

cm-1 and aldehydes ~1685 cm-1) and others serial of compounds related to the 

degradation process of VOO (isolated trans double bonds ~967 cm-1 and conjugated trans 

double bonds ~987 cm-1), were monitored according to the incubation conditions 

applied. The intensity of each band was monitored as the peak height value (section 

4.1.6). 

The spectral changes of the four VOOs incubated under the different moderate 

conditions applied were described according to several parameters. Thus, the maximum 

intensities reached at the end of the incubation time (576 h) for the five spectral bands 

(alcohol, aldehyde, hydroperoxide, and isolated and conjugated trans double bonds) 

were evaluated. These values provided information about the final degradation state of 

the oils. Consequently, the comparison of the final intensity of the bands between the 

oils allowed to order them according to the most damaged oil in every incubation 

condition. Furthermore, in order to identify the bands with significant changes in each 

incubation conditions, a t-test was carried out.  This analysis was performed comparing 

the peak height values reached for each band during the first and the last 96 h of 

incubation in mesh cell (0-96 h vs. 480-576 h). Significance was accepted when p < 0.05. 

On the other hand, with the purpose of identifying which spectral bands revealed the 

highest differences between the oils, thereby highlighting the differences in stability, the 

intensity reached by each band at the end of the experiment was compared between the 

oils by computing the relative standard deviation (%RSD).  
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As the oxidation process follows a dynamic course over time, a dynamic 

monitoring is also necessary to obtain a deep understanding of the oil alteration. The 

final intensity reached for the monitoring bands just provided information about the 

final state of the oils, but it was not able to identify which bands underwent more 

changes during the incubation. That means that the final intensity values of the bands 

are conditioned by their initial values, and hence by the initial oxidation state of the oils. 

For that reason, the next step was to calculate the differences between the intensity of 

the bands registered at 0 h and 576 h of incubation (Δband intensity). A positive value 

indicated that this band increased its intensity during the incubation, while a negative 

value revealed a decrease of its intensity. Moreover, the time trends of the peak height 

of the five spectral bands over time were also studied, with the aim of studying the 

behaviour of the bands in each VOO when they are subjected to the three different 

moderate conditions.  

The results obtained from the mesh cell-FTIR spectroscopic analyses of the fresh 

VOOs were studied according to the parameters explained above (the maximum 

intensities at 576 h, Δband intensity, and the time trend of the peak height). They are 

shown grouped by each moderate incubation condition.    

4.2.7.2.1. VOO incubation in the dark and 35 °C. 

Figure 4.2.4 shows the intensity values for the bands assigned to hydroperoxides, 

alcohols, aldehydes, isolated and conjugated trans double bonds at the end of the 

incubation (576 h) for the four VOOs. The highest intensities for the bands related to the 

secondary oxidation products (alcohols and aldehydes) were registered in VOO2 and 

VOO4, which indicated that both samples were in an advanced oxidised state at the end 

of the incubation time compared with the other oils. The intensities of the band assigned 

to hydroperoxides was similar between the oils, the range being 0.021 - 0.025 AU. 

However, the %RSD values for these three bands (hydroperoxides, alcohols and 

aldehydes) just showed differences lower than 20% between the oils, then the values 

obtained in each oil was not far from the values of the others. The band assigned to 

conjugated trans double bonds showed the lowest intensity for all the VOOs at the end 

of the incubation, and even it reached values close to zero in VOO3 and VOO2 (Figure 
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4.2.4). Nevertheless, this band showed the highest variability between the samples, 

showing a %RSD of 81.49% between the four VOOs.  

 

Figure 4.2.4. Intensity value (absorbance units measured as peak height) for the bands assigned 

to hydroperoxides (3430 cm-1), alcohols (3535 cm-1), aldehydes (1685 cm-1), isolated (967cm-1) 

and conjugated (987 cm-1) trans double bonds at the end of the incubation (576 h) in the dark 

and 35 °C for the four VOOs. The intensity values are also shown in a table.  

Figure 4.2.5 shows the variation of the band intensity (∆band intensity) registered 

at 0h and at 576 h in the four VOOs. As it is shown in this figure, the experiment carried 

out in the dark and 35 °C produced slight changes of the spectra (Δband intensity < 0.04 

in all the studied bands) during the incubation time in all the VOOs, which means that 

the VOOs did not undergo great chemical changes under these conditions. Nevertheless, 

the results obtained from the t-test study verified that the changes occurred during the 

incubation time were significant (p < 0.05) for the five studied bands in all the oils, except 

for the band assigned to alcohols in VOO3 and VOO4.  

The highest increment during the incubation in the dark and at 35 °C was found 

in the band assigned to aldehydes (1685 cm-1) in the four VOOs. Figure 4.2.6 shows the 

time-trends of the peak height of the spectral band at 1685 cm-1 assigned to aldehydes 

during 576 h. Although the final peak height values of this band were similar between 

the oils (Figure 4.2.4), the increment of the aldehydes band (∆band intensity) during the 

incubation time revealed differences in the formation kinetics of these compounds 

(Figure 4.2.5). According to the results obtained for this band, VOO3 and VOO2 were 

apparently more sensitive to oxidation under this condition than the rest of the VOOs 

since they increased the intensity approximately 50% more than the other two oils 
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(Figure 4.2.5). VOO4 showed the lowest increment of this band, although it reached one 

of the highest values at the end of the experiment (Figure 4.2.4). This oil was 

characterised with a fermentative defect by the sensory assessment (Table 4.2.1) before 

starting the experiment, which may be linked to the highest initial intensity of this band 

(Figures 4.2.1 and 4.2.6). 

 

Figure 4.2.5. Intensity variation (∆band intensity) between 0 h and 576 h of the bands assigned 

to hydroperoxides, alcohols, aldehydes, isolated and conjugated trans double bonds for the 

four VOOs kept in the dark and at 35 °C. A positive value indicated that the band increased its 

intensity during the incubation and a negative value indicated a decrease of it. 

 

 

Figure 4.2.6. Time trends of the peak height at 1685 cm-1 (band assigned to aldehydes) for all of 

the samples during the incubation in the dark and 35 °C. 

The band assigned to hydroperoxides underwent slight increments of its 

intensity in all the VOOs, which ranged between 0.006 – 0.010 AU (Figure 4.2.5). 



 

 
136 

 RESULTS AND DISCUSSION 

Although the four VOOs showed similar increment in this band, the highest increment 

values were observed in VOO1 and VOO4. Nevertheless, the maximum intensity 

reached similar values between the samples at the end of the experiment (Figure 4.2.4). 

Figure 4.2.7 shows the peak height of the band assigned to hydroperoxides and alcohols 

for the four VOOs during 576 h of incubation. Although the increment of the peak height 

of the hydroperoxides band (∆band intensity) was similar in the four oils, VOO3 showed 

a slower formation rate of this compound during the entire incubation time with respect 

to the other oils. However, VOO3 reached similar final values raising its slope in the last 

hours of the incubation (Figure 4.2.7). The delay in the formation of these compounds 

pointed out the higher stability of VOO3 at moderate temperature compared with the 

others oils. This fact may be caused by the protection effect of the minor compounds 

presented in this oil, which is chemically characterised with the highest content of 

phenolic compounds (Table 4.2.3).  

The maximum intensity increment (∆band intensity) of the band assigned to 

alcohols found in the four oils was 0.004 AU. As it is shown in Figure 4.2.7, this band 

showed some variations during the incubation time, but it presented similar values at 

the beginning and at the end of the incubation in all of the VOOs. The highest increment 

of this band was observed in the last hours of incubation in VOO4 (Figure 4.2.7), which 

was also the oil with the highest intensity of this band at the end of the experiment 

(Figure 4.2.4).  

 

Figure 4.2.7. Time trends of the peak heights of the bands assigned to hydroperoxides (3430 

cm-1) and alcohols (3535 cm-1) for all of the VOOs during 576 hours of incubation at dark and 

35 °C. 
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The band assigned to isolated trans double bonds also increased during the 

incubation time in all the oils. VOO3 showed the highest increment in the intensity of 

this band (∆band intensity) (Figure 4.2.5), which also reached the maximum value at the 

end of the incubation (Figure 4.2.4). The other oils reached similar intensity values at the 

end of the experiment between them (Figure 4.2.4), but they just increased their intensity 

by only 50% of the increment observed for VOO3 (Figure 4.2.5).  

The differences between the initial and the final intensities (∆band intensity) of 

the band assigned to conjugated trans double bonds showed an increase in VOO1 and 

VOO4, whereas this band showed a decrease of its intensity in VOO2 and VOO3 (Figure 

4.2.5). The changes underwent in this band were slight in all of the cases (Δband 

intensity<0.003). Nevertheless, the %RSD calculated for the final intensity reached for 

this band between the oils was 81.49%, which was identified as the highest value 

registered in all the bands for this incubation condition (dark and 35 °C). Thus, this band 

was able to amplify the degradation differences between the oils better than the rest of 

the bands studied.  

Finally, Figure 4.2.8 shows the time-trends of the bands at 967 cm-1 and 987 cm-1 

assigned to isolated and conjugated trans double bonds during the incubation time. In 

the case of the band assigned to isolated trans double bonds, the slowest tendency was 

observed in VOO4, whereas VOO3 showed the fastest rate of formation of these 

compounds. The same trend was observed in the peak height values of the band 

assigned to conjugated trans double bonds, where the fastest changes occurred in VOO3, 

although in this case the intensity of this band decreased during the incubation time.  

 

Figure 4.2.8. Time trends of the peak heights of the bands assigned to isolated (967 cm-1) and 

conjugated (987 cm-1) trans double bonds for all of the VOOs during 576 hours of incubation in 

the dark and at 35 °C. 
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4.2.7.2.2. VOO incubation at 400 lx and room temperature (23 °C). 

Figure 4.2.9 shows the maximum intensity values reached for the five studied 

bands at the end of the incubation (576 h) for the four VOOs. The highest intensity for 

the bands related to oxidation products (hydroperoxides, alcohols and aldehydes) at the 

end of the incubation was found in VOO1 and VOO3, which indicated that these two 

oils were in a more advanced oxidation state. On the contrary, VOO4 showed the lowest 

intensity values at the end of the incubation for all the bands. Nevertheless, the results 

obtained from the t-test verified that the changes occurred during the incubation time 

were significant (p < 0.05) for the five bands studied in all the oils. 

According to the final intensity of the bands related to oxidation products, the 

band assigned to hydroperoxides showed a %RSD between the oils of 44.18%, so this 

band was able to differentiate between the final state of the oils. The bands assigned to 

alcohols and aldehydes showed %RSD lower than 20% between oils; then, they did not 

reveal large differences between the VOOs. The bands assigned to isolated and 

conjugated trans double bonds showed the lowest intensity in all samples, even reaching 

values close to zero in the band assigned to conjugated trans double bonds. Nevertheless, 

this band registered the highest %RSD between samples, which was 119.53%.   

 

Figure 4.2.9. Intensity value (absorbance units measured as peak height) for the bands assigned 

to hydroperoxides (3430 cm-1), alcohols (3535 cm-1), aldehydes (1685 cm-1), isolated (967cm-1) 

and conjugated (987 cm-1) trans double bonds at the end of the incubation (576 h) at 400 lx and 

23 °C for the four VOOs. The intensity values are also shown in a table.  
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Figure 4.2.10 shows the variation in the band intensity (∆band intensity) for the 

four VOOs subjected to incubation at 400 lx and 23 °C. In this experiment, the highest 

variation of the spectra was found in the bands assigned to hydroperoxides in all of the 

oils, which increased its intensity at least the double than the other bands. Although the 

band assigned to conjugated trans double bonds showed slight variation (Δband 

intensity < 0.020) of its intensity at the end of the experiment, this band revealed different 

behaviour between the oils. Overall, VOO1 and VOO3 underwent the highest spectral 

variation when they were kept at 400 lx and room temperature, which revealed that 

these oils were more sensitive to photooxidation than the rest of the oils.   

All the bands related to the oxidation products (hydroperoxides, alcohols and 

aldehydes) underwent an increment of their intensity (∆band intensity) during the 

incubation, which revealed the great effect of photooxidation on VOO.  

 

 

Figure 4.2.10. Intensity variation (∆band intensity) between 0 h and 576 h of the bands assigned 

to hydroperoxides, alcohols, aldehydes, isolated and conjugated trans double bonds for the 

four VOOs kept at 400 lx and 23 °C. A positive value indicated that the band increased its 

intensity during the incubation and a negative value indicated a decrease of it. 

 

Figure 4.2.11 shows the time trends of the peak height of the spectral band at 

3430 cm-1 assigned to hydroperoxides when VOOs were incubated at 400 lx and 23 °C 

during 576 h. VOO3 and VOO1 showed the maximum intensity of this band at the end 

of the incubation. This fact can be linked to the high initial content of chlorophylls 

pigments (pheophytin a and pyropheophytin a) in VOO3 and VOO1 and its effect as 
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promoter of photosensitised oxidation in presence of light (Velasco and Dobarganes, 

2002; Morales and Przybylski, 2013). Furthermore, the effect of the antioxidant 

compounds is also identified in these samples. Despite the fact that VOO3 had three 

times more content of chlorophyll pigments than VOO1 (Figure 4.2.1), the formation rate 

of hydroperoxides did not show large differences between these oils, which can be 

related to the protection effect provided by the high content of phenolic compounds in 

VOO3 (Table 4.2.3). Although the quality parameters indicated that VOO2 and VOO4 

were the most oxidised oils at the beginning of the experiment (Table 4.2.1), they showed 

more moderated changes in this band when they were exposed to light than the changes 

found in the other two samples.  

 

Figure 4.2.11. Time trends of the peak height of the spectral band at 3430 cm-1 assigned to 

hydroperoxides when VOOs were incubated at 400 lx and 23 °C during 576 h. 

Figure 4.2.12 shows the time trends of the peak heights of the spectral bands 

assigned to alcohols (3535 cm-1) and aldehydes (1685 cm-1) when VOOs were incubated 

at 400 lx and 23 °C during 576 h. The greatest increment of intensity (∆band intensity) of 

the band assigned to alcohols was found in VOO1 (Figure 4.2.10), which also showed 

the highest intensity at the end of the experiment (Figures 4.2.9 and 4.2.12). On the 

contrary, VOO4 underwent the slightest changes during the incubation (Figure 4.2.10) 

and this oil also showed the slowest formation rate of these compounds during the 

incubation at moderate light (Figure 4.2.12). According to the results obtained for this 

band, the most oxidised oil at the end of the experiment was VOO1, which can be 

explained by the low concentration of phenols and tocopherols in this oil (Table 4.2.3). 

On the contrary, VOO4 showed the minimum intensity of the band assigned to alcohols 
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at the end of the experiment (Figure 4.2.12). Although this oil showed the greatest 

intensity of this bands at the beginning of the experiment (Figure 4.2.3), it revealed to be 

more resistant to the oxidation at moderate light than the other oils, which may be 

explained by the high concentration of antioxidant compounds in this oil (Table 4.2.3).  

The band assigned to aldehydes showed similar features than those described 

for the band assigned to alcohols (Figure 4.2.12). The most relevant changes took place 

in VOO1, which reached the highest intensity of this band at the end of the experiment 

(Figure 4.2.9). While VOO4 showed the lowest intensity at the end of the experiment, in 

spite of being the oil with the greatest intensity of the aldehydes band at the beginning 

of the incubation (Figure 4.2.3).  

 

Figure 4.2.12. Time trends of the peak heights of the spectral bands assigned to alcohols (3535 

cm-1) and aldehydes (1685 cm-1) when VOOs were incubated at 400 lx and 23 °C during 576 h. 

Figure 4.2.13 shows the time-trends of the peak heights of the bands at 967 cm-1 

and 987 cm-1 assigned to isolated and conjugated trans double bonds during the 

incubation at 400 lx and 23 °C. On the one hand, the time trend of the band assigned to 

isolated trans double bonds revealed that VOO1 and VOO3 showed a higher increment 

intensity of the band assigned to these compounds compared with VOO2 and VOO4 

(Figure 4.2.10).  

On the other hand, the band assigned to conjugated trans double bonds showed 

two different time trends in the VOOs. In all of the cases, the intensity of this band 

decreased during the first 96 h of incubation, which reached values close to zero. 

However, this band in VOO1 and VOO2 showed an increment from 360 h and 480 h 

onwards, respectively, whereas the other oils kept the intensity close to zero until the 
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end of the incubation. Then, according to the results obtained for the band assigned to 

conjugated trans double bonds, VOO1 and VOO2 showed to be in advanced degradation 

state than VOO3 and VOO4. 

 

Figure 4.2.13. Time trends of the peak heights of the bands at 967 cm-1 and 987 cm-1  respectively 

assigned to isolated and conjugated trans double bonds during the incubation at 400 lx and 23 

°C during 576 h. 

4.2.7.2.3. VOO incubation at 400 lx and 35 °C. 

Figure 4.2.14 shows the intensity value for the bands at the end of the incubation. 

The maximum intensity of the bands related to secondary oxidation products (alcohols 

and aldehydes) was registered in VOO1 and VOO2, while the maximum intensity 

reached for the band assigned to primary oxidation products (hydroperoxides) was 

registered in VOO3. These results pointed out VOO2 and VOO1 as the most oxidised oil 

at the end of the incubation. On the contrary, VOO4 showed to be the least oxidised oil 

at 576 h, since it showed the minimum intensity for all the bands related to oxidation 

products at the end of the experiment. On the other hand, the bands assigned to isolated 

trans double bonds registered its maximum value in VOO3, which indicated that this oil 

was in advanced degradation state to respect the other oils. The band assigned to 

conjugated trans double bonds showed intensity values close to zero in all VOOs at the 

end of the incubation.  

According to %RSD values calculated between the final intensity registered in 

the four oils per each band, the bands assigned to alcohols and hydroperoxides showed 

the highest differences between the oils at the end of the incubation, which revealed a 

%RSD of 49.79% and 38.21%, respectively. The rest of the bands showed %RSD values 

lower than 30% between the samples.  
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Figure 4.2.14. Intensity values of the bands assigned to hydroperoxides, alcohols, aldehydes, 

isolated and conjugated trans double bonds at the end of the incubation (576 h) for the four 

VOOs when they were exposed to 400 lx and 35 °C.  

 

Figure 4.2.15 shows the variation of each band (∆band intensity) during the 

incubation at 400 lx and 35 °C for the four VOOs. The results obtained from the t-test 

verified that the changes occurred during the incubation time were significant (p < 0.05) 

for the five bands studied in all the VOOs. The highest variation of the spectra was found 

in the band assigned to hydroperoxides (0.066 – 0.220 AU), which increased its intensity 

at least 4 times from the value at 0 h (Figure 4.2.3) in all of the oils. VOO1 and VOO3 

showed the highest increment in the band assigned to hydroperoxides, whereas VOO2 

showed the maximum variation of the bands assigned to alcohols and aldehydes. These 

results revealed that whereas VOO1 and VOO3 were producing primary oxidation 

products in a greater extent, VOO2 was already generating secondary oxidation product 

mainly. On the contrary, VOO4 showed the lowest variations of the intensity of all the 

bands and also showed the lowest intensity at the end of the incubation. This fact 

revealed that, although it was one of most oxidised oils at the beginning of the 

experiment according to the quality parameters (Table 4.2.1), it showed to be more 

resistant to oxidation than the others oils.  
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Figure 4.2.15. Intensity variation (∆band intensity) of the bands assigned to hydroperoxides, 

alcohols, aldehydes, isolated and conjugated trans double bonds for the four VOOs during 576 

h of incubation at 400 lx and 35 °C. A positive value indicated that band increases its intensity 

during the incubation and a negative value indicated a decrease of it. 

The highest increment was observed in the band assigned to hydroperoxides in 

all of the oils, except in VOO2. Figure 4.2.16 shows the time trends of the peak height of 

the band assigned to hydroperoxides during the incubation at 400 lx and 35 °C. This 

band showed an immediate response to the incubation of the VOOs under moderate 

light and temperature, increasing its intensity since the experiment started. The highest 

increment of this band was found in VOO3 and it also reached the maximum value at 

the end of the incubation (Figure 4.2.14). This oil revealed to be more sensitive to 

oxidation at moderate light and temperature than the other oils, despite it had the 

highest concentration of antioxidant compounds (Table 4.2.3). Furthermore, VOO3 was 

characterised as the most stable oil by Rancimat, which disagrees with the response of 

this oil when it was incubated at moderate light and temperature. On the contrary, 

VOO4 showed the minimum increment of the intensity of this band, which proved the 

resistance of this oil to the oxidation at moderate conditions. This fact may be related to 

the high content of phenols compounds in this oil (Table 4.2.3) and its low content of 

pigments (Figure 4.2.1). VOO1 and VOO2 showed similar behaviour between them 

during the incubation, increasing the intensity of this band 0.185 and 0.157 AU 

respectively. 
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Figure 4.2.16. Time trends of the peak height of the spectral band at 3430 cm-1 assigned to 

hydroperoxides when VOOs were incubated at 400 lx and 35 °C during 576 h. 

 

 Figure 4.2.17 shows the time trends of the peak heights of the spectral bands at 

3535 cm-1, assigned to alcohols, and 1685 cm-1, assigned to aldehydes, when VOOs were 

incubated under 400 lx and 35 °C. In contrast to the immediate response of the band 

assigned to hydroperoxides, the bands assigned to alcohols and aldehydes showed a 

delayed change in their intensities.  

The peak height value of the band assigned to alcohols remained practically 

constant during the first 400 hours of incubation. At this moment, all VOOs, except 

VOO4, markedly increased their intensity (Figure 4.2.17).  

The band assigned to aldehydes showed a slight increase of its intensity from 

the beginning of the experiment. However, the maximum increments were found by 168 

hours in VOO3 and 400 hours for VOO2 and VOO1, while VOO4 showed a continuous 

increment from the beginning of the experiment. The highest increment of this band was 

registered in VOO2 and VOO1, which also reached the maximum value of this band at 

the end of the incubation (Figure 4.2.14). Although VOO3 showed a rapid response of 

this band to the incubation conditions, it underwent a lower increment during the 

experiment. Finally, VOO4 registered the lowest increment of the intensity of this band 

in comparison with the other oils. 
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Figure 4.2.17. Time trends of the peak heights of the spectral bands at 3535 cm-1 assigned to 

alcohols and 1685 cm-1 assigned to aldehydes when VOOs were incubated at 400 lx and 35 °C 

during 576 h. 

 

 Finally, Figure 4.2.18 shows the time trends of the peak heights of the bands 

assigned to isolated and conjugated trans double bonds during the experiment. These 

two bands showed different time trends during the incubation. The peak height values 

of the band assigned to isolated trans double bonds showed an increment during the 

experiment in all VOOs. The highest increment was found in VOO3 and VOO1, which 

were initially characterised with the lowest content of polyunsaturated fatty acid, 

whereas VOO2 and VOO4 were characterised with the highest content (Table 4.2.2) and 

they underwent the lowest increment of the peak height values of this band during the 

incubation.   

The time trends of the band assigned to conjugated trans double bonds showed 

different behaviours between the oils. Whereas the intensity remained constant until the 

end of the experiment in VOO3 and VOO4, VOO1 and VOO2 underwent an increment 

of their intensity from 264 h of incubation in VOO2 and 336 h in VOO1. Nevertheless, 

these both oils decrease again the intensity of this band at the same incubation time (400 

hours), reaching again values close to zero.  
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Figure 4.2.18. Time trends of the peak heights of the spectral bands at 967 cm-1 assigned to 

isolated trans double bonds and 987 cm-1 assigned to conjugated trans double bonds when 

VOOs were incubated at 400 lx and 35 °C during 576 h. 

4.2.7.3. Comparison of results from different incubation conditions. 

In order to compared the progress of the oxidation processes occurred when 

VOOs are exposed under the three moderate conditions of light and temperature, the 

evolution of the spectral bands related to primary and secondary oxidation products per 

each incubation experiment were compared between the VOOs. Figure 4.2.19 shows the 

intensity of the band assigned to hydroperoxides, alcohols and aldehydes at 0 h and 576 

h of incubation under the three incubation experiments: in the dark and at 35 °C, 400 lx 

and 23 °C, and 400 lx and 35 °C. According to this figure, the combination of moderate 

light and temperature (400 lx and 35 °C) produced the highest intensity values at the end 

of the incubation and the highest increment of each spectral band for all of the VOOs 

when compared with the results obtained from the other two experiments. Thus, this 

incubation produced the most dramatic alteration of the oils at the end of the experiment.  

The band assigned to hydroperoxides reached similar intensity values between 

the two experiments applying light (400 lx and 23 °C, 400 lx and 35 °C) at the end of the 

incubation, whereas the intensity of this band in the experiment carried out in the dark 

and 35 °C was always lower in all the oils. In order to show the differences generated in 

this spectral region, Figure 4.2.20 shows the spectral region where the bands assigned to 

hydroperoxides is located. The spectrum of each VOO at incubation time of 576 h in each 

storage condition is shown. The spectra of this region for both experiments carried out 

under light showed similar profile (Figure 4.2.20). However, the spectra obtained after 

576 h of incubation in the dark and 35 °C were quite different compared with the other 
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two experiments. These differences are easily recognised in the spectra, where the band 

assigned to hydroperoxides did not undergo large variations in the experiment carried 

out in the dark and 35 °C (Figure 4.2.20).    

 

Figure 4.2.19. Intensities of the bands assigned to hydroperoxides, alcohols and aldehydes 

registered at 0 h and 576 h of incubation under three incubation experiments: in the dark and 

35 °C, 400 lx and 23 °C, and 400 lx and 35 °C. 

On the other hand, the bands assigned to alcohols and aldehydes also registered 

the highest intensity at 576 h of incubation in the experiment carried out at 400 lx and 35 

°C, except in VOO4. This oil reached the highest intensity of the band assigned to 

alcohols in the experiment at 400 lx and 23 °C (Figure 4.2.19). 

 

Figure 4.2.20. Spectral region where the band assigned to hydroperoxides is located. The 

spectra for each VOO obtained at 576 h of incubation under the three different conditions are 

shown.  
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Furthermore, with the aim of comparing the response of the monitoring bands 

when the VOOs were exposed to the three different incubation experiments, the ratio of 

the intensity at 576 h to the intensity at 0 h of each monitoring band was calculated in 

the four oils per each incubation condition. This ratio was calculated as the division 

between the peak height values reached at these two incubation times. Table 4.2.5 shows 

the ratios for the four oils incubated under the three moderate conditions. The highest 

ratio for the three monitoring bands were registered when they were exposed to 400 lx 

and 35 °C, and again the exception was the band assigned to alcohols in VOO4, which 

showed the highest ratio in the experiment carried out under 400 lx and 23 °C.  

Table 4.2.5. Ratio of the intensities at 576 h/0 h for the four VOOs incubated under the three 

moderate conditions. 

 Dark and 35 °C 400 lx and 23 °C 400 lx and 35 °C 

 VOO1 VOO2 VOO3 VOO4 VOO1 VOO2 VOO3 VOO4 VOO1 VOO2 VOO3 VOO4 

Hydroperoxides 

band (3430 cm-1) 
1.731 1.661 1.380 1.626 12.969 9.174 15.147 4.984 14.626 12.722 15.288 5.508 

Alcohols band 

(3535 cm-1) 
1.021 1.194 1.007 1.067 2.072 1.865 1.790 1.142 3.565 4.571 2.431 1.043 

Aldehydes band 

(1685 cm-1) 
1.086 1.196 1.196 1.067 1.415 1.244 1.255 1.075 1.837 1.971 1.644 1.247 

 

The results obtained from these ratios of intensity at 576 h/0 h revealed that the 

intensity of the band assigned to hydroperoxides at 0 h was at least multiplied by 5 when 

the oils were exposed to 400 lx and 35 °C and by 4 when the oils were kept at 400 lx and 

23 °C, whereas this intensity was multiplied by less than 2 when they were under 

moderate heating with no light (in the dark and 35 °C) (Table 4.2.5). The highest value 

of ratio intensity of this band was observed in VOO1 and VOO3 in both experiments 

applying light, which highlighted the sensitivity of these two oils to moderate light.  

Although the changes observed in the other two monitoring bands (band 

assigned to alcohols and aldehydes) were also higher in the experiments carried out with 

light compared with the changes in the dark and 35 °C, the ratios of intensity at 576 h/0 

h for these bands were not as different between the experiments as the ratios for the band 

assigned to hydroperoxides (Table 4.2.5).  
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The intensity of the band assigned to alcohols obtained before the incubation 

experiments (0 h) was approximately multiplied by 2 when the oils were exposed to 400 

lx and 23 °C, except in VOO4. The experiment carried out at 400 lx and 35 °C multiplied 

at least by 2.4 the intensity of the alcohols band at the end of the incubation period, once 

again except in VOO4. Whereas the intensity of this band showed to be practically stable 

when oils were kept in the dark and 35 °C. In this case, the ratios of the band assigned 

to alcohols was approximately 1 in the four oils, thus VOO4 was be practically constant 

in all the experiments regarding the band assigned to alcohols (Table 4.2.5).  

The band assigned to aldehydes was the band with the lowest ratio values for the 

four oils. Although the ratios registered in both experiments carried out with light were 

always higher than the values obtained in the experiment in the dark and 35 °C, the 

ratios were always lower than 2. This fact revealed that the changes underwent in the 

band assigned to aldehydes were less relevant than the changes registered in the other 

two bands (Table 4.2.5).  

The results obtained through the maximum intensity reached for the monitoring 

bands at the end of the incubation period and the ratio of the intensities at 576 h and 0 h 

calculated for the different incubation experiments evidenced that the combination effect 

of light and temperature (400 lx and 35 °C) produced the most dramatic alteration of the 

oils during the incubation (Figure 4.2.19 and Table 4.2.5). The experiment carried out at 

400 lx and 35 °C did not reveal large differences with the results obtained in the 

experiment at 400 lx and 23 °C, but these two experiments showed marked differences 

with the experiment carried out just under moderate heating with no light (dark and 35 

°C). The similitudes between both experiments carried out with moderate light revealed 

that the latter produced higher alterations in VOOs than the moderate heating and 

suggests the need for including moderate light in the assessment of VOO stability. 

Furthermore, the slight differences between the experiments carried out with light 

demonstrated that the moderate heating intensified the degradations process on the oils, 

increasing the intensity of all of the bands.   
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4.2.7.4. Oxidative stability study: comparison of the results between mesh cell-

FTIR spectroscopy and Rancimat.  

The oxidative stability of the oils assessed by mesh cell-FTIR spectroscopy when 

moderate conditions were used was compared with the results obtained with Rancimat, 

the latter using high temperature to accelerate the oxidation. Although the results of this 

test provide useful comparative data on the susceptibility of the oils to oxidation, the 

formation kinetic of the oxidation product is not representative of those reactions that 

occur at moderate conditions (Tena et al., 2018). According to the Rancimat results (Table 

4.2.3), VOO3 and VOO4 were the most stable oils, which showed oil stability indexes of  

82.80 h and 53.60 h, respectively. The others two oils showed to be less stable and reached 

values of 38.71 h for VOO1 and 22.95 h for VOO2.   

 A further study to stablish the relative stability of the oils according to the results 

obtained from the FTIR monitoring bands was carried out for the three different 

incubation conditions. For that purpose, the relative influence of moderate light and 

temperature on VOO stability was studied in terms of speed in the formation of 

hydroperoxides, alcohols and aldehydes by means of the slopes of the trend lines. The 

values of the slopes were calculated by the following equation proposed by Tena et. al 

(2018):  

𝐹𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑠𝑝𝑒𝑒𝑑 (𝑠𝑙𝑜𝑝𝑒) =
Δ 𝑏𝑎𝑛𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 

Δ𝑡
 

 

Figure 4.2.21 shows the speed of hydroperoxides, alcohols and aldehydes 

formations according to the spectra of the four VOOs loaded in mesh cells and subjected 

to mild heating (dark and 35 °C), moderate light (400 lx and 23 °C), and a combination 

effect of light and mild heating (400 lx and 35 °C).  

According to the results obtained with mesh cell-FTIR spectroscopy, the band 

assigned to hydroperoxides showed the highest speed of formation in VOO3, when the 

oil was exposed to both experiments with light. This oil seemed to be more sensitive to 

moderate light than the rest of the oils. Particularly, the speed of the hydroperoxides 

formation was approximately 3 times more rapid than VOO4, which showed the slowest 

formation rate. These two oils were characterised as the most stable oils by Rancimat 

(Table 4.2.3), which disagreed with the results obtained by mesh cell for VOO3.  
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Figure 4.2.21. Speed of hydroperoxide, alcohol and aldehyde formations according to the 

spectra of the four VOOs loaded in mesh cells and subjected to mild heating (dark and 35 °C), 

moderate light (400 lx and 23 °C) and a combination effect of light and mild heating (400 lx and 

35 °C) during 576 h. 

The formation speed of alcohols was also higher in the experiments with light 

than in the other experiment. In the experiments carried out with light, the two highest 

speed of formation was found in VOO2 and VOO1, which suggested that these both oils 

were in advanced state of oxidation than the rest of the VOOs. In fact, these results 

matched with the results obtained from Rancimat (Table 4.2.3), which characterised 

VOO2 and VOO1 as the most unstable VOOs.  

The formation speed of aldehydes showed similar behaviour than the results 

found for the band assigned to alcohols. The results of this band also highlighted VOO2 

and VOO1 as the most oxidised oils (Figure 4.2.21).  

The experiment carried out in the dark at 35 °C showed a speed of formation 

approximately 10 times slower than the formation speed in the experiments carried out 

with light. Furthermore, the stability order of the oils was totally different than the 

obtained in the experiments carried out with light. VOO1 and VOO4 pointed out as the 

most unstable oils, since they showed the double of the speed of hydroperoxides 

formation found in the others two oils. VOO1 and VOO4 showed 14 hours difference in 
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stability according Rancimat (Table 4.2.3), whereas the results obtained by mesh cell-

FTIR spectroscopy revealed that the differences between these two oils were not relevant 

when oils were exposed to dark and 35 °C (Figure 4.2.21). In relation to this, the 

formation of alcohols was also faster in VOO4 when it was exposed to dark and 35 °C, 

which indicated that this oil was more sensitive to mild heating than the rest of the oils. 

On the contrary, VOO4 was characterised as one of the most stable oils according to 

Rancimat (Table 4.2.3), which pointed out differences in the kinetics when different 

temperatures are apply.  

The results obtained by mesh cell-FTIR spectroscopy indicated that the most 

stable oils depend on the condition applied. Thus, the information obtained in the 

experiments with light revealed that VOO4 was the most stable VOO, whereas this one 

was the most unstable when is subjected to moderate temperature (dark and 35 °C). On 

the contrary, VOO3 showed to be more unstable in presence of light although it was 

characterised as the most stable oil by Rancimat (Table 4.2.3). 

This study pointed out that the effect of moderate light on the stability of VOO is 

more remarkable than the application of mild heating (Figure 4.2.21). The effect of light 

was stronger in the oils with the highest content of chlorophyll pigments (Figure 4.2.1), 

whereas the effect of antioxidant compounds was less evident, particularly when light 

was applied (Table 4.2.3). All these results highlighted the importance of determining 

the stability of the VOO including multiple factors (light and temperature) and 

considering moderate conditions.  

4.3. Evolution of quality parameters during the storage time.  

In order to assess the chemical changes that take place during the VOO shelf life, 

a storage experiment was carried out for 27 months under controlled conditions of light 

and temperature (section 3.1.1.2). Quality parameters, volatile composition and sensory 

characteristics (panel test) were determined monthly during this period of storage. 

4.3.1. Quality indexes. 

The indicators of the VOO quality alteration measured during the storage period 

were peroxide value (PV), free fatty acid content (FFA) and absorbance in ultraviolet 

(K232 and K270). The values of these parameters showed an increase since the first month 
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of storage. Table 4.3.1 shows the values of these parameters in each month of storage for 

the four VOOs. PV, FFA, K270 and K232 showed the maximum values in the last month of 

storage, although their final values were inside the “extra virgin olive oil” category 

according to the limits stated in EU regulation (European Union, 1991), except for K270. 

This parameter exceeded the limit established for the “extra virgin olive oil” category in 

the first months of storage (months 2 - 4) for the four VOOs. VOO1 and VOO3 showed 

the highest K270 values, while VOO2 and VOO4 showed the highest values of K232 at the 

end of the storage. In Figure 4.3.1, where the changes underwent by these parameters 

during the storage are shown, is observed that the increase of the K270 was faster in VOO1 

and VOO3 than in the other two VOOs in the first five months of storage.  

The storage at moderate conditions also produced an increase in PV of the four 

VOOs. The peroxide value of the four VOOs increased exponentially over time (Table 

4.3.1, Figure 4.3.1) reaching values at the end of storage in the range 9.61 - 15.61 mEq 

O2/kg. This increment was faster in VOO1 and VOO4 than in the other two VOOs. The 

maximum values at the end of the storage experiment were also registered in VOO1 and 

VOO4, while VOO3 showed the minimum value (Table 4.3.1).  

 

Figure 4.3.1. Time trends of peroxide value (PV), free fatty acid content (FFA), K232 

and K270 for the four VOOs stored during 27 months at moderate conditions.  



 

 

Table 4.3.1. Peroxide value (PV), free fatty acid content (FFA) and absorbance in ultraviolet (K232 and K270) in each month of storage for the four VOOs. 

Months of 

storage 

PV (mEq O2/kg) FFA (% m/m oleic acid) K270 (Absorbance units) K232 (Absorbance units) 

VOO1 VOO2 VOO3 VOO4 VOO1 VOO2 VOO3 VOO4 VOO1 VOO2 VOO3 VOO4 VOO1 VOO2 VOO3 VOO4 

0 4.30 5.13 3.63 4.82 0.15 0.21 0.20 0.20 0.06 0.18 0.04 0.18 1.53 1.87 1.73 1.84 

1 7.54 5.37 4.12 4.94 0.16 0.22 0.21 0.22 0.21 0.18 0.17 0.20 1.95 1.87 1.78 1.96 

2 7.77 5.18 4.85 4.74 0.16 0.21 0.21 0.22 0.24 0.19 0.19 0.21 1.93 1.83 1.82 1.96 

3 7.56 5.27 5.45 5.30 0.18 0.22 0.21 0.21 0.23 0.20 0.21 0.21 1.88 1.82 1.82 1.96 

4 7.46 5.86 5.48 6.22 0.18 0.22 0.21 0.21 0.25 0.22 0.23 0.21 1.92 1.89 1.82 1.95 

5 7.69 5.98 5.63 5.83 0.18 0.23 0.21 0.21 0.26 0.23 0.23 0.22 1.90 1.85 1.77 1.95 

6 7.63 5.75 6.18 6.17 0.19 0.23 0.21 0.21 0.27 0.23 0.25 0.23 1.91 1.97 1.80 1.95 

7 8.31 5.64 5.93 6.11 0.19 0.23 0.22 0.22 0.27 0.23 0.26 0.23 1.91 1.90 1.80 1.96 

8 8.38 5.98 5.99 7.11 0.19 0.24 0.22 0.23 0.27 0.24 0.26 0.23 1.93 1.90 1.82 1.97 

9 9.19 7.30 6.24 8.12 0.20 0.26 0.23 0.24 0.28 0.24 0.27 0.24 1.97 1.90 1.84 1.98 

10 10.04 7.48 6.74 9.28 0.21 0.27 0.23 0.24 0.29 0.24 0.28 0.24 1.97 1.88 1.83 1.98 

11 10.60 8.36 6.66 9.73 0.21 0.28 0.22 0.24 0.30 0.26 0.29 0.24 1.97 1.92 1.83 1.98 

12 10.69 8.39 6.69 10.31 0.22 0.27 0.23 0.24 0.32 0.26 0.30 0.24 1.94 1.94 1.84 1.98 

13 11.64 8.86 7.27 10.56 0.22 0.28 0.23 0.25 0.31 0.26 0.31 0.25 1.97 1.97 1.84 2.00 

14 11.80 9.47 7.72 10.33 0.21 0.28 0.23 0.27 0.31 0.26 0.28 0.25 1.97 2.00 1.85 2.00 

15 11.25 9.32 7.46 10.70 0.22 0.28 0.23 0.27 0.31 0.26 0.30 0.26 1.97 2.12 1.87 2.00 

16 11.94 9.43 7.32 10.74 0.21 0.28 0.24 0.27 0.32 0.26 0.30 0.26 1.98 2.04 1.86 2.00 

17 11.97 9.78 7.41 10.61 0.22 0.29 0.23 0.27 0.32 0.26 0.31 0.26 2.02 2.07 1.85 2.03 

18 11.98 9.82 7.60 10.88 0.23 0.30 0.23 0.27 0.31 0.26 0.32 0.27 1.99 2.03 1.90 2.04 

19 12.54 10.48 8.06 11.06 0.23 0.30 0.23 0.27 0.32 0.26 0.32 0.27 2.00 2.07 1.89 2.07 

20 13.06 10.33 8.05 11.75 0.22 0.31 0.23 0.27 0.33 0.26 0.32 0.27 1.99 2.02 1.88 2.07 

21 13.59 10.64 8.89 12.38 0.23 0.31 0.23 0.27 0.33 0.28 0.33 0.27 1.98 2.13 1.89 2.07 

22 13.75 10.79 8.84 12.88 0.23 0.31 0.23 0.27 0.33 0.29 0.33 0.28 1.98 2.16 1.90 2.08 

23 13.53 11.26 9.09 13.27 0.23 0.31 0.24 0.27 0.33 0.31 0.35 0.29 2.04 2.21 1.90 2.09 

24 13.67 11.33 9.59 13.45 0.23 0.31 0.24 0.27 0.33 0.31 0.36 0.29 2.05 2.24 1.91 2.09 

25 14.28 11.85 9.37 14.14 0.23 0.31 0.24 0.28 0.33 0.31 0.37 0.29 2.06 2.24 1.92 2.10 

26 15.11 11.93 9.57 14.73 0.26 0.31 0.25 0.28 0.33 0.31 0.37 0.29 2.09 2.24 1.92 2.10 

27 15.61 12.09 9.61 14.91 0.26 0.32 0.26 0.28 0.33 0.32 0.38 0.29 2.10 2.24 1.92 2.11 

Note: Category limits according to Commission regulation (EEC) No 2568/91 of 11 July and updates (European Union, 1991): Limits for extra virgin olive 

oil (EV): PV ≤ 20 mEq O2/kg, FFA ≤ 0.8%, K270 ≤ 0.22, K232 ≤ 2.50. Limits for virgin olive oil (V): PV ≤ 20 mEq O2/kg, FFA ≤ 2.0%, K270 ≤ 0.25, K232 ≤ 2.60. 
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 The time-trends of FFA also showed an increase during the storage experiment 

reaching values in the range 0.26 - 0.32%, VOO2 showing the maximum final value 

(Table 4.3.1, Figure 4.3.1).  

The time trends of K232 and FFA pointed out that VOO2 was the least stable oil, 

since the final values of these parameters were the highest compared with the rest of the 

VOOs (Table 4.3.1). Regarding PV, VOO1 was identified as the least stable. On the 

contrary, although the evolution of K270 for VOO3 pointed out that this oil was unstable 

(the final value of K270 after 27 months of storage was 0.38), the time trend of the other 

parameters pointed out its stability during the storage. Thus, this oil showed the lowest 

values of K232 and PV compared with the rest of the VOOs at the end of the storage period 

(Figure 4.3.1).   

4.3.2. Organoleptic characteristics. 

In the course of the storage experiment, panellists identified some flavour 

changes in the samples, which resulted in a variation in their medians of the fruity 

attribute and the defect. Figure 4.3.2 shows the medians of the defect (Md) and the fruity 

attribute (Mf) for each sample during the storage. This figure also shows the variations 

of VOO category of the oils during the storage, according to the limits established in the 

European regulation (European Union, 1991). The median of the defect and of the fruity 

attribute values during the storage are also shown in Annex (Table 1).  

The sensory assessment results revealed that the intensity of the positive odour 

attributes decreased during the storage. In all of the cases, a reduction of the median of 

the fruity attributes was observed. VOO2 showed the fastest decrease, so displaying a 

drop from 3.5 to 2.0 units in the median of the fruity attribute during the first five months 

of storage, while the rest of the samples kept their initial values during this time. On the 

other hand, the median of the defect showed that VOO2 was downgraded to “virgin 

olive oil” category rapidly, in the fifth month of storage (VOO2-5m) because panellists 

detected a winey-vinegary defect at this time (Md = 1.0).  

The next VOO to be downgraded was VOO3. Thus, this oil changed to “virgin 

olive oil” category in the tenth month of storage (VOO3-10m) when panellists detected 

a winey-vinegary defect as well (Mf = 1.7; Md = 2.6). The off-flavour detected by the 
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panellists after 10 months may have been in the oil from the beginning of the storage 

since it is a sensory defect related with a fermentation in the olives. However, this defect 

was probably masked by the high intensity of green and fruity attributes (Figure 4.3.2) 

thus explaining that it was not perceived by the panellists in the first months and the oil 

was qualified as “extra virgin olive oil”.  

 

Figure 4.3.2. Time trends of the medians of the defect (Md) and the fruity attribute 

(Mf) for the four virgin olive oils (VOO1-VOO4) during the storage. The variations 

of VOO category during the storage are also shown, according to the limits 

established in the European regulation (European Union, 1991). Note: EV, extra 

virgin olive oil; V, virgin olive oil; L, Lampante olive oil.  

Finally, VOO1 changed to “virgin olive oil” category in the fifteenth month of 

storage (VOO1-15m), because an incipient rancid defect was detected (Md = 2.5), this 

sample being the one that needed more time to undergo a change of category. 

Furthermore, despite the changes in the medians of the fruity attribute and the defect 

were more moderate during the last months (months 15–27) than in the first ones 
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(months 0–14) in VOO1 (Figure 4.3.2), this sample underwent a further change of 

category to “lampante olive oil” in month 27 (VOO1-27m) (Md = 3.5).  

With respect to VOO4, which was initially categorised as “virgin olive oil”, this 

oil showed an incipient rancidity in the fourth month of storage and the median of the 

defect raised above 3.5 in month 18 (VOO4-18m). Consequently, the oil was downgraded 

to “lampante olive oil” category at this time. Thus, VOO1 and VOO4 were the oils that 

were downgraded to “lampante olive oil” category.  

4.3.3. Pigments derived from chlorophyll.  

The study of pigments in VOO is related to the colour properties. Although this 

property is not considered as a quality index in VOO according to the current legislation, 

this parameter has a strong influence in the consumer acceptation (Gandul-Rojas et al., 

2013). Furthermore, these compounds influence the oxidative stability of VOO, because 

they can act as promoters of photooxidation in the present of light, and then accelerate 

the oil oxidation, or they can act as antioxidants in the dark, donating hydrogen to free 

radicals (Choe and Min, 2006).  

Pigment content has been suggested as quality and authenticity index for VOO 

(Gandul-Rojas et al., 2000; Roca et al., 2003). In addition, as the pigment profile is sensitive 

to undergo changes during the storage, some pigments formation (pyropheophytin a) 

have been stablished as markers of ageing (Aparicio-Ruiz et al., 2012). Thus, tracking the 

concentration of pigments during the storage period also provide relevant information 

about the degradation process of the oils.  

Since pheophytin a is the most abundant pigment in VOO, which represents 70 

– 80% of the total content of pigments (Uceda et al., 2009), this section was focused on 

the study of the time-course trend of this pigment in the four stored oils. Furthermore, 

the study of the concentration of pyropheophytin a was also included.  

Fresh VOOs show a high content of pheophytins, which originates from 

degradations reactions of chlorophylls occurring just after oil extraction (Gallardo-

Guerrero et al., 2005). However, the pigment profile changes during storage. The 

pheophytins are degraded to pyropheophytins due to its loss of the carbomethoxy group 

in C13 (Aparicio-Ruiz et al., 2010).  
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Figure 4.3.3 shows the time trend of pheophytin a and pyropheophytin a 

concentrations in the four VOOs during the storage at moderate conditions. On the one 

hand, the concentration of pheophytin a slightly increased in the first month in the four 

oils. Sequentially, the four VOOs showed a decreased of the pheophytin a concentration 

during the storage at moderate light and temperature, in contrast to other studies carried 

out at moderate temperature and dark (Roca et al., 2003; Gallardo-Guerrero et al., 2005). 

The pheophytin a concentration reached concentration values lower than 1 mg/kg in the 

first half of the storage period (13 months). VOO2 and VOO4 showed pheophytin a 

concentration values lower than 1 mg/kg earlier than the rest of the oils. These two oils, 

from Arbequina cultivar, showed a residual content of pheophytin a of 14.33% (0.43 

mg/kg) in VOO2 and 9.92% (0.33 mg/kg) in VOO4 after only three months of storage, 

whereas the residual content of pheophytin a was 36.77% (2.60 mg/kg) in VOO1 and 

91.01% (21.32 mg/kg) in VOO3 in the same storage month. VOO1 and VOO3 reached a 

concentration values lower than 1 mg/kg after 5 (0.47 mg/kg) and 10 (0.44 mg/kg) months 

of storage respectively. The fact that the pheophytin a concentration remains longer in 

VOO3 than in the others oils may be related to the highest pheophytin a content in this 

oil before starting the storage (Figure 4.2.1).  

 

Figure 4.3.3. Time trends of pheophytin a and pyropheophytin a concentrations in 

the four VOOs (VOO1-VOO4) during the storage at moderate conditions. 
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On the other hand, pyropheopytin a showed a different trend than that described 

for pheophytin a (Figure 4.3.3). During the first months of storage, the pyropheophytin 

a concentration increased in the four oils, reaching its maximum value when the 

pheophytin a concentration was reduced at least half of its initial concentration. After 

that, the concentration of this pigment decreased during the following months until it 

reached trace levels (< 0.031 mg/kg) at the end of the storage. The residual content of 

pyropheophytin a was 0.35% (0.0001 mg/kg) in VOO1, 1.47% (0.001 mg/kg) in VOO3 and 

0.88% (0.001 mg/kg) in VOO4 at the end of the experiment, whereas VOO2 showed a 

residual content of pyropheophytin a of 78.97% (0.031 mg/kg) at this moment.  

4.3.4. Phenolic compounds.  

Phenolic compounds are responsible of characteristic flavours of virgin olive oil, 

such as bitterness and pungency (Aparicio and Luna, 2002; Aparicio-Ruiz et al., 2016). 

Furthermore, there are antioxidant and healthy properties associated to the phenolic 

compounds (Psomiadou and Tsimidou, 2002; Bendini et al., 2007a; Gómez-Caravaca et 

al., 2015). The study of their concentrations during the VOO shelf-life has a great interest 

to know their role in the degradation process of VOO at moderate conditions. The aim 

of this section was therefore to study the stability of individual phenolic compounds in 

four monovarietal VOOs subjected to conditions similar to those found in a 

supermarket, simulating a marketing period of 27 months.  

In a first approximation, the content of total phenols was studied. The content of 

total phenols decreased over time in the four VOOs subjected to storage at moderate 

conditions. As it was showed in Table 4.2.3 (section 4.2.4), VOO3 was the oil with the 

highest concentration of phenols in the fresh oil (month 0), followed by VOO4, VOO2 

and finally, VOO1. The initial and final concentration of total phenols are shown in 

Tables 2-5 in the Annex. Furthermore, these tables show the concentration during the 

storage in a quarterly basis. The effect of storage was observed from the beginning. The 

four VOOs changed slightly their concentration of total phenols just when the storage 

started and their reduction was more pronounced as the storage progresses. As it was 

previously observed (Fregapane et al., 2013), the oils with the highest initial content 

(VOO3 and VOO4) showed the fastest decrease of the concentration of total phenols. At 
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the end of the storage, the four oils showed approximately 50% of their initial 

concentration of total phenols. The oil with the highest reduction of total phenols 

concentration was VOO4, which showed a reduction percentage of 64.76%. The 

maximum concentration at the end of the experiment was found in VOO3 (237.61 

mg/kg), which was the oil with the highest initial content. On the contrary, VOO1 

showed the minimum concentration, 93.47 mg/kg. VOO2 and VOO4 showed a final total 

concentration of phenols of 183.81 mg/kg and 121.38 mg/kg, respectively (Tables 2-5, 

Annex).  

In order to compare the stability of the phenolic compounds during the storage 

between the four VOOs, an ANOVA was carried out between the total concentration of 

phenols at three different moments during the storage: at the first stage (0 – 3 months of 

storage) named as period 1, after a year (12-15 months of storage) named as period 2 and 

after two years (24 – 27 months of storage) named as period 3. The results revealed 

significant differences (p < 0.05) of the total content of phenols between the periods 

mentioned above. Figure 4.3.4 shows the plot of the means obtained through the 

ANOVA study. In the four oils, the mean reduction from period 1 to period 2 was higher 

compared with the reduction observed from the period 2 to period 3. The differences of 

the concentration between the studied periods were greater in VOO3 and VOO4 (Figure 

4.3.4). 

On the other hand, the standard deviation of the values in each period shows the 

variability of the total phenol concentration. VOO3 and VOO4 showed the highest 

standard deviation values. Furthermore, these values were different depending on the 

period. Thus, the standard deviations of VOO3 and VOO4 were respectively 15.93 mg/kg 

and 30.32 mg/kg, during period 1, 14.47 mg/kg and 14.85 mg/kg, during period 2, and 

10.25 mg/kg and 14.81 mg/kg, during period 3 (Figure 4.3.4). Thus, the concentration of 

total phenols underwent more variations during the first stage of storage (period 1) than 

during the other two stages (period 2 and 3) in these two oils. However, VOO1 and 

VOO2 showed the highest variation of total phenol concentration during period 2, when 

they showed standard deviation values of 7.86 mg/kg for VOO1 and 9.50 mg/kg for 

VOO2. These standard deviations of these two oils were lower in the periods 1 (VOO1 = 

6.02 mg/kg, VOO2 = 2.52 mg/kg) and 3 (VOO1 = 5.11 mg/kg, VOO2 = 1.80). These low 
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values pointed out the lower variation of phenol concentration compared with VOO3 

and VOO4 (Figure 4.3.4).   

 

Figure 4.3.4. Plot of the means of total content of phenols obtained between period 

1 (0 – 3 months), period 2 (12 - 15 months) and period 3 (24 – 27 months). The 

standard deviations obtained from the different periods are also shown. 

Due to the importance of the health properties of VOO, the health claim 

stablished by the European commission was used to determine the loss of quality and 

healthy characteristics during the VOO shelf-life. According to the commission 

regulation (EU) No 432/2012 (European union, 2012) an olive oil can use the health claim 

if it contains at least 5 mg of hydroxytyrosol and its derivatives per 20 g of olive oil, i.e. 

250 mg/kg. Figure 4.3.5 shows the time trend of the sum of the concentration of 

hydroxytyrosol and its derivatives (hydroxytyrosol, tyrosol, hydroxytyrosol acetate, 

tyrosol acetate, 3,4-DHPEA-EDA, p-HPEA-EDA, 3,4-DHPEA-EA and p-HPEA-EA) and 

the limit stablished by the EU regulation. As it is shown in Figure 4.3.5, at the beginning 

of the storage, all of the oils complied with the limit stablished by the EU regulation 

(European union, 2012), except VOO1. The concentration of the phenols that computed 

to the health claim were higher than the limit of 250 mg/kg until month 10 for VOO2, 

month 12 for VOO4 and month 20 for VOO3. Thus, VOO3, of Picual cultivar, was the oil 

that complied with the health claim requirements for the longest time.  
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Figure 4.3.5. Time trend of the sum of the concentration of hydroxytyrosol and its 

derivatives (hydroxytyrosol, tyrosol, hydroxytyrosol acetate, tyrosol acetate, 3,4-

DHPEA-EDA, p-HPEA-EDA, 3,4-DHPEA-EA and p-HPEA-EA) in relation to the 

limit stablished by the EU regulation (European union, 2012) for the health claim on 

olive oil phenols. 

 

4.3.4.1. Individual phenols. 

The diversity of phenolic compounds contained in VOO makes the individual 

study of their time trends relevant to understand their antioxidant activity and their 

degradation in the oxidation process under moderate conditions. Table 4.3.2 shows the 

phenolic compounds identified in the four VOOs. The differences in the phenol 

composition during the storage is evidenced in Figure 4.3.6, where the chromatogram 

obtained at 0 months (fresh oil) and at 27 months of storage are shown for sample VOO1, 

as an example. Almost all of the phenolic compounds identified underwent a decrease 

during the storage period, except the simple phenols, such as hydroxytyrosol and 

tyrosol, which increased their concentration due to the degradation of their complex 

form (Morelló et al., 2004; Gómez-Alonso et al., 2007; Krichene et al., 2015;).  
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Table 4.3.2. Phenolic compounds identified in the VOOs subjected to storage at 

moderate conditions. The compounds are grouped according to the excitation 

wavelength chromatogram at which they were recorded.  

Compound Code 

Identified at λex = 280 nm  

Hydroxytyrosol 1 

Tyrosol 2 

p-hydroxyphenylacetic acid (internal standard) 3 

Vanillic acid  4 

Vanillin 5 

p-coumaric acid 6 

Hydroxytyrosol acetate 7 

o-coumaric acid (internal standard) 8 

Dialdehydic form of elenolic acid linked to hydroxytyrosol (3,4-DHPEA-EDA) 9 

Dialdehydic form of decarboxymethyl elenolic acid linked to p-HPEA 

(p-HPEA-EDA) 
10 

Pinoresinol 11 

Cinnamic acid 12 

Acetoxypinoresinol 13 

Aldehydic form of elenolic acid linked to hydroxytyrosol (3,4-DHPEA-EA) 15 

Aldehydic form of elenolic acid linked to tyrosol (p-HPEA-EA) 17 

Identified at λex = 235 nm  

Elenolic acid  A 

Identified at λex = 335 nm  

Luteolin 14 

Apigenin 16 

 

 

 

  



 

 

 RESULTS AND DISCUSSION 

165 

 

Figure 4.3.6. Chromatograms obtained for VOO1 in months 0 (fresh oil) (A) and 27 

(B) of the storage experiment. The codes are shown in Table 4.3.2. 

To study the individual phenols in relation to the total concentration, Figure 4.3.7 

shows a sequential graph per each VOO where the individual phenols contribution to 

the content of total phenols and their evolution during 27 months of storage are 

represented. The most abundant phenolic compounds were the secoiridoid derivatives 

during the whole storage process. They corresponded to at least the 75% of the 

concentration of the total phenols during the whole experiment. Furthermore, this figure 

highlights the different trends of the individual phenols, among which some may 

increase, decrease or remain constant their concentration during the storage.  

In order to study the changes of the concentration of the individual phenols 

during the storage experiment, the phenolic compounds were clustered into five 

different classes according to their structure: simple phenolic acids and related 

compounds, simple phenols, complex oleuropein derivatives, flavonoids, and lignans. 
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Tables 2-5 (Annex) shows the concentration of the phenols identified in the four VOOs 

during the storage time.   

 

Figure 4.3.7. Sequential graph of the individual phenol contribution to the total 

phenol concentration and their evolution during the storage for the four VOOs. 

Several studies have examined the antioxidant potential of secoiridoide 

compounds, which confirmed that high levels of them in VOO could have health-

protecting properties (Bendini et al., 2007). Furthermore, these derivatives are the main 

contributors to virgin olive oil bitterness, mainly the secoiridoid derivatives of 

hydroxytyrosol (Andrewes et al., 2003; Gutiérrez-Rosales et al., 2003). The complex 

phenolic compounds in VOO (secoiridoids) can be divided in two main families, which 

are the derivatives of hydroxytyrosol (3,4-DHPEA-EDA and 3,4-DHPEA-EA) and the 

derivatives of tyrosol (p-HPEA-EDA and p-HPEA-EA). In order to study the effect of the 

storage at moderate conditions on these groups of compounds, Figure 4.3.8 shows the 

time trends of the concentration of the hydroxytyrosol and tyrosol derivatives during 

the storage time per each VOO. The initial concentration of hydroxytyrosol derivatives 

was higher than the tyrosol derivatives concentration in all of the VOOs, except in VOO1. 

This oil showed the lowest values of both groups of compounds compared with the other 

oils. Thus, the concentration of hydroxytyrosol derivatives at the beginning of the 
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storage ranged from 338.44 mg/kg (VOO3) to 81.50 mg/kg (VOO1) and the concentration 

of tyrosol derivatives ranged from 172.35 mg/kg (VOO3) to 97.62 mg/kg (VOO1) (Figure 

4.3.8; Tables 2-5, Annex). The effect of storage was observed as a reduction of their 

concentration by at least half at the end of the storage. In both kind of compounds, the 

oil with the lowest initial content (VOO1) showed the lowest concentration value at the 

end of the experiment (24.08 mg/kg for hydroxytyrosol derivatives and 46.26 mg/kg for 

tyrosol derivatives), while the oil with the highest initial concentration (VOO3) showed 

the highest final values (129.23 mg/kg for hydroxytyrosol derivatives and 79.05 mg/kg 

for tirosol derivatives) (Figure 4.3.8; Tables 2-5, Annex). The other two oils showed an 

intermediate situation with concentration values of 90.62 mg/kg for hydroxytyrosol 

derivatives and 56.61 mg/kg for tyrosol derivatives in VOO2 and 50.29 mg/kg for 

hydroxytyrosol derivatives and 45.16 mg/kg for tyrosol derivatives in VOO4 at the end 

of the storage.  

 

Figure 4.3.8. Time trend of the concentrations of the hydroxytyrosol (3,4-DHPEA-

EDA and 3,4-DHPEA-EA) and tyrosol (p-HPEA-EDA and p-HPEA-EA) derivatives 

during the storage per each VOO. A quadratic polynomial fitting was used.  

 In order to study the stability of secoiridoid compounds and compared their 

changes in concentration between the four monovarietal oils, Figure 4.3.9 shows the 

percentage of the content of secoiridoids that remained in the samples after 27 months 

of storage calculated with respect to the initial concentration (fresh sample), henceforth 

named as residual content.  The observed changes of these two series of phenols were 

quite similar between them and between the four oils. The residual content of 

hydroxytyrosol derivatives in the middle of the storage (13 months) was 45.77% in 

VOO1, 70.93% in VOO2, 64.78% in VOO3 and 52.85% in VOO4, whereas the residual 
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content of tyrosol derivatives was up to 65% in the four VOOs. At the end of the storage 

experiment, the residual content of the hydroxytyrosol derivatives was lower than the 

content of the tyrosol derivatives in all samples except in VOO2. Therefore, the tyrosol 

derivatives compounds showed greater stability than the hydroxytyrosol derivatives 

during the experiment at moderate conditions, such as other authors have previously 

reported (Lavelli et al., 2006; Bendini et al., 2007a; Gómez-Alonso et al., 2007; Krichene et 

al., 2015). It is remarkable that in both cases the stability of the secoiridoids compounds 

was considerably lower in VOO4 than in the other three oils. This sample showed a 

residual content of secoiridoids compounds of approximately 20% less than the other 

three samples at the end of the storage. Even VOO2, which was an oil of the same 

cultivar, showed higher stability (higher concentration at the end of the storage) than 

VOO4 (Figure 4.3.9).   

 

Figure 4.3.9. Percentage of the content of secoiridoids that remained in the samples 

calculated with respect to the initial concentration (fresh sample), which was named 

as residual content, during 27 months of storage.  

Simple phenols such as hydroxytyrosol and tyrosol are present in fresh VOOs at 

low concentrations (Gómez-Rico et al., 2008; Krichene et al., 2015). In this study, all VOOs 

showed a hydroxytyrosol concentration lower than 2.5 mg/kg, except VOO2, which 

presented a value of 12.95 mg/kg before starting the storage (Table 2-5, Annex). The 

concentration of tyrosol ranged from 1.23 to 3.83 mg/kg, which was always higher than 

the hydroxytorosol concentration, except in VOO2 (Table 2-5, Annex).  

 During the storage, there was an increment in the concentration of these simple 

phenols due to the degradation of their complex derivatives (Bendini et al., 2007; 

Fregapane et al., 2013; Ghanbari Shendi et al., 2020). Figure 4.3.10 shows the time trend 
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of the hydroxytyrosol and tyrosol concentration during the storage in the four VOOs. 

The behaviour of these two compounds was quite similar between them in each cultivar. 

The rate of hydroxytyrosol formation was similar between the four oils, whereas the 

formation rate of tyrosol was faster in VOO1 and VOO3 than in the rest of the oils. In 

both compounds, the maximum concentration value was found in the last months of 

storage. On the one hand, the final concentration of hydroxytyrosol was ranged from 

2.27 to 15.71 mg/kg. The highest increment of hydroxytyrosol concentration was 

registered in VOO3 and VOO4, which rose their concentrations in 5.16 mg/kg and 4.74 

mg/kg, respectively (Tables 4-5, Annex). These oils also showed the highest 

concentration of hydroxytyrosol derivatives at the beginning of the storage (Figures 4.3.8 

and 4.3.9). On the other hand, the final concentration of tyrosol ranged from 2.35 to 7.95 

mg/kg. The highest increment of the tyrosol concentration was found in VOO1 (4.05 

mg/kg) and VOO3 (4.48 mg/kg).  

 

Figure 4.3.10. Time trends of the hydroxytyrosol and tyrosol concentrations during 

the storage in the four VOOs. A quadratic polynomial fitting was used.  

Furthermore, in order to study the relationship between complex and simple 

phenols, Figure 4.3.11 shows the sum of the concentration of hydroxytyrosol and tyrosol, 

and the sum of their derivatives per each VOO during the storage period. Their time 

trend was clearly related to the concentration of their complex form and their 

degradation rate (Figure 4.3.11). In fact, the correlation coefficients between 

hydroxytyrosol and its derivatives, and tyrosol and its derivatives were always equal or 

higher than -0.95 in all of the cases.   
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Figure 4.3.11. Sum of the concentrations of hydroxytyrosol and tyrosol and the sum 

of the concentration of their derivatives per each VOO during the storage period. 

The correlation coefficient between hydroxytyrosol and its derivates (rh) and 

between tyrosol and its derivatives (rt) are shown.  

 

Phenolic acids are minor compounds associated with colour and sensory quality 

in VOOs (Bendini et al., 2007a; Rivas et al., 2013). The simple phenolic acids identified in 

the VOOs were p-coumaric acid and vanillic acid. Figure 4.3.12 shows the time trends of 

the p-coumaric and vainillic acids concentrations during 27 months of storage at 

moderate conditions for the four VOOs. The concentration values and their changes over 

time were similar for the two compounds. In all of the cases, the concentration of these 

compounds underwent a slight decrease during the storage. The highest changes were 

registered in p-coumaric acid in VOO1 and VOO2, which showed concentration value 

of 0.58 and 0.24 mg/kg respectively at the end of the storage (Tables 2-3, Annex). 
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Figure 4.3.12. Time trends of the concentrations of p-coumaric and vainillic acids 

during 27 months of storage at moderate conditions for the four VOOs. A quadratic 

polynomial fitting was used.  

Cinnamic acid and vanillin were also studied. Although cinnamic acid is not a 

phenolic acid, it can be part of the structure of ferulic and p-coumaric acid. Figure 4.3.13 

shows the concentrations of cinnamic acid and vanillin during the storage experiment 

for the four VOOs. The concentrations of these compounds also decreased during the 

storage. Cinnamic acid showed to be more stable in VOO1 and VOO2. Thus, in these 

oils, its concentration slightly decreased from 1.34 to 1.31 mg/kg for VOO1 and from 2.47 

to 2.27 mg/kg for VOO2. VOO3 and VOO4 showed great changes of the concentration 

of cinnamic acid from 1.27 to 0.76 mg/kg for VOO3 and from 1.95 to 1.14 mg/kg for 

VOO4. Vanillin showed a faster response to the storage in VOO2 and VOO4 compared 

with the other two oils, decreasing the concentration from the beginning of the storage. 

The largest reduction of the vanillin concentration was also observed in VOO2 and 

VOO4, which reached a concentration value at the end of the storage of 0.18 and 0.12 

mg/kg, respectively. Although the oxidation of the aldehydic group of vanillin can 

transform it into vanillic acid, the degradation of the former was not reflected in the 

concentration of vanillic acid, which was kept constant during the storage in the four 

VOOs (Figure 4.3.12).   

Pinoresinol and acetoxypinoresinol were the lignans identified in the VOOs. In 

comparison with secoiridoid phenols, they had a low concentration at the beginning of 

the storage (Figure 4.3.8). The concentrations of pinoresinol ranged from 1.34 to 5.55 

mg/kg and the concentrations of acetoxypinoresinol ranged from 1.50 to 3.22 mg/kg in 

the fresh oils. As other studies have reported (García et al., 2003; Morelló et al., 2004), this 
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group of compounds seem to be the most stable during the storage of VOO. Thus, in this 

study, the concentration changes that both compounds underwent during the storage 

were minor. On the one hand, the concentration of acetoxypinoresinol slightly decreased 

in VOO1 and VOO4 (Tables 2 and 5, Annex), whereas remained constant in the other 

two oils (VOO2 and VOO3) (Tables 3 and 4, Annex). On the other hand, the 

concentration of pinorresinol slightly increased during the storage. 

 

 Figure 4.3.13. Time trends of the concentrations of cinnamic acid and vanillin during 

the storage experiment for the four VOOs. A quadratic polynomial fitting was used.  

 An increasing number of publications related to the healthy properties of 

flavones have been reported (Le Marchand, 2002; Bendini et al., 2007a; Qiu et al., 2018). 

This group of phenols includes luteolin and apigenin, whose concentrations were 

tracked during the storage period. The concentrations of these compounds were among 

the highest values after the secoiridoids in the fresh VOOs, whose concentrations ranged 

from 7.72 to 18.9 mg/kg in the case of luteolin and from 1.50 to 10.42 in the case of 

apigenin (Tables 2-5, Annex). At the beginning of the storage, VOO1 showed the highest 

concentrations of these two compounds compared with the other oils. Thus, the 

concentration of luteolin in VOO1 was at least the double of the concentrations in the 

other oils, and the concentrations of apigenin in VOO1 were at least five times the 

concentrations in the other oils. Figure 4.3.14 shows the time trends of the concentrations 

of luteolin and apigenin during the storage period. The two compounds reduced their 

concentration with a similar trend. Nevertheless, the decrease of the concentration of 

luteolin was faster than the reduction of apigenin, which may be due to the low stability 

of the hydroxyl group located in ortho position of luteolin.  
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Figure 4.3.14. Time trends of the concentrations of luteolin and apigenin during 27 

months of storage under moderate conditions. A quadratic polynomial fitting was 

used.  

4.3.5. Tocopherols.  

 Tocopherols contribute to VOO stability because they act as lipid radical 

scavengers and also react with singlet oxygen either by physical quenching or by 

chemical reaction (Velasco and Dobarganes, 2002; Bendini et al., 2007a). Thus, they 

improve the VOO stability during the marketing period and protect the product against 

oxidation. For that reason, the concentrations of tocopherol were studied during 27 

months of storage period under moderate conditions. 

 Since α-tocopherol is the most predominant tocopherol in VOO, the other 

isomers were not included in this study. Thus, α-tocopherol represented approximately 

90-95% of the total content of tocopherols (Uceda et al., 2009). Therefore, in this study, 

the chromatogram obtained from the analysis of VOO showed an intense peak assigned 

to α-tocopherol and two minor peaks assigned to β-tocopherol and γ-tocopherol, which 

were not quantified because they rapidly disappear and just represented 10% or less of 

the total content of tocopherol. 

The initial concentration of α-tocopherol (means of the 4 VOOs = 233.68 mg/kg) 

decreased during the storage period. Figure 4.3.15 shows the time trend of α-tocopherol 

in the four VOOs subjected to storage under moderate conditions. Although this 

compound was reducing its concentration during the entire experiment, the highest 

reduction was registered in the first stages of the storage, mainly during the first seven 

months. Thus, in the seventh month, the residual content of α-tocopherol did not exceed 

the 60% of the initial concentration in the four VOOs. During the next months of storage 
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(month 7 – 27), the changes in the concentration were less relevant in the oils. In fact, 

during these months, the slope values of the concentration of α-tocopherol was reduced 

by about half in VOO3 and VOO4 and more than four times in VOO1 and VOO2 

compared with the slope in the first seven months.  

Despite the four VOOs had similar content of α-tocopherol at the beginning of 

the storage, their final content showed great differences between them. VOO1 showed 

the highest concentration of α-tocopherol (76.29 mg/kg), which accounted for 35.88% of 

its initial concentration. VOO2 and VOO3 showed an intermediate situation with similar 

values (43.29 mg/kg for VOO2 and 36.83 mg/kg for VOO3), which represented 

approximately 15% of their initial concentration. However, VOO4 showed the highest 

reduction of α-tocopherol concentration (3.40 mg/kg), which just represented 1.76% of 

its initial content. 

 

Figure 4.3.15. Time trend of α-tocopherol in the four VOOs subjected to storage 

under moderate conditions. A quartic polynomial fitting was used. 

 

4.3.6. Volatile compounds.  

The study of the volatile compounds in the four VOOs stored during 27 months 

and their relationships with the organoleptic characteristics were described in a research 

publication (Lobo-Prieto et al., 2020b). The total concentration of volatile compounds is 

shown in Table 4.3.3, where the initial (month 0) and final values (month 27) per VOO 

are displayed. Furthermore, Tables 6 – 9 (Annex) show the concentrations of the volatile 

compounds in the VOOs during the storage experiment. These values revealed a 
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moderate change in the total concentration of volatiles during the storage time. Thus, a 

maximum of 15% of variation was observed when comparing the total concentration of 

volatile compounds between the beginning and the end of the storage experiment (Table 

4.3.3). However, the panellists detected important changes in the sensory characteristics 

of the samples that led to a change in the category (see section 4.3.2). In order to extract 

more information about the changes taking place during the storage, the total 

concentration of volatiles was studied regarding 5 different chemical series: aldehydes, 

alcohols, esters, ketones and carboxylic acids. Table 4.3.4 shows the concentration of 

these chemical series at the beginning and at the end of the storage. In this case, the 

maximum variation of concentration was found in carboxylic acids. Thus, the 

concentration of this chemical series was up to 54.56% higher at the end of the storage 

experiment in VOO4 (Table 4.3.4). The maximum percentages of variation for the other 

chemical series were 39.40% for aldehydes (VOO1), 43.18% for alcohols (VOO2), 37.26% 

for esters (VOO4) and 21.41% for ketones (VOO3). 

The interpretation of the sensory changes during storage by means of volatile 

compounds requires the study of the individual compounds, in particular of those that 

are odour-active. In a first stage, the content of all the individual compounds (Table 4.3.3) 

was studied with t-test comparing values from the months 0-3 vs. 24-27 (fresh vs. aged 

oils) to identify which compounds underwent significant changes (p-value < 0.05) during 

the storage experiment. Most of the volatile compounds (at least 75%) showed 

statistically significant changes in all the oils (Table 4.3.3). Overall, the storage time 

showed a great effect on the concentration of volatile compound in all of the cases except 

for some alcohols, such as 2-methylbutan-1-ol. The relative standard deviation (%RSD) 

of the concentration values was calculated for those compounds presenting significant 

changes (p-value < 0.05) comparing the initial and the last sample stored in the 

experiment (0 and 27 months). The objective was to identify the compounds whose 

concentration varied in a greater extent. 



 

 

Table 4.3.3. Volatile compounds identified in the studied virgin olive oils, with their codes, their concentrations (mg/kg) at two different moments (before and 

after the storage experiment), the odour thresholds and the sensory attributes. 

Codes Volatile compounds 

VOO1 VOO2 VOO3 VOO4 
Odour 

thresholds 

(mg/kg) 

Aroma sensory descriptors 
Hojiblanca Arbequina Picual Arbequina 

0 

months 

27 

months 

0 

months 

27 

months 

0 

months 

27 

months 

0 

months 

27 

months 

1 Octane  0.33a 4.24a,b 1.06a,b 12.87a,b 0.65a 13.95a,b 2.01a,b 14.13a,b 0.94 Sweet, alkane 

2 Methyl acetate 0.51a,b 0.59a,b 1.28a,b 0.89a,b 0.13a 0.18a 1.03a,b 0.49a,b 0.20 Solvent, fruit 

3 Butanal 0.05a,b 0.03a,b 0.05a,b 0.02a,b 0.07a,b 0.03a,b 0.04a,b 0.03a,b 0.08 Green, pungent 

4 Ethyl acetate 0.70a 0.61a 1.11a,b 1.01a,b 0.16a 0.19a 1.59a,b 1.00a,b 0.94 Sticky, sweet 

5 Butan-2-one  0.48a 0.37a 0.29a 0.28a 0.55a 0.41a 0.12a 0.10a 40.00 Ethereal, fruit 

6 2-methylbutanal  0.04a,b 0.03a,b 0.15a,b 0.11a,b 0.05a,b 0.08a,b 0.16a,b 0.12a,b 0.005 Malty 

7 3-methylbutanal 0.02a,b 0.03a,b 0.06a,b 0.11a,b 0.04a,b 0.08a,b 0.09a,b 0.05a,b 0.005 Malty 

8 Ethanol 19.63a 15.59a 12.17a 5.96a 21.09a 15.67a 15.88a 9.45a 30.00 Alcohol 

9 Ethyl propanoate 0.76a,b 0.64a,b 0.32a,b 0.26a,b 0.24a,b 0.29a,b 0.10a 0.05a 0.10 Fruit, strong  

10 3-pentanone 4.83a,b 4.04a,b 2.41b 2.20b 3.46a,b 2.82a,b 2.23a,b 1.60a,b 70.00 Sweet, fruit 

11 Butan-2-ol 0.07a 0.04a 0.09a 0.05a 0.09a 0.04a 0.06a 0.02a 0.15 Winey 

12 Hexanalc 3.83a,b 2.33a,b 2.08a,b 3.75a,b 2.62a,b 2.19a,b 2.41a,b 2.72a,b 0.08 Green-sweet 

13 2-methylpropan-1-ol 0.12a 0.02a 0.04 0.01 0.02a 0.01a 0.01a 0.02a 1.00 Wine, solvent 

14 1-penten-3-ol 0.96a,b 0.65a,b 0.44a,b 0.31 a 0.51b 0.52b 0.40a 0.31a 0.40 Pungent, butter 

15 (E)-2-pentenal  0.46a,b 0.23a 0.16 0.16 0.26 0.30b 0.12a 0.31a,b 0.30 Green, apple 

16 Butan-1-ol 0.30a 0.07a 0.01a 0.01a 0.10 0.01 0.04a 0.03a 0.40 Fatty–medicine 

17 Heptanal 0.10 0.09 0.06a 0.47a 0.05a 0.30a 0.08a 0.42a 0.50 Oily, fatty, woody 

18 2-methyl butan-1-ol 0.01 0.01 Ndd Ndd 0.01a 0.05a 0.02 0.03 0.30 Winey, spicy 

19 3-methyl butan-1-ol 0.03 0.03 0.04a 0.04a 0.02a 0.01a 0.08 0.06 0.10 Woody, whiskey 

20 (E)-2-hexenalc 4.53a,b 1.21a,b 5.03a,b 3.87a,b 5.81a,b 3.31a,b 5.71a,b 2.57a,b 0.42 Green, apple-like 

21 Octan-3-one 0.08a 0.03a 0.04a 0.01a 0.15 0.09 0.02a 0.08a 0.75 Herb, butter 

22 Pentanol 0.03a 0.01a 0.01a 0.06a 0.06 0.03 0.01a 0.01a 0.47 Fruity 

23 1-octen-3-one 0.17a 0.07a 0.16 0.43 0.11 0.11 0.10a 0.20a 0.01 Mushroom, mould 

Note: a Significant difference (p < 0.05) in the concentration of the compound at the beginning and at the end of the storage; b the concentration of the compound exceeds its 

odour threshold (Odour Activity Value, OAV >1). c Compounds derived from the lipoxygenase (LOX) pathway. d Not detected. 

 



 

 

 

Table 4.3.3. Continued. 

Codes Volatile compounds 

VOO1 VOO2 VOO3 VOO4 
Odour 

thresholds 

(mg/kg) 

Aroma sensory descriptors 
Hojiblanca Arbequina Picual Arbequina 

0 

months 

27 

months 

0 

months 

27 

months 

0 

months 

27 

months 

0 

months 

27 

months 

24 Hexyl acetatec 1.87b 1.96b 0.85 0.75 1.69a,b 1.52a,b 0.89a 0.70a 1.04 Green, fruity, sweet 

25 Octan-2-one 0.08a 0.03a 0.02a 0.01a 0.12b 0.04 0.02a 0.01a 0.51 Mould, green 

26 Octanal 0.07 1.38b 0.42b 0.98b 1.01b 1.00b 0.55a,b 0.31a,b 0.32 Fatty, sharp, citrus-like 

27 (Z)-3-hexenyl acetatec 0.63a 0.31a 0.56a 0.50a 1.73b 0.98 0.48a 0.31a 0.20 Green 

28 (E)-2-heptenal 0.08a,b 0.05a,b 0.02a,b 0.10a,b 0.02a,b 0.08a,b 0.02a,b 0.09a,b 0.005 Oxidised, tallow 

29 6-methyl-5-hepten-2-one 0.01a 0.01a 0.01 0.02 0.02a 0.02a 0.01a 0.01a 1.00 Pungent, green 

30 Hexanolc 3.56a,b 3.54a,b 1.57a,b 1.41a,b 1.65a,b 1.43a,b 1.08a,b 0.88a,b 0.40 Fruit, banana, soft 

31 (E)-3-hexen-1-olc 0.46a 0.06a 0.10a 0.11a 0.21a 0.09a 0.05a 0.03a 1.00 Green 

32 (Z)-3-hexen-1-olc 1.10a 0.45a 0.16a 0.12a 0.29 0.16 0.05a 0.04a 1.10 Green 

33 Nonanal 0.22a,b 0.29a,b 0.19a,b 0.80a,b 0.24a,b 0.39a,b 0.22a,b 0.61a,b 0.15 Fatty, waxy, pungent 

34 1-octen-3-ol 0.14a,b 0.04a,b 0.05a,b 0.08a,b 0.14a,b 0.04a,b 0.05a,b 0.09a,b 0.001 Mouldy, earthy 

35 (E)-2-hexen-1-olc 0.83a 0.23a 0.50a 0.37a 0.85a 0.44a 0.25a 0.19a 5.00 Green grass, leaves 

36 (Z)-2-hexen-1-olc 1.43a 0.43a 0.29a 0.30a 0.59a 0.23a 0.16a 0.13a 1.00 Green 

37 Acetic acid 1.63a,b 1.56a,b 5.16b 6.36b 2.94a,b 3.78a,b 0.63b 0.79b 0.50 Sour, vinegary 

38 Propanoic acid 0.14a 0.24a 0.18a 0.19a 0.13a 0.20a 0.10 0.13 0.72 Pungent, sour 

39 Butanoic acid 0.47a 0.23a 0.13a 0.06a 0.25 0.24 0.25 0.15 0.65 Rancid, cheese 

40 2-methylpropanoic acid 0.08a 0.04a 0.07a 0.05a 0.10a 0.06a 0.06a 0.04a - Butter, cheese, rancid 

41 (E)-2-decenal  0.13b 0.07b 0.12a,b 0.80a,b 2.75a,b 3.37a,b 2.55a,b 3.47a,b 0.01 Painty, fishy, fatty 

42 Pentanoic acid 0.24 0.25 0.13a 0.24a 0.29 0.15 0.11a 0.20a 0.60 Unpleasant, pungent 

43 Hexanoic acid  1.50b 1.78b 0.57a 1.22a,b 2.51a,b 0.57a 0.63a 1.23a,b 0.70 Pungent, rancid 

44 Heptanoic acid 1.27a,b 2.97a,b 3.99a,b 1.52a,b 4.96a,b 1.16a,b 1.15a,b 4.00a,b 0.10 Rancid, fatty 

45 Octanoic acid  1.07a 2.62a 1.77a 1.57a 4.47a 1.33a 1.03a 2.14a 3.00 Oily, fatty 

46 Nonanoic acid  0.02a 0.08a 0.02a 0.05a 0.12a 0.02a 0.02a 0.05a - Fat, must, sweat, sour 

 Total volatiles  55.07 49.58 43.94 50.49 63.33 57.97 42.67 49.09   

Note: a Significant difference (p < 0.05) in the concentration of the compound at the beginning and at the end end of the storage; b the concentration of the compound exceeds 

its odour threshold (Odour Activity Value, OAV >1). c Compounds derived from the lipoxygenase (LOX) pathway. d Not detected. 
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Table 4.3.4. Concentrations (mg/kg) of the chemical series of the volatile compounds 

identified in the oils at two different moments (before and after the storage 

experiment). 

Volatile 

compounds 

VOO1 VOO2 VOO3 VOO4 

0 

months 

27 

months 

0 

months 

27 

months 

0 

months 

27 

months 

0 

months 

27 

months 

Aldehydes 9.47 5.74 8.34 11.11 12.91 11.12 11.96 10.70 

Alcohols 28.25 21.08 15.46 8.78 25.63 18.70 18.13 11.27 

Esters 4.46 4.11 4.13 3.42 3.95 3.18 4.07 2.56 

Ketones 5.65 4.53 2.93 2.94 4.39 3.45 2.50 1.98 

Carboxylic acids 6.41 9.75 12.02 11.25 15.75 7.51 3.97 8.73 

   

Table 4.3.5 shows the compounds whose concentration changed with a %RSD 

higher than 50% in the four VOOs. These compounds were different in each oil and the 

total number of compounds with %RSD > 50% per oil were indicative of the oxidation 

state of them at the end of the experiment. These compounds show that VOO1 and 

VOO3 underwent a decrease in the concentration of the majority of the selected 

compounds, which have pleasant attributes, such as (E)-3-hexen-1-ol, which explains the 

loss of their initial positive attributes (median of the fruity attribute) during the storage 

(Figure 4.3.2). VOO3 sample showed a large increase of the concentration of heptanal 

and (E)-2-heptenal, which are related to oily and oxidised aroma descriptors (Morales et 

al., 2005; Morales et al., 2013; Cecchi et al., 2019). Finally, VOO2 and VOO4 were in an 

advanced oxidation state at the end of the storage, as it is pointed out by the increase of 

the content of the volatiles related to the rancid defect (Aparicio et al., 2012), such as 

nonanal, heptanal and hexanoic acid. 

In a next step, and in order to gain a better understanding about which 

compounds have more influence on the virgin olive oil aroma, the odour activity value 

(OAV) of each volatile compound was determined at every month during the entire 

storage time for the different oils. This value results from the ratio of the concentration 

of the compound to its odour threshold (Grosch, 1994). Many of the compounds derived 

from the lipoxygenase (LOX) pathway, which contribute with green and fruity aroma 

sensory descriptors (Morales et al., 2013), showed an OAV > 1 in all samples during the 

entire storage time, such as hexanal, (E)-2-hexenal, hexyl acetate, hexanol and (Z)-3-

hexenyl acetate. The OAV of hexanal and (E)-2-hexenal were particularly high: they 

were in the ranges of 51.10 – 27.69 and 13.69 – 2.84, respectively.  
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Table 4.3.5. Selected volatile compounds that showed statistically significant 

changes (p-value < 0.05) and %RSD higher than 50% during the storage at moderate 

conditions. 

VOO1 VOO2 

Compounds %RSD Compounds %RSD 

Octane a 120.82 Octane 119.81 

Butan-2-ol 50.00 Butanal 58.59 

2-methylpropan-1-ol 93.90 2-methylpropan-1-ol 75.00 

Butan-1-ol 90.08 Butan-1-ol 69.05 

(E)-2-hexenal 82.03 Heptanal a 107.53 

Octan-3-one 70.06 Octan-3-one 92.07 

Pentanol 78.22 Octan-2-one 68.64 

Octan-2-one 74.39 Octanal a 56.58 

Octanal a 128.77 1-octen-3-one a 64.17 

1-octen-3-one 59.92 (E)-2-heptenal a 99.97 

(E)-2-heptenal a 71.08 6-methyl-5-hepten-2-one a 64.13 

6-methyl-5-hepten-2-one 61.66 Nonanal a 87.46 

(E)-3-hexen-1-ol 107.40 Butanoic acid 51.36 

(Z)-3-hexen-1-ol 59.21 (E)-2-decenal a 104.44 

1-octen-3-ol 72.03 Hexanoic acid a 50.98 

(E)-2-hexen-1-ol 79.88 Heptanoic acid 63.61 

(Z)-2-hexen-1-ol 76.50 Nonanoic acid a 78.26 

Heptanoic acid a 56.85   

Octanoic acid a 59.30   

Nonanoic acid a 94.12   

VOO3 VOO4 

Compounds %RSD Compounds %RSD 

Octane a 128.80 Octane a 106.09 

Butanal 56.41 Methyl acetate 50.03 

Butan-2-ol 64.18 Butan-2-ol 80.69 

2-methylpropan-1-ol 71.54 2-methylpropan-1-ol a 64.37 

Butan-1-ol 118.65 (E)-2-pentenal a 62.07 

Heptanal a 100.26 Heptanal a 94.48 

2-methylbutan-1-ol a 99.86 (E)-2-hexenal 53.76 

Octan-2-one 77.44 Octan-3-one a 79.59 

(E)-2-heptenal a 95.01 Pentanol a 53.96 

6-methyl-5-hepten-2-one 97.30 (E)-2-heptenal a 95.28 

(E)-3-hexen-1-ol 58.40 6-methyl-5-hepten-2-one 80.14 

1-octen-3-ol 74.51 Nonanal a 66.11 

(Z)-2-hexen-1-ol 63.51 Heptanoic acid a 78.27 

Hexanoic acid 88.83 Octanoic acid a 49.46 

Heptanoic acid 87.90 Nonanoic acid a 80.15 

Octanoic acid 76.55   

Nonanoic acid 105.60   

Note: a Compounds that underwent an increase of their concentrations during the storage. 

Other compounds with unpleasant sensory descriptors showed a high OAV from 

the beginning of the storage, such as 1-octen-3-ol in VOO1 (135.94), VOO2 (47.57) and 

VOO4 (47.99), heptanoic acid in VOO3 (49.49) and (E)-2-decenal in VOO4 (255.44). The 

first compounds, 1-octen-3-ol, provides mouldy odour to the oil, whereas heptanoic acid 
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and (E)-2-decenal are volatile markers of the rancid defect (Morales et al., 2005; Romero 

et al., 2015). Other compounds related to the rancid defect also showed OAV > 1 but at 

lower extent, such as nonanal and (E)-2-heptenal. They were found at low concentrations 

although their odour thresholds were low enough (0.005 mg/kg and 0.15 mg/kg for (E)-

2-heptenal and nonanal respectively) to have some impact on the sensory characteristics 

of the oil. Thus, their OAV in the fresh samples were 2.96 – 3.49 and 1.26 – 1.63 for (E)-2-

heptenal and nonanal, respectively. 

4.3.7. Relationship between volatile compounds and organoleptic 

characteristics. 

Once the compounds that underwent the most significant changes were 

identified (Table 4.3.5.), all the volatile compounds from Table 4.3.3 were studied to 

identify those whose concentration changes were better correlate to sensory changes. For 

this purpose, a correlation matrix was performed between the OAV of the volatile 

compounds (Table 4.3.3) and the results from the sensory assessment (medians of the 

fruity attribute and the defect) obtained every month (Figure 4.3.2). Only (E)-2-hexanal, 

which exceeded its odour threshold in all samples during the storage experiment, 

showed a high correlation coefficient (0.70–0.96) with the median of the fruity attribute 

in the studied oils. Particularly, a strong correlation was found between these two 

variables in VOO1 (R = 0.96). This compound, which is considered as a freshness marker 

in vegetables oils (Cavalli et al., 2004; Morales et al., 2005b), contributes with green and 

fruity attributes (Table 4.3.3). Figure 4.3.16 shows a double-y graph where the median of 

the fruity attribute and the OAV for (E)-2-hexenal are plotted per each VOO. Although 

(E)-2-hexenal concentration was reduced in a range of 1.16–3.33 mg/kg (Table 4.3.3), this 

compound with pleasant sensory descriptor showed an OAV higher than 1 during the 

entire storage time in all samples (OAV > 2.84 in all of the cases). Other compounds 

showing high correlation coefficients (R > 0.70) with median of the fruity attribute in 

some particular oils were (Z)-3-hexen-1-ol (R = 0.93 and 0.70 in VOO1 and VOO4, 

respectively) and (E)-2-hexen-1-ol (R = 0.96 in VOO1). The concentration of these two 

compounds is highly influenced by the stage of ripeness (Morales et al., 2013). 
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Figure 4.3.16. Median of the fruity attribute (Mf), median of the defect (Md) and (E)-

2-hexenal OAV (odour activity value) of the four VOOs during the storage 

experiment. The regression coefficients (R) of Mf and Md in relation to the OAV of 

(E)-2-hexenal are shown. 

The OAV of hexanal was also highly correlated (R > 0.70) with medians of the 

fruity attribute, although only in two oils. Thus, the correlation coefficients were 0.91 

and 0.76 for VOO1 and VOO3, respectively, while a negative value (−0.66) was obtained 

for VOO2 and VOO4. Hexanal was not selected by t-test when comparing its 

concentration in the initial and last months of storage (Table 4.3.3) and it did not show a 

change in its concentration with a %RSD > 50% (Table 4.3.5). However, the study of its 

concentration and OAV during the storage under moderate conditions may provide 

useful information about the oxidation state of the samples since this compound is also 

produced during oxidation and it has an evident implication in virgin olive oil rancidity 

(Morales et al., 1997; Morales and Przybylski, 2013). Figure 4.3.17 shows the OAV of 

hexanal and the medians of the fruity attribute and the defect represented on a double-

y graph with respect to the storage time. Two kinds of trends of its OAV during the 

storage was observed. Thus, the hexanal OAV decreased in VOO1 and VOO3 during the 

storage; it shows the opposite trend in both Arbequina samples, VOO2 and VOO4, in 
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which its concentration increased from the beginning of the storage. The decrease of 

OAV in VOO1 and VOO3 can be explained by a loss of hexanal present in the fresh oil 

originated from the LOX pathway while hexanal was later produced during oxidation 

at lower extent (Morales et al., 2013). Figure 4.3.17 shows a similar trend in the decrease 

of the median of the fruity attribute for VOO1 and in lesser degree for VOO3, which 

explains the high correlation coefficients in these two cases. On the contrary, the opposite 

time trends of OAV and median of the fruity attribute in VOO2 and VOO4 explain the 

negative value of the correlation coefficient (−0.66). However, the correlation coefficients 

when comparing OAV and median of defect in these two oils were positive although 

always below 0.80 (0.56 and 0.61 for VOO2 and VOO4, respectively) (Figure 4.3.17).  

 

Figure 4.3.17. Double-y graph of the median of the fruity attribute (Mf), median of 

the defect (Md) and the OAV (odour activity value) of hexanal for each virgin olive 

oil (VOO) during the storage experiment. The regression coefficients (R) of Mf and 

Md in relation to the OAV of hexanal are shown. 

The increase of hexanal OAV and concentrations in VOO2 and VOO4 is 

explained by the decomposition reactions of hydroperoxides formed from the fatty acids 

(Morales et al., 1997; Tena et al., 2018), contributing to the off-flavour of the sample with 

an intense greasy odour (García-González et al., 2011). In fact, this off-flavour associated 

with rancidity is detected by the panellist at month 5 in VOO2 (sample VOO2-5m) and 
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at month 19 in VOO4 (sample VOO4-19m) (Figure 4.3.2). These results indicate that 

VOO2 and VOO4 were in a more advanced oxidation state than the rest of the studied 

oils in the course of the storage experiment. This finding was not in agreement with the 

oxidative stability index from Rancimat method in the particular case of VOO4. Thus, 

VOO4 showed a high stability for Rancimat (53.60 h, the second most stable VOO) (Table 

4.2.3). However, in the storage experiment, this VOO was downgraded to lampante 

category in the 19th month, while the rest of oils never were classified as lampante 

(VOO2, VOO3) or were classified as lampante later (VOO1 in the 25th month). The 

evolution of PV values in VOO4 also shows a faster oxidation compared with the others, 

except for VOO1 (Figure 4.3.1). These results agree with the already reported 

relationship of hexanal with rancidity in aged oils (García-González and Aparicio, 2002; 

Velasco and Dobarganes, 2002; Morales et al., 2005). 

In order to study the changes in the sensory characteristics and the volatile 

composition of the oils from a multivariate perspective, a principal component analysis 

(PCA) was carried out with the concentration values of the selected volatile compounds 

that showed a %RSD > 50% in the storage experiment (Table 4.3.5) and the medians of 

the fruity attribute and the defect. Figure 4.3.18 shows the resulting PCA plots for the 4 

VOOs. The PCA plots show that the median of the fruity attribute and the median of 

defect were well separated by factor 1 in all VOOs, which were located in opposite 

quadrants. On the other hand, the plotted compounds were clustered by factor 1 

according to their link to the median of the fruity attribute and the median of the defect 

during the storage period. The median of the fruity attribute and the compounds 

associated to it were found in the left quadrant while the median of the defect and the 

compounds related to it were located in the right quadrant. These results revealed that 

some compounds show a higher correlation with the median of the defect; this 

relationship was different depending on the oxidative state of the oil in the storage 

experiment. The PCA results show that the selected compounds that originated from the 

lipoxygenase pathway (Table 4.3.3), such as (E)-2-hexenal and (Z)-2-hexen-1-ol and the 

median of the fruity attribute were plotted in the same quadrant in VOO1, VOO3 and 

VOO4. In the case of VOO2, however, the median of the fruity attribute appears to be 

only associated to (Z)-2-hexen-1-ol and (Z)-3-hexen-1-ol, but not with the rest of these 
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compounds, which can be explained by the slight change in their concentrations in this 

oil during the storage time instead of a reduction in their concentration as in the other 

oils (Table 4.3.3). Furthermore, other compounds, such as butanal and butan-1-ol, were 

associated to the median of the fruity attribute in all of the VOOs, due to their 

concentrations decrease during the storage, except for butan-1-ol in VOO2. This 

compound contributes with an aroma that is closer to the negative attributes (fatty and 

medicine for butan-1-ol) (Vivancos et al., 2016). Other compounds contributing with 

negative attributes were plotted near the median of the fruity attribute, which is 

explained by the fact that their concentrations also decreased over time: methyl acetate 

in both VOO2 and VOO4, octan-2-one and 1-octen-3-one in VOO1 and nonanoic acid in 

VOO3. 

 

Figure 4.3.18. Principal component analysis (PCA) plots of volatile compounds that 

showed significant changes (p < 0.05) and %RSD > 50% in the storage experiment, 

the median of the fruity attribute (Mf) and the median of the defect (Md) for the 

storage time. An individual plot was performed for each virgin olive oil (VOO). 

Codes are indicated in Table 4.3.3. 
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Regarding the median of defect value, the PCA plots show an association of this 

median with the concentrations of octane, (E)-2-heptenal and (E)-2-decenal in all of the 

cases, these compounds being related with sensory defects and the two latter 

contributing with oxidised and fatty notes (Morales et al., 2013). Moreover, nonanal and 

the median of the defect were plotted in the same quadrant in VOO1, VOO2 and VOO3, 

which points out that the autooxidation process takes place during the storage 

experiment. However, this association was not observed in the PCA for VOO4, in which 

nonanal and median of the defect were plotted in different quadrants despite this oil 

was the first one that downgraded to lampante at the end of the storage. These results 

may point out that the relationship of nonanal concentration and median of the defect is 

more evident at earlier stages of oxidation as it is the case in VOO1, VOO2 and VOO3. 

On the other hand, a strong association was found for heptanal and the median of the 

defect in VOO2, VOO3 and VOO4. In VOO1, this association was not found in the PCA 

plot, probably due to the fact that it was the oil that underwent the oxidation at lower 

extent in the first half of the storage experiment and the downgrading of category (from 

“extra virgin olive oil “to “virgin olive oil”) took place the latest (month 15) (Figure 4.3.2). 

Finally, the PCA plots showed that the hexanoic acid is related to the median of the 

defect in the cases of VOO2 and VOO4. 

In a second PCA, only the concentrations of the same volatile compounds (Table 

4.3.5) were studied without including the medians of the fruity attribute and the defect 

in the data set. The objective was to check the score plot (samples) to study the changes 

of the volatile profile of the oils during the storage experiment with a multivariate 

perspective. Thus, Figure 4.3.19 shows a score plot per each VOO stored, in which the 

samples collected every month are represented against the factors. The score plot of 

VOO1 shows a change in the distribution of the samples from month 15 (VOO1-15m), 

which is the moment when this sample downgraded to “virgin olive oil” category 

(Figure 4.3.2). The score plot for VOO2 pointed out a change in the distribution of the 

monthly collected samples in the month 8 (VOO2-8m) when the panellists identified an 

incipient rancidity in this oil for the first time (Figure 4.3.2). Furthermore, in VOO3, the 

change of the trend of the samples was identified at month 10 (VOO3-10m) when the 

panellists detected a winey-vinegary defect in this sample that caused an increase of 2.6 
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in its median of defect and, consequently, its downgrading to “virgin olive oil” category 

(Figure 4.3.2). Finally, in sample VOO4 two changes in the trend of the samples were 

observed in the score plot. Thus, a change in the distribution of the samples was 

identified at month 8 (VOO4-8m) and another change was detected at month 19 (VOO4-

19m). In this last month, the oil downgraded to “lampante olive oil” according to the 

panel test (Figure 4.3.2). These results evidence that the selected compounds were able 

to explain the sensory changes identified by the assessor during the storage period. 

  

Figure 4.3.19. PCA scores plots of cases (monthly collected samples) calculated using 

the volatile compounds which showed significant changes (p < 0.05) and %RSD > 

50% during the storage time. The numbers indicate the month when the sample was 

collected and analysed in the storage experiment.  

The study of the physical-chemical, chemical and sensory parameters in the 

samples during storage made it possible to examine the time trends of all of them and 

to compare the different evolution between samples. A correlation matrix of all these 

parameters was elaborated for each of the samples in order to have a complete 

perspective of all the changes that occurred during storage and the interrelation between 

them (Figures 1-4, Annex). Despite of different time trends were observed in these  
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parameters, high correlation (R > 0.80) was found in many cases. Thus, this is the case of 

PV, FFA, total phenols and tocopherols, which showed high correlation between them 

and with most of the other parameters (Figures 1-4, Annex). However, other parameters 

showed low correlation (R < 0.5). That is the case of some individual phenols (vainillic 

acid, p-coumaric acid), pyropheophytin a, and some volatile compounds. In the case of 

volatile compounds, the correlation seems to depend on the sample, reflecting the 

complexity in the study of the volatile markers. Thus, for example, (E)-2-hexenal showed 

good correlation (R > 0.80) with other parameters in VOO1 and VOO4 (e.g. with PV, 

FFA, phenols, pheophytin a, tocopherols) but not in VOO2 and VOO3. The study of 

these parameters provided a basis of information for the following interpretation of the 

spectroscopic studies of the samples. 

4.4. Study of virgin olive oil alteration during storage by fluorescence 

spectroscopy. 

This study proposes the total luminescence spectroscopy combined with (parallel 

factor) PARAFAC analysis as an appropriate technique, which is able to monitor the 

changes of VOO produced during the storage under moderate conditions from a 

multidimensional perspective. The objective was to verify if the results obtained from 

fluorescence spectroscopy and chemometrics could provide real information of the 

changes occurring in VOO during its storage, and the ability of this method to 

distinguish between fresh and aged oils. In order to study their fluorescence 

characteristics, the four monovarietal VOOs were studied by fluorescence spectroscopy 

during 21 months of storage. Theses analyses were carried out in University of Poznań 

(Institute of Quality Science, Poznań University of Economics and Business, Poland) 

during a predoctoral stay. The results of this research were described in a publication 

(Lobo-Prieto et al., 2020a).   
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4.4.1. Changes of fluorescence excitation–emission matrices during the storage 

time. 

The changes in the amount of the main fluorescence compounds present in the 

VOOs during storage were studied by excitation–emission fluorescence spectroscopy 

(EEFS). The fluorescence spectral data, together with the data obtained from the quality 

parameters, phenols, tocopherols, and pigments derivate from chlorophyll were 

simultaneously studied during the whole storage experiment, in order to study the 

spectra with a multiparametric perspective.  

Figure 4.4.1 - A shows the contour maps of excitation–emission matrices (EEMs) 

of the four stored VOOs before starting the storage (fresh oils). The EEMs exhibited 

general features as other authors reported in previous works (Sikorska et al., 2008; Tena 

et al., 2012). Thus, the EEMs showed two groups of bands observed in all the oils (Figure 

4.4.1 - A). A group of bands was found in the emission wavelengths range of 600–700 

nm. The most intense band in this group was found at the excitation/emission maximum 

(λex/λem) of 408/678 nm in all the samples studied. According to previous works, this 

band is associated with the presence of chlorophyll pigments, mainly pheophytin a 

(Galeano Díaz et al., 2003; Sikorska et al., 2008; Sikorska et al., 2014; Aparicio-Ruiz et al., 

2017).  

The second group of bands was identified at 250–350 nm of emission 

wavelengths, the excitation/emission maximum (λex/λem) being found at 293/322 nm in 

all the oils. This band corresponded simultaneously to tocopherols and phenols, as it 

was extensively reported in previous works (Sikorska et al., 2005; Sikorska et al., 2012; 

Sikorska et al., 2014; Squeo et al., 2019).  

Figure 4.4.1 - B shows the changes of the contour maps of the EEMs of the VOOs 

after 21 months of storage under moderate conditions. Particularly, this figure shows the 

EEMs at the last months of the storage (21 months). The two groups of bands associated 

with the fresh oils (Figure 4.4.1 - A) decreased progressively during the storage. Figures 

4.4.2 - A and 4.4.2 - B display the time-trends of the band intensities associated with 

pigments (λex/λem 408/678 nm) and tocopherols and phenols (λex/λem 293/322 nm) during 

the 21 months of storage. These bands decreased their intensity during the storage in the 

four VOOs due to the degradation reactions that took place (Sikorska et al., 2008). 
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Figure 4.4.1. Contour maps of the excitation–emission matrices (EEMs) of the stored 

VOOs in two moments of their storage under moderate conditions: (A) before 

starting the storage (fresh sample) and (B) at the end of the storage (twenty-first 

month of storage). 

 The intensity of the band assigned to the pigments abruptly decreased during 

the first months of storage under moderate conditions (Figure 4.4.2 - A). Thus, this band 
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almost disappeared in the fourth month of storage in VOO2 and VOO4, in the fifth 

month in VOO1, and in the eighteenth month in VOO3. The fluorescence intensity of 

this band for VOO3 was at least double compared to the other three oils before the 

storage (Figure 4.4.2 - A). This difference explained that this band required a longer time 

(18 months) to be undetected in the fluorescence spectra of VOO3. This high intensity 

matched with the high concentration of pheophytin a determined by HPLC in this oil: 

23.43 mg/kg in VOO3, while the values for the rest of the oils were 7.06 mg/kg in VOO1, 

3.02 mg/kg in VOO2, and 3.31 mg/kg in VOO4 (Figure 4.2.1).  

 

Figure 4.4.2. Time trends of the fluorescence intensities of the bands found at the 

excitation/emission maxima of (A) 408/678, (B) 293/322, and (C) 300/418 nm for the 

virgin olive oils during the storage under moderate conditions. 

Furthermore, the changes of the pheophytin a concentration determined by 

HPLC during the storage was similar to that of the fluorescence band assigned to 

pigments (section 4.3.3). Thus, the concentration values of pheophytin a also decreased 

in all of the cases during the storage (Figure 4.3.3). These concentrations reached values 

close to zero (≤0.03 mg/kg) after 7 months of storage of the samples, except for VOO3, in 

which such a reduction was observed after 15 months (Figure 4.3.3). The time trend 

similarities between pheophytin a concentration (HPLC data) and the intensity of this 
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band (λex/λem 408/678 nm) were supported by the high correlation coefficients between 

these two variables, which were 0.98 in VOO1, VOO2, and VOO3, and 0.79 in VOO4. 

The positive relationship between pheophytin a and the fluorescence band at λex/λem 

408/678 nm was previously reported by several authors (Dupuy et al., 2005; Sikorska et 

al., 2008; Aparicio-Ruiz et al., 2017). On the contrary, no relationship was found between 

the pyropheophytin a concentration and the fluorescence intensity of this band. In fact, 

the correlation coefficients in this case were 0.45 or lower in the four VOOs. 

The intensity of the band assigned to tocopherols and phenols (λex/λem 293/322 

nm) also decreased during storage. Unlike the band assigned to pigments, the intensity 

of this band never decreased to values close to zero, although it was reduced by 

approximately up to 50% of its initial values at the end of the storage experiment. 

However, as the band assigned to pigments, this band also underwent the highest 

decrease in the first five months of storage (Figure 4.4.2 - B).  

Regarding the chemical analysis by HPLC, the concentrations of α-tocopherol 

(Figure 4.3.16) and phenols (Figures 4.3.4 and 4.3.5) also decreased during the storage 

experiment. On the one hand, the α-tocopherol concentration underwent a reduction of 

its initial value of 51.84% for VOO1, 66.65% for VOO3, 67.87% for VOO2, and 89.44% for 

VOO4 at the end of the storage (Figure 4.3.16). Nevertheless, α-tocopherol showed the 

highest decrease during the first five months of storage, which was also well represented 

by this fluorescence band. In fact, the correlation coefficients between HPLC results and 

the spectral intensity of this band in the whole storage experiment were 0.93 for VOO1 

and VOO2, 0.94 for VOO3, and 0.79 for VOO4.  

On the other hand, the concentration of total phenols determined by HPLC 

revealed a decrease with respect to their initial concentration of 42.77% for VOO2, 

54.40% for VOO4, 55.26% for VOO3, and 56.68% for VOO1 (Figure 4.3.4). The correlation 

coefficients between the HPLC results and the intensity of this fluorescence band were 

0.74 for VOO4, 0.79 for VOO1, 0.85 for VOO2, and 0.89 for VOO3. The individual 

contribution of tocopherols and phenols has been studied by synchronous fluorescence 

spectroscopy (Sikorska et al., 2005; Sikorska et al., 2008) and by using a vitamin E 

standard and a VOO phenol extract (Cheikhousman et al., 2005). Some works used this 

band to develop models to estimate the concentration of tocopherols in vegetables oils 
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(Sikorska et al., 2005; Baltazar et al., 2020) or even to classify oils according to their 

concentration of phenols (Squeo et al., 2019). 

In addition to the aforementioned bands, a new fluorescence band appeared at 

the intermediate-wavelength emission region (λex/λem 300–319/418 nm) during the 

storage. This band was previously reported and attributed to oil oxidation products by 

other authors (Sikorska et al., 2004; Cheikhousman et al., 2005; Tena et al., 2012). Figure 4.4.2 - 

C shows the time trend of the fluorescence intensity of this band in the VOOs during the 

storage time. In VOO4 and VOO2, this band was already observed at low intensity in 

the fresh oils, while in the rest of the VOOs it was barely detected. This agreed with the 

initial oxidation state of the samples according to the K270, K232, and peroxide value, 

which identified VOO2 and VOO4 as the most oxidised oils before the storage (Table 

4.2.1). Furthermore, the fluorescence intensity of this band increased during the storage 

(Figure 4.4.2 - C), reaching its maximum in the last month of the storage. However, the 

time trend of the fluorescence intensity of this band showed two different behaviours. 

Thus, VOO1 and VOO3 showed an abrupt increase of the fluorescence intensity of this 

band during the first five months, while it increased at a lower rate after this moment. 

VOO2 and VOO4, the two Arbequina oils, showed a different time trend consisting in a 

continuous increment of the band intensity during the whole period and at lower rate 

compared to VOO1 and VOO3. During the storage experiment, all the quality 

parameters related to oxidation products (K270, K232, and peroxide value) also showed an 

increase (Table 4.3.1 and Figure 4.3.1), which also reached their maximum value in the 

last month (twenty-first month) of storage. The highest relation of the intensity of this 

band with respect to the quality parameters previously mentioned was found for K270, 

which showed correlation coefficients of 0.70 for VOO2, 0.79 for VOO4, 0.85 for VOO1, 

and 0.92 for VOO3. The time-trend of K270 (Table 4.3.1 and Figure 4.3.1) and the intensity 

of this fluorescence band (Figure 4.4.2 - C) showed that VOO1 and VOO3 were the most 

oxidised samples at the end of the storage experiment. 

4.4.2. Multivariate analysis of VOO excitation–emission fluorescence spectra. 

Multivariate exploratory methods were used to study the fluorescent 

compounds of the sample set. The 88 EEMs (22 EEMs per 4 VOOs, one per month during 
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the 21 months of storage and the EEM of the fresh oil) were analysed by the PARAFAC 

algorithm. The number of PARAFAC components was six, which was selected 

according to the core consistency (CONCORDIA = 87%) and the inspections of the 

residuals and the loadings (variance explained = 97.97%) (Andersen and Bro, 2003; Bro 

and Kiers, 2003).  

Figure 4.4.3 shows the PARAFAC excitation and emission profiles for the 6 

extracted components. The scores of PARAFAC components for each of the four studied 

oils are presented in Figure 5, Annex. In order to carry out the analysis of the PARAFAC 

results, the six selected components were assigned to the fluorescent compounds. Firstly, 

the emission profiles of component 1 (λex/λem 408/678 nm) and component 3 (λex/λem 

408/668 nm) were assigned to the chlorophyll pigments (Sikorska et al., 2008; Aparicio-

Ruiz et al., 2017). The existence of two components for chlorophyll pigments could be 

related with the fact that the emission wavelengths (maximum intensity) were different 

depending on the chlorophyll derivatives and they varied in the range (658–672 nm) 

(Lozano et al., 2013). However, it was difficult to assign each component to one specific 

derivative.  

 

Figure 4.4.3. Parallel factor analysis (PARAFAC) excitation and emission profiles of 

the entire sample set (four monovarietal samples during the storage under moderate 

conditions) for the six components: component 1 (λex/λem 408/678 nm), component 2 

(λex/λem 293/322 nm), component 3 (λex/λem 408/668 nm), component 4 (λex/λem 

300/418 nm), component 5 (λex/λem 280/314 nm), and component 6 (λex/λem 340/450 

nm). 

Secondly, the emission profiles of component 2 (λex/λem 293/322 nm) and 

component 5 (λex/λem 280/314 nm) were both assigned to tocopherols and phenols 

(Dupuy et al., 2005; Sikorska et al., 2012; Squeo et al., 2019). Previous research works 
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dealing with the study of the individual contribution of tocopherols and phenols by 

means of synchronous fluorescence spectroscopy reported that tocopherols were related 

with higher excitation/emission wavelengths compared with phenols (Sikorska et al., 

2012). Therefore, it could be thought that component 2 would be more related with 

tocopherols and component 5 with phenols, although a mixture of contribution from 

both kinds of compounds was expected.  

Finally, the emission profiles of component 4 (λex/λem 300/418 nm) and 

component 6 (λex/λem 340/450 nm) were attributed to oxidised compounds by several 

studies (Tena et al., 2012; Guzmán et al., 2015; Mishra et al., 2018; Díaz et al., 2019). 

A principal component analysis (PCA) was applied to the 6 PARAFAC 

components and the chemical and physical–chemical parameters (Tables 4.3.1 and 

Figures 4.3.2, 4.3.3, 4.3.4 and Figure 4.3.16) to observe the distribution of the samples 

according to the storage time with a multivariate perspective. Figure 4.4.4 shows the 

loadings (Figure 4.4.4 - A) and scores (Figure 4.4.4 - B) plots obtained for the two first 

principal components (PC1 and PC2) of the PCA.  

 

Figure 4.4.4. Principal component analysis (PCA) of all of physical–chemical 

parameters analysed and the components extracted by PARAFAC analysis from the 

entire data set: loadings plot (A) and scores plots (B) obtained of the two first 

principal components (PC1 and PC2). Codes: A, VOO1; B, VOO2; C, VOO3; D, 

VOO4. The numbers after the codes mean the months of the storage when the 

samples were collected. 

Figure 4.4.4 - A revealed that the physical-chemical parameters were distributed 

in two groups according to PC1. This distribution divided the parameters between those 

related to freshness markers (pheophytins and pyropheophytins) and antioxidant 

compounds (phenols and α-tocopherol), plotted in the negative side of PC1, and those 
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related to oxidative and quality indexes of the oil (K232, K270, free acidity, and peroxide 

value) were placed in the positive side of PC1. The score plot presented in Figure 4.4.4 - 

B shows a sequential shift of the samples collected every month along the PC1 axis. The 

freshest oils were located in the left quadrant, which matched with the quadrant where 

pheophytins, pyropheophytins, phenols, and α-tocopherol were placed (Figure 4.4.4 - 

A). However, as storage progressed, the VOOs were plotted in the right quadrant, where 

the K232, K270, free acidity, and peroxide value were located. Due to the fact that the time 

is a continuous variable and the chemical changes between consecutive months are 

moderate in the collected samples, no clear groups were discriminated between samples. 

Nevertheless, the distribution of the stored oil samples along the PC2 (Figure 4.4.4 - B) 

was able to distinguish between Arbequina oils (VOO2 and VOO4) and the other two 

cultivars, Picual (VOO3) and Hojiblanca (VOO1). 

The PCA was also used to study the relationship between the physical–chemical 

parameters (peroxide value, K232, K270, free acidity, phenols, α-tocopherol, pheophytin, 

and pyropheophytin contents), which characterise the oils, and the fluorescence 

components obtained by PARAFAC. The PARAFAC components 1 and 3 (chlorophyll 

pigments), and 2 (tocopherols with contribution of phenols) were plotted near their 

related chemical parameters (pheophytins, pyropheophytins, phenols, and α-

tocopherol) (Figure 4.4.4 - A). However, PARAFAC component 5, whose excitation and 

emission wavelengths are mainly assigned to phenols in the literature (Sikorska et al., 

2012; Squeo et al., 2019), was plotted far from this chemical parameter (Figure 4.4.4 - A). 

The high diversity of phenols and their different fluorescent characteristics (Sikorska et 

al., 2012; Tena et al., 2012) may partially explain the lack of correlation of component 5 

with total phenol content. On the other hand, PARAFAC components 4 and 6 were 

located in the right quadrant, the same quadrant where the peroxide value, free acidity, 

K232, and K270 were plotted. The position of these two PARAFAC components in the 

loadings plot (Figure 4.4.4 - A) indicated that they were related to oxidation products. 

The relation of the emission region (400–600 nm) of the components 4 and 6 with the 

oxidation products was reported in previous studies (Sikorska et al., 2008; Guzmán et al., 

2015). 
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PARAFAC components 4 (λex/λem 300/418 nm) and 6 (λex/λem 340/450 nm) were 

represented in a 2D plot, which is shown in Figure 4.4.5, to analyse the differences 

between the four VOOs according to their oxidation states in the course of the storage. 

The intensity of both components revealed a different oxidation state of the VOOs at the 

beginning of the storage. Despite the intensity of both components changing over time, 

the differences of the oxidation state between oils were maintained according to these 

two components. Thus, four distinguishable groups were observed in the 2D plot 

associated with the four VOOs. The most remarkable increase of the component 

intensities was observed in the first months of storage (approximately 0–5 months) 

(Figure 4.4.5). The correlation study of components 4 and 6 with respect to the oxidation 

indexes (K232, K270, peroxide value) revealed that the best correlation coefficients were 

found for component 4 and K270 (R = 0.89, 0.80, 0.93, and 0.81 for VOO1, VOO2, VOO3, 

and VOO4, respectively).  

 

Figure 4.4.5. 2D plot of components 4 (λex/λem 300/418 nm) and 6 (λex/λem 

340/450 nm) for all VOOs during the entire storage time. Codes: A, VOO1; B, 

VOO2; C, VOO3; D, VOO4. The numbers mean the months of the storage 

when the samples were collected. 

A further study was carried out with a stepwise linear discriminant analysis 

(SLDA) using all PARAFAC components in order to select which one was the most 
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efficient at discriminating between fresh and aged oils. For this aim, only the samples at 

the beginning (0–5 months) and at the end (16–21 months) of the experiment were 

considered as the two classes to be distinguished in the classification model. The 

selection of the classifying variables (PARAFAC components) included in the model was 

carried out through F-to-enter and F-to-remove values (Aparicio and García-González, 

2013). The procedure selected components 2 and 4 from the initial six PARAFAC 

components to build the classification model. These two variables, associated with 

tocopherols with the contribution of phenols (component 2) and oxidation products 

(component 4), provided complementary information about the chemical changes that 

occur during storage. 

4.4.3. Sensory quality changes in the samples analysed by fluorescence 

spectroscopy. 

The sensory assessment of the fresh oils determined that all of the VOOs were 

within “extra virgin olive oil” category according to European regulation (European 

Union, 1991), except VOO4 (Table 4.2.1). This oil was categorised within the “virgin olive 

oil” category, due to a winey-vinegary defect (Md = 2.1) detected by the panellists before 

starting the storage. The panellists classified the fresh oils according to their medians of 

the fruity attribute in the following order: VOO1 (Mf = 4.7) > VOO3 (Mf = 3.8) > VOO2 

(Mf = 3.5) > VOO4 (Mf = 3.0). 

During the storage under moderate conditions, the panellists detected some 

changes in the flavour of the oils, which were explained in section 4.3.2. As it was 

highlighted in a previous publication, these variations were explained by the changes in 

the volatile composition during the storage (Lobo-Prieto et al., 2020b). They were enough 

to cause a downgrading of the oils at different time during the storage. On the other 

hand, the study of the physical–chemical parameters during the VOO storage revealed 

that the category downgrading was due to the increment of K270 (Figure 4.3.1) and the 

changes in the median of fruity and defect values (Figure 4.3.2). Any analytical method 

being proposed to control virgin olive oil degradation should consider this complexity 

of quality changes during storage. In particular, sensory quality needs special attention 

due to the discrepancies sometimes found in the sensory assessment results, which is 

considered by the regulatory bodies as a main problem in the quality assessment of 



 

 

 RESULTS AND DISCUSSION 

198 

VOO. Furthermore, the sensory quality is the characteristic most appreciated by 

consumers; therefore, its control during the commercialisation of VOO should be 

extremely important. Although fluorescence spectroscopy determined compounds that 

were not related to sensory defects, it is important to know if the changes determined by 

this method occurred before or after sensory defects were clearly detected by panellists 

and consequently a category downgrading took place. Thus, this information is 

necessary for a correct interpretation of the results.  

Figure 4.4.6 shows the median values of the defect and fruity attribute during the 

storage, together with the time trend of the PARAFAC components 2 and 4, which were 

the components previously selected by SLDA. The median of the fruity attribute 

decreased at the same rate as component 2 (associated with tocopherols and phenols), 

the correlation coefficients between both variables being 0.70, 0.88, 0.90, 0.52 for VOO1, 

VOO2, VOO3, and VOO4, respectively. Only the latter showed a correlation coefficient 

lower than 0.70, probably due to the fact that this oil was already within the “virgin olive 

oil” category and its median of fruity attribute was the lowest among the studied oils 

(Mf = 3.0). 

In the case of the median of the defect, this variable was related to component 4, 

associated with oxidation products (Figure 4.4.6). In this case, the changes in the median 

of the defect were marked, unlike the median of the fruity attribute, increasing from zero 

to approximately 2, while the change of component 4 intensity was continuous during 

the storage. It was also important to note that the increase of the median of the defect 

could be due to the detection of rancidity, associated with oxidation products, but also 

to the detection of some fermentative defects, such as the winey-vinegary defect, already 

existing in the fresh samples and masked by the fruitiness. That explains the low 

correlation coefficients between the median of the defect and component 4 for the four 

oils (0.46, 0.67, 0.66, and 0.34 for VOO1, VOO2, VOO3, and VOO4, respectively). In these 

oils, the increase of the intensity of component 4 up to the plateau was observed before 

the abrupt change in the median of the defect.  
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Figure 4.4.6. Time trends of the medians of defect and fruity attribute values during 

the storage per each VOO, which is represented together with the time trend of the 

PARAFAC components 2 (A–D) and 4 (E-H) in a double-y graph, respectively. 
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This study verified the ability of fluorescence spectroscopy to monitor the 

chemical changes of virgin olive oils during storage under moderate conditions and 

assessed the relationship with the different quality parameters. The quality and the 

stability of the samples were influenced by many variables (the state of olive ripeness, 

the method of extraction, the geographical provenance, and the agricultural practices, 

among many other factors). This explains that the varietal influence was not so evident 

for some parameters. For example, the two Arbequina oils presented different phenol 

concentrations and changes in the sensory characteristics.  

The main correlations between the bands identified in the excitation–emission 

matrices and the quality parameters were found in: the intensity of the band assigned to 

pigments (λex/λem 408/678 nm) with the concentration of pheophytin a, the intensity of 

the band assigned to tocopherols and phenols (λex/λem 293/322 nm) with the 

concentration of α-tocopherol, and the intensity of the band assigned to oxidation 

products (λex/λem 300/418 nm) with K270. On the other hand, PARAFAC components 2 

and 4 were selected as the best components to distinguish between fresh and aged oils. 

Both components provided complementary information since they informed on the 

content of tocopherols with contribution of phenols (component 2) and oxidation 

products (component 4). In both components, the changes in their intensity were 

observed at the same time, or even earlier, than the changes in the medians of the fruity 

attribute and the defect were determined.  

 

4.5. Mesh cell-FTIR spectroscopy applied to stability studies: changes of 

stability during the storage. 

The aim of this section is to investigate the potential and suitability of mesh cell-

FTIR spectroscopy combined with multivariate tools as a rapid and efficient 

methodology for the characterisation of VOO stability when it is subjected to storage at 

conditions close to the real ones (moderate conditions). In addition, the changes of 

stability - as measured with mesh cell-FTIR spectroscopy – were studied during the 

storage experiment of 27 months. The information collected through the storage 

experiment was also used to evaluate the ability of mesh cell-FTIR spectroscopy to 

classify VOOs according to their oxidation state. In this study, the fresh VOOs (coded as  
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month 0 of the storage), whose stabilities were previously evaluated under mesh cell 

incubation (section 4.2.7), were subjected to a real storage in bottles at moderate 

conditions (1000 lx and 23 °C) during 27 months (section 3.1.1.2). Then, during the 

storage experiment, the stability of the stored oils was studied with mesh cell-FTIR 

spectroscopy under three conditions:  

1) in the dark with moderate heating (35 °C) 

2) under light exposure (400 lx) at room temperature (23 °C) 

3) under light exposure (400 lx) and moderate heating (35 °C).  

The measurements with mesh cell-FTIR spectroscopy were carried out in the 

samples collected every three months of storage, excepting the three initial months (0 – 

3 months) and the last three months of storage (25 – 27 months) in which the 

measurements were carried out every month. This sampling was in line with the 

expected changes according to previous experiences of the group (Morales and 

Przybylski, 2013; Aparicio-Ruiz et al., 2017; Lobo-Prieto et al., 2020b). Thus, it was 

expected that more changes would be observed in the first and last months of the storage 

and for that reason in these months the sampling rate was every month. 

This strategy allowed to study the stability measured with mesh cell-FTIR 

spectroscopy in a given month and to compare the results from different months to 

evaluate the dynamic change of stability during storage. For this purpose, the gathered 

data could be structured as a 3D matrix, as shown in Figure 4.5.1. The 3 dimensions are: 

the time of storage (0-27 months), the time of incubation in mesh cell (0-576 h) and the 

intensity of different FTIR bands (hydroperoxides, alcohols, aldehydes, trans double 

bonds, etc.) expressed as absorption units.  
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Figure 4.5.1. Scheme of the 3 dimensions of the data gathering (intensity of different 

FTIR bands) during the storage of samples at controlled conditions and the mesh 

cell incubation at moderate conditions.  

4.5.1. First approach to the data matrix analysis. 

The FTIR spectra provide information about different series of compounds 

simultaneously (Tena et al., 2017) and, therefore, general information of the chemical 

characteristics of the oils can be obtained by a single analysis. The accessory proposed 

(mesh cell) allows to amplify the signals in specific regions related to the oxidation 

products, which were previously selected (section 4.1.5). Furthermore, the time design 

of the storage experiment carried out with the four VOOs was able to generate a massive 

multidimensional perspective of the oxidation/quality state of the VOO during the 

storage period, which can be regarded as an oxidation map of the VOO shelf life. Figure 

4.5.2 shows a single spectrum of a VOO acquired with mesh cell-FTIR spectroscopy after 

576 h of incubation (Figure 4.5.2 - A) and a 3D plot of the spectra of the same VOO 

obtained during the whole storage experiment (Figure 4.5.2 - B), in order to provide a 

first interpretation of the data matrix. In both cases, the spectra were acquired after 576 

h of incubation in mesh cell. The spectra through the storage showed variations in the 

spectral bands assigned to alcohols, hydroperoxides and aldehydes. 
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Figure 4.5.2. A single spectrum of a VOO (VOO1, section 3.1.1) acquired with mesh 

cell-FTIR spectroscopy (A) and a 3D plot of the spectra of the same VOO obtained 

during the whole storage experiment (B). The spectra were acquired after 576 h of 

incubation in mesh cell.  

In order to study the oxidative stability of VOO as the storage experiment 

progressed, the samples collected and loaded in the mesh cells were also incubated 

during 576 h under the three moderate conditions described above (Figure 4.5.1). Each 

mesh cell was analysed every 24 h during this incubation period of 576 h, thus allowing 

the monitoring of the spectral bands related to oxidation and degradation products 
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(section 4.1.5). The time trend of the absorbance registered for each one of the bands 

provided information about the effect of the oxidation upon VOO as it ages. Therefore, 

the data obtained from the incubation period of each sample must be inserted in the 3D 

data matrix (Figure 4.5.2) as a new dimension per each wavenumber studied. Figure 

4.5.3 shows a 3D plot of the spectra obtained for the samples collected during the storage 

experiment and after 576 h of incubation (Figure 4.5.3 - A) and the intensity of the band 

assigned to hydroperoxides during 576 h of incubation per each one of the samples 

collected during the storage (Figure 4.5.3 - B). This figure shows that the band assigned 

to hydroperoxides underwent changes in the mesh cell incubation during the storage 

experiment, indicating a change in stability as the oil ages. This change is not linear and 

highlighted the need to study the variations of the spectral bands during incubation for 

each oil at different times of storage. 

   

Figure 4.5.3. 3D plot of the spectra obtained for the samples collected during the 

storage experiment and after 576 h of incubation in mesh cell (A) and the intensity 

of the band assigned to hydroperoxides (3430 cm-1) during the incubation in mesh 

cell for the samples collected during the storage (B).  

4.5.2. Study of the total variance spectra of VOOs collected from the storage 

experiment.  

The spectra of the samples collected during the storage experiment (VOO-0m - 

VOO-27m) and incubated for 576 h in mesh cell under the three moderate conditions 

were used to compute a total variance spectrum for each one of the four studied oils. 

Additionally, as a control group, the total variance spectra of the stored samples (VOO-
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0m – VOO-27m) at 0 h of incubation were also computed for each VOO. The total 

variance spectra were used for assessing which incubation condition was able to alter in 

a greater extent the initial chemical composition of the VOO during incubation in mesh 

cell and to verify how this effect varies during the storage period. The study of the total 

variance spectra was focused on the three spectral regions selected in section 4.1.5. These 

spectral regions were the following: 

 Spectral region I (3700 – 3100 cm-1), in which the bands assigned to 

hydroperoxides and alcohols are located. 

 Spectral region II (1750 – 1550 cm-1), in which the bands assigned to free 

fatty acids, unsaturated aldehydes, conjugated aliphatic aldehydes and 

ketones are located. 

 Spectral region III (1000 – 800 cm-1), in which the bands at 967 cm-1 and 

987 cm-1 assigned to isolated trans double bonds and conjugated trans 

double bonds are located. 

At the same time, in order to identify which incubation condition produced 

significant changes in the spectra of stored VOOs, a t-test (p < 0.05) was performed 

comparing the intensity (peak height) of each band in the acquired spectra for the 

months 0–3 vs. 24–27 (fresh vs. aged oils). This t-test study was carried out for each 

stored oil with the spectra obtained at 0 h and 576 h of incubation time.  

4.5.2.1. Spectral region I (3700 – 3100 cm-1): hydroperoxides and alcohols. 

Figure 4.5.4 shows the total variance spectra of the spectral region I for the four 

studied oils (VOO1 – VOO4). The changes in the intensity (measured as peak height in 

the total variance spectra) of the bands assigned to hydroperoxides (3430 cm-1) and 

alcohols (3535 cm-1) are also shown in Figure 4.5.5. Both figures show that there are not 

great variations in the variance spectra of the stored samples at 0 h (before incubation) 

for the four VOOs. In fact, the absorption variance at 0 h was < 0.001 in all of the cases 

(Figure 4.5.5), which revealed that the spectra acquired during the storage before mesh 

cell incubation showed no apparent differences in their spectral properties as the oil is 

ageing. However, the t-test distinguishing fresh and aged samples (0-3 months vs. 24-27 

months) showed that there were significant changes in the peak height of the band 
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assigned to hydroperoxides during the storage before incubation in mesh cell, while no 

significant differences were found in the band assigned to alcohols. Table 10 in the 

Annex shows the t-test results (fresh vs. aged oils) of the spectral bands obtained before 

incubation (0 h). Furthermore, Table 4.5.1 shows a summary of the t-test results. The 

hydroperoxide band was the only one that showed significant changes, although the 

peak height values in the aged oils (0.016-0.018) were only slightly higher than the values 

in fresh oils (0.014-0.016) (Table 4.5.1 and Annex, Table 10). 

 

Figure 4.5.4. Total variance spectra of the spectral region I (3700 – 3100 cm-1) of the 

VOO samples collected every month during the storage experiment. This region was 

assigned to hydroperoxides (ROOH, 3430 cm-1) and alcohols (ROH, 3535 cm-1). A 

total variance spectrum was calculated before the incubation experiment (0 h) and 

the other three total variance spectra were computed from the spectra acquired after 

576 h of incubation in the mesh cell under the three moderate conditions (dark and 

35 °C, 400 lx and 23 °C, and 400 lx and 35 °C).  

On the other hand, the total variance spectra of the stored samples incubated in 

mesh cell during 576 h evidenced that the content of hydroperoxides and alcohols 

underwent changes in the four samples through the storage period of 27 months (Figures 

4.5.4 and 4.5.5).  
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Figure 4.5.5. Peak heights of the bands assigned to hydroperoxides (3430 cm-1) and 

alcohols (3535 cm-1) in the total variance spectra for the four VOOs at 0 h and 576 h 

of incubation under the three moderate conditions (dark and 35 °C, 400 lx and 23 °C, 

and 400 lx and 35 °C). 

4.5.2.1.1. Hydroperoxides. 

The maximum variance of the band assigned to hydroperoxides was found in the 

two incubation experiments carried out with light (Figure 4.5.5). This observation would 

point out that the incubation under light exposure would reveal changes in the stability 

of the oils during the storage period. The highest total variance was found when a 

combination of heating and light was applied (400 lx and 35 °C), except to VOO4, which 

showed the maximum variance in the experiment carried out at room temperature and 

light (400 lx and 23 °C) (Figure 4.5.4.). In the experiments carried out under light 

exposure, the t-test results (fresh vs. aged oils) proved that there were significant 

differences, except when VOO2 and VOO4 were incubated at 400 lx and 23 °C (Tables 

12 and 13, Annex). 

Unlike the experiments involving light (400 lx), the experiment carried out in the 

dark at 35 °C showed slight differences that were comparable with those observed in the 

variance spectra before mesh cell incubation (0 h). In fact, the t-test results revealed that 

the band assigned to hydroperoxides did not show significant changes when the oils 

were incubated in the dark at 35 °C, except in VOO3 (Table 4.5.1 and Annex, Table 11), 

which highlighted the weak influence of moderate temperature upon the formation of 

primary oxidation products during VOO storage. 
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Table 4.5.1. Results obtained from t-test performed comparing the intensities of each 

band in the months 0–3 vs. 24–27 (fresh vs. aged oils). The spectral bands showing 

significant changes (p < 0.05) are indicated for each stored VOO and each experiment 

carried out.   

Incubation time 

in mesh cell 
Experiment Stored VOO Spectral bands with significant changes 

0 h Before incubation 

VOO1 Hydroperoxides (3430 cm-1) 

VOO2 Hydroperoxides (3430 cm-1) 

VOO3 Hydroperoxides (3430 cm-1) 

VOO4 
Hydroperoxides (3430 cm-1) 

Isolated trans double bonds (967 cm-1) 

576 h 

Dark and 35 °C 

VOO1 

Free fatty acids (1718 cm-1) 

Conjugated trans double bonds (987 cm-1) 

Isolated trans double bonds (967 cm-1) 

VOO2 
Free fatty acids (1718 cm-1) 

Isolated trans double bonds (967 cm-1) 

VOO3 Hydroperoxides (3430 cm-1) 

VOO4 ----- 

400 lx and 23 °C 

VOO1 

Alcohols (3535 cm-1) 

Hydroperoxides (3430 cm-1) 

Unsaturated aldehydes (1685 cm-1) 

Conjugated trans double bonds (987 cm-1) 

VOO2 Isolated trans double bonds (967 cm-1) 

VOO3 

Alcohols (3535 cm-1) 

Hydroperoxides (3430 cm-1) 

Free fatty acids (1718 cm-1) 

Unsaturated aldehydes (1685 cm-1) 

Conjugated aliphatic aldehydes (1670 cm-1) 

Ketones (1630 cm-1) 

Conjugated trans double bonds (987 cm-1) 

Isolated trans double bonds (967 cm-1) 

VOO4 ----- 

400 lx and 35 °C 

VOO1 

Alcohols (3535 cm-1) 

Hydroperoxides (3430 cm-1) 

Unsaturated aldehydes (1685 cm-1) 

Conjugated trans double bonds (987 cm-1) 

Isolated trans double bonds (967 cm-1) 

VOO2 

Hydroperoxides (3430 cm-1) 

Free fatty acids (1718 cm-1) 

Unsaturated aldehydes (1685 cm-1) 

Conjugated aliphatic aldehydes (1670 cm-1) 

Ketones (1630 cm-1) 

Isolated trans double bonds (967 cm-1) 

VOO3 

Alcohols (3535 cm-1) 

Hydroperoxides (3430 cm-1) 

Free fatty acids (1718 cm-1) 

Unsaturated aldehydes (1685 cm-1) 

Conjugated aliphatic aldehydes (1670 cm-1) 

Ketones (1630 cm-1) 

Conjugated trans double bonds (987 cm-1) 

Isolated trans double bonds (967 cm-1) 

VOO4 
Hydroperoxides (3430 cm-1) 

Isolated trans double bonds (967 cm-1) 
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4.5.2.1.2. Alcohols. 

The band assigned to alcohols also showed the highest variance when the VOOs 

were incubated under light exposure (Figure 4.5.4). In these experiments, the 

temperature (23 °C vs 35 °C) showed to have a relevant effect in VOO2 (Figure 4.5.5), 

while in the other oils the temperature effect was not so marked. 

Concerning the t-test for distinguishing fresh and aged oils, no significant 

changes in the band assigned to alcohols were observed, except in VOO1 and VOO3 

when these oils were incubated under light exposure (Table 4.5.1 and Annex, Tables 11, 

12 and 13). These results prove that it is not possible to extract a general conclusion for 

all the oils when considering moderate conditions, and the oils, depending on their 

composition, evolve in the storage in different manners regarding the formations of 

alcohols.  

4.5.2.2. Spectral region II (1750 – 1550 cm-1): free fatty acids, unsaturated 

aldehydes, conjugated aliphatic aldehydes, and ketones. 

Figure 4.5.6 shows the total variance spectra of the spectral region II (1750 – 1550 

cm-1) for the four studied oils (VOO1 – VOO4). The total variance spectra pointed out 

variations in four bands: the band located at ~1718 cm-1 assigned to the stretching 

vibration of the carbonyl groups of the free fatty acids (Sikorska et al., 2014; García-

González et al., 2013a), the band at 1685 cm-1 assigned to unsaturated aldehydes (Tena et 

al., 2017), the band at 1670 cm-1 assigned to conjugated aliphatic aldehydes, and the band 

at 1630 cm-1 assigned to ketones (Van De Voort et al., 2001). Figure 4.5.7 shows the 

intensity (peak height) of these bands in the total variance spectra for the four VOOs at 

0 h and 576 h of incubation under the three moderate conditions. Like in the spectral 

region I, no relevant changes were observed in the spectra of the stored samples before 

incubation (0 h) for these bands (Figure 4.5.6), except in the range of 1750 – 1700 cm-1 in 

which free fatty acids absorb. However, the t-test results (fresh vs. aged oils) proved that 

there were not significant changes in any of these bands, including the absorption of free 

fatty acids (Table 4.5.1 and Annex, Table 10).  
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Figure 4.5.6. Total variance spectra of the spectral region II (1750 – 1550 cm-1) of the 

VOO samples collected every month during the storage experiment. One total 

variance spectrum was calculated before the incubation experiment (0 h) and the 

other three were analysed after 576 h of incubation under the three moderate 

conditions previously selected. The functional groups that showed changes are 

marked.  

Like in the region I, the highest total variance was registered in the two 

experiment under light exposure (Figure 4.5.7). Temperature (23 °C vs. 35 °C) showed 

to have a marked effect on the total variance spectra, overall in the three bands assigned 

to unsaturated aldehydes, conjugated aliphatic aldehydes and ketones. In the case of the 

band assigned to ketones, even the variation in this band was only observed when light 

was applied (see VOO1, VOO2 and VOO3 in Figure 4.5.6). The intensity of these three 

bands in the total variance spectra rose up to 30 times when the temperature applied 

was 35 °C instead of 23 °C, in both cases under light exposure. In fact, the maximum 

intensity value was observed in the band assigned to unsaturated aldehydes in VOO2 

when this oil was incubated with light at 35 °C (Figure 4.5.7). This finding would suggest 

that the combination of light and moderate heating would reveal some stability changes 

in the oils during storage more efficiently compared with other conditions. The 

temperature (23 °C vs. 35 °C) also exerted an effect in the other oils, although it was not 

so evident as in VOO2 and sometimes the highest intensity was found at 23 °C (Figure 

4.5.7). 
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Figure 4.5.7. Peak heights of the band assigned to the carbonyl groups of the free 

fatty acids (1718 cm-1), unsaturated aldehydes (1685 cm-1), conjugated aliphatic 

aldehydes (1670 cm-1) and ketones (1630 cm-1) in the total variance spectra for the 

four VOOs at 0 h and 576 h of incubation under the three moderate conditions. 

According to the results of the t-test (fresh vs. aged oils), the experiment carried 

out in the dark and 35 °C was only able to generate significant changes in the band 

associated to free fatty acids in VOO1 and VOO2 (Table 4.5.1 and Annex, Table 11). 

However, significant changes were observed in the rest of bands when the oils were 

exposed to light (400 lx), mostly when it was combined with moderate temperature (35 

°C). In the latter conditions (400 lx and 35 °C), significant changes were observed in the 

four bands in VOO2 and VOO3 (Table 4.5.1 and Annex, Table 13).  

4.5.2.3. Spectral region III (1000 – 940 cm-1): conjugated and isolated trans 

double bonds. 

Figure 4.5.8 shows the total variance spectra of the spectral region III (1000 – 940 

cm-1) for the four VOOs at 0 h (before the incubation) and at 576 h of incubation with 
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indications of the bands assigned to conjugated (987 cm-1) and isolated (967 cm-1) trans 

double bonds. Furthermore, Figure 4.5.9 shows the peak height of these bands in the 

total variance spectra. 

 

Figure 4.5.8. Total variance spectra of the spectral region III (1000 – 940 cm-1) of the 

VOO samples collected during the storage experiment. One total variance spectrum 

was calculated before the incubation experiment (0 h) and the other three were 

analysed after 576 h of incubation under the three moderate conditions previously 

selected. The functional groups that underwent changes are marked.  

The baseline in this spectral region (Figure 4.5.8) makes the measurements of the 

peak heights more difficult than the other regions. However, some variations can be 

identified in the band assigned to isolated trans double bonds, and, with more difficulty, 

in the band assigned to conjugated trans double bonds. These variations were only 

observed when light was applied (Figure 4.5.8). The peak height values for the band 

assigned to isolated trans double bonds were higher than the intensity registered in the 

band assigned to conjugated trans double bonds in VOO1 and VOO3 (Figure 4.5.9), 

unlike VOO2 and VOO4.  

The highest variance was registered in the incubation experiment carried out at 

400 lx and 35 °C, except in VOO4, which showed the highest variance in the experiment 

carried out at 400 lx and 23 °C (Figure 4.5.8). The experiments carried out with light (35 
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°C and 23 °C) caused the greatest variance in this spectral region for the four VOOs. The 

results obtained in the t-test (fresh vs. aged oils) revealed that the experiment carried out 

under 400 lx and 35 °C generated significant changes in the four oils for the two bands, 

except for the conjugated trans double bonds in VOO2 and VOO4 (Table 4.5.1 and 

Annex, Table 13).   

 
Figure 4.5.9. Peak heights of the bands assigned to isolated (967 cm-1) and conjugated 

trans double bonds (987 cm-1) in the total variance spectra for the four VOOs at 0 h 

and 576 h of incubation under the three moderate conditions. 

As a conclusion to this section, the results obtained through the total variance 

spectra and the t-test revealed that the incubation experiments that produced the highest 

variations in the oils collected from the storage experiment were those carried out with 

light and the two studied temperatures (400 lx and 23 °C, 400 lx and 35 °C) (Table 4.5.1). 

Particularly, the experiment carried out at 400 lx and 35 °C produced the most relevant 

changes in the FTIR spectra of the stored samples. In fact, from the 24 peak heights 

measured (8 spectral bands studied in the four oils), 21 of them showed significant 

differences when comparing fresh and aged oils incubated under this condition. In 

contrast, 13 and 6 peak heights showed significant differences in the experiments 

performed at 400 lx and 23 °C, and in the dark and at 35 °C, respectively. For this reason, 

the experiment carried out in the dark at 35 °C was not taken into account in the 

subsequent statistical analyses. On the other hand, the bands assigned to free fatty acids 

and trans double bonds (spectral region III) were also omitted in the subsequent analyses 

due to the difficulty of measuring peak heights with enough precision because of the 

unstable baseline, which may introduce errors in the statistical analysis. In addition, it 
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was observed that the band assigned to free fatty acids was strongly affected by the 

polarity of the samples. Then, in the next step, spectral regions I (hydroperoxides and 

alcohols) and II (aldehydes and ketones) were studied by calculating their cumulative 

variance spectra to identify stability changes of the oils during the storage period. 

4.5.3. Stability assessment of virgin olive oils by mesh cell-FTIR cumulative 

variance spectra.  

Figure 4.5.10 shows a scheme of the procedure followed in this study as a 

continuation of the work described in the previous section. Thus, once the incubation 

conditions that produced the most relevant changes in the spectra were identified by the 

means of the total variance spectra, the evolution of the spectral properties during the 

storage period was studied by means of the cumulative variance spectra. The purpose 

of this study was to evaluate the change of the oil stability over the 27 months of storage.  

 

Figure 4.5.10. Scheme of the procedure followed in this study to assess the stability 

changes of VOO during the storage.   

The cumulative variance spectra were computed from the spectra collected every 

month at 0 h, 360 h and 576 h of incubation in mesh cell under two different moderate 

conditions. The objective was to gather changes taking place in the spectrum over the 

storage time. Furthermore, the comparison of the cumulative variance spectra computed 

for the three different incubation times (0, 360, and 576 hours) allowed to observe the 
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changes that took place during the incubation time in mesh cell and to identify changes 

in the stability of the samples collected every month. The cumulative variance spectra 

were calculated on a quarterly basis (every three months), with the exception of the first 

and last three months of storage that were calculated on a monthly basis since more 

changes were identified in these months. This procedure allows to identify the month of 

storage when the largest increment of intensity of the different functional groups took 

place and compare this information between oils. Consequently, this study permitted 

ordering the oils according to their stability changes, as measured with mesh cell-FTIR 

spectroscopy, that they undergo over storage. The stability measured in the fresh VOOs 

may change abruptly due to changes in the composition (antioxidants and prooxidants) 

during the storage months. Then, the variation of stability (highlighted in the cumulative 

variance spectra) may not be linear and relevant changes may be observed at a given 

month(s) during the storage. 

This study considered the incubations carried out under the two conditions with 

moderate light (400 lx and 23 °C, 400 lx and 35 °C) (Figure 4.5.10). 

4.5.3.1. Spectral region I (3700 – 3100 cm-1): hydroperoxides and alcohols. 

Figures 4.5.11 and 4.5.12 show the cumulative variance spectra computed for the 

stored samples taking into account the spectra collected in the incubation in mesh cells 

at 0 h, 360 h, and 576 h at 400 lx and 23 °C (Figure 4.5.11) and at 400 lx and 35 °C (Figure 

4.5.12). The spectra marked in green colour indicate that the intensity of the band 

increased during those months, while the spectra marked in red indicate that the 

intensity of the band remained constant or even decreased. 

The results obtained before mesh cell incubation (time 0 h) did not show any 

variations between the spectra obtained during the storage (Figures 4.5.11 and 4.5.12 - 

A, D, G, and J), as it was observed in the total variance spectra.  

The cumulative variance spectra at 360 h (Figures 4.5.11 and 4.5.12 - B, E, H, K) 

and 576 h (Figures 4.5.11 and 4.5.12 - C, F, I, L) pointed out that the samples underwent 

less changes of stability in the last months of storage. Thus, the intensity of the bands 

assigned to hydroperoxides and alcohols showed less increment as the storage 

experiment progressed, reaching a moment (month of storage) when the cumulative 

variance started to keep constant or even decrease. This moment took place in different 
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months depending on the VOO, and depending on the incubation conditions applied 

(Figures 4.5.11 and 4.5.12), the main changes taking places during the six first months of 

storage. Although the variations were observed at 360 h and 576 h, the variance were 

higher at 576 h. 

4.5.3.1.1. Study of the band assigned to hydroperoxides (3430 cm-1). 

Figure 4.5.13 shows the absorbance intensity (peak height value) of the band 

assigned to hydroperoxides in the cumulative variance spectra (Figures 4.5.11 and 

4.5.12).  

The maximum intensity value of this band ranged between 0.059 and 0.088 AU 

for the four VOOs in both incubation conditions, except to VOO4, which showed a lower 

value (0.030 AU) when it was exposed to 400 lx and 23 °C. The highest intensity of the 

hydroperoxides band was registered in VOO3 for the two incubation conditions.  

VOO1 and VOO2 (for both incubation conditions), and VOO4 (400 lx and 35 °C) 

showed variations in the intensity of the band assigned to hydroperoxides from the 

beginning of the storage, pointing out an abrupt change of stability in the first six 

months. Nevertheless, VOO3 (for both incubation conditions) and VOO4 (400 lx and 23 

°C) showed later variations of this band, which indicated no changes of stability in first 

months of storage. In fact, the variations of this band were observed after 6 months of 

storage in VOO3 and after 25 months of storage in VOO4. The small variation in the first 

6 months can be explained by the protection effect of the phenolic compounds. Thus, 

VOO3 and VOO4 were the oils with the highest concentration of these compounds in 

the fresh oils (Table 4.2.3) and this could explain the low variability of stability in the 

first months. However, in VOO4, the reduction of phenol concentration (Figure 4.3.4; 

Annex, Table 5) in the first months of storage was enough to have an effect in the stability 

measured with mesh cell at 400 lx and 35 °C, and not at 400 lx and 23 °C, which is 

observed in the cumulative variance spectra in the first months (Figure 4.5.13 – G, H). 

In both incubations, the hydroperoxides band reached the maximum intensity in 

month 12 for VOO1 (0.0768 AU at 400 lx and 23 °C, 0.0777 AU at 400 lx and 35 °C) and 3 

for VOO2 (0.0572 AU at 400 lx and 23 °C, 0.0652 AU at 400 lx and 35 °C). In the case of 

VOO3, the maximum intensity of this band was observed in month 25 of storage when 

it was exposed to 400 lx and 23 °C (0.0893 AU) and in month 27 when 400 lx and 35 °C 
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(0.0874 AU) were applied. In the case of VOO4, in which the incubation conditions had 

a marked effect, the maximum intensity was observed in month 26 at 400 lx and 23 °C 

(0.0295 AU) and in month 6 at 400 lx and 35 °C (0.0727 AU). Afterwards, the intensity of 

the band in the cumulative variance spectra remained constant or even decreased for 

these oils, indicating that there are not relevant changes of stability measured with mesh 

cell after those moments.  

4.5.3.1.2. Study of the band assigned to alcohols (3535 cm-1). 

Figure 4.5.14 shows the absorbance intensity (peak height value) of the alcohol 

band in the cumulative variance spectra. The maximum intensity was always higher in 

the incubation experiment carried out at 400 lx and 35 °C. The maximum intensity of the 

alcohol band ranged between 0.007 – 0.051 AU in the experiment carried out at 400 lx 

and 23 °C, and between 0.008 – 0.112 AU at 400 lx and 35 °C. Comparing the two 

incubation conditions, the temperature (23 °C and 35 °C) had a marked effect in VOO2 

while the spectra of the other oils were similar in both incubation conditions, which was 

also observed in the study of the total variance spectra (Figures 4.5.4 and 4.5.5). 

Comparing the four oils, the maximum intensity was clearly registered in VOO2 at 400 

lx and 35 °C. Thus, the cumulative variance spectra of VOO2 pointed out clear changes 

of stability measured with mesh cell at 35 °C (Figure 4.5.14 - D), while the spectra of the 

rest of oils for these conditions showed smaller variations between the storage months. 

However, at 23 °C, no large differences were observed between oils. 

As it was observed for hydroperoxides band, in VOO1 and VOO2, the alcohol 

band underwent an increase of intensity from the beginning of the storage (months 1 – 

2), pointing a change of their stability in the first months. On the contrary, the variability 

of this band was observed in month 6 in VOO3 while VOO4 did not show variations 

through the storage period. Thus, in terms of alcohol formation, no relevant changes of 

stability were found in VOO4 during the storage, which was also evidenced in the t-test 

study (Table 4.5.1). 
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Figure 4.5.11. Cumulative variance spectra of the region I (3700 – 3100 cm-1) obtained 

from the stored samples incubated in mesh cells at 400 lx and 23 °C. Results at three 

incubation times are shown: 0 h (A, D, G, J), 360 h (B, E, H, K), and 576 h (C, F, I, L). 

The bands assigned to hydroperoxides (3430 cm-1) and alcohols (3535 cm-1) are 

located in this region. The colours of the spectra indicate that the absorbance 

intensity is increasing (green), or it is stable or decreasing (red). 
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Figure 4.5.12. Cumulative variance spectra of the region I (3700 – 3100 cm-1) obtained 

from the stored samples incubated in mesh cells at 400 lx and 35 °C. Results at three 

incubation times are shown: 0 h (A, D, G, J), 360 h (B, E, H, K), and 576 h (C, F, I, L). 

The bands assigned to hydroperoxides (3430 cm-1) and alcohols (3535 cm-1) are 

located in this region. The colours of the spectra indicate that the absorbance 

intensity is increasing (green), or it is stable or decreasing (red).  
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Figure 4.5.13. Absorbance intensities of the band assigned to hydroperoxides (3430 

cm-1) reached in the cumulative variance spectra of the monthly collected samples 

when they were subjected to incubation at 400 lx and 23 °C (A, C, E, G) and 400 lx 

and 35 °C (B, D, F, H) at 0 h, 360 h and 576 h. 

 



 

 

 RESULTS AND DISCUSSION 

221 

 

Figure 4.5.14. Absorbance intensities of the band assigned to alcohols (3535 cm-1) 

reached in the cumulative variance spectra of the monthly collected samples when 

they were subjected to incubation at 400 lx and 23 °C (A, C, E, G) and 400 lx and 35 

°C (B, D, F, H) at 0 h, 360 h and 576 h. 
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4.5.3.1.3. Concluding remarks on the stability changes during the storage 

according to spectral region I. 

In order to extract conclusions on the stability changes during the storage, the 

intensity measured at 576 h in the cumulative variance spectra was selected as indicative 

of stability of the oils in each month of storage (Figures 4.5.11 and 4.5.12 – C, F, I, L). Two 

parameters were selected for assessing this stability change over time: 1) the time (month 

of storage) when the bands start increasing their intensity in these spectra, and 2) the 

maximum intensity value observed in the bands. Thus, longer time and lower maximum 

intensity means that the stability changes in lesser degree during the storage. 

Figure 4.5.15 shows the oils ordered according to the changes of stability as 

evaluated with the two parameters described above for the band assigned to 

hydroperoxides. The oils that showed the fastest changes in the stability were VOO1 and 

VOO2 under the two incubation conditions. Thus, they underwent an increment of the 

band intensity since the beginning of the storage. VOO4 and VOO3 showed the lowest 

changes of stability. The oil with less stability changes at 400 lx and 23 °C was VOO4, 

while this oil was VOO3 at 400 lx and 35 °C. 

 

Figure 4.5.15. Oils ordered according to their changes of stability during the storage 

period (from small to large changes) based on the band assigned to the 

hydroperoxides (576 h of incubation in mesh cell). 

The maximum intensity reached for the band assigned to hydroperoxides 

revealed that VOO3 showed the highest variability of stability during the storage, while 

VOO4 was the oil that showed the less variability.  
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400 lx and 35 °C

- +

Hydroperoxides

VOO4 < VOO3 < VOO2 = VOO1 

VOO3 < VOO4 < VOO2 = VOO1 

VOO4 < VOO2 < VOO1 < VOO3 

VOO4 < VOO2 < VOO1 < VOO3 



 

 

 RESULTS AND DISCUSSION 

223 

The band assigned to alcohols also revealed a similar order of oils according to 

their changes in the stability over time (Figure 4.5.16). The oil that showed the smallest 

stability changes during the storage was VOO4, whereas the higher changes were 

observed for VOO1 and VOO2. These two oils showed a rapid change in the band 

assigned to alcohols in the first months of storage and they also showed the highest 

maximum intensity.  

 

Figure 4.5.16. Oils ordered according to their changes of stability during the storage 

period (from small to large changes) based on the band assigned to the alcohols (576 

h of incubation in mesh cell). 

4.5.3.2. Spectral region II (1750 – 1550 cm-1): unsaturated aldehydes, conjugated 

aliphatic aldehydes, and ketones. 

Figures 4.5.17 and 4.5.18 show the cumulative variance spectra of the region II 

computed for the stored samples at 0 h, 360 h and 576 h of incubation in mesh cell at 400 

lx and 23 °C (Figure 4.5.17) and at 400 lx and 35 °C (Figure 4.5.18). The subsequent 

changes during the storage are not so evident as in region I. In fact, only the spectra at 

576 h showed clear changes in all the oils. Furthermore, only in these spectra were 

possible to identify clearly bands assigned to unsaturated aldehydes, conjugated 

aliphatic aldehydes and ketones. 

4.5.3.2.1. Study of the band assigned to unsaturated aldehydes (1685 cm-1). 

Figure 4.5.19 shows the absorbance intensity (peak height value) of the 

unsaturated aldehydes band in the cumulative variance spectra. The maximum intensity 

of this band was ranged between 0.015 – 0.038 AU in all the oils, except to VOO2, which 

reached a maximum intensity value of 0.106 AU when it was subjected to 400 lx and 35 
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°C. In VOO2, the variance in this band when the temperature was 35 °C was clearly 

higher compared to the variance at 23 °C. In contrast, for the rest of the oils, no clear 

difference was found between the two conditions.  

The band showed an immediately change in the first 3 months of storage in 

VOO1 (Figure 4.5.19 - A and B) and VOO4 (Figure 4.5.19 - G and H) for both conditions 

and in VOO2 at 400 lx and 35 °C (Figure 4.5.19 - D). When the latter oil was incubated at 

400 lx and 23 °C, no major variance in the absorbance between storage months were 

observed (Figure 4.5.19 - C). In VOO3, the changes in the absorption were registered 

from the 6th month of storage (Figure 4.5.19 - E and F).  

4.5.3.2.2. Study of the band assigned to conjugated aliphatic aldehydes (1670 

cm-1). 

Figure 4.5.20 shows the absorbance intensity (peak height value) of the band 

assigned to conjugated aliphatic aldehydes in the cumulative variance spectra. This band 

showed the same trend than the band assigned to unsaturated aldehydes, with slight 

changes in some oils. The maximum intensity for this band (0.102 AU) was also 

registered in VOO2 at 400 lx and 35 °C (Figure 4.5.20 – D), while in the rest of cases the 

maximum intensities ranged between 0.020 and 0.037 AU. In VOO2 and VOO3, the band 

changed in the first 3 months when the oil was incubated at 400 lx and 23 °C (Figure 

4.5.20 – C, E), in contrast to the results described for the band assigned to unsaturated 

aldehydes (Figure 4.5.19 – C, E).   

4.5.3.2.3. Study of the band assigned to ketones (1630 cm-1). 

In the case of the band assigned to ketones (Figure 4.5.21), the maximum intensity 

(0.072 AU) was also found in VOO2, the rest of oils showing a maximum between 0.009 

to 0.041AU. Unlike the two bands assigned to aldehydes, in this case the temperature 

not only showed an effect in VOO2 (Figure 4.5.21 - D), but it also affected in VOO1 and 

VOO3 (Figure 4.5.21 – B, F). Thus, in these three oils, a higher variance was detected at 

35 °C. The changes in this band were identified in the first three months, except to VOO3 

at 400 lx and 35 °C, in which the changes took place after 6 months of storage. 
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Figure 4.5.17. Cumulative variance spectra of the region II (1750 – 1550 cm-1) 

obtained from the stored samples incubated in mesh cells at 400 lx and 23 °C. Results 

at three incubation times are shown: 0 h (A, D, G, J), 360 h (B, E, H, K), and 576 h (C, 

F, I, L). The bands assigned to unsaturated aldehydes (1685 cm-1), conjugated 

aliphatic aldehydes (1670 cm-1) and ketones (1630 cm-1) are located in this region. 

The colours of the spectra indicate that the absorbance intensity is increasing (green), 

or it is stable or decreasing (red).  
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Figure 4.5.18. Cumulative variance spectra of the region II (1750 – 1550 cm-1) 

obtained from the stored samples incubated in mesh cells at 400 lx and 35 °C. Results 

at three incubation times are shown: 0 h (A, D, G, J), 360 h (B, E, H, K), and 576 h (C, 

F, I, L). The bands assigned to unsaturated aldehydes (1685 cm-1), conjugated 

aliphatic aldehydes (1670 cm-1) and ketones (1630 cm-1) are located in this region. 

The colours of the spectra indicate that the absorbance intensity is increasing (green), 

or it is stable or decreasing (red).   
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Figure 4.5.19. Absorbance intensities of the band assigned to unsaturated aldehydes 

(1685 cm-1) reached in the cumulative variance spectra of the samples collected every 

month when they were subjected to incubation at 400 lx and 23 °C (A, C, E, G) and 

400 lx and 35 °C (B, D, F, H). 
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Figure 4.5.20. Absorbance intensities of the band assigned to conjugated aliphatic 

aldehydes (1670 cm-1) reached in the cumulative variance spectra of the monthly 

samples when they were subjected to incubation at 400 lx and 23 °C (A, C, E, G) and 

400 lx and 35 °C (B, D, F, H). 
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Figure 4.5.21. Absorbance intensities of the band assigned to ketones (1630 cm-1) 

reached in the cumulative variance spectra of the monthly collected samples when 

they were subjected to incubation at 400 lx and 23 °C (A, C, E, G) and 400 lx and 35 

°C (B, D, F, H). 
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Like it was concluded in the study of the region I, the bands in region II mainly 

changed in the first half of the storage period, as noted in the cumulative variance 

spectra. The observed results denoted changes of stability as measured with mesh cell-

FTIR spectroscopy. This would point out that a measure of the oil stability in a given 

moment may not be representative for the stability of this oil in another moment while 

the oil is ageing. Therefore, a carefully interpretation of the results in the stability studies 

is necessary, overall, in the first three months after oil extraction.  

4.5.3.2.4. Concluding remarks on the stability changes during the storage 

according to spectral region II. 

The response of the bands assigned to unsaturated aldehydes and conjugated 

aliphatic aldehydes was studied together because they showed the same trend in the 

four stored oils. According to the month of storage in which the band intensity starts 

increasing (Figures 4.5.22), the smallest change of stability was observed in VOO3 when 

it was subjected to the two incubation conditions. Thus, this oil showed the same 

stability measured with mesh cell-FTIR spectroscopy in the first months (3-6 months). 

On the contrary, VOO1, VOO2 and VOO4 showed changes in the band intensity from 

the beginning of the storage, pointing out a change in the stability measured with mesh 

cell-FTIR spectroscopy.  

 

Figure 4.5.22. Samples ordered according to their changes of stability during the 

storage period (from low to high changes) based on the two bands assigned to 

aldehydes (576 h of incubation in mesh cell). 
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The maximum intensity of these bands was registered in VOO2 when the oil was 

incubated at 400 lx and 35 °C, whereas this oil showed slight variations when the 

incubation was carried out at 400 lx and 23 °C. In the latter conditions, VOO1 showed 

the maximum intensity. 

The band assigned to ketones showed differences in the stability order of the oils 

(Figure 4.5.23) compared to the results from the bands assigned to aldehydes. VOO3 and 

VOO4 were the oils that showed better stability through the storage period according to 

the month of storage in which the band intensity starts increasing. On the other hand, 

the maximum intensity of the band yield results that strongly depended on the 

temperature. Thus, VOO2 and VOO4 showed the smallest and largest changes of 

stability depending on whether they are incubated at 23 °C or 35 °C. These results 

showed the influence of mild heating upon the generation of secondary oxidation 

products. 

 

Figure 4.5.23. Samples ordered according to their changes of stability during the 

storage period (from low to high changes) based on the band assigned to ketones 

(576 h of incubation in mesh cell). 

4.5.4. Principal component analysis (PCA) of mesh cell-FTIR spectra during 

the storage experiment. 

With the aim of checking the ability of the aforementioned bands to distinguish 

between VOOs of different storage time, principal component analysis (PCA) was 

performed. Thus, this study allowed for the comparison of the FTIR spectral profiles of 

VOOs in terms of their stability measured with mesh cell during the storage. PCA 

provided scores plots that were used to identify groups of samples according to their 
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storage time and to compare within the four studied VOOs and between them. In this 

study, three groups were defined: the “fresh”, “intermediate” and “aged” samples. The 

first group was formed by samples from the first months of storage with similar spectral 

properties in mesh cell incubation to those of the freshest oil (time zero, before starting 

the storage). The second group, the “intermediate” samples, was formed by samples 

with some clear differences in the spectral properties in mesh cell incubation with 

respect to the “fresh” samples as a consequence of the storage. Finally, the “aged” 

samples were those oils from the last months of the storage with some clear differences 

in their spectral properties in mesh cell incubation compared with the “intermediate” 

samples. The distinction of these three groups were based on previous experiences in 

which a non-linear evolution of the chemical/physical-chemical properties were 

observed during storage (Aparicio-Ruiz et al., 2017). Although the degradation of VOO 

quality was continuous and the three groups were overlapped, the distinction of these 

groups facilitated the interpretation of the PCA results. The number of samples in each 

one of the groups would depend on the antioxidant properties of each oil. Thus, for 

example, if the oil showed to be resistant to oxidation and photooxidation because of its 

chemical composition, the number of samples in the “fresh” group would be higher 

since the oil would remain with similar spectral properties for many months.    

The comparison of the distribution of the stored samples in the scores plot 

permitted the study of the stability changes during the storage and establishing 

differences between the four stored oils. PCA also provided a loadings plot that informs 

about the relationship of the stored samples distribution with the variables (spectral 

bands). These analyses were carried out using the whole spectrum range (4000 - 800 cm-

1) excluding those regions that are off-scale (section 4.1.5). 

The PCA was carried out with the spectra obtained from the four monovarietal 

VOOs stored 27 months at moderate conditions and incubated 576 h in mesh cell. As 

mentioned in the previous section, the mesh cell incubation experiments were carried 

out on a quarterly basis (every three months), with the exception of the first and last 

three months of storage that were carried out on a monthly basis. In total, the VOOs 

were studied with mesh cells at 13 points during the storage. On the other hand, two 

incubation conditions were studied: 400 lx and 23 °C, and 400 lx and 35 °C. Thus, in 
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summary, PCA was carried out with data from 4 monovarietal oils × 13 stored samples 

× 2 incubation experiments.  

4.5.4.1. PCA of stored samples incubated under 400 lx and 23 °C. 

A PCA was carried out with the spectra of all the samples from the 4 studied 

VOOs incubated at 400 lx and 23 °C. Figure 4.5.24 shows the scores and loadings plots 

in the plane defined by PC1 and PC3. The principal components (PCs) 1 and 3 explained 

95% of the total variance, although most of the variance was explained by PC1 (94%). 

PC2, which explained 6% of the variance, was not selected because their loadings were 

associated to the spectra regions that were not relevant to oxidation and they were 

affected by baseline noise.  

 

Figure 4.5.24. Results of the principal component analysis (PCA) carried out with 

the FTIR spectra obtained from the four monovarietal VOOs stored for 27 months 

and incubated in mesh cells for 576 h at 400 lx and 23 °C. The scores plot (A) and the 

loadings plot (B) of the principal components 1 (PC1) and 3 (PC3) are shown. A 

selected area of the PCA plot is zoomed for a better visualization (C). 

The results did not show a separation of the oils according to their cultivar. 

However, the oils were distributed along PC1 according to their ageing (Figure 4.5.24 - 

A). The samples collected in the first months of storage were characterised with negative 

scores for PC1 and they had scores closer to positive values as the storage experiment 
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progressed. The months of the storage in which the PC1 scores became positive 

depended on the oil. Thus, VOO3 was the last oil presenting positive PC1 scores during 

the storage, whereas VOO1 and VOO2 were the first ones. The slower changes in the 

scores observed in VOO3 compared with VOO1 and VOO2 revealed a high oxidative 

resistance and low changes in their stability during the storage period. On the other 

hand, VOO4 was the only oil that all the stored samples were plotted in the positive side 

of PC1. This pointed out to be the oil most degraded from the beginning of the storage, 

which agreed with the initial characterisation of the oil since it was categorised as “virgin 

olive oil”. The PC1 scores of the samples collected in the last months of storage of VOO1 

and VOO2 were evolving towards negative values, which indicated that the spectra of 

the samples collected in the first and last months of storage under incubation in mesh 

cell showed similar spectral characteristics in these two oils. This finding could be due 

to the fact that fresh samples, with more concentration of chlorophylls pigments, were 

highly sensitive to photooxidation, while the most aged samples, with lower 

concentration of antioxidants, were also highly sensitive to autoxidation.  

The loadings plot (Figure 4.5.24 - B) shows that the two spectral regions that had 

more influence in the model were 3587 – 3244 cm-1 and 1800 – 1620 cm-1. PC1 was 

associated to negative values of loadings in the spectral region 3587 – 3244 cm-1. This 

region is assigned to the OH stretching (Li et al., 2008), where the absorption bands of 

the hydroperoxides (3430 cm-1) and alcohols (3535 cm-1) (Tena et al., 2013) are located. 

These loadings explained that the samples collected in the first months of storage were 

separated from the rest because they were in an early state of degradation in which the 

formation of hydroperoxides has important role. PC3, which just explained a 1% of the 

total variance, was associated to the positive loading values in the spectral region 3587 – 

3244 cm-1 and the negative values of the spectral region 1800 – 1620 cm-1. This last spectral 

region is assigned to C=O stretching (Sikorska et al., 2014), where the absorption bands 

attributed to secondary oxidation products, such as unsaturated aldehydes (1685 cm-1) 

(Tena et al., 2017), conjugated aliphatic aldehydes (1670 cm-1) (Choe and Min, 2006) and 

ketones (1630 cm-1) (Van de Voort et al., 2001) are located. This explained that the 

majority of the aged samples were located in the negative side of PC3.  
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4.5.4.2. PCA of stored samples incubated under 400 lx and 35 °C. 

Another PCA was carried out with the spectra obtained from the stored VOOs 

incubated at 400 lx and 35 °C for 576 h. The principal components (PCs) 1 and 3 

explained 93% of the total variance. Figure 4.5.25 shows the scores (A) and loadings (B) 

plots in the plane defined by PC1 and PC3. The results obtained were similar to the PCA 

carried out for the experiment at 400 lx and 23 °C. In this analysis, like in the previous 

PCA, the samples were not separated by cultivars and the oils were distributed along 

PC1 according to their ageing (Figure 4.5.25 - A). The PC1 scores of the samples were 

also rising from negative to positive values during the months of storage. In this 

experiment, VOO2 and VOO3 were the last oils evolving to positive score values, 

whereas VOO1 was the first oil whose scores changed to positive values. VOO4 was 

always plotted in the positive side of PC1. 

 

Figure 4.5.25. Results of the principal component analysis (PCA) carried out with 

the FTIR spectra obtained from the four monovarietal VOOs stored for 27 months 

and incubated in mesh cells at 400 lx and 35 °C for 576 h. The scores plot (A) and the 

loadings plot (B) of the principal components 1 (PC1) and 3 (PC3) are shown. A 

selected area of the PCA plot is zoomed for a better visualization (C). 

The loadings plot also indicated that the two spectral regions that more influence 

the model were 3587 – 3244 cm-1 and 1800 – 1620 cm-1 (Figure 4.5.25 - B). The highest 

contribution of PC1 (91% of total variance) also corresponded to the negatives values of 
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the loadings related to hydroperoxides (3430 cm-1) and the positives loadings of PC3 

were assigned to secondary oxidation products, alcohols (3535 cm-1), unsaturated 

aldehydes (1685 cm-1), conjugated aliphatic aldehydes (1670 cm-1) and ketones (1630 cm-

1). The selected regions confirmed again the relationship between the ageing time 

(storage) and the changes underwent in these two spectral regions. 

The results obtained through mesh cell-FTIR spectroscopy suggested that this 

method highlighted the main chemical changes occurred during the VOO storage under 

moderate conditions. Due to the fact that the stored VOOs started the experiment with 

different quality state and chemical composition (e.g. phenols, pigments), the response 

of each oil to the incubation experiment applied was also different. The PCA results 

allowed the distinction of samples according to the oxidative state of the oils rather than 

the cultivar. The distribution of the stored samples along the PC1 explained the progress 

of the oxidation, since the samples were undergoing changes in the spectral region 

influenced mainly by hydroperoxides, while the spectral region where the aldehydes 

and ketones absorbed have more contribution to the model in the aged samples (Figures 

4.5.25 - A and 4.5.26 - A). Thus, the spectral regions where the absorption bands assigned 

to primary and secondary oxidation products proved to provide information about the 

ageing process of the oils. 

4.5.4.3. PCA from individual stored monovarietal oils. 

An individual PCA was carried out per each of the four VOOs that were 

subjected to storage. The main objective was testing if the FTIR method in conjunction 

with mesh cell incubation allows the separation of the “fresh” (first months of storage) 

and “aged” oils (last months of storage) during the VOO storage under moderate 

conditions.  

- VOO1: Hojiblanca cultivar. 

Figure 4.5.26 shows the results of applying PCA to the FTIR spectra of VOO1 

acquired through 576 h of incubation in mesh cell at 400 lx and 23 °C. In this case, PC1 

and PC2 showed to be the most informative components and they explained 99% of the 

total variance. In addition to scores and loadings (Figure 4.5.26 – A, B), the peak heights 

of the band assigned to hydroperoxides (3430 cm-1) reached after 576 h of incubation in 
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mesh cells are also shown (Figure 4.5.26 – C). In these graphs, a colour distinguishing 

the samples with similar spectral characteristics was applied to facilitate the 

interpretation of the results. 

 

Figure 4.5.26. Results of the principal component analysis (PCA) carried out with 

the FTIR spectra obtained from VOO1 stored for 27 months and incubated in mesh 

cell for 576 h at 400 lx and 23 °C. The scores plot (A) and the loadings plot (B) of the 

principal components 1 (PC1) and 2 (PC2) are shown. The numbers indicate the 

months of storage. The peak height values at 3430 cm-1 (hydroperoxide band) during 

the mesh cell incubation are also shown (C). Samples with similar spectral properties 

according to the PCA results are highlighted in the same colour.  

The scores plot (Figure 4.5.26 - A) shows a clear separation of the first three 

samples (VOO1-0m to VOO1-2m) and the rest of the stored samples. Thus, these samples 

could be labelled as “fresh”. As described previously, the stored samples were changing 

their PC1 scores towards positive values as they are ageing. Thus, the “intermediate” 

samples (VOO1-6m to VOO1-15m) were located in the positive side of PC1. 

Nevertheless, the “aged” samples (VOO1-18m to VOO1-27m) changed this trend, and 

they turned their PC1 scores to negative values. Then, the most aged samples were 

getting close to the freshest samples (VOO1-0m to VOO1-2m), which indicated that the 

spectral changes occurred in these two groups were more similar between them than the 

spectral changes occurred in the intermediate samples (VOO1-6m to VOO1-15m).  In the 
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PC2, a change of the scores from positive to negative values were observed for the 

“fresh” samples.  

The loadings plot (Figure 4.5.26 - B) of the two principal components (PC1 and 

PC2) showed that the separation of the “fresh” samples of VOO1 (VOO1-0m to VOO1-

2m) from the rest of samples was explained by the negative loadings of PC1 related to 

the band assigned to hydroperoxides (3430 cm-1). On the contrary, the intermediate 

samples (VOO1-6m to VOO1-15m) were explained by positive side of PC2, which was 

related to the spectral region 1800 – 1620 cm-1, assigned to secondary oxidation products.  

The fact that PC1 explained 96% of the total variance evidenced the importance 

of the band associated to hydroperoxides (3430 cm-1) in the spectral differences found 

during the storage. Thus, the scores values of PC1 showed a correlation coefficient of -

0.95 with the peak height value of the hydroperoxide band obtained at 576 h of 

incubation. Figure 4.5.26 - C shows the peak heights of this band during the incubation 

period (576 h) for each one of the VOO1 samples collected during the storage (27 

months). This figure agrees with the distribution of the stored samples in the scores plot 

(Figure 4.5.26 - A). The “fresh” samples (VOO1-0m to VOO1-2m) showed the highest 

peak heights of the hydroperoxide band during the incubation time. The “intermediate” 

samples (VOO1-6m to VOO1-15m) showed the lowest peak height values, which was 

decreasing as the storage progressed. Finally, the “aged” samples (VOO1-18m to VOO1-

27m) showed an increase of the peak heights in this band. This increase was never higher 

than the increase of the peak height values of this band during the first months of 

storage. This explained the distribution of the “aged” samples (VOO1-18m to VOO1-

27m) being plotted in the negative side of PC1 in the scores plot (Figure 4.5.26 - A), which 

may be related to the loss of the antioxidant compounds (phenols and tocopherols) 

during the storage.  

On the other hand, another PCA was obtained with the spectra collected in the 

incubations at 400 lx and 35 °C. Figure 4.5.27 - A and B shows the scores and loadings 

plots respectively for PC1 and PC2. The two principal components (PC1 and PC2) 

explained 99% of the total variance.  
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Figure 4.5.27. Results of the principal component analysis (PCA) carried out with 

the FTIR spectra obtained from VOO1 stored for 27 months and incubated in mesh 

cell for 576 h at 400 lx and 35 °C. The scores (A) and the loadings (B) plots of the 

principal components 1 (PC1) and 2 (PC2) are shown. The numbers indicate the 

months of storage. The peak height values at 3430 cm-1 (hydroperoxide band) 

measured during the mesh cell incubation are also shown (C). Samples with similar 

spectral properties according to the PCA results are highlighted in the same colour.    

The results obtained through the PCA were similar to the results obtained with 

the incubation conditions at 400 lx and 23 °C (Figure 4.5.26). The scores plot (Figure 

4.5.27 - A) shows that the stored samples changed their PC1 scores to positive values, 

but, in this incubation condition, PC1 only allowed the differentiation of “fresh” samples 

(VOO1-0m to VOO1-2m), with negative scores, and the rest of samples (VOO1-3m to 

VOO1-27m), with positive values. Although a group of “intermediate” samples was not 

identified in PC1, PC2 allowed the separation of “intermediate” (VOO1-3m to VOO1-

15m) and the “aged” samples (VOO1-18m to VOO1-27m).  

The loadings plot (Figure 4.5.27 - B) also showed that the main differences 

between the “fresh” (VOO1-0m to VOO1-2m) and the rest of the stored samples (VOO1-

3m to VOO1-27m) according to PC1 were due to the absorbance assigned to the 

hydroperoxides (3430 cm-1), and the main differences between the “intermediate” 

(VOO1-3m to VOO1-15m) and the “aged” samples (VOO1-18m to VOO1-27m), 
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according to PC2, were associated to secondary oxidation products that absorb in the 

spectral region range of 1800 – 1620 cm-1.  

The scores of PC1 showed correlation coefficient values of -0.99 with the peak 

heights of the band assigned to hydroperoxides (3430 cm-1). Figure 4.5.27 - C shows the 

peak height values reached for this band in the stored VOO1 during the entire incubation 

period. As in the other incubation experiment, the response of this band during the 

storage agree with the groups represented for the scores plot (Figure 4.5.27 - A).  

- VOO2: Arbequina cultivar. 

Figure 4.5.28 shows the PCA results for VOO2 sample and the incubation at 400 

lx and 23 °C. The two principal components (PC1 and PC2) explained 99% of the total 

variance.  

 

Figure 4.5.28. Results of the principal component analysis (PCA) carried out with 

the FTIR spectra obtained from VOO2 stored for 27 months and incubated in mesh 

cell for 576 h under 400 lx and 23 °C. The scores (A) and the loadings (B) plot of the 

principal components 1 (PC1) and 2 (PC2) are shown. The numbers indicate the 

months of storage. The peak height values at 3430 cm-1 (hydroperoxide band) 

measured during the mesh cell incubation are also shown (C). Samples with similar 

spectral properties according to the PCA results are highlighted in the same colour. 

The scores plot (Figure 4.5.28 - A) of the principal components (PCs) 1 and 2 

placed the “aged” samples in an intermediate location in the PCA plot between the 

“fresh” and the “intermediate” samples. The “fresh” samples (VOO2-0m and VOO2-1m) 
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were located in the positive side of PC1, whereas the “intermediate” samples (VOO2-2m 

to VOO2-21m) were placed in the negative side of PC1. On the other hand, in the last 

months of storage, the “aged” samples (VOO2-25m to VOO2-27m) were plotted in the 

positive side of PC1 again. The main differences between the “fresh” (VOO2-0m – 

VOO2-1m) and the “aged” samples were their distribution along PC2.  

The loadings plot (Figure 4.5.28 - B) confirmed the high influence of the 

hydroperoxide band (3430 cm-1) in the PCA results, which was also evidenced by the 

peak heights of this band during the incubation time (Figure 4.5.28 - C). Thus, the “fresh” 

(VOO2-0m – VOO2-1m) and the “aged” samples (VOO2-25m to VOO2-27m) underwent 

the highest increment in the peak height values of this band, which explained that both 

kinds of samples were characterised with positive PC1 scores (Figure 4.5.28 - A). In fact, 

the PC1 scores and the peak height values of the hydroperoxide band acquired at 576 h 

showed a correlation coefficient of 0.98 between them. 

Figure 4.5.29 - A shows the PCA results when the samples were incubated at 400 

lx and 35 °C.  The two principal components (PC1 and PC2) explained 99% of the total 

variance. The “fresh” samples (VOO2-0m to VOO2-2m) were characterised with 

negative scores of PC1, whereas the rest of the stored samples were located in the 

positive side of PC1, and a group of “intermediate” samples was not identified in this 

case. It was also observed that the samples collected in the last months (VOO2-21m to 

VOO2-27m) were evolving towards negative values of PC2 scores. This incubation 

condition allowed to distribute the samples logically ordered according to their age 

slightly better than the result obtained in the incubation experiment carried out under 

room temperature (400 lx and 23 °C) (Figure 4.5.28 - A). However, the conditions of 400 

lx and 23 °C produced a more progressive change of PC1 scores as the storage progresses 

and it allowed the differentiation of a group of “intermediate” samples.   

The correlation coefficient between the scores of PC1 and the peak height values 

of the band assigned to hydroperoxides measured at 576 h was -0.93, which agree with 

the results obtained in the loadings plot (Figure 4.5.29 - B). Figure 4.5.29 - C shows that 

the “fresh” samples (VOO1-0m to VOO2-2m) increased the peak height values of the 

hydroperoxide band by more than this band did in the samples collected in the rest of 
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storage months. These differences between samples corresponded to those observed in 

the PCA scores plot (Figure 4.5.29 - A).  

  

Figure 4.5.29. Results of the principal component analysis (PCA) carried out with 

the FTIR spectra obtained from VOO2 stored for 27 months and incubated in mesh 

cell for 576 h at 400 lx and 35 °C. The scores (A) and the loadings (B) plots of the 

principal components 1 (PC1) and 2 (PC2) are shown. The numbers indicate the 

months of storage. The peak height values at 3430 cm-1 (hydroperoxide band) 

measured during the mesh cell incubation are also shown (C). Samples with similar 

spectral properties according to the PCA results are highlighted in the same colour. 

- VOO3: Picual cultivar. 

The two first components (PCs) of the VOO3 stored samples incubated for 576 h 

under 400 lx and 23 °C explained 99% of the total variance (Figure 4.5.30). On the 

contrary to the PCA result obtained for VOO1 and VOO2 (Figures 4.5.27 - A and 4.5.29 - 

A), the PCA model allowed a clearly separation between the “fresh” (VOO3-0m to 

VOO3-6m) and the rest of the stored samples (VOO3-9m to VOO3-27m) (Figure 4.5.30 - 

A) and a group of “intermediate” samples was not identified. The distribution of the 

stored samples along PC1 revealed great spectral differences between the stored samples 

collected during the first six months of storage and the rest of the stored samples.  

An agreement between the peak heights of the hydroperoxide band (Figure 

4.5.30 - C) and the PCA results (Figure 4.5.30 - A, B) was also observed. In this oil, the 

first six stored samples (VOO3-0m to VOO3-6m) showed the highest increment of the 
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peak height value of the hydroperoxide band during the incubation in mesh cell, 

whereas the rest of the stored samples showed a lower increment. Furthermore, a 

correlation coefficient of -0.99 was found between the PC1 scores and the peak height 

values reached for the hydroperoxide band at 576 h of incubation.  

 

Figure 4.5.30. Results of the principal component analysis (PCA) carried out with 

the FTIR spectra obtained from VOO3 stored for 27 months and incubated in mesh 

cell for 576 h at 400 lx and 23 °C. The scores (A) and the loadings (B) plots of the 

principal components 1 (PC1) and 2 (PC2) are shown. The numbers indicate the 

months of storage. The peak height values at 3430 cm-1 (hydroperoxide band) 

measured during the mesh cell incubation are also shown (C). Samples with similar 

spectral properties according to the PCA results are highlighted in the same colour. 

The PCA results when the samples were incubated in mesh cell under moderate 

light and heat (400 lx and 35 °C) were quite similar (Figure 4.5.31). The two first principal 

components (PC1 and PC2) allowed a clearly separation between the “fresh” (VOO3-0m 

to VOO3-6m) and the rest of the stored samples (VOO3-9m to VOO3-27m) (Figure 4.5.31 

- A). The correlation coefficient between the PC1 scores and the peak height values of 

the hydroperoxide band at 576h was also -0.99. Thus, unlike the PCAs of the previous 

oils, in this case, the incubation conditions did not affect the results and they showed the 

same change of stability during the storage months regardless the incubation conditions 

used in the mesh cell-FTIR measurements at room temperature (23 °C) or with moderate 

heating (35 °C). 
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Figure 4.5.31. Results of the principal component analysis (PCA) carried out with 

the FTIR spectra obtained from VOO3 stored for 27 months and incubated in mesh 

cell for 576 h under 400 lx and 35 °C. The scores (A) and the loadings (B) plots of the 

principal components 1 (PC1) and 2 (PC2) are shown. The numbers indicate the 

months of storage. The peak height values at 3430 cm-1 (hydroperoxide band) 

measured during the mesh cell incubation are also shown (C). Samples with similar 

spectral properties according to the PCA results are highlighted in the same colour. 

- VOO4: Arbequina cultivar. 

The two first components (PCs) of the VOO4 stored samples incubated 576 h 

under 400 lx and 23 °C explained 97% of the total variance. The scores plot (Figure 4.5.32 

- A) separated the samples collected in the first 6 months of the storage from the rest, 

but, unlike in VOO3, the separation was not so clear.  

The loadings plot in this oil (Figure 4.5.32 - B) clearly differed from the loadings 

extracted from the other VOOs. Thus, the influence of the band assigned to 

hydroperoxides was more evident over PC2 (13% of the total variance) than in PC 1 (85% 

of the total variance). However, the peak heights of the band assigned to the 

hydroperoxides measured during incubation in mesh cell (Figure 4.5.32 - C) did not fully 

match with the PCA results (Figure 4.5.32 - A). In fact, the correlation of the peak heights 

of the band assigned to hydroperoxides at 576 h of incubation and the PC1 and PC2 

scores were -0.39% and 0.54% respectively. Thus, the peaks heights denoted a difference 

between samples collected in the 0-2 months, which showed a higher increment of the 
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band absorption (Figure 4.5.32 - C), and the rest of sample, while the PCA results showed 

a slight separation of samples in the 0-6 months (Figure 4.5.32 - A).    

 

Figure 4.5.32. Results of the principal component analysis (PCA) carried out with 

the FTIR spectra obtained from VOO4 stored for 27 months and incubated in mesh 

cell for 576 h at 400 lx and 23 °C. The scores (A) and the loadings (B) plots of the 

principal components 1 (PC1) and 2 (PC2) are shown. The numbers indicate the 

months of storage. The peak height values at 3430 cm-1 (hydroperoxide band) 

measured during the mesh cell incubation are also shown (C). Samples with similar 

spectral properties according to the PCA results are highlighted in the same colour.

   

The PCA carried out with the incubations at 400 lx and 35 °C (Figure 4.5.33 - A) 

was able to separate a group of “fresh” (VOO4-0m to VOO4-2m) from the rest of the 

stored samples (VOO4-3m to VOO4-27m). This figure shows that PC2 had an important 

role in the discrimination of the “fresh” oils and the rest of the stored samples. Thus, the 

“fresh” samples (VOO4-0m to VOO4-2m) had negative scores for PC2, whereas the rest 

of the stores samples (VOO4-3m to VOO4-27m) had positive values. It could be 

concluded that in this VOO, this incubation condition (400 lx and 35 °C) allowed a better 

separation compared with the incubation at 400 lx and 23 °C (Figure 4.5.32 - A).  

The loadings plot (Figure 4.5.33 - B) showed a similar profile for both 

components, and in both cases, the main spectral region that influenced the model was 

the one assigned to hydroperoxides. Although PC1 explained the 79% of the total 
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variance, PC2 was the component that better separate “fresh” and “aged” samples. This 

separation was in accordance with the peak heights measured in mesh cell shown in 

Figure 4.5.33 - C. This figure shows a different trend of the peak height values of the 

“fresh” samples (VOO4-0m to VOO4-2m) compared with the rest of the stored samples 

(VOO4-3m to VOO4-27m). 

 

Figure 4.5.33. Results of the principal component analysis (PCA) carried out with 

the FTIR spectra obtained from VOO4 stored for 27 months and incubated in mesh 

cell for 576 h under 400 lx and 35 °C. The scores (A) and loadings (B) plots of the 

principal components 1 (PC1) and 2 (PC2) are shown. The numbers indicate the 

months of storage. The peak height values at 3430 cm-1 (hydroperoxide band) 

measured during the mesh cell incubation are also shown (C). Samples with similar 

spectral properties according to the PCA results are highlighted in the same colour. 

As a conclusion of this section, mesh cell-FTIR spectroscopy proved to be a useful 

tool for distinguishing spectral characteristics between samples subjected to storage at 

moderate conditions. This procedure makes possible the monitoring of the ageing 

process during VOO storage and the detection of changes in the stability of the oils 

during the storage period. Furthermore, the comparison between different oils is able to 

provide information about the oxidative and quality state of the samples. Thus, two oils 

at different times in the storage may have similar spectra before mesh cell incubation, 

while the latter may elucidate clear difference of stability.  
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The incubation condition that showed the best ability to separate the stored 

samples according to their aged was the incubation at 400 lx and 35 °C. However, the 

condition of 400 lx and 23 °C provide the advantage of identifying a third group of 

samples, called “intermediate” samples, between the “fresh” and the “aged” samples. 

The “intermediate” and the “aged” samples showed some overlapping due to time is a 

continuous variable and the spectral changes occurred are consecutive. On the contrary, 

the separation of the “fresh” samples collected in the first months of the storage was 

clear in all of the cases. This study also evidenced the large differences between the 

samples with respect to the changes observed in the stability measured with mesh cell 

incubation. Thus, the results clearly differed concerning the number of months in which 

the samples were considered “fresh” according to their spectral characteristics. 

Regarding the comparison of the results of the two incubation conditions, it is 

also important to note that the intensity of the hydroperoxide band after 576 h of 

incubation at 400 lx and 35 °C was highly correlated (|R| > 0.80) with other parameters. 

Thus, high correlations were found for PV, FFA, K270, pheophytin a, hydroxytyrosol, 

hydroxytyrosol acetate, 3,4-DHPEA-EDA, 3,4-DHPEA-EA, luteolin, apigenin and 

tocopherol, although the correlation values varied depending on the sample (Annex, 

Figures 1-4). In contrast, the intensity of the hydroperoxide band after 576 h of 

incubation at 400 lx and 23 °C correlated with a fewer number of parameters although it 

was clearly correlated with pheophytin a in all the samples, pointing out the importance 

of this compound in the oil alteration when only light is applied. Additionally, VOO3, 

the sample with the highest concentration of pigments (Figure 4.3.3), also showed high 

correlations with the other parameters (PV, FFA, K270, K232, Mf, Md, total phenols, 

hydroxytyrosol, tyrosol, hydroxytyrosol acetate, 3,4-DHPEA-EDA, p-HPEA-EDA, 3,4-

DHPEA-EA, p-HPEA-EA, luteolin, apigenin and tocopherols) (Annex, Figures 1-4). The 

differences observed between the results from the two incubation conditions show that 

they provide a different type of information and illustrate the great importance of the 

conditions, especially when they are moderate (low light intensity and low 

temperature).   

Although the spectral range of 1800 – 1620 cm-1 assigned to secondary oxidation 

products had influence in the PCA results, the spectral range assigned to primary 
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oxidation products, in particular the band assigned to hydroperoxides (3430 cm-1), 

showed the greatest influence. This observation could be explained by the fact that the 

conditions of both, the storage and the mesh cell incubation, were moderate and the 

alteration of the samples were mostly in the first stage of oxidation. 

4.5.5. Multivariate calibration models: study of mesh cell-FTIR spectra with 

PLS classification models.  

Partial least squares (PLS) models were developed with the aim of studying the 

ability of mesh cell-FTIR spectra to represent the global changes of the oil and their 

relationship with the changes observed in the physical-chemical parameters (quality 

parameters, phenolic compounds, α-tocopherol and pigments derived from 

chlorophyll) of VOO during the storage. The calibration models were performed using 

the spectra obtained during VOO storage at moderate conditions and after 576 h of 

incubation in mesh cell under two different conditions: 400 lx and 23 °C, and 400 lx and 

35 °C.  

Each PLS calibration model was developed using a training set and test set. The 

training set, which was used for developing the calibration models, contained 13 spectra 

obtained during the storage and after 576 h of incubation in mesh cell. These 13 spectra 

were the same spectra studied with PCA. The test set was used for testing the prediction 

ability of the models and it contained 7 spectra randomly selected from the storage of 

the same VOOs and that were not used for developing the calibration models. 

The selection of the variables was based on the results obtained through PCAs, 

which revealed that the main spectral region that more contributed to the model was the 

spectral region located between 3587 – 3047 cm-1. Thus, this variable range, previously 

pre-processed (section 4.1.4), was used for building a PLS model per each VOO stored 

and the physical-chemical parameters. A model per each stored VOO and incubation 

conditions applied was obtained, which allowed a comparison of the results between 

incubation conditions and oils.  



 

 

 RESULTS AND DISCUSSION 

249 

4.5.5.1.  PLS models explaining variability of VOO quality parameters during 

storage: peroxide value (PV), free fatty acids (FFA), K270, and K232.   

Different models were developed to study the ability of the mesh cell-FTIR 

spectra to represent the physical-chemical changes underwent in the stored VOOs, since 

the initial quality state of the four stored oils was different and its evolution followed 

different trends. Thus, an individual model was made for each stored VOO and each 

quality parameter. Furthermore, each incubation condition (400 lx and 23 °C, and 400 lx 

and 35 °C) was individually studied.  

Table 4.5.2 shows the characteristics of the PLS models to represent the quality 

parameters changes during the storage according to the performance evaluation of the 

model described in section 3.4.2.4. A total of 8 models were tested per each stored oil.  

The data showed in Table 4.5.2 for PV models showed a good ability of mesh cell-

FTIR spectroscopy to explain the changes occurred in this quality parameter during the 

VOO storage when it was exposed to 400 lx and 23 °C. In this incubation condition, R2cv 

≥ 0.80 and RMSECV ≤ 1.50 were registered in all of the VOOs, which indicated that the 

spectral range between 3587 – 3047 cm-1 was able to represent the changes occurred in 

PV during the storage. On the other hand, the robustness of the model was tested 

through the results obtained from the test set of samples. This validation model showed 

R2P ≥ 0.80 in all of the cases, except to VOO3 (R2P = 0.73). Furthermore, the RPDp showed 

values higher than 2.50, except to VOO3 (2.02). According to the interpretation of RPD 

values (section 3.4.2.4), values between 2.5 and 3.0 or above means a good and excellent 

prediction accuracy, respectively (Nicolaï et al., 2007). Thus, these RPDp values pointed 

out that these models showed a good ability to explain the changes of PV during the 

storage in the cases of VOO1, VOO2, and VOO4. In the case of VOO3, the RPDp value 

showed that the model might be a coarse representation of the PV evolution, because 

RPDp values were between 2.0 and 2.5 (Nicolaï et al., 2007). However, when 400 lx and 

35 °C were applied, the performance for VOO3, together with VOO4, showed good 

results in terms of R2p and RPDp. On the contrary, the results for R2p and RPDp in VOO1 

and VOO2 were worse under these conditions (Table 4.5.2). 

The data obtained for the PLS models of FFA showed poor ability of the model 

relating the changes of FFA content and the spectral changes during the storage under 
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the two incubation conditions in the cases of VOO1 and VOO2 (Table 4.5.2). However, 

VOO2 showed the best performance under both incubation conditions, which showed 

R2p ≥ 0.85 and RPDp > 3.00. Nevertheless, the rest of the oils showed RPDp ≤ 2.50, 

indicating a poor representation of the FFA data, although the R2p values were >0.80 in 

VOO4 in both conditions and in VOO1 at 400 lx and 23 °C. 

 

Table 4.5.2. Characteristics of the PLS models for the representation of the changes 

underwent in the quality parameters (PV, FFA, K270, and K232) during VOO storage 

at moderate conditions. PLS models were built using the spectra obtained during 

the VOO storage and after 576 h of incubation under 400 lx and 23 °C, and 400 lx 

and 35 °C. 

Model  
Incubation 

condition 
Sample LVs 

Calibration Prediction 

R2cv RMSECV RPDcv R2P RMSEP RPDP 

PV 

400 lx and 23 °C 

VOO1a 5 0.80 1.43 2.11 0.95 0.57 4.86 

VOO2a 5 0.86 1.01 2.67 0.83 0.97 2.61 

VOO3 3 0.80 0.88 2.34 0.73 1.07 2.02 

VOO4a 7 0.99 0.22 17.09 0.88 1.04 3.06 

400 lx and 35 °C 

VOO1 2 0.60 2.15 1.98 0.63 1.91 1.62 

VOO2 7 0.80 1.89 1.43 0.72 1.21 1.91 

VOO3a 2 0.81 0.86 2.50 0.84 0.82 2.64 

VOO4a 7 0.97 0.68 5.53 0.89 1.11 2.77 

FFA 

400 lx and 23 °C 

VOO1 6 0.88 0.01 3.10 0.95 0.01 2.00 

VOO2a 6 0.92 0.01 4.14 0.89 0.01 3.78 

VOO3 3 0.73 0.01 1.76 0.48 0.02 1.12 

VOO4 4 0.89 0.01 3.50 0.84 0.01 2.27 

400 lx and 35 °C 

VOO1 3 0.73 0.02 1.94 0.64 0.01 2.35 

VOO2a 5 0.83 0.02 2.57 0.85 0.01 3.97 

VOO3 2 0.81 0.01 1.76 0.70 0.01 1.69 

VOO4 7 0.97 0.01 3.02 0.88 0.01 2.15 

K270 

400 lx and 23 °C 

VOO1a 5 0.93 0.02 3.88 0.92 0.01 3.43 

VOO2 7 0.95 0.01 4.70 0.77 0.02 1.97 

VOO3 4 0.89 0.03 3.24 0.70 0.04 1.97 

VOO4a 5 0.95 0.01 3.50 0.91 0.01 2.70 

400 lx and 35 °C 

VOO1a 2 0.77 0.03 1.43 0.92 0.03 3.47 

VOO2 5 0.70 0.03 1.57 0.59 0.03 1.42 

VOO3a 2 0.81 0.04 2.53 0.83 0.04 2.73 

VOO4a 7 0.97 0.01 3.50 0.91 0.01 2.74 

K232 

400 lx and 23 °C 

VOO1 5 0.82 0.06 2.29 0.60 0.05 1.41 

VOO2a 5 0.86 0.06 2.55 0.83 0.04 2.61 

VOO3 3 0.86 0.02 2.99 0.44 0.04 1.51 

VOO4 3 0.91 0.23 0.34 0.55 0.04 1.44 

400 lx and 35 °C 

VOO1a 3 0.73 0.07 1.76 0.85 0.07 2.64 

VOO2 7 0.63 0.09 1.70 0.44 0.11 1.22 

VOO3 2 0.81 0.03 2.00 0.79 0.03 2.27 

VOO4a 7 0.97 0.01 7.81 0.85 0.02 2.53 

Note: a, model has a good prediction accuracy; PV, peroxide value; FFA, free fatty acids, LVs, number of 

latent variables; R2cv, R2p, determination coefficients; RMSECV, RMSEP, root mean square errors; RPDcv, 

RPDp, relative predictive deviations.  
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The performance of the models for K270 showed the best results when the spectra 

obtained from the incubation under 400 lx and 35 °C were used. In this experiment, three 

of the four stored oils (VOO1, VOO3 and VOO4) showed R2P > 0.80. Furthermore, these 

three oils showed RPDp values higher than 2.50, which demonstrated a good ability of 

mesh cell-FTIR spectroscopy to predict the changes underwent in K270 during the VOO 

storage. Considering these parameters (R2P, RPDp), VOO1 and VOO4 also showed good 

results in the incubations at 400 lx and 23 °C. On the contrary, the models obtained for 

VOO2 showed a poor performance in the two incubation conditions, which R2P values 

were < 0.80. This oil was the most oxidised oil at the end of the storage and it showed 

the main changes in this parameter during the first 5 months of storage (Table 4.3.1). 

The changes that K232 underwent during storage were poorly modelled with the 

mesh-cell FTIR spectra and PLS in the case of VOO3. However, R2P and the RPDP were > 

0.80 and > 2.50, respectively, in VOO2 under the incubation conditions of 400 lx and 23 

°C, and in VOO1 and VOO4 when the incubation conditions were 400 lx and 35 °C (Table 

4.5.2). Thus, these models showed a considerably high accuracy for the representation 

of the changes of K232. 

As a brief summary of the results obtained in this section, the PLS models that 

showed better representation ability and accuracy were those for determining PV and 

K270. The results showed that the performance of calibration models depended not only 

on the samples, but also on the incubation experiment applied, obtaining the best results 

when the oils were exposed to 400 lx and 23 °C in the case of PV, and to 400 lx and 35 °C 

in the case of K270. The different results from different incubation conditions might be 

related with the impact of the application of room temperature or mild heating in the 

oils. Thus, whereas the incubation under 400 lx and 23 °C generated the formation of 

hydroperoxides, during the same time, the incubation under 400 lx and 35 °C was able 

to generate secondary oxidation products. 

4.5.5.2. PLS models explaining variability of VOO chemical parameters during 

storage: α-tocopherol, total phenols, pheophytin a and pyropheophytin a. 

Different models were developed to study the ability of the mesh cell-FTIR 

spectra to represent the chemical changes of α-tocopherol, total phenols, pheophytin a 

and pyropheophytin a underwent in the stored VOOs. Although these chemical 
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parameters do not produce distinctive signals in the FTIR spectra, it is important to know 

if the changes measured in the spectra evolved with the same time trend that these 

parameters during the VOO storage. Table 4.5.3 shows the characteristics of the PLS 

models built to relate the information from the spectra and the chemical parameters (α-

tocopherol, total phenols, pheophytin a and pyropheophytin a) during the storage. A 

total of 8 models were tested per each one of the four stored VOOs. 

The data showed in Table 4.5.3 for α-tocopherol models showed a poor ability of 

mesh cell-FTIR spectra to explain changes in this chemical parameter. Although the R2cv 

was higher or equal than 0.80 in the VOOs, except VOO2 at 400 lx and 23 °C and VOO3 

at 400 lx and 35 °C, the validation models showed R2P < 0.80 and RPDP < 2.50 in almost 

all of the cases. Thus, only two samples showed good model fits for representing α-

tocopherol concentration variations: VOO1 when it was incubated under 400 lx and 35 

°C and VOO4 when it was exposed to both incubation conditions. In these two samples, 

the values of R2P and RPDp were > 0.80 and > 2.5, respectively. In the rest of the cases, the 

model can only discriminate low from high values of the response variable (α-

tocopherol) but they were not able to explain the changes occurred in this parameter 

during the storage.  

The PLS model for total phenols concentration showed satisfactory results (Table 

4.5.3). The model performance for total phenols showed the best results when the VOOs 

were incubated under 400 lx and 23 °C. In this experiment, three of the four stored oils 

(VOO1, VOO3 and VOO4) showed R2cv > 0.80 and R2P > 0.80. Furthermore, these three 

oils showed RPDp values higher than 2.50, which demonstrated a good ability and high 

accuracy of mesh cell-FTIR spectroscopy to explain the changes underwent in total 

phenols concentration during the VOO storage. In contrast, the PLS model obtained 

from VOO2 incubated under the two incubation conditions showed low accuracy and 

poor fit of the spectral data with the total phenol concentration, due to its low values of 

R2P and RPDP (Table 4.5.3). This sample was the fresh sample with the lowest 

concentration of total phenols, together with VOO1, which may have some impact in the 

model. On the other hand, this model showed better resolution for samples with higher 

initial concentration of total phenols, as in VOO3 and VOO4 (samples with the highest 

total phenols concentration) (Table 4.2.3). 
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Table 4.5.3. Characteristics of the PLS models for the representation of the changes 

underwent in some chemical parameters (α-tocopherol, total phenols, pheophytin a 

and pyropheophytin a) during VOO storage at moderate conditions. PLS models 

were built using the spectra obtained during the VOO storage and after 576 h of 

incubation under 400 lx and 23 °C, and 400 lx and 35 °C. 

Model  
Incubation 

condition 
Sample LVs 

Calibration Prediction 

R2cv RMSECV RPDcv R2P RMSEP RPDP 

α-tocopherol 

400 lx and 23 °C VOO1 7 0.94 9.16 4.09 0.62 14.36 1.58 

VOO2 3 0.64 43.40 1.69 0.65 31.36 1.72 

VOO3 3 0.84 24.13 2.64 0.69 29.60 1.86 

VOO4a 4 0.95 12.27 4.70 0.89 16.12 3.22 

400 lx and 35 °C VOO1a 3 0.81 17.13 4.23 0.91 10.72 3.47 

VOO2 7 0.90 22.98 3.19 0.65 36.15 1.78 

VOO3 2 0.76 30.11 2.11 0.75 32.07 2.15 

VOO4a 7 0.97 8.00 7.21 0.97 9.07 5.63 

Total phenols 

400 lx and 23 °C VOO1a 5 0.87 19.87 2.76 0.84 16.62 2.77 

VOO2 5 0.86 23.86 2.68 0.77 24.10 2.25 

VOO3a 3 0.90 38.13 4.49 0.85 49.83 2.74 

VOO4a 4 0.89 37.80 2.90 0.90 26.99 3.32 

400 lx and 35 °C VOO1 3 0.69 31.29 1.88 0.57 29.96 1.61 

VOO2 7 0.88 22.01 2.90 0.65 36.15 1.78 

VOO3a 2 0.91 36.40 3.47 0.91 34.26 3.50 

VOO4a 7 0.99 12.03 9.10 0.93 25.48 3.45 

Pheophytin a  

400 lx and 23 °C VOO1 5 0.98 0.39 7.92 0.61 1.07 0.97 

VOO2 5 0.95 0.24 4.82 0.55 0.57 0.28 

VOO3a 3 0.95 2.49 3.24 0.95 2.46 4.92 

VOO4a 7 0.96 0.30 5.11 0.93 0.44 3.96 

400 lx and 35 °C VOO1a 3 0.95 0.60 2.88 0.82 0.86 2.50 

VOO2a 6 0.97 0.20 5.78 0.93 0.29 4.00 

VOO3 2 0.97 1.91 6.09 0.72 4.91 1.91 

VOO4a 3 0.76 0.61 2.51 0.90 0.58 3.34 

Pyropheophytin a 

400 lx and 23 °C VOO1 4 0.70 0.07 1.95 0.30 0.11 1.26 

VOO2 6 0.93 0.002 4.97 0.03 0.01 1.09 

VOO3 2 0.21 0.60 1.17 0.06 2.46 4.92 

VOO4 4 0.65 0.05 1.71 0.76 0.05 2.08 

400 lx and 35 °C VOO1 3 0.58 0.08 1.77 0.45 0.06 1.31 

VOO2 4 0.59 0.01 0.99 0.03 0.01 1.10 

VOO3 4 0.35 0.54 1.30 0.72 4.91 1.91 

VOO4a 6 0.84 0.03 2.86 0.81 0.04 2.68 

Note: a, model has a good prediction accuracy; LVs, number of latent variables; R2cv, R2p, determination 

coefficients; RMSECV, RMSEP, root mean square errors; RPDcv, RPDp, relative predictive deviations.  

 

The PLS models for pheophytin a also showed a good agreement between the 

information of the concentration values and the mesh cell-FTIR spectra during the VOO 

storage. In fact, R2cv > 0.90 and RMSECV < 2.50 were registered in all VOOs and in both 

incubation conditions, except in VOO4 when this oil was incubated under 400 lx and 35 

°C (Table 4.5.3). Nevertheless, when the robustness of the model was tested through the 

validation set, the result revealed that the incubation at 400 lx and 35 °C provided the 
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best results. In this experiment, three of the four stored oils (VOO1, VOO2 and VOO4) 

showed values of R2P > 0.80 and RPDP ≥ 2.50. On the other hand, VOO3 showed lower 

values of R2P and RPDP (Table 4.5.3), which indicated that this model discriminated low 

from high concentration values of pheophytin a but it was not able to represent the 

changes occurred in this parameter during the storage. 

Overall, poor models with low accuracy were obtained for pyropheophytin a. 

Thus, R2P and RPDP values were < 0.80 and < 2.00 respectively for all of the cases, with 

the exception of VOO4 when it was exposed to incubation under 400 lx and 35 °C (Table 

4.5.3). In the latter case, R2P was 0.81 and RPDp was 2.68. 

In summary, the PLS models that showed the best accuracy were those built for 

determining total phenols and pheophytin a concentration. The best results for total 

phenol concentration were found when oils were exposed to 400 lx and 23 °C and for 

pheophytin a concentration when oils were subjected to incubation under 400 lx and 35 

°C. The results indicated that there is a basic agreement in the time trends of the spectral 

changes and the changes of the studied parameters. However, in some samples and 

conditions, this agreement was not observed pointing out a different time trend and a 

lack of correlation. This observation indicated an influence of the sample and the 

incubation conditions on the kinetics of the changes observed for the different 

parameters.  

Finally, regarding the validation of the all PLS models (sections 4.5.5.1 and 

4.5.5.2) with a test set, 29 models out of the 64 developed (4 VOOs x 2 incubation 

conditions x 8 parameters) had R2P > 0.80 and RPDP>2.50.     

4.5.6. PLS-DA classification models. 

PLS-DA models were developed for a classification purpose. PLS-DA models 

were performed to classify samples according to the quality category that they belong 

(extra virgin olive oil, virgin olive oil, and lampante olive oil), which may undergo 

changes during the storage period. The objective was to prove whether the spectral 

changes were in accordance with the observed change of category during the storage.  

Different PLS-DA models per each stored VOO were performed using the spectra 

obtained during 27 months of storage and 576 h of incubation in mesh cell. The 



 

 

 RESULTS AND DISCUSSION 

255 

calibration and test sets of samples were the same as those described in the previous 

section.  

The initial quality state of the VOO samples and their evolution during the 

storage under moderate conditions was studied in sections 4.2 and 4.3. This study 

revealed that the changes of category in the four stored samples were governed by the 

changes of the organoleptic characteristics and K270, as they were the only parameters 

that exceeded the limits stablished by EU regulation (European Union, 1991) during the 

entire storage experiment (Table 4.3.1 and Annex, Table 1). Taking into account these 

results, two PLS-DA models were performed for each of the stored VOO to classify the 

samples by their quality categories, based on their organoleptic characteristics, in one 

model, and K270 values, in the other. Furthermore, in order to assess which incubation 

condition in mesh cell showed the best classification ability, the PLS-DA models were 

developed for each one of the incubation conditions (400 lx and 23 °C, 400 lx and 35 °C). 

A total of 4 PLS-DA models were obtained per each stored VOO. 

4.5.6.1. PLS-DA models developed for category classification according to 

organoleptic characteristics. 

PLS-DA classification models were developed to distinguish between categories 

according to the organoleptic characteristics. The statistical parameters obtained by PLS-

DA in the different models are shown in Table 4.5.4. The models almost showed a high 

sensitivity and specificity values for each category. The PLS-DA results showed that 83 

– 100% of the samples were correctly classified for the two incubation conditions. 

However, VOO1 incubated at 400 lx and 23 °C, and 400 lx and 35 °C, and VOO4 

incubated at 400 lx and 23 °C showed specificity values for “extra virgin olive oil” (EV) 

and sensitivity values for “virgin olive oil” (V) and “lampante olive oil” (L) lower than 

80%. These last results revealed the highest classification error among all the models 

obtained. These low values may be related with the fact that these two VOOs underwent 

the latest a category change. Thus, the results obtained through the PCA revealed that 

the most aged samples were difficult to differentiate from the intermediate samples. In 

the rest of the models, more than 83% of the samples were correctly classified. 
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In order to assess which incubation condition in mesh cell showed the best 

classification ability, the PLS-DA results obtained by both mesh cell incubation 

conditions were examined by comparing the classification error of the calibration and 

the prediction (Table 4.5.4). The results pointed out that the PLS-DA model performed 

with the spectra obtained through the mesh cell incubation under 400 lx and 35 °C 

showed lower classification errors than the PLS-DA models obtained in the mesh cell 

incubation under 400 lx and 23 °C. Thus, in the mesh cell incubation under 400 lx and 35 

°C, three of the four VOOs (VOO2, VOO3 and VOO4) showed classification error of the 

calibration lower than 7.5% and classification error of the prediction equal to 0%. The 

exception was VOO1, which showed lower classification error values in the PLS-DA 

model built with the spectra obtained through the mesh cell incubation under 400 lx and 

23 °C. 

Table 4.5.4. Values of sensitivity, specificity and classification error (%) obtained for 

PLS-DA classification models to distinguish different quality categories of VOOs 

according to the organoleptic characteristics. A model per each stored VOO and for 

each one of the two incubation conditions (400 lx and 23 °C, and 400 lx and 35 °C) 

was built.   

Parameter 
400 lx and 23 °C 

VOO1 VOO2 VOO3 VOO4 

LVs 4 7 2 3 

Category EV V EV V EV V V L 

Sensitivity CAL 86.0 83.0 100.0 100.0 100.0 88.0 88.0 100.0 

Sensitivity P 100.0 60.0 100.0 100.0 100.0 83.0 100.0 50.0 

Specificity CAL 83.0 86.0 100.0 100.0 88.0 100.0 100.0 88.0 

Specificity P 60.0 100.0 100.0 100.0 83.0 100.0 50.0 100.0 

Class. error CAL 7.7 7.7 0.0 0.0 0.0 7.7 9.0 0.0 

Class. error P 0.0 28.6 0.0 0.0 0.0 14.3 0.0 28.6 

 400 lx and 35 °C 

LVs 3 7 2 6 

Category EV V EV V EV V V L 

Sensitivity CAL 80.0 63.0 100.0 100.0 100.0 88.0 100.0 100.0 

Sensitivity P 75.0 33.0 10.00 100.0 100.0 100.0 100.0 100.0 

Specificity CAL 63.0 80.0 100.0 100.0 88.0 100.0 100.0 100.0 

Specificity P 33.0 75.0 100.0 100.0 100.0 100.0 100.0 100.0 

Class. error CAL 7.7 23.0 0.0 0.0 0.0 7.1 0.0 0.0 

Class. error P 12.5 28.6 0.0 0.0 0.0 0.0 0.0 0.0 

Note: LVs, number of latent variables; CAL, calibration; P, prediction; Class. error, classification error; EV, 

extra virgin olive oil; V, virgin olive oil; L, lampante olive oil.  

4.5.6.2. PLS-DA models developed for category classification according to K270. 

PLS-DA models were designed in order to distinguish categories of VOO 

according to K270. The statistical parameters obtained by PLS-DA are shown in Table 
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4.5.5. Almost all the models showed a high sensitivity and specificity values for each 

category when they were determined according to K270. 

Table 4.5.5. Values of sensitivity, specificity and classification error (%) obtained for 

PLS-DA classification models to distinguish different quality categories of VOOs 

according to K270. A model per each stored VOO and for each one of the incubation 

conditions (400 lx and 23 °C, and 400 lx and 35 °C) was built.   

Parameter 
400 lx and 23 °C 

VOO1 VOO2 VOO3 VOO4 

LVs 3 7 3 3 

Category EV V EV V EV V EV V 

Sensitivity CAL 100.0 100.0 100.0 100.0 80.0 100.0 75.0 100.0 

Sensitivity P 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Specificity CAL 100.0 100.0 100.0 100.0 100.0 80.0 100.0 75.0 

Specificity P 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Class. error CAL 0.0 0.0 0.0 0.0 7.7 0.0 9.0 0.0 

Class. error P 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 400 lx and 35 °C 

LVs 3 7 2 6 

Category EV V EV V EV V EV V 

Sensitivity CAL 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Sensitivity P 100.0 100.0 10.00 100.0 100.0 100.0 67.0 100.0 

Specificity CAL 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Specificity P 100.0 100.0 100.0 100.0 100.0 100.0 100.0 67.0 

Class. error CAL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Class. error P 0.0 0.0 0.0 0.0 0.0 0.0 12.5 0.0 

Note: LVs, number of latent variables; CAL, calibration; P, prediction; Class. error, classification error; EV, 

extra virgin olive oil; V, virgin olive oil.  

The PLS-DA results obtained in the incubation at 400 lx and 23 °C showed that 

the 75 – 100% of the samples were correctly classified according to the category as 

indicated by K270. In this incubation, the PLS-DA models performed with the spectra 

obtained during the storage for VOO1 and VOO2 showed sensitivity and specificity 

values equal to 100%, which indicated that the model has a correctly classification 

resolution for the two categories, EV and V. On the other hand, the PLS-DA models 

developed with the spectra obtained for VOO3 and VOO4 showed sensitivity values of 

the calibration for the EV category ranged between 75 and 80%, which revealed some 

classification errors for this category. However, the classification errors of the calibration 

were never higher than 10%. Furthermore, the sensitivity and specificity values of the 

prediction were equal to 100% in these two oils, which verified that the 100% of the test 

samples were correctly classified within these categories (EV and V).    

The PLS-DA result obtained in the incubation under 400 lx and 35 °C showed 

that 100% of samples classification for EV, except VOO4, which showed lower sensitivity 
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values of the calibration (67%). These results revealed a high discriminant ability of mesh 

cell-FTIR spectroscopy for detecting category changes of VOOs during their storage. 

Three of the four stored oils (VOO1, VOO2 and VOO3) showed a classification error of 

the calibration and prediction equal to 0% for both categories, which indicated a good 

accuracy of the PLS-DA models. The PLS-DA model for VOO4 showed a classification 

error of prediction for EV category of 12.5%, thus pointing out that this model was able 

to classify better Vs than EVs.   

Comparing the results from both incubation conditions, it was observed the 

classification error of the calibration and prediction obtained for 400 lx and 35 °C were 

always lower than the classification error values obtained in the incubation at 400 lx and 

23 °C (Table 4.5.5). Nevertheless, the exception was again VOO4. 

In this study, the combination of mesh cell-FTIR spectroscopy with chemometrics 

has proven that the spectral changes were in line with the category change according to 

organoleptic characteristics and it was possible to model these changes with PLS. Since 

the change of category is a relevant event during storage, it was important to verify if 

the spectral changes measured on mesh cell also were representative enough of the 

chemical characteristics of the oil that led to a category change.   
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5. Conclusions. 

1. An analytical procedure based on mesh cell-FTIR spectroscopy has been optimised 

for the analysis of virgin olive oil stability. The variables of this method that allowed 

to establish differences in stability between virgin olive oil samples were the 

following:  

- Mesh material: stainless steel with a mesh number of 100. 

- Amount of virgin olive oil loaded in mesh cell: 16 L. 

- Effective mesh cell path length: 109.94 m. 

- Spectral normalisation with respect to the CH combination band at 4333 cm-1. 

- Selection of the most informing bands: hydroperoxides (3430 cm-1), alcohols 

(3535 cm-1), and aldehydes (1685 cm-1). 

- Optimal baseline points for peak heights measurements:  

 Single-point baseline at 3324 cm-1 for hydroperoxide band, 4600 cm-1 for 

alcohol band and 1576 cm-1 for aldehyde band. 

 Two-point baseline at 977 cm-1 and 938 cm-1 for isolated trans double 

bonds band and 1150 cm-1 and 977 cm-1 for conjugated trans double bonds 

band.  

- Incubation conditions: (i) dark and 35 C, (ii) 400 lx and 23 C, (iii) 400 lx and 

35 C. 

- Selected device for conducting mesh cell incubations: designed compartment 

(Utility model ES1217719).  

2. In the incubation of the fresh virgin olive oils carried out in the dark and 35 °C, the 

highest increment of intensity was registered in the band assigned to aldehydes. The 

incubations carried out with light (400 lx and 23 °C, and 400 lx and 35 °C) produced 

more remarkable changes in all of the monitored bands. The band that showed the 

highest increment of the intensity in these conditions was the one assigned to 

hydroperoxides. The spectra revealed that the incubation condition at 400 lx and 35 

°C produced the most relevant alteration of the fresh virgin olive oils, which proved 

the importance of the combined effect of light and temperature on virgin olive oil 

stability, even when moderate conditions are applied.   
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3. The oxidative stability results of the fresh virgin olive oils obtained with Rancimat 

and mesh cell-FTIR spectroscopy showed some disagreements between the two 

methods, especially when light is considered, which showed the influence of the 

conditions on the oxidation kinetics. The effect of light was more dramatic in the oils 

with higher content of chlorophyll pigments. The concentration of antioxidants 

(phenols and α-tocopherol) in the oils not always explained the results obtained with 

mesh cell-FTIR spectroscopy, and some samples incubated under light conditions 

showed to be more affected by the pigment content.  

4. The storage (27 months) at moderate conditions generated changes in all the quality 

indexes studied (peroxide value, free fatty acids, K232, K270, medians of the defect and 

the fruity attribute), although they were not enough to classify the oil in a lower 

quality category, except in the case of K270, and the medians of the defect and the 

fruity attribute. The latter parameters downgraded the oils to virgin and even 

lampante olive oil categories and, consequently, none of the oils remained within the 

extra virgin category after the 27 months of storage. The sensory defect detected in 

the samples was not always rancid, and a fermentative defect (e.g. winey-vinegary), 

initially masked by the fruitiness intensity, was detected once the median of the 

fruity attribute was reduced. 

5. The composition of the phenolic compounds showed the main variability during the 

first 15 months of storage. The concentrations of the individual phenols decreased or 

remained constant during the storage, with the exception of the simple phenols, such 

as tyrosol and hydroxytyrosol, which increased their concentrations. This fact is 

related to the degradation of their complex derivatives (3,4-DHPEA-EDA, 3,4-DHPEA-

EA, p-HPEA-EDA, and p-HPEA-EA), which was supported by the negative correlation 

coefficients (-0.95 or even lower) between hydroxytyrosol and tyrosol and their 

corresponding derivatives.   

6. The sensory changes detected by the panellists during the storage were explained by 

the variation in the composition of volatile compounds. At least, 75% of the volatile 

compounds showed statistically significant changes in their concentrations between 

the first and the last months of storage. The compounds contributing with positive 

sensory attributes (C6 and C5 compounds) reduced their concentrations, while those 
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compounds coming from oxidation (mainly aldehydes and acids) increased their 

concentrations. (E)-2-hexenal, (Z)-3-hexen-1-ol and (E)-2-hexen-1-ol were identified 

as markers of the fruity attribute, and hexanal and nonanal were identified as 

compounds associated with the rise of median of defect during storage. The trends 

in the changes of sensory characteristics and chemical profile during the storage 

were heterogeneous between samples, even between the two samples of the same 

cultivar (Arbequina).  

7. During the storage, the analyses carried out with fluorescence spectroscopy showed 

that the main correlations between the bands identified in the excitation–emission 

matrices and the quality parameters were found between the intensities of the bands 

assigned to pigments (λex/λem 408/678 nm), tocopherols and phenols (λex/λem 293/322 

nm), and oxidation products (λex/λem 300/418 nm), and the concentrations of 

pheophytin a, α-tocopherol, and the K270 values, respectively. From the 6 components 

extracted with PARAFAC, the component 2 (assigned to the content of tocopherols 

with contribution of phenols), which provided specific information about the 

evolution of antioxidant compounds, and the component 4 (assigned to oxidation 

products), which provided complementary information about the degradation of the 

oils, were selected for being able to distinguish between fresh and aged oils. 

8. The samples collected in different storage months showed similar spectral properties 

when they were measured with mesh cell-FTIR spectroscopy before incubation. On 

the contrary, when these samples were subjected to incubation, dynamic changes of 

stability were evidenced as the oil aged. Thus, the spectra acquired at the end of the 

incubation time (576 h) showed abrupt changes at certain months of the storage, and 

this moment (storage month) depended on the virgin olive oil and the incubation 

condition applied. In general terms, the main variation of stability measured with 

mesh cell-FTIR spectroscopy took place during the first 6 months of storage, 

although the effect of antioxidants and prooxidants delayed or accelerated this 

variation.  

9. The FTIR spectra obtained during mesh cell incubation allow to distinguish between 

virgin olive oils collected at different storage times. The PCA loadings proved that 

the differentiation of sample ageing was mainly explained by the spectral region 
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3587 – 3244 cm-1, where the absorption bands of hydroperoxides (3430 cm-1) and 

alcohols (3535 cm-1) are located. In fact, the scores values of the principal component 

explaining the highest variance were highly correlated (< -0.95) with the peak heights 

of the hydroperoxide band obtained at 576 h of incubation. When the samples were 

incubated in mesh cell at 400 lx and 35 °C, the samples were grouped into “fresh” 

and “aged” oils, while the incubation carried out at 400 lx and 23 °C allowed to 

distinguish a third group of intermediate samples. 

10. High correlations (|R| > 0.80) were found between the intensities of the 

hydroperoxide band in the stored samples after 576 h of incubation at 400 lx and 35 

°C and the values of PV, FFA, K270, pheophytin a, hydroxytyrosol, hydroxytyrosol 

acetate, 3,4-DHPEA-EDA, 3,4-DHPEA-EA, luteolin, apigenin and α-tocopherol, 

although the correlation values varied depending on the sample. When the 

incubation was carried out at 400 lx and 23 °C, the main correlation was found for 

pheophytin a, pointing out the importance of this compound in the oil alteration 

when only light is applied.  

11. The PLS models built for the mesh cell-FTIR spectra during the storage and each 

quality parameter showed that the spectral changes were mainly in accordance with 

the evolution of PV, K270, and the concentrations of total phenols and pheophytin a, 

although the incubation conditions greatly affected the PLS results. The PLS study 

also proved that the changes in the mesh cell-FTIR spectra during storage allowed 

to classify the samples by quality categories, thus proving that the spectral changes 

measured on mesh cell were representative enough of the chemical changes during 

storage that led to a category downgrading.      
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5. Conclusiones. 

1. Se ha optimizado un procedimiento analítico basado en celda de malla-

espectroscopía FTIR (mesh cell-FTIR) para el análisis de la estabilidad del aceite de 

oliva virgen. Las variables de este método que permitieron establecer las diferencias 

de estabilidad entre las muestras de aceite de oliva virgen fueron las siguientes:  

- Material de malla: acero inoxidable con un número de malla de 100. 

- Cantidad de aceite de oliva virgen depositado en mesh cell: 16 µL. 

- Paso de onda efectivo de mesh cell: 109,94 µm. 

- Normalización espectral con respecto a la banda de combinación CH a 4333 

cm-1. 

- Selección de las bandas más informativas: hidroperóxidos (3430 cm-1), 

alcoholes (3535 cm-1) y aldehídos (1685 cm-1). 

- Puntos para establecer la línea base óptima para las mediciones de altura de 

pico:  

 Un único punto de línea base a 3324 cm-1 para la banda de los 

hidroperóxidos, 4600 cm-1 para la banda de los alcoholes y 1576 cm-1 para 

la banda de los aldehídos. 

 Dos puntos de línea base a 977 cm-1 y 938 cm-1 para la banda de dobles 

enlaces trans aislados y 1150 cm-1 y 977 cm-1 para la banda de dobles 

enlaces trans conjugados.  

- Condiciones de incubación: (i) oscuridad y 35 °C, (ii) 400 lx y 23 °C, (iii) 400 lx 

y 35 °C. 

- Dispositivo seleccionado para llevar a cabo las incubaciones en mesh cell: 

compartimento diseñado (modelo de utilidad ES1217719). 

2. En la incubación de los aceites de oliva vírgenes frescos realizada en oscuridad y a 

35 °C, el mayor incremento de intensidad se registró en la banda asignada a los 

aldehídos. Las incubaciones realizadas con luz (400 lx y 23 °C, y 400 lx y 35 °C) 

generaron cambios más notables en todas las bandas estudiadas. La banda que 

mostró el mayor incremento de intensidad en estas condiciones fue aquella asignada 
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a los hidroperóxidos. Los espectros revelaron que la condición de incubación a 400 

lx y 35 °C dio lugar a la mayor alteración en los aceites de oliva vírgenes frescos, lo 

que demostró la importancia del efecto combinado de luz y temperatura sobre la 

estabilidad del aceite de oliva virgen, incluso cuando se usan condiciones 

moderadas.   

3. Los resultados de estabilidad oxidativa de los aceites de oliva vírgenes frescos 

obtenidos con Rancimat y con mesh cell-FTIR mostraron algunas discrepancias entre 

los dos métodos, especialmente cuando se consideraron condiciones de luz, lo que 

puso de manifiesto la influencia de las condiciones en la cinética de oxidación. El 

efecto de la luz fue más relevante en los aceites con mayor contenido de pigmentos 

clorofílicos. La concentración de antioxidantes (fenoles y α-tocoferol) en los aceites 

no siempre explicó los resultados obtenidos mediante mesh cell-FTIR, y algunas 

muestras incubadas en condiciones de luz se mostraron más afectadas por el 

contenido de pigmentos. 

4. El almacenamiento (27 meses) en condiciones moderadas generó cambios en todos 

los índices de calidad estudiados (índice de peróxidos, ácidos grasos libres, K232, K270, 

medianas del defecto y del atributo frutado), aunque no fueron suficientes para 

clasificar el aceite en una categoría de calidad inferior, excepto en el caso de K270 y las 

medianas del defecto y del atributo frutado. Estos últimos parámetros dieron lugar 

a la disminución de categoría de los aceites a “virgen” e incluso a “lampante” y, en 

consecuencia, ninguno de los aceites se mantuvo en la categoría “virgen extra” tras 

los 27 meses de almacenamiento. El defecto sensorial detectado en las muestras no 

fue siempre rancio y se detectó un defecto fermentativo (por ejemplo, avinagrado), 

el cual estaba inicialmente enmascarado por la intensidad del atributo frutado y fue 

percibido por los panelistas una vez que esta intensidad se redujo.  

5. La composición de los compuestos fenólicos mostró cambios principalmente durante 

los primeros 15 meses de almacenamiento. Las concentraciones de los fenoles 

individuales disminuyeron o se mantuvieron constantes durante el almacenamiento, 

con la excepción de los fenoles simples, como el tirosol y el hidroxitirosol, que 

aumentaron sus concentraciones. Este hecho está relacionado con la degradación de 

sus derivados complejos (3,4-DHPEA-EDA, 3,4-DHPEA-EA, p-HPEA-EDA y p-
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HPEA-EA), lo cual se vio corroborado por los coeficientes de correlación negativos 

(-0,95 o incluso inferiores) entre el hidroxitirosol y el tirosol y sus correspondientes 

derivados.   

6. Los cambios sensoriales detectados por los panelistas durante el almacenamiento se 

explicaron por la variación en la composición de los compuestos volátiles. Al menos, 

el 75% de los compuestos volátiles mostraron cambios estadísticamente 

significativos en sus concentraciones entre el primer y el último mes de 

almacenamiento. Los compuestos que contribuyen a los atributos sensoriales 

positivos (compuestos C6 y C5) redujeron sus concentraciones, mientras que los 

compuestos procedentes de la oxidación (principalmente aldehídos y ácidos) 

incrementaron sus concentraciones. El (E)-2-hexenal, el (Z)-3-hexen-1-ol y el (E)-2-

hexen-1-ol se identificaron como marcadores del atributo frutado, y el hexanal y el 

nonanal se identificaron como compuestos asociados al aumento de la mediana del 

defecto durante el almacenamiento. Las tendencias en los cambios de las 

características sensoriales y el perfil químico durante el almacenamiento fueron 

heterogéneas entre las muestras, incluso entre las dos muestras de la misma variedad 

(Arbequina). 

7. Durante el almacenamiento, los análisis llevados a cabo con espectroscopía de 

fluorescencia mostraron que las principales correlaciones entre las bandas 

identificadas en las matrices de excitación-emisión y los parámetros de calidad se 

encontraron entre las intensidades de las bandas asignadas a los pigmentos (λex/λem 

408/678 nm), tocoferoles y fenoles (λex/λem 293/322 nm), y productos de oxidación 

(λex/λem 300/418 nm), y las concentraciones de feofitina a, α-tocoferol, y los valores de 

K270, respectivamente. De los 6 componentes extraídos con PARAFAC, el 

componente 2 (asignado al contenido de tocoferoles y parcialmente fenoles), que 

aportaba información específica sobre la evolución de los compuestos antioxidantes, 

y el componente 4 (asignado a los productos de oxidación), que aportaba 

información complementaria sobre la degradación de los aceites, se seleccionaron 

como aquellos componentes que permitían una distinción entre aceites frescos y 

envejecidos. 
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8. Las muestras recogidas durante los meses de almacenamiento mostraron 

propiedades espectrales similares cuando se midieron mediante mesh cell-FTIR 

antes de llevar a cabo la incubación. Por el contrario, cuando estas muestras se 

sometieron a incubación, se observaron cambios dinámicos de estabilidad a medida 

que el aceite envejecía. Así, los espectros adquiridos al final del periodo de 

incubación (576 h) mostraron cambios bruscos en ciertos meses de almacenamiento, 

dependiendo del aceite de oliva virgen y de las condiciones de incubación aplicadas. 

En términos generales, la principal variación de la estabilidad medida con mesh cell-

FTIR tuvo lugar durante los primeros 6 meses de almacenamiento, aunque el efecto 

de los antioxidantes y prooxidantes retrasó o aceleró esta variación. 

9. Los espectros FTIR obtenidos durante la incubación en mesh cell permitieron 

distinguir entre los aceites de oliva vírgenes recogidos en diferentes tiempos de 

almacenamiento. Los resultados del PCA (PCA loadings) mostraron que la región 

espectral 3587 - 3244 cm-1, donde se localizan las bandas de absorción de los 

hidroperóxidos (3430 cm-1) y los alcoholes (3535 cm-1), explicaba la agrupación de las 

muestras con diferentes tiempos de almacenamiento. De hecho, los valores (PCA 

scores) del componente principal que explicaba la mayor varianza estaban altamente 

correlacionados (< -0,95) con las alturas de los picos de la banda de hidroperóxidos 

obtenidas a 576 h de incubación. Cuando las muestras almacenadas se incubaron en 

mesh cell a 400 lx y 35 °C, éstas se agruparon en aceites "frescos" y "envejecidos", 

mientras que la incubación realizada a 400 lx y 23 °C permitió distinguir un tercer 

grupo de muestras intermedias. 

10. Se encontraron altas correlaciones (|R| > 0,80) entre las intensidades de la banda de 

hidroperóxido en las muestras almacenadas tras 576 h de incubación a 400 lx y 35 °C 

y los valores de PV, FFA, K270, feofitina a, hidroxitirosol, acetato de hidroxitirosol, 

3,4-DHPEA-EDA, 3,4-DHPEA-EA, luteolina, apigenina y α-tocoferol, aunque los 

valores de correlación variaron en función de la muestra. Cuando la incubación se 

llevó a cabo a 400 lx y 23 °C, la principal correlación se obtuvo con la feofitina a, 

señalando la importancia de este compuesto en la alteración del aceite cuando sólo 

se aplica luz. 
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11. Los modelos PLS desarrollados con los espectros mesh cell-FTIR durante el 

almacenamiento y cada parámetro de calidad mostraron que los cambios espectrales 

estaban principalmente de acuerdo con la evolución de PV, K270, y las 

concentraciones de fenoles totales y feofitina a, aunque las condiciones de incubación 

afectaron en gran medida a los resultados del PLS. El estudio PLS también reveló 

que los cambios en los espectros mesh cell-FTIR durante el almacenamiento 

permitían clasificar las muestras por categorías de calidad, demostrando que los 

cambios espectrales medidos en mesh cell eran lo suficientemente representativos de 

los cambios químicos durante el almacenamiento que conducían a un descenso de 

categoría.      

 



 

 

  



 

 

 

  

6. BIBLIOGRAPHY. 



 

 

  



 

 
273 

 BIBLIOGRAPHY 

 

6. Bibliography.  

Abdallah, M., Vergara-Barberán, M., Lerma-García, M.J., Herrero-Martínez, J.M., Simó-

Alfonso, E.F., Guerfel, M. 2016. Cultivar discrimination and prediction of 

mixtures of Tunisian extra virgin olive oils by FTIR. Eur. J. Lipid Sci. Technol. 118, 

1236–1242. https://doi.org/10.1002/ejlt.201500041  

Abu-Khalaf, N., Hmidat, M. 2020. Visible/Near Infrared (VIS/NIR) spectroscopy as an 

optical sensor for evaluating olive oil quality. Comput. Electron. Agric. 173, 105445. 

https://doi.org/10.1016/j.compag.2020.105445  

Ammari, F., Cordella, C.B.Y., Boughanmi, N., Rutledge, D.N. 2012. Independent 

components analysis applied to 3D-front-face fluorescence spectra of edible oils 

to study the antioxidant effect of Nigella sativa L. extract on the thermal stability 

of heated oils. Chemometrics Intell. Lab. Syst. 113, 32–42. 

https://doi.org/10.1016/j.chemolab.2011.06.005  

Andersen, C. M., Bro, R. 2003. Practical aspects of PARAFAC modelling of fluorescence 

excitation-emission data. J. Chemom. 17, 200–215. https://doi.org/10.1002/cem.790  

Andrewes, P., Busch, J.L.H.C., De Joode, T., Groenewegen, A., Alexandre, H. 2003. 

Sensory properties of virgin olive oil polyphenols: Identification of deacetoxy-

ligstroside aglycon as a key contributor to pungency. J. Agric. Food Chem. 51, 

1415–1420. https://doi.org/10.1021/jf026042j  

Angerosa, F., Servilli, M., Selvaggini, R., Taticchi, A., Esposto, S., Montedoro, G. 2004. 

Volatile compounds in virgin olive oil: Occurrence and their relationship with 

the quality. J. Chromatogr. A 1054, 17–31. 

https://doi.org/10.1016/j.chroma.2004.07.093  

AOCS, 1993. Official method, Oil Stability Index (OSI). Cd 12b-92, Champaing, IL. 

https://doi.org/10.1094/aacc method-58-54.02  

Aparicio, R., García-González, D.L. 2013. Olive oil characterization and traceability, in 

Aparicio, R., Harwood, J., (Eds.) Handbook of Olive Oil: Analysis and Properties, 

second ed., Springer, New York. 431–472. https://doi.org/10.1007/978-1-4614-

7777-8_12  

Aparicio, R., Luna, G. 2002. Characterisation of monovarietal virgin olive oils. Eur. J Lipid 

Sci. Technol 104, 614–627. https://doi.org/10.1002/1438-

9312(200210)104:9/10<614::AID-EJLT614>3.0.CO;2-L  

Aparicio, R., Morales, M.T., Alonso, M.V. 1996. Relationship between volatile 

compounds and sensory attributes of olive oils by the sensory wheel. J. Am. Oil 

Chem. Soc. 73, 1253–1264. https://doi.org/10.1007/BF02525454  

https://doi.org/10.1002/ejlt.201500041
https://doi.org/10.1016/j.compag.2020.105445
https://doi.org/10.1016/j.chemolab.2011.06.005
https://doi.org/10.1002/cem.790
https://doi.org/10.1021/jf026042j
https://doi.org/10.1016/j.chroma.2004.07.093
https://doi.org/10.1094/aacc%20method-58-54.02
https://doi.org/10.1007/978-1-4614-7777-8_12
https://doi.org/10.1007/978-1-4614-7777-8_12
https://doi.org/10.1002/1438-9312(200210)104:9/10%3c614::AID-EJLT614%3e3.0.CO;2-L
https://doi.org/10.1002/1438-9312(200210)104:9/10%3c614::AID-EJLT614%3e3.0.CO;2-L
https://doi.org/10.1007/BF02525454


 

 

 BIBLIOGRAPHY 

274 

Aparicio, R., Morales, M.T., Aparicio-Ruiz, R., Tena, N., García-González, D.L. 2013. 

Authenticity of olive oil: Mapping and comparing official methods and 

promising alternatives. Food Res. Int. 54, 2025–2038. 

https://doi.org/10.1016/j.foodres.2013.07.039  

Aparicio, R., Morales, M.T. 1998. Characterization of olive ripeness by green aroma 

compounds of virgin olive oil. J. Agric. Food Chem. 46, 1116–1122. 

https://doi.org/10.1021/jf970540o  

Aparicio, R., Morales, M.T., García-González, D.L. 2012. Towards new analyses of aroma 

and volatiles to understand sensory perception of olive oil. Eur. J. Lipid Sci. 

Technol. 114, 1114–1125. https://doi.org/10.1002/ejlt.201200193  

Aparicio, R., Roda, L., Albi, M.A. and Gutiérrez, F. 1999. Effect of various compounds 

on virgin olive oil stability measured by Rancimat. J. Agric. Food Chem. 47, 

https://doi.org/4150–4155. 10.1021/jf9812230  

Aparicio-Ruiz, R., García-González, D.L., Morales, M.T., Lobo-Prieto, A., Romero, I. 

2018. Comparison of two analytical methods validated for the determination of 

volatile compounds in virgin olive oil: GC-FID vs GC-MS. Talanta 187, 133–141. 

https://doi.org/10.1016/j.talanta.2018.05.008  

Aparicio-Ruiz, R., García-González, D.L., Oliver-Pozo, C., Tena, N., Morales, M.T., 

Aparicio, R. 2016. Phenolic profile of virgin olive oils with and without sensory 

defects: Oils with non-oxidative defects exhibit a considerable concentration of 

phenols. Eur. J. Lipid Sci. Technol. 118, 299–307. 

https://doi.org/10.1002/ejlt.201400337  

Aparicio-Ruiz, R., Mínguez-Mosquera, M.I., Gandul-Rojas, B. 2010. Thermal 

degradation kinetics of chlorophyll pigments in virgin olive oils. 1. Compounds 

of series a. J. Agric. Food Chem. 58, 6200–6208. https://doi.org/10.1021/jf9043937  

Aparicio-Ruiz, R., Morales, M.T., Aparicio, R. 2019. Does authenticity of virgin olive oil 

sensory quality require input from chemistry? Eur. J. Lipid Sci. Technol. 121, 1–10. 

https://doi.org/10.1002/ejlt.201900202  

Aparicio-Ruiz, R., Roca, M., Gandul-Rojas, B. 2012. Mathematical model to predict the 

formation of pyropheophytin a in virgin olive oil during storage. J. Agric. Food 

Chem. 60, 7040–7049. https://doi.org/10.1021/jf3010965  

Aparicio-Ruiz, R., Tena, N., Romero, I., Aparicio, R., García-González, D.L., Morales, 

M.T. 2017. Predicting extra virgin olive oil freshness during storage by 

fluorescence spectroscopy. Grasas Aceites 68, 1–9. 

https://doi.org/10.3989/gya.0332171  

Arendse, E., Nieuwoudt, H., Magwaza, L.S., Nturambirwe, J.F.I., Fawole, O.A., Opara, 

U.L. 2021. Recent advancements on vibrational spectroscopic techniques for the 

detection of authenticity and adulteration in horticultural products with a 

https://doi.org/10.1016/j.foodres.2013.07.039
https://doi.org/10.1021/jf970540o
https://doi.org/10.1002/ejlt.201200193
https://doi.org/4150–4155.%2010.1021/jf9812230
https://doi.org/10.1016/j.talanta.2018.05.008
https://doi.org/10.1002/ejlt.201400337
https://doi.org/10.1021/jf9043937
https://doi.org/10.1002/ejlt.201900202
https://doi.org/10.1021/jf3010965
https://doi.org/10.3989/gya.0332171


 

 
275 

 BIBLIOGRAPHY 

specific focus on oils, juices and powders. Food Bioprocess Technol. 14, 1–22. 

https://doi.org/10.1007/s11947-020-02505-x  

Baeten, V., Pierna, J.A.F., Dardenne, P., Meurens, M., García-González, D.L., Aparicio-

Ruiz, R. 2005. Detection of the presence of hazelnut oil in olive oil by FT-Raman 

and FT-MIR spectroscopy. J. Agric. Food Chem. 53, 6201–6206. 

https://doi.org/10.1021/jf050595n  

Baltazar, P., Hernández-Sánchez, N., Diezma, B., Lleó, L. 2020. Development of rapid 

extra virgin olive oil quality assessment procedures based on spectroscopic 

techniques. Agronomy 10, https://doi.org/41. 10.3390/agronomy10010041  

Bandarra, N.M., Campos, R.M., Batista, I., Nunes, M.L. and Empis, J.M. 1999. 

Antioxidant synergy of α-tocopherol and phospholipids. J. Am. Oil Chem. Soc. 76, 

905–913. https://doi.org/10.1007/s11746-999-0105-4  

Barjol, J.L. 2013. Introduction, in Aparicio, R., Harwood, J., (Eds.) Handbook of Olive Oil: 

Analysis and Properties, second ed., Springer, New York. 1–772. 

https://doi.org/10.1007/978-1-4614-7777-8  

Barriuso, B., Astiasarán, I., Ansorena, D. 2013. A review of analytical methods measuring 

lipid oxidation status in foods: A challenging task. Eur. Food Res. Technol. 236, 1–

15. https://doi.org/10.1007/s00217-012-1866-9  

Bendini, A., Cerretani, L., Carrasco-Pancorbo, A., Gómez-Caravaca, A.M., Segura-

Carretero, A., Fernández-Gutiérrez, A., Lercker, G. 2007a. Phenolic molecules in 

virgin olive oils: A survey of their sensory properties, health effects, antioxidant 

activity and analytical methods. An overview of the last decade. Molecules 12, 

1679–1719. https://doi.org/10.3390/12081679  

Bendini, A., Cerretani, L., Di Virgilio, F., Belloni, P., Bonoli-Carbognin, M., Lercker, G. 

2007b. Preliminary evaluation of the application of the FTIR spectroscopy to 

control the geographic origin and quality of virgin olive oils. J. Food Qual. 30, 424–

437. https://doi.org/10.1111/j.1745-4557.2007.00132.x  

Bendini, A., Cerretani, L., Vecchi, S., Carrasco-Pancorbo, A., Lercker, G. 2006. Protective 

effects of extra virgin olive oil phenolic on oxidative stability in the presence or 

absence of copper ions. J. Agric. Food Chem. 54, 4880–4887. 

https://doi.org/10.1021/jf060481r  

Beutner, S., Bloedorn, B., Frixel, S., Blanco, I.H., Hoffmann, T., Martin, H.D., Mayer, B., 

Noack, P., Ruck, C., Schmidt, M., Schülke, I., Sell, S., Ernst, H., Haremza, S., 

Seybold, G., Sies, H., Stahl, W., Walsh, R. 2001. Quantitative assessment of 

antioxidant properties of natural colorants and phytochemicals: Carotenoids, 

flavonoids, phenols and indigoids. The role of β-carotene in antioxidant 

functions. J. Sci. Food Agric. 81, 559–568. https://doi.org/10.1002/jsfa.849  

https://doi.org/10.1007/s11947-020-02505-x
https://doi.org/10.1021/jf050595n
https://doi.org/41.%2010.3390/agronomy10010041
https://doi.org/10.1007/s11746-999-0105-4
https://doi.org/10.1007/978-1-4614-7777-8
https://doi.org/10.1007/s00217-012-1866-9
https://doi.org/10.3390/12081679
https://doi.org/10.1111/j.1745-4557.2007.00132.x
https://doi.org/10.1021/jf060481r
https://doi.org/10.1002/jsfa.849


 

 

 BIBLIOGRAPHY 

276 

Bradley, D.G., Min, D.B. 1992. Singlet oxygen oxidation of foods. Crit. Rev. Food Sci. 

Nutr. 31, 211–236. https://doi.org/10.1080/10408399209527570  

Brenes, M., García, A., García, P., Garrido, A. 2001. Acid hydrolysis of secoiridoid 

aglycons during storage of virgin olive oil. J. Agric. Food Chem. 49, 5609–5614. 

https://doi.org/10.1021/jf0107860  

Bro, R., Kiers, H.A.L. 2003. A new efficient method for determining the number of 

components in PARAFAC models. J. Chemometr. 17, 274–286. 

https://doi.org/10.1002/cem.801  

Bro, R., Van den Berg, F., Thybo, A., Andersen, C.M., JØrgensen, B.M., Andersen, H. 

2002. Multivariate data analysis as a tool in advanced quality monitoring in the 

food production chain. Trends in Food Sci. Technol. 13, 235–244. 

https://doi.org/10.1016/S0924-2244(02)00138-3  

Buettner, A., Schieberle, P. 2000. Influence of mastication on the concentrations of aroma 

volatiles - Some aspects of flavour release and flavour perception. Food Chem. 71, 

347–354. https://doi.org/10.1016/S0308-8146(00)00199-0  

Bureau, S., Cozzolino, D., Clark, C.J. 2019. Contributions of Fourier-transform mid 

infrared (FT-MIR) spectroscopy to the study of fruit and vegetables: A review. 

Postharvest Biol. Technol. 148, 1–14. 

https://doi.org/10.1016/j.postharvbio.2018.10.003  

Cabrera-Bañegil, M., Martín-Vertedor, D., Boselli, E. and Durán-Merás, I. 2018. Control 

of olive cultivar irrigation by front-face fluorescence excitation-emission matrices 

in combination with PARAFAC. J. Food Compos. Anal. 69, 189–196. 

https://doi.org/10.1016/j.jfca.2018.01.021  

Cai, Y.J., Ma, L.P., Hou, L.F., Zhou, B., Yang, L., Liu, Z.L. 2002. Antioxidant effects of 

green tea polyphenols on free radical initiated peroxidation of rat liver 

microsomes. Chem. Phys. Lipids 120, 109–117. https://doi.org/10.1016/S0009-

3084(02)00110-X  

Candolfi, A., De Maesschalck, R., Jouan-Rimbaud, D., Hailey, P.A., Massart, D.L. 1999. 

The influence of data pre-processing in the pattern recognition of excipients near-

infrared spectra. J. Pharm. Biomed. Anal. 21, 115–132. 

https://doi.org/10.1016/S0731-7085(99)00125-9 

Cavalli, J.F., Fernandez, X., Lizzani-Cuvelier, L., Loiseau, A.M. 2004. Characterization of 

volatile compounds of French and Spanish virgin olive oils by HS-SPME: 

identification of quality-freshness markers. Food Chem. 88, 151–157. 

https://doi.org/10.1016/j.foodchem.2004.04.003  

Cecchi, L., Migliorini, M., Giambanelli, E., Rossetti, A., Cane, A., Melani, F., Mulinacci, 

N. (2019). Headspace solid-phase microextraction–gas chromatography–mass 

spectrometry quantification of the volatile profile of more than 1200 virgin olive 

https://doi.org/10.1080/10408399209527570
https://doi.org/10.1021/jf0107860
https://doi.org/10.1002/cem.801
https://doi.org/10.1016/S0924-2244(02)00138-3
https://doi.org/10.1016/S0308-8146(00)00199-0
https://doi.org/10.1016/j.postharvbio.2018.10.003
https://doi.org/10.1016/j.jfca.2018.01.021
https://doi.org/10.1016/S0009-3084(02)00110-X
https://doi.org/10.1016/S0009-3084(02)00110-X
https://doi.org/10.1016/S0731-7085(99)00125-9
https://doi.org/10.1016/j.foodchem.2004.04.003


 

 
277 

 BIBLIOGRAPHY 

oils for supporting the panel test in their classification: comparison of different 

chemometric approaches. J. Agric. Food Chem. 67, 9112–9120. 

https://doi.org/10.1021/acs.jafc.9b03346  

Cert, A., Alba, J., León-Camacho, M., Moreda, W., Pérez-Camino, M.C. 1996. Effects of 

talc addition and operating mode on the quality and oxidative stability of virgin 

olive oils obtained by centrifugation. J. Agric. Food Chem. 44, 3930–3934. 

https://doi.org/10.1021/jf9603386  

Che Man, Y.B., Setiowaty, G. and Van de Voort, F.R.  1999. Determination of iodine value 

of palm oil by Fourier transform infrared spectroscopy. J. Am. Oil Chem. Soc. 76, 

693–699. https://doi.org/10.1007/s11746-999-0161-9  

Cheikhousman, R., Zude, M., Bouveresse, D.J.R., Léger, C.L., Rutledge, D.N., Birlouez-

Aragon, I. 2005. Fluorescence spectroscopy for monitoring deterioration of extra 

virgin olive oil during heating. Anal. Bioanal. Chem. 382, 1438–1443. 

https://doi.org/10.1007/s00216-005-3286-1  

Chimi, H., Cillard, J., Cillard, P., Rahmani, M. 1991. Peroxyl and hydroxyl radical 

scavenging activity of some natural phenolic antioxidants. J. Am. Oil Chem. Soc. 

68, 307–312. https://doi.org/10.1007/BF02657682  

Choe, E. 2017. Effects and mechanisms of minor compounds in oil on lipid oxidation, in 

Akoh, C.C., (Eds.) Foods lipids: Chemistry, nutrition, and biotechnology, forth ed., 

CRC Press, Boca Raton. 567–588. https://doi.org/10.1201/9781315151854  

Choe, E., Min, D.B. 2006. Mechanisms and factors for edible oil oxidation. Compr. Rev. 

Food Sci. Food Saf. 5, 169–186. https://doi.org/10.1111/j.1541-4337.2006.00009.x  

Cinelli, G., Cofelice, M., Venditti, F. 2020. Veiled extra virgin olive oils: Role of emulsion, 

water and antioxidants. Colloids Interfaces 4, 0038. 

https://doi.org/10.3390/colloids4030038  

Codex Alimentarius. 1985. General standard for the labelling of prepackaged foods. CXS 

1-1985. Adopted in 1985. Amended in 1991, 1999, 2001, 2003, 2005, 2008 and 2010. 

Revised in 2018. Rome, Italy.  

Codex Alimentarius. 1999. Standard for named vegetable oils. CXS 210-1999. Adopted 

in 1999. Revised in 2001, 2003, 2009, 2017, 2019. Amended in 2005, 2011, 2013, 

2015, 2019. Rome, Italy. 

Codex Alimentarius. 2016. Codex committee on food labelling, in Forty-third Session 9–

13 May 2016 Proposed Draft Revision of the General Standard for the Labelling of 

Prepackaged Foods: Date Marketing, Ottawa, Ontorio, Canada. 

Collares, F.M., Freitas, F., Castelo, V., Werner, S.M. 2014. Discrepancies in degree of 

conversion measurements by FTIR. Braz. Oral Res. 28, 9–15. 

https://doi.org/10.1590/S1806-83242013000600002  

https://doi.org/10.1021/acs.jafc.9b03346
https://doi.org/10.1021/jf9603386
https://doi.org/10.1007/s11746-999-0161-9
https://doi.org/10.1007/s00216-005-3286-1
https://doi.org/10.1007/BF02657682
https://doi.org/10.1201/9781315151854
https://doi.org/10.1111/j.1541-4337.2006.00009.x
https://doi.org/10.3390/colloids4030038
https://doi.org/10.1590/S1806-83242013000600002


 

 

 BIBLIOGRAPHY 

278 

Culler, M.D., Inchingolo, R., McClements, D.J., Decker, E.A. 2021. Impact of 

polyunsaturated fatty acid dilution and antioxidant addition on lipid oxidation 

kinetics in oil/water emulsions. J. Agric. Food Chem. 69, 750–755. 

https://doi.org/10.1021/acs.jafc.0c06209  

Cuvelier, M.E., Soto, P., Courtois, F., Broyart, B., Bonazzi, C. 2017. Oxygen solubility 

measured in aqueous or oily media by a method using a non-invasive sensor. 

Food Control 73, 1466–1473. https://doi.org/10.1016/j.foodcont.2016.11.008  

Da Silva, T.O., Pereira, P.A.D.P. 2008. Influence of time, surface-to-volume ratio, and 

heating process (continuous or intermittent) on the emission rates of selected 

carbonyl compounds during thermal oxidation of palm and soybean oils. J. Agric. 

Food Chem. 56, 3129–3135. https://doi.org/10.1021/jf0734525  

De Leonardis, A., Cuomo, F., Macciola, V., Lopez, F. 2016. Influence of free fatty acid 

content on the oxidative stability of red palm oil. RSC Adv. 6, 101098–101104. 

https://doi.org/10.1039/c6ra16953h  

Di Giovacchino, L. 2013. Technological aspects, in Aparicio, R., Harwood, J., (Eds.) 

Handbook of Olive Oil: Analysis and Properties, second ed., Springer, New York. 1–

772. https://doi.org/10.1007/978-1-4614-7777-8  

Di Stefano, V., Melilli, M.G. 2019. Effect of storage on quality parameters and phenolic 

content of Italian extra-virgin olive oils. Nat. Prod. Res. 34, 78–86. 

https://doi.org/10.1080/14786419.2019.1587434  

Díaz, G., Pega, J., Primrose, D., Sancho, A.M., Nanni, M. 2019. Effect of light exposure on 

functional compounds of monovarietal extra virgin olive oils and oil mixes 

during early storage as evaluated by fluorescence spectra. Food Anal. Meth. 12, 

2709–2718. https://doi.org/10.1007/s12161-019-01629-x  

Dubois, J., Van de Voort, F.R., Sedman, J., Ismail, A.A., Ramaswamy, H.R. 1996. 

Quantitative Fourier transform infrared analysis for anisidine value and 

aldehydes in thermally stressed oils. . J. Am. Oil Chem. Soc. 73, 787–794. 

https://doi.org/10.1007/BF02517956  

Dupuy, N., Le Dréau, Y., Ollivier, D., Artaud, J., Pinatel, C., Kister, J. 2005. Origin of 

French virgin olive oil registered designation of origins predicted by 

chemometric analysis of synchronous excitation-emission fluorescence spectra. J. 

Agric. Food Chem. 53, 9361–9368. https://doi.org/10.1021/jf051716m  

Elias, R.J., Decker, E.A. 2017. Antioxidant and their mechanisms of action, in Akoh CC, 

(Eds.) Food Lipids: Chemistry, nutrition, and biotechnology, forth ed., CRC Pres, Boca 

Raton, 51–95. https://doi.org/10.4324/b21779-3  

Esposto, S., Selvaggini, R., Taticchi, A., Veneziani, G., Sordini, B., Servili, M. 2020. 

Quality evolution of extra-virgin olive oils according to their chemical 

composition during 22 months of storage under dark conditions. Food Chem. 311, 

126044. https://doi.org/10.1016/j.foodchem.2019.126044  

https://doi.org/10.1021/acs.jafc.0c06209
https://doi.org/10.1016/j.foodcont.2016.11.008
https://doi.org/10.1021/jf0734525
https://doi.org/10.1039/c6ra16953h
https://doi.org/10.1007/978-1-4614-7777-8
https://doi.org/10.1080/14786419.2019.1587434
https://doi.org/10.1007/s12161-019-01629-x
https://doi.org/10.1007/BF02517956
https://doi.org/10.1021/jf051716m
https://doi.org/10.4324/b21779-3
https://doi.org/10.1016/j.foodchem.2019.126044


 

 
279 

 BIBLIOGRAPHY 

Esposto, S., Taticchi, A., Servili, M., Urbani, S., Sordini, B., Veneziani, G., Daidone, L., 

Selvaggini, R. 2021. Overall quality evolution of extra virgin olive oil exposed to 

light for 10 months in different containers. Food Chem. 351, 129297. 

https://doi.org/10.1016/j.foodchem.2021.129297  

European Union. 1991. Commission regulation (EEC) No 2568/91 of 11 July 1991 on the 

characteristics of olive oil and olive-residue oil and on the relevant methods of 

analysis, and subsequent amendments (current consolidated text 20.10.2019). 

Official Journal of European Communities, July 11, L338, 1–102. 

European Union. 2005. Commission regulation (EC) No 2073/2005 of 15 November 2005 

on microbiological criteria for foodstuffs. Official Journal of European Community, 

November 15, L248, 1–26. 

European Union. 2011. Regulation (EU) No 1169/2011 of the European parliament and 

of the council of 25 October 2011 on the provision of food information to 

consumers. Official Journal of European Union, October 25, L304, 18–63. 

European Union. 2012. Commission regulation (EU) No 432/2012 of 16 May 2012 

establishing a list of permitted health claims made on foods, other than those 

referring to the reduction of disease risk and to children´s development and 

health. Official Journal of European Union, May 16, L136, 1–40. 

European Union. 2013. Commission implementing regulation (EU) No 1335/2013 of 13 

December 2013 amending implementing regulation (EU) No 29/2012 on 

marketing standards for olive oil. Official Journal of European Union, December 13, 

L335, 14–16. 

European Union. 2015. Flash Eurobarometer 425, “Food waste and date marking”. 

Survey co-ordinated by the European Commission, Directorate-General for 

Communication (DG COMM “Strategy, Corporate Communication Actions and 

Eurobarometer” Unit). Catalogue number EW-01-15-600-EN-N.  

European Union. 2018. Market study on date marking and other information provided 

on food labels and food waste prevention. Final report. Written by ICF in 

association with Anthesis, Brook Lyndhurst, and WRAP. Directorate-General for 

Health and Food Safety Directorate E - Food and feed safety, innovation Unit E1 

— Food information and composition, food waste. 

Filoda, P.F., Fetter, L.F., Fornasier, F., De Souza Schneider, R.C., Helfer, G.A., Tischer, B., 

Teichmann, A., Da Costa, A.B. 2018. Fast methodology for identification of olive 

oil adulterated with a mix of different vegetable oils. Food Anal. Meth. 12, 293–

304. https://doi.org/10.1007/s12161-018-1360-5  

Frankel, E.N. 1983. Volatile lipid oxidation products. Prog. Lipid Res. 22, 1–33. 

https://doi.org/10.1016/0163-7827(83)90002-4  

https://doi.org/10.1016/j.foodchem.2021.129297
https://doi.org/10.1007/s12161-018-1360-5
https://doi.org/10.1016/0163-7827(83)90002-4


 

 

 BIBLIOGRAPHY 

280 

Frankel, E.N. 2005a. Free radical oxidation, in Frankel, E.N. (Ed.), Lipid oxidation, second 

ed., Woodhead Publishing, Sawston, UK. 15–24. https://doi.org/10.1111/1471-

0307.12128  

Frankel, E.N. 2005b. Introduction, in Frankel, E.N. (Ed.), Lipid oxidation, second ed., 

Woodhead Publishing, Sawston, UK. 1–14. https://doi.org/10.1111/1471-

0307.12128  

Frankel, E.N. 2005c. Photooxidation of unsaturated fats, in Frankel, E.N. (Ed.), Lipid 

oxidation, second ed., Woodhead Publishing, Sawston, UK. 51–66. 

https://doi.org/10.1111/1471-0307.12128  

Frankel, E.N. 2005d. Antioxidant, in Frankel, E.N. (Ed.), Lipid oxidation, second ed., 

Woodhead Publishing, Sawston, UK. 209–258. https://doi.org/10.1111/1471-

0307.12128  

Frankel, E.N. 2005e. Stability methods, in Frankel, E.N. (Ed.), Lipid oxidation, second ed., 

Woodhead Publishing, Sawston, UK. 165–186. https://doi.org/10.1111/1471-

0307.12128  

Frega, N., Mozzon, M., Lercker, G. 1999. Effect of free fatty acids on oxidative stability 

of vegetable oil. J. Am. Oil Chem. Soc. 76, 325–329. https://doi.org/10.1007/s11746-

999-0239-4  

Fregapane, G., Gómez-Rico, A., Inarejos, A.M., Salvador, M.D. 2013. Relevance of minor 

components stability in commercial olive oil quality during the market period. 

Eur. J. Lipid Sci. Technol. 115, 541–548. https://doi.org/10.1002/ejlt.201200209  

Fritsche, S., Wang, X., Jung, C. 2017. Recent advances in our understanding of tocopherol 

biosynthesis in plants: an overview of key genes, functions, and breeding of 

vitamin E improved crops. Antioxidants 6, 99. 

https://doi.org/10.3390/antiox6040099  

Gaca, A., Kludská, E., Hradecký, J., Hajšlová, J., Jeleń, H.H. 2021. Changes in volatile 

compound profiles in cold-pressed oils obtained from various seeds during 

accelerated storage. Molecules 26, 1–14. 

https://doi.org/10.3390/molecules26020285  

Galeano-Díaz, T., Durán-Merás, I., Correa, C.A., Roldán, B., Rodríguez-Cáceres, M.I. 

2003. Simultaneous fluorometric determination of chlorophylls a and b and 

pheophytins a and b in olive oil by partial least-squares calibration. J. Agric. Food 

Chem. 51, 6934–6940. https://doi.org/10.1021/jf034456m  

Gallardo-Guerrero, L., Gandul-Rojas, B., Roca, M., Mínguez-Mosquera, M.I. 2005. Effect 

of storage on the original pigment profile of Spanish virgin olive oil. J. Am. Oil 

Chem. Soc. 82, 33–39. https://doi.org/10.1007/s11746-005-1039-8  

Gandul-Rojas, B., Mínguez-Mosquera, M.I. 1996. Chlorophyll and carotenoid 

composition in virgin olive oils from various Spanish olive varieties. J. Sci. Food 

https://doi.org/10.1111/1471-0307.12128
https://doi.org/10.1111/1471-0307.12128
https://doi.org/10.1111/1471-0307.12128
https://doi.org/10.1111/1471-0307.12128
https://doi.org/10.1111/1471-0307.12128
https://doi.org/10.1111/1471-0307.12128
https://doi.org/10.1111/1471-0307.12128
https://doi.org/10.1111/1471-0307.12128
https://doi.org/10.1111/1471-0307.12128
https://doi.org/10.1007/s11746-999-0239-4
https://doi.org/10.1007/s11746-999-0239-4
https://doi.org/10.1002/ejlt.201200209
https://doi.org/10.3390/antiox6040099
https://doi.org/10.3390/molecules26020285
https://doi.org/10.1021/jf034456m
https://doi.org/10.1007/s11746-005-1039-8


 

 
281 

 BIBLIOGRAPHY 

Agric. 72, 31–39. https://doi.org/10.1002/(SICI)1097-0010(199609)72:1<31::AID-

JSFA619>3.0.CO;2-5   

Gandul-Rojas, B., Gallardo-Guerrero, L., Roca, M., Aparicio-Ruiz, R. 2013. 

Chromatographic methodologies: compounds for olive oil color issues, in 

Aparicio, R., Harwood, J., (Eds.) Handbook of Olive Oil: Analysis and Properties, 

second ed., Springer, New York. 220–254. https://doi.org/10.1007/978-1-4614-

7777-8  

Gandul-Rojas, B., Roca-L. Cepero, M., Mínguez-Mosquera, M. I. 2000. Use of chlorophyll 

and carotenoid pigment composition to determine authenticity of virgin olive oil. 

J. Am. Oil Chem. Soc. 77, 853–858. https://doi.org/10.1007/s11746-000-0136-z  

Gao, F., Han, L.J., Liu, X. 2017. Vibration spectroscopic technique for species 

identification based on lipid characteristics. Int. J. Agric. Biol. Eng. 10, 255–268. 

https://doi.org/10.3965/j.ijabe.20171003.3144  

García, A., Brenes, M., Romero, C. 2003. Phenolic content of commercial olive oils. Eur. 

Food Res. Technol. 216, 520–525. https://doi.org/10.1007/s00217-003-0706-3  

García-González, D.L., Aparicio, R. 2002. Detection of vinegary defect in virgin olive oils 

by metal oxide sensors. J. Agric. Food Chem. 50, 1809–1814. 

https://doi.org/10.1021/jf011320k  

García-González, D.L., Aparicio, R., Aparicio-Ruiz, R. 2019. Olive oil, in Morin, J., Lees, 

M., (Eds.) Food integrity handbook: A guide to food authenticity issues and analytical 

solutions. Eurofins Analytics France, Nantes, France, 315 – 358. 

https://doi.org/10.32741/fihb  

García-González, D.L., Baeten, V., Pierna, J.A.F., Tena, N. 2013a. Infrared, raman, and 

fluorescence spectroscopy: Methodologies and applications, in Aparicio, R., 

Harwood, J., (Eds.) Handbook of olive oil: Analysis and properties, second ed., 

Springer, New York. 335–385. https://doi.org/10.1007/978-1-4614-7777-8  

García-González, D.L., Infante-Domínguez, C., Aparicio, R. 2013b. Tables of olive oil 

chemical data, in Aparicio, R., Harwood. J., (Eds.) Handbook of olive oil: Analysis 

and properties, Second ed., Springer, New York. 739–768. 

https://doi.org/10.1007/978-1-4614-7777-8_20  

García-González, D.L., Luna, G., Morales, M.T., Aparicio, R. 2009. Stepwise geographical 

traceability of virgin olive oils by chemical profiles using artificial neural network 

models. Eur. J. Lipid Sci. Technol. 111, 1003–1013. 

https://doi.org/10.1002/ejlt.200900015  

García-González, D.L., Tena, N., Aparicio, R. 2010. Quality characterization of the new 

virgin olive oil var. Sikitita by phenols and volatile compounds. J. Agric. Food 

Chem. 58, 8357–8364. https://doi.org/10.1021/jf101316d  

https://doi.org/10.1002/(SICI)1097-0010(199609)72:1%3c31::AID-JSFA619%3e3.0.CO;2-5
https://doi.org/10.1002/(SICI)1097-0010(199609)72:1%3c31::AID-JSFA619%3e3.0.CO;2-5
https://doi.org/10.1007/978-1-4614-7777-8
https://doi.org/10.1007/978-1-4614-7777-8
https://doi.org/10.1007/s11746-000-0136-z
https://doi.org/10.3965/j.ijabe.20171003.3144
https://doi.org/10.1007/s00217-003-0706-3
https://doi.org/10.1021/jf011320k
https://doi.org/10.32741/fihb
https://doi.org/10.1007/978-1-4614-7777-8
https://doi.org/10.1007/978-1-4614-7777-8_20
https://doi.org/10.1002/ejlt.200900015
https://doi.org/10.1021/jf101316d


 

 

 BIBLIOGRAPHY 

282 

García-González, D.L., Tena, N., Romero, I., Aparicio-Ruiz, R., Morales, M.T., Aparicio, 

R. 2017. A study of the differences between trade standards inside and outside 

Europe. Grasas Aceites 68, 1–22. https://doi.org/10.3989/gya.0446171  

García-Gonzalez, D.L., Van de Voort, F.R. 2009. A novel wire mesh “cell” for studying 

lipid oxidative processes by Fourier transform infrared spectroscopy. Appl. 

Spectrosc. 63, 518–527. https://doi.org/10.1366/000370209788346995  

García-González, D.L., Vivancos, J., Aparicio, R. 2011. Mapping brain activity induced 

by olfaction of virgin olive oil aroma. J. Agric. Food Chem. 59.  

https://doi.org/10.1021/jf202106b  

Genovese, A., Caporaso, N., Sacchi, R. 2015. Temporal changes of virgin olive oil volatile 

compounds in a model system simulating domestic consumption: The role of 

biophenols. Food Res. Int. 77, 670–674. 

https://doi.org/10.1016/j.foodres.2015.09.018  

Ghanbari Shendi, E., Sivri Ozay, D., Ozkaya, M.T. 2020. Effects of filtration process on 

the minor constituents and oxidative stability of virgin olive oil during 24 months 

storage time. Oilseeds fats Crops Lipids 27, 37. https://doi.org/10.1051/ocl/2020030  

Girotti, A.W. 1985. Mechanisms of lipid peroxidation. J. Free Radic. Biol. Med. 1, 87–95. 

https://doi.org/10.1016/0748-5514(85)90011-x  

Giuliani, A., Cerretani, L., Cichelli, A. 2011. Chlorophylls in olive and in olive oil: 

Chemistry and occurrences. Crit. Rev. Food Sci. Nutr. 51, 678–690. 

https://doi.org/10.1080/10408391003768199  

Gómez-Alonso, S., Mancebo-Campos, M.D., Fregapane, G. 2007. Evolution of major and 

minor components and oxidation indices of virgin olive oil during 21 months 

storage at room temperature. Food Chem. 100, 36–42. 

https://doi.org/10.1016/j.foodchem.2005.09.006  

Gómez-Caravaca, A.M., Lozano-Sánchez, J., Contreras Gámez, M.d.M., Segura 

Carretero, A., Taamalli, A. 2015. Bioactive phenolic compounds from Olea 

europaea: a challenge for analytical chemistry, in Dimitrios Boskou (Ed.) Olive 

and Olive Oil Bioactive Constituents, AOCS Press. 261–298. 

https://doi.org/10.1016/B978-1-63067-041-2.50015-X  

Gómez-Rico, A., Fregapane, G., Salvador, M.D. 2008. Effect of cultivar and ripening on 

minor components in Spanish olive fruits and their corresponding virgin olive 

oils. Food Res. Int. 41, 433–440. https://doi.org/10.1016/j.foodres.2008.02.003  

Gordon, M.H., Paiva-Martins, F., Almeida, M. 2001. Antioxidant activity of 

hydroxytyrosol acetate compared with that of other olive oil polyphenols. J. 

Agric. Food Chem. 49, 2480–2485. https://doi.org/10.1021/jf000537w  

https://doi.org/10.3989/gya.0446171
https://doi.org/10.1366/000370209788346995
https://doi.org/10.1021/jf202106b
https://doi.org/10.1016/j.foodres.2015.09.018
https://doi.org/10.1051/ocl/2020030
https://doi.org/10.1016/0748-5514(85)90011-x
https://doi.org/10.1080/10408391003768199
https://doi.org/10.1016/j.foodchem.2005.09.006
https://doi.org/10.1016/B978-1-63067-041-2.50015-X
https://doi.org/10.1016/j.foodres.2008.02.003
https://doi.org/10.1021/jf000537w


 

 
283 

 BIBLIOGRAPHY 

Griffiths, P.R., De Haseth, J.A. 2007. Fourier transforms, in  Griffiths, P.R., De Haseth, 

J.A., (Eds.) Fourier Transform Infrared Spectrometry, second Ed., Wiley Interscience, 

Hoboken, NJ. 75–93. https://doi.org/10.1007/978-3-662-26755-4_2  

Grosch, W. 1994. Determination of potent odourants in foods by aroma extract dilution 

analysis (AEDA) and calculation of odour activity values (OAVs). Flavour Frag. J. 

9, 147–158. https://doi.org/10.1002/ffj.2730090403  

Guillén, M.D., Cabo, N. 1997. Infrared spectroscopy in the study of edible oils and fats. J. 

Sci. Food Agric. 75, 1–11. https://doi.org/10.1002/(SICI)1097-

0010(199709)75:1<1::AID-JSFA842>3.0.CO;2-R  

Guillén, M.D., Cabo, N. 2002. Fourier transform infrared spectra data versus peroxide 

and anisidine values to determine oxidative stability of edible oils. Food Chem. 77, 

503–510. https://doi.org/10.1016/S0308-8146(01)00371-5  

Gutiérrez, F., Jímenez, B., Ruíz, A., Albi, M.A. 1999. Effect of olive ripeness on the 

oxidative stability of virgin olive oil extracted from the varieties picual and 

hojiblanca and on the different components involved. J. Agric. Food Chem. 47, 121–

127. https://doi.org/10.1021/jf980684i  

Gutiérrez-Rosales, F., Ríos, J.J., Gómez-Rey, M.L. 2003. Main polyphenols in the bitter 

taste of virgin olive oil. Structural confirmation by on-line high-performance 

liquid chromatography electrospray ionization mass spectrometry. J. Agric. Food 

Chem. 51, 6021–6025. https://doi.org/10.1021/jf021199x  

Guzmán, E., Baeten, V., Pierna, J.A.F., García-Mesa, J.A. 2015. Evaluation of the overall 

quality of olive oil using fluorescence spectroscopy. Food Chem. 173, 927–934. 

https://doi.org/10.1016/j.foodchem.2014.10.041  

Haas, J., Mizaikoff, B. 2016. Advances in mid-infrared spectroscopy for chemical 

analysis. Annu. Rev. Anal. Chem. 9, 45–68. https://doi.org/10.1146/annurev-

anchem-071015-041507  

Hendl, O., Howell, J.A., Lowery, J., Jones, W. 2001. A rapid and simple method for the 

determination of iodine values using derivative Fourier transform infrared 

measurements. Anal. Chim. Acta 427, 75–81. https://doi.org/10.1016/S0003-

2670(00)01193-4  

Hernández-Sánchez, N., Lleó, L., Ammari, F., Cuadrado, T.R., Roger, J.M. 2017. Fast 

fluorescence spectroscopy methodology to monitor the evolution of extra virgin 

olive oils under illumination. Food Bioprocess Technol. 10, 949–961. 

https://doi.org/10.1007/s11947-017-1866-7  

Hirri, A., Bassbasi, M., Platikanov, S., Tauler, R., Oussama, A. 2016. FTIR spectroscopy 

and PLS-DA classification and prediction of four commercial grade virgin olive 

oils from Morocco. Food Anal. Meth. 9, 974–981. https://doi.org/10.1007/s12161-

015-0255-y  

https://doi.org/10.1007/978-3-662-26755-4_2
https://doi.org/10.1002/ffj.2730090403
https://doi.org/10.1002/(SICI)1097-0010(199709)75:1%3c1::AID-JSFA842%3e3.0.CO;2-R
https://doi.org/10.1002/(SICI)1097-0010(199709)75:1%3c1::AID-JSFA842%3e3.0.CO;2-R
https://doi.org/10.1016/S0308-8146(01)00371-5
https://doi.org/10.1021/jf980684i
https://doi.org/10.1021/jf021199x
https://doi.org/10.1016/j.foodchem.2014.10.041
https://doi.org/10.1146/annurev-anchem-071015-041507
https://doi.org/10.1146/annurev-anchem-071015-041507
https://doi.org/10.1016/S0003-2670(00)01193-4
https://doi.org/10.1016/S0003-2670(00)01193-4
https://doi.org/10.1007/s11947-017-1866-7
https://doi.org/10.1007/s12161-015-0255-y
https://doi.org/10.1007/s12161-015-0255-y


 

 

 BIBLIOGRAPHY 

284 

Iqdiam, B.M., Welt, B.A., Goodrich-Schneider, R., Sims, C.A., Baker, G.L., Marshall, M.R. 

2020. Influence of headspace oxygen on quality and shelf life of extra virgin olive 

oil during storage. Food Packag. Shelf Life 23, 100433. 

https://doi.org/10.1016/j.fpsl.2019.100433  

International Olive Council (IOC). 2017a. COI/T.20/Doc. No 35/Rev.1. Determination of 

peroxide value. Madrid, Spain. 

International Olive Council (IOC). 2017b. COI/T.20/Doc. No 34/Rev. 1. Determination of 

free fatty acids, cold method. Madrid, Spain. 

International Olive Council (IOC). 2017c. COI/T.20/Doc. No 33/Rev.1. Determination of 

fatty acid methyl esters by gas chromatography. Madrid, Spain.  

International Olive Council (IOC). 2018a. COI/BPS/Doc. No 1. Best practice guidelines 

for the storage of olive oils and olive-pomace oils for human consumption. 

Madrid, Spain. 

International Olive Council (IOC). 2018b. COI/T.20/Doc. No 15/Rev. 10. Sensory analysis 

of olive oil. Method for the organoleptic assessment of virgin olive oil, Madrid. 

Spain. 

International Olive Council (IOC). 2019a. COI/T.15/NC No 3/Rev. 15, Trade standard 

applying to olive oils and olive pomace oils. Madrid, Spain. 

International Olive Council (IOC). 2019b. COI/T.20/Doc. No 19/Rev. 5. 

Spectrophotometric investigation in the ultraviolet. Madrid, Spain. 

International Standard Organization. 2016a. Animal and vegetable fats and oils. 

Determination of tocopherol and tocotrienol contents by high-performance 

liquid chromatography. ISO 9936:2016. Geneva, Switzerland, 2016. 

International Standard Organization. 2016b. Animals and vegetable fats and oils. 

Determination of the degradation products of chlorophylls a and a’ (pheophytins 

a, a’ and pyropheophytins). ISO 29841:2014/A1:2016. Geneva, Switzerland, 2016. 

Jung, M.Y., Choe, E., Min, D.B. 1991. α‐, γ‐ and δ‐tocopherol effects on chlorophyll 

photosensitized oxidation of soybean oil. J. Food Sci. 56, 807–810. 

https://doi.org/10.1111/j.1365-2621.1991.tb05387.x  

Schaich, K.M. 1992. Metals and Lipid Oxidation. Contemporary Issues. Lipids 27, 209–

218. https://doi.org/10.1007/BF02536181  

Schaich, K.M. 2013. Challenges in elucidating lipid oxidation mechanisms: when, where, 

and how do products arise? In Logan. A., Nienaber, U., Pan, X., (Eds.), Lipid 

oxidation. Challenges in foods systems, ACS Press, Urbana, Illinois. 1–52. 

https://doi.org/10.1016/B978-0-9830791-6-3.50004-7  

https://doi.org/10.1016/j.fpsl.2019.100433
https://doi.org/10.1111/j.1365-2621.1991.tb05387.x
https://doi.org/10.1007/BF02536181
https://doi.org/10.1016/B978-0-9830791-6-3.50004-7


 

 
285 

 BIBLIOGRAPHY 

Karoui, R., Blecker, C. 2011. Fluorescence spectroscopy measurement for quality 

assessment of food systems-a review. Food Bioprocess Technol. 4, 364–386. 

https://doi.org/10.1007/s11947-010-0370-0  

Knothe, G., Kenar, J.A., Gustone, F.D. 2007. Chemical properties, in Gunstone, F.D., 

Harwood, J.L., Dijkstra, A.J., (Eds.) The lipid handbook with CD-ROM, Third ed., 

CRC Press, Boca Raton. 39–68. https://doi.org/10.1201/9781420009675  

Krichene, D., Salvador, M.D. Fregapane, G. 2015. Stability of virgin olive oil phenolic 

compounds during long-term storage (18 months) at temperatures of 5-50 °C. J. 

Agric. Food Chem. 63, 6779–6786. https://doi.org/10.1021/acs.jafc.5b02187  

Lavelli, V., Fregapane, G., Salvador, M.D. 2006. Effect of storage on secoiridoid and 

tocopherol contents and antioxidant activity of monovarietal extra virgin olive 

oils. J. Agric. Food Chem. 54, 3002–3007. https://doi.org/10.1021/jf052918l  

León-Camacho, M., Morales, M.T., Aparicio R. 2013. Chromatographic methodologies: 

Compounds for olive oil traceability issues, in Aparicio, R., Harwood, J., (Eds.) 

Handbook of Olive Oil: Analysis and Properties, second ed., Springer, New York. 

163-217. https://doi.org/10.1007/978-1-4614-7777-8_6  

Lerma-García, M.J., Ramis-Ramos, G., Herrero-Martínez, J.M., Simó-Alfonso, E.F. 2010. 

Authentication of extra virgin olive oils by Fourier-transform infrared 

spectroscopy. Food Chem. 118, 78–83. 

https://doi.org/10.1016/j.foodchem.2009.04.092  

Li, H., Van de Voort, F.R., Ismail, A.A., Sedman, J., Cox, R. 2000. Trans determination of 

edible oils by Fourier transform near-infrared spectroscopy. J. Am. Oil Chem. Soc. 

77, 1061–1067. https://doi.org/10.1007/s11746-000-0167-5  

Li, J., Liu, J., Sun, X., Liu, Y. 2018. The mathematical prediction model for the oxidative 

stability of vegetable oils by the main fatty acids composition and 

thermogravimetric analysis. LWT 96, 51–57. 

https://doi.org/10.1016/j.lwt.2018.05.003  

Li, X., Li, Y., Yang, F., Liu, R., Zhao, C., Jin, Q., Wang, X. 2019. Oxidation degree of 

soybean oil at induction time point under Rancimat test condition: Theoretical 

derivation and experimental observation. Food Res. Int. 120, 756–762. 

https://doi.org/10.1016/j.foodres.2018.11.036  

Li, Y., García-González, D.L., Yu, X., Van de Voort, F.R. 2008. Determination of free fatty 

acids in edible oils with the use of a variable filter array IR spectrometer. J. Am. 

Oil Chem. Soc. 85, 599–604. https://doi.org/10.1007/s11746-008-1232-z  

Lobo-Prieto, A., Tena, N., Aparicio-Ruiz, R., García-González, D.L., Sikorska, E. 2020a. 

Monitoring virgin olive oil shelf-Life by fluorescence spectroscopy and sensory 

characteristics: a multidimensional study carried out under simulated market 

conditions. Foods 9, 1846. https://doi.org/10.3390/foods9121846  

https://doi.org/10.1007/s11947-010-0370-0
https://doi.org/10.1201/9781420009675
https://doi.org/10.1021/acs.jafc.5b02187
https://doi.org/10.1021/jf052918l
https://doi.org/10.1007/978-1-4614-7777-8_6
https://doi.org/10.1016/j.foodchem.2009.04.092
https://doi.org/10.1007/s11746-000-0167-5
https://doi.org/10.1016/j.lwt.2018.05.003
https://doi.org/10.1016/j.foodres.2018.11.036
https://doi.org/10.1007/s11746-008-1232-z
https://doi.org/10.3390/foods9121846


 

 

 BIBLIOGRAPHY 

286 

Lobo-Prieto, A., Tena, N., Aparicio-Ruiz, R., Morales, M.T., García-González, D.L. 2020b. 

Tracking sensory characteristics of virgin olive oils during storage: interpretation 

of their changes from a multiparametric perspective. Molecules 25. 

https://doi.org/10.3390/molecules25071686  

Lozano, V.A., Muñoz de la Peña, A., Durán-Merás, I., Espinosa Mansilla, A., Escandar, 

G.M. 2013. Four-way multivariate calibration using ultra-fast high-performance 

liquid chromatography with fluorescence excitation-emission detection. 

Application to the direct analysis of chlorophylls a and b and pheophytins a and 

b in olive oils. Chemom. Intell. Lab. Syst. 125, 121–131. 

https://doi.org/10.1016/j.chemolab.2013.04.005  

Luna, G., Morales, M.T., Aparicio, R. 2006. Characterisation of 39 varietal virgin olive 

oils by their volatile compositions. Food Chem. 98, 243–252. 

https://doi.org/10.1016/j.foodchem.2005.05.069  

Madhujith, T., Sivakanthan, S. 2019. Oxidative stability of edible plant oils, in Mérillon, 

J.M., Ramawat, K. (Eds.) Bioactive Molecules in Food. Reference Series in 

Phytochemistry, Springer, Cham. 529-551 https://doi.org/10.1007/978-3-319-

78030-6_94  

Maheshwari, P., Kovalchuk, I. 2016. Genetic transformation of crops for oil production, 

in Mckeon, T.A., Hildebrand, D.F., Hayes, D.G., Weselake, R.J., (Eds.) Industrial 

Oil Crops, AOCS Press. 379–412. https://doi.org/10.1016/B978-1-893997-98-

1.00014-2  

Le Marchand, L. 2002. Cancer preventive effects of flavonoids - A review. Biomed. 

Pharmacother. 56, 296–301. https://doi.org/10.1016/S0753-3322(02)00186-5  

Maszewska, M., Florowska, A., Dłużewska, E., Wroniak, M., Marciniak-Lukasiak, K., 

Żbikowska, A. 2018. Oxidative stability of selected edible oils. Molecules 23, 15–

17. https://doi.org/10.3390/molecules23071746  

Mateos, R., Espartero, J.L., Trujillo, M., Ríos, J.J., León-Camacho, Alcudia, F., Cert, A. 

2001. Determination of phenols, flavones, and lignans in virgin olive oils by solid-

phase extraction and high-performance liquid chromatography with diode array 

ultraviolet detection. J. Agri. Food Chem. 49, 2185–2192. 

https://doi.org/10.1021/jf0013205  

Matsakidou, A., Papadopoulou, D., Nenadis, N., Tsimidou, M.Z. 2020. Getting inside on 

virgin olive oil (VOO) photooxidation kinetics through combined generalized 2D 

correlation analysis and moving window 2D correlation analysis of ATR-FTIR 

spectra. Talanta 215. https://doi.org/10.1016/j.talanta.2020.120917  

Mcmahon, G. 2007. Spectrometrics instruments, in Mcmahon, G. (Ed.) Analytical 

instrumentation. A guide to laboratory, portable and miniaturized instruments. John 

Wiley & Sons, Ltd, Chinchester, UK. 9–60. 

https://doi.org/10.3390/molecules25071686
https://doi.org/10.1016/j.chemolab.2013.04.005
https://doi.org/10.1016/j.foodchem.2005.05.069
https://doi.org/10.1007/978-3-319-78030-6_94
https://doi.org/10.1007/978-3-319-78030-6_94
https://doi.org/10.1016/B978-1-893997-98-1.00014-2
https://doi.org/10.1016/B978-1-893997-98-1.00014-2
https://doi.org/10.1016/S0753-3322(02)00186-5
https://doi.org/10.3390/molecules23071746
https://doi.org/10.1021/jf0013205
https://doi.org/10.1016/j.talanta.2020.120917


 

 
287 

 BIBLIOGRAPHY 

Mendes, E., Duarte, N. 2021. Mid-Infrared Spectroscopy as a Valuable Tool to Tackle 

Food. Foods 10, 477. https://doi.org/10.3390/foods10020477  

Méndez, A.I., Falqué, E. 2007. Effect of storage time and container type on the quality of 

extra-virgin olive oil. Food Control 18, 521–529. 

https://doi.org/10.1016/j.foodcont.2005.12.012  

Meurens, M. 2003. Spectrophotometric techniques. in Lees M, (Ed.) Food authenticity and 

traceability. Woodhead Publishing Limited. 184–196. 

Mikołajczak, N., Tańska, M., Ogrodowska, D. 2021. Phenolic compounds in plant oils: a 

review of composition, analytical methods, and effect on oxidative stability. 

Trends Food Sci. Technol. 113, https://doi.org/110–138. 10.1016/j.tifs.2021.04.046  

Min, D.B., Boff, J. M. 2002. Chemistry and reaction of singlet oxygen in foods. Compr. 

Rev. Food Sci. Food Saf. 1, 58–72. https://doi.org/10.1111/j.1541-

4337.2002.tb00007.x  

Mishra, P., Lleó, L., Cuadrado, T., Ruiz-Altisent, M., Hernández-Sánchez, N. 2018. 

Monitoring oxidation changes in commercial extra virgin olive oils with 

fluorescence spectroscopy-based prototype. Eur. Food Res. Technol. 244, 565–575. 

https://doi.org/10.3989/gya.1999.v50.i2.64510.1007/s00217-017-2984-1  

Morales, M.T., Angerosa, F., Aparicio, R. 1999. Effect of the extraction conditions of 

virgin olive oil on the lipoxygenase cascade: chemical and sensory implications. 

Grasas Aceites 50, 114–121. https://doi.org/10.3989/gya.1999.v50.i2.645  

Morales, M.T., Aparicio, R. 1993. Optimization by mathematical procedures of two 

dynamic headspace techniques for quantifying virgin olive oil volatiles. Anal. 

Chim. Acta 282, 423–431. https://doi.org/10.1016/0003-2670(93)80229-E  

Morales, M.T., Aparicio-Ruiz, R., Aparicio, R. 2013. Chromatographic methodologies: 

compounds for olive oil odor issues. in Aparicio, R., Harwood, J., (Eds.) Handbook 

of olive oil: Analysis and properties. Springer, Boston, MA. 261–309. 

https://doi.org/10.1007/978-1-4614-7777-8_8  

Morales, M.T., Luna, G., Aparicio, R. 2005. Comparative study of virgin olive oil sensory 

defects. Food Chem. 91, 293–301. https://doi.org/10.1016/j.foodchem.2004.06.011  

Morales, M.T., Przybylski, M. 2013. Olive oil oxidation, in Aparicio, R., Harwood. J., 

(Eds.) Handbook of olive oil: Analysis and properties. Springer US, Boston, MA. 479–

522. https://doi.org/10.1007/978-1-4614-7777-8_13  

Morales, M.T., Ríos, J.J., Aparicio, R. 1997. Changes in the volatile composition of virgin 

olive oil during oxidation: Flavors and off-flavors. J. Agric. Food Chem. 45, 2666–

2673. https://doi.org/10.1021/jf960585+  

Morelló, J.R., Motilva, M.J., Tovar, M.J., Romero, M.P. 2004. Changes in commercial 

virgin olive oil (cv Arbequina) during storage, with special emphasis on the 

https://doi.org/10.3390/foods10020477
https://doi.org/10.1016/j.foodcont.2005.12.012
https://doi.org/110–138.%2010.1016/j.tifs.2021.04.046
https://doi.org/10.1111/j.1541-4337.2002.tb00007.x
https://doi.org/10.1111/j.1541-4337.2002.tb00007.x
https://doi.org/10.3989/gya.1999.v50.i2.64510.1007/s00217-017-2984-1
https://doi.org/10.3989/gya.1999.v50.i2.645
https://doi.org/10.1016/0003-2670(93)80229-E
https://doi.org/10.1007/978-1-4614-7777-8_8
https://doi.org/10.1016/j.foodchem.2004.06.011
https://doi.org/10.1007/978-1-4614-7777-8_13
https://doi.org/10.1021/jf960585


 

 

 BIBLIOGRAPHY 

288 

phenolic fraction. Food Chem. 85, 357–364. 

https://doi.org/10.1016/j.foodchem.2003.07.012  

Nenadis, N., Tsikouras, I., Xenikakis, P., Tsimidou, M.Z. 2013. Fourier transform mid-

infrared spectroscopy evaluation of early stages of virgin olive oil autoxidation. 

Eur. J. Lipid Sci. Technol. 115, 526–534. https://doi.org/10.1002/ejlt.201200317  

Neunert, G., Górnaś, P., Dwiecki, K., Siger, A., Polewski, K. 2015. Synergistic and 

antagonistic effects between alpha-tocopherol and phenolic acids in liposome 

system: spectroscopic study. Eur. Food Res. Technol. 241, 749–757. 

https://doi.org/10.1007/s00217-015-2500-4  

Nicolaï, B.M., Beullens, K., Bobelyn, E., Peirs, A., Saeys, W., Theron, K.I., Lammertyn, J. 

2007. Nondestructive measurement of fruit and vegetable quality by means of 

NIR spectroscopy: A review. Postharvest Biol. Technol. 46, 99–118. 

https://doi.org/10.1016/j.postharvbio.2007.06.024  

Nigri, S. and Oumeddour, R. 2013. Fourier transform infrared and fluorescence 

spectroscopy for analysis of vegetable oils. MATEC Web Conf. 5, 10–12. 

https://doi.org/10.1051/matecconf/20130504028  

Nurwahidah, A.T., Rumiyati., Riyanto, S., Nurrulhidayah, A.F., Betania, K., Rohman, A. 

2019. Fourier Transform Infrared Spectroscopy (FTIR) coupled with multivariate 

calibration and discriminant analysis for authentication of extra virgin olive oil 

from rambutan seed fat. Food Res. 3, 727–733. 

https://doi.org/10.26656/fr.2017.3(6).182  

Oliver-Pozo, C., Trypidis, D., Aparicio, R., García-González, D.L., Aparicio-Ruiz, R. 

2019. Implementing dynamic headspace with SPME sampling of virgin olive oil 

volatiles: optimization, quality analytical study, and performance testing. J. Agri. 

Food Chem. 67, 2086–2097. https://doi.org/10.1021/acs.jafc.9b00477  

Oliver-Pozo, C., Aparicio-Ruiz, R., Romero, I., García-González, D.L. 2015. Analysis of 

volatile markers for virgin olive oil aroma defects by SPME-GC/FID: possible 

sources of incorrect data. J. Agric. Food Chem. 63, 10477–10483. 

https://doi.org/10.1021/acs.jafc.5b03986  

Pan, M., Sun, S., Zhou, Q., Chen, J. 2018. A simple and portable screening method for 

adulterated olive oils using the hand-held FTIR spectrometer and chemometrics 

tools. J. Food Sci. 83, 1605–1612. https://doi.org/10.1111/1750-3841.14190  

Parker, T.D., Adams, D.A., Zhou, K., Harris, M., Yu, L. 2003. Fatty acid composition and 

oxidative stability of cold-pressed edible seed oils. J. Food Sci. 68, 1240–1243. 

https://doi.org/10.1111/j.1365-2621.2003.tb09632.x  

Pérez-Camino, M.C., Moreda, W, Cert A. 1996. Determination of diacylglycerol isomers 

in vegetable oils by solid-phase extraction followed by gas chromatography on a 

polar phase. J. Chromatogr. A 721, 305–314. https://doi.org/10.1016/0021-

9673(95)00802-0  

https://doi.org/10.1016/j.foodchem.2003.07.012
https://doi.org/10.1002/ejlt.201200317
https://doi.org/10.1007/s00217-015-2500-4
https://doi.org/10.1016/j.postharvbio.2007.06.024
https://doi.org/10.1051/matecconf/20130504028
https://doi.org/10.26656/fr.2017.3(6).182
https://doi.org/10.1021/acs.jafc.9b00477
https://doi.org/10.1021/acs.jafc.5b03986
https://doi.org/10.1111/1750-3841.14190
https://doi.org/10.1111/j.1365-2621.2003.tb09632.x
https://doi.org/10.1016/0021-9673(95)00802-0
https://doi.org/10.1016/0021-9673(95)00802-0


 

 
289 

 BIBLIOGRAPHY 

Pinto, R., Locquet, N., Eveleigh, L., Rutledge, D.N. 2010. Preliminary studies on the mid-

infrared analysis of edible oils by direct heating on an ATR diamond crystal. Food 

Chem. 120, 1170–1177. https://doi.org/10.1016/j.foodchem.2009.11.053  

Poiana, M.A., Alexa, E., Munteanu, M.F., Gligor, R., Moigradean, D., Mateescu, C. 2015. 

Use of ATR-FTIR spectroscopy to detect the changes in extra virgin olive oil by 

adulteration with soybean oil and high temperature heat treatment. Open Chem. 

13, 689–698. https://doi.org/10.1515/chem-2015-0110  

Poulli, K.I., Chantzos, N.V., Mousdis, G.A., Georgiou, C.A. 2009. Synchronous 

fluorescence spectroscopy: tool for monitoring thermally stressed edible oils. J. 

Agric. Food Chem. 57, 8194–8201. https://doi.org/10.1021/jf902758d  

Psomiadou, E., Tsimidou, M. 2001. Pigments in Greek virgin olive oils: Occurrence and 

levels. J. Sci. Food Agric. 81, 640–647. https://doi.org/10.1002/jsfa.859  

Psomiadou, E., Tsimidou, M. 2002a. Stability of virgin olive oil. 1. Autoxidation studies. 

J. Agric. Food Chem. 50, 716–721. https://doi.org/10.1021/jf0108462  

Psomiadou, E., Tsimidou, M. 2002b. Stability of virgin olive oil. 2. Photo-oxidation 

studies. J. Agric. Food Chem. 50, 722–727. https://doi.org/10.1021/jf010847u  

Qiu, T., Wu, D., Yang, L., Ye, H., Wang, Q., Cao, Z., Tang, K. 2018. Exploring the 

mechanism of flavonoids through systematic bioinformatics analysis. Front. 

Pharmacol. 9, 1–12. https://doi.org/10.3389/fphar.2018.00918  

Ríos-Reina, R., Callejón, R.M., Oliver-Pozo, C., Amigo, J.M., García-González, D L. 2017. 

ATR-FTIR as a potential tool for controlling high quality vinegar categories. Food 

Control 78, 230–237. https://doi.org/10.1016/j.foodcont.2017.02.065  

Ríos-Reina, R., García-González, D.L., Callejón, R.M., Amigo, J.M. 2018. NIR 

spectroscopy and chemometrics for the typification of Spanish wine vinegars 

with a protected designation of origin. Food Control 89, 108–116. 

https://doi.org/10.1016/j.foodcont.2018.01.031  

Rivas, A., Sanchez-Ortiz, A., Jimenez, B., García-Moyano, J., Lorenzo, M.L. 2013. 

Phenolic acid content and sensory properties of two Spanish monovarietal virgin 

olive oils. Eur. J. Lipid Sci. Technol. 115, 621–630. 

https://doi.org/10.1002/ejlt.201200371  

Roca, M., Gandul-Rojas, B., Gallardo-Guerrero, L., Mínguez-Mosquera, M.I. 2003. 

Pigment parameters determining Spanish virgin olive oil authenticity: stability 

during storage. J. Am. Oil Chem. Soc. 80, 1237–1240. 

https://doi.org/10.1007/s11746-003-0848-0  

Rohman, A., Che Man, Y.B., Nurrulhidayah, A.F. 2015. Fourier-transform infrared 

spectra combined with chemometrics and fatty acid composition for analysis of 

pumpkin seed oil blended into olive oil. Int. J. Food Prop. 18, 1086–1096. S1173–

S1181. https://doi.org/10.1080/10942912.2012.654564  

https://doi.org/10.1016/j.foodchem.2009.11.053
https://doi.org/10.1515/chem-2015-0110
https://doi.org/10.1021/jf902758d
https://doi.org/10.1002/jsfa.859
https://doi.org/10.1021/jf0108462
https://doi.org/10.1021/jf010847u
https://doi.org/10.3389/fphar.2018.00918
https://doi.org/10.1016/j.foodcont.2017.02.065
https://doi.org/10.1016/j.foodcont.2018.01.031
https://doi.org/10.1002/ejlt.201200371
https://doi.org/10.1007/s11746-003-0848-0
https://doi.org/10.1080/10942912.2012.654564


 

 

 BIBLIOGRAPHY 

290 

Rohman, A., Che Man, Y., Ismail, A., Hashim, P. 2017. FTIR spectroscopy coupled with 

chemometrics of multivariate calibration and discriminant analysis for 

authentication of extra virgin olive oil. Int. J. Food Prop. 20, S1173–S1181. 

https://doi.org/10.1080/10942912.2017.1336718  

Romero, I., García-González, D.L., Aparicio-Ruiz, R. Morales, M.T. 2015. Validation of 

SPME-GCMS method for the analysis of virgin olive oil volatiles responsible for 

sensory defects. Talanta 134, 394–401. https://doi.org/10.1016/j.talanta.2014.11.032  

Roppongi, T., Mizuno, N., Miyagawa, Y., Kobayashi, T., Nakagawa, K., Adachi, S. 2021. 

Solubility and mass transfer coefficient of oxygen through gas– and water–lipid 

interfaces. J. Food Sci. 86, 867–873. https://doi.org/10.1111/1750-3841.15641  

Rudzińska, M., Przybylski, R., Wąsowicz, E. 2009. Products formed during thermo-

oxidative degradation of phytosterols. J. Am. Oil Chem. Soc. 86, 651–662. 

https://doi.org/10.1007/s11746-009-1397-0  

Russin, T.A., Van de Voort, F.R., Sedman, J. 2003. Novel method for rapid monitoring of 

lipid oxidation by FTIR spectroscopy using disposable IR cards.  J. Am. Oil Chem. 

Soc. 80, 635–641. https://doi.org/10.1007/s11746-003-0751-8  

Salas, J.J., García-González, D.L., Aparicio, R. 2006. Volatile compound biosynthesis by 

green leaves from an Arabidopsis thaliana hydroperoxide lyase knockout 

mutant. J. Agri. Food Chem. 54, 8199–8205. https://doi.org/10.1021/jf061493f  

Salih, A.M., Smith, D.M., Price, J.F., Dawson, L.E. 1987. Modified extraction 2-

thiobarbituric acid method for measuring lipid oxidation in poultry. Poult. Sci. J. 

66, 1483–1488. https://doi.org/10.3382/ps.0661483  

Sattar, A., deMan, J. M. and Alexander, J. C. 1976. Effect of wavelength on light induced 

quality deterioration of edible oils and fats. Can. Inst. Food Technol. 9, 108–113. 

https://doi.org/10.1016/s0315-5463(76)73641-1  

Sayago, A., García-González, D.L., Morales, M.T., Aparicio, R. 2007. Detection of the 

presence of refined hazelnut oil in refined olive oil by fluorescence spectroscopy. 

J. Agric. Food Chem. 55, 2068–2071. https://doi.org/10.1007/s00217-004-0874-9  

Sayago, A., Marín, M.I., Aparicio, R., Morales, M.T. 2007. Vitamin E and vegetable oils. 

Grasas Aceites 58, 74–86. https://doi.org/10.3989/gya.2007.v58.i1.11  

Sayago, A., Morales, M.T., Aparicio, R. 2004. Detection of hazelnut oil in virgin olive oil 

by a spectrofluorimetric method. Eur. Food Res. Technol. 218, 480–483. 

https://doi.org/10.1021/jf061875l  

Schaich, K. 2021. Chemical Accuracy vs Expediency in [accelerated] Shelf-life Assays. 

Oral communication at 2021 AOCS Annual Meeting & Expo (on-line). 

https://doi.org/10.1080/10942912.2017.1336718
https://doi.org/10.1016/j.talanta.2014.11.032
https://doi.org/10.1111/1750-3841.15641
https://doi.org/10.1007/s11746-009-1397-0
https://doi.org/10.1007/s11746-003-0751-8
https://doi.org/10.1021/jf061493f
https://doi.org/10.3382/ps.0661483
https://doi.org/10.1016/s0315-5463(76)73641-1
https://doi.org/10.1007/s00217-004-0874-9
https://doi.org/10.3989/gya.2007.v58.i1.11
https://doi.org/10.1021/jf061875l


 

 
291 

 BIBLIOGRAPHY 

Schaich, K.M. 2017. Rethinking lipid oxidation, in Akoh, C.C., (Ed.) Food lipids: Chemistry, 

nutrition, and biotechnology, fourth ed., CRC Press, Bocan Raton. 479–497. 

https://doi.org/10.1201/9781315151854  

Sedman, J., Van de Voort, F.R., Ismail, A.A., Maes, P. 1998. Industrial validation of 

Fourier transform infrared trans and iodine value analyses of fats and oils. J. Am. 

Oil Chem. Soc. 75, 33–39. https://doi.org/10.1007/s11746-998-0006-y  

Servili, M., Esposto, S., Fabiani, R., Urbani, S., Taticchi, A., Mariucci, F., Selvaggini, R., 

Montedoro, G.F. 2009. Phenolic compounds in olive oil: antioxidant, health and 

organoleptic activities according to their chemical structure. 

Inflammopharmacology 17, 76–84. https://doi.org/10.1007/s10787-008-8014-y  

Sievers, G., Hynninen, P.H. 1977. Thin-layer chromatography of chlorophylss and their 

derivatives on cellulose layers. J. Chromatogr. A 134, 359–364. 

https://doi.org/10.1016/S0021-9673(00)88534-9  

Sikorska, E., Khmelinskii, I., Sikorski, M. 2012. Analysis of Olive Oils by Fluorescence 

Spectroscopy: Methods and Applications. in Dimitrios, D., (Ed.) Olive oil – 

Constituents, quality, health properties and bioconversions. IntechOpen, Croatia. 63–

88. https://doi.org/10.5772/30676  

Sikorska, E., Gliszczyńska-Świgło, A., Khmelinskii, I., Sikorski, M. 2005. Synchronous 

fluorescence spectroscopy of edible vegetable oils. Quantification of tocopherols. 

J. Agric. Food Chem. 53, 6988–6994. https://doi.org/10.1021/jf0507285  

Sikorska, E., Khmelinskii, I., Sikorski, M. 2014. Vibrational and electronic spectroscopy 

and chemometrics in analysis of edible oils, in Cruz, R.M.S., Khmelinskii, I., 

Vieira, M., (Eds.) Methods in food analysis, CRC Press, Boca Raton. 201–234. 

https://doi.org/10.1201/b16964  

Sikorska, E., Khmelinskii, I.V., Sikorski, M., Caponio, F., Bilancia, M.T., Pasqualone, A., 

Gomes, T. 2008. Fluorescence spectroscopy in monitoring of extra virgin olive oil 

during storage. Int. J. Food Sci. Technol. 43, 52–61. https://doi.org/10.1111/j.1365-

2621.2006.01384.x  

Sikorska, E., Romaniuk, A., Khmelinskii, I.V., Herance, R., Bourdelande, J.L., Sikorski, 

M., Koziol, J. 2004. Characterization of edible oils using total luminescence 

spectroscopy. J. Fluoresc. 14, 25–35. 

https://doi.org/10.1023/B:JOFL.0000014656.75245.62  

Sikorska, E., Wójcicki, K., Kozak, W., Gliszczynska-Swigło, A., Khmelinskii, I., Górecki, 

T., Caponio, F., Paradiso, V.M., Summo, C., Pasqualone, A. 2019. Front-face 

fluorescence spectroscopy and chemometrics for quality control of cold-pressed 

rapeseed oil during storage. Foods 8, 1–16. https://doi.org/10.3390/foods8120665  

Socaciu, C., Fetea, F., Ranga, F., Bunea, A., Dulf, F., Socaci, S., Pintea, A. 2020. Attenuated 

total reflectance‐Fourier transform infrared spectroscopy (ATR-FTIR) coupled 

with chemometrics, to control the botanical authenticity and quality of cold‐

https://doi.org/10.1201/9781315151854
https://doi.org/10.1007/s11746-998-0006-y
https://doi.org/10.1007/s10787-008-8014-y
https://doi.org/10.1016/S0021-9673(00)88534-9
https://doi.org/10.5772/30676
https://doi.org/10.1021/jf0507285
https://doi.org/10.1201/b16964
https://doi.org/10.1111/j.1365-2621.2006.01384.x
https://doi.org/10.1111/j.1365-2621.2006.01384.x
https://doi.org/10.1023/B:JOFL.0000014656.75245.62
https://doi.org/10.3390/foods8120665


 

 

 BIBLIOGRAPHY 

292 

pressed functional oils commercialized in Romania. Appl. Sci. 10, 1–16. 

https://doi.org/10.3390/app10238695  

Socrates, G. 1994. The carbonyl group: C=O, in Infrared Characteristic Group Frequencies. 

Second ed., wiley. 115-148. https://doi.org/10.1021/ed072pA93.5  

Song, Y.Z., An, J., Jiang, L. 1999. ESR evidence of the photogeneration of free radicals 

(GDHB•-, O2•-) and singlet oxygen (1O2) by 15-deacetyl-13-glycine-substituted 

hypocrellin B. Biochimica Biophysica Acta 1472, 307–313. 

https://doi.org/10.1016/S0304-4165(99)00137-3  

Squeo, G., Caponio, F., Paradiso, V.M., Summo, C., Pasqualone, A., Khmelinskii, I., 

Sikorska, E. 2019. Evaluation of total phenolic content in virgin olive oil using 

fluorescence excitation–emission spectroscopy coupled with chemometrics. J. 

Sci. Food Agric. 99, 2513–2520. https://doi.org/10.1002/jsfa.9461  

Stahl, W., Sies, H. 1993. Physical quenching of singlet oxygen and cis-trans isomerization 

of carotenoids. Ann. NY Acad. Sci. 691, 10–19. https://doi.org/10.1111/j.1749-

6632.1993.tb26153.x  

Sun, X., Lin, W., Li, X., Shen, Q., Luo, H. 2015. Detection and quantification of extra virgin 

olive oil adulteration with edible oils by FT-IR spectroscopy and chemometrics. 

Anal. Methods 7, 3939–3945. https://doi.org/10.1039/c5ay00472a  

Sun, Y.E., Wang, W.D., Chen, H.W., Li, C. 2011. Autoxidation of unsaturated lipids in 

food emulsion. Crit. Rev. Food Sci. Nutr. 51, 453–466. 

https://doi.org/10.1080/10408391003672086  

Syed, A. 2016. Oxidative stability and shelf life of vegetable oils, in Hu, M., Jacobsen, C. 

(Eds.) Oxidative stability and shelf life of foods containing oils and fats. AOCS 

Press,.187–207. https://doi.org/10.1016/B978-1-63067-056-6.00004-5  

Tan, C.P., Che Man, Y.B., Selamat, J., Yusoff, M.S.A. 2002. Comparative studies of 

oxidative stability of edible oils by differential scanning calorimetry and 

oxidative stability index methods. Food Chem. 76, 385–389. 

https://doi.org/10.1016/S0308-8146(01)00272-2  

Taticchi, A., Esposto, S., Servili, M. 2014. The basis of the sensory properties of virgin 

olive oil, in Monteleone, E., Langstaff. S. (Eds.) Olive oil sensory science. John Wiley 

& Sons, Ltd, New Jersey. 33–54. https://doi.org/10.1002/9781118332511.ch2  

Tena, N., Aparicio, R., García-González, D.L. 2012. Chemical changes of thermoxidized 

virgin olive oil determined by excitation-emission fluorescence spectroscopy 

(EEFS). Food Res. Int. 45, 103–108. http://dx.doi.org/10.1016/j.foodres.2011.10.015  

Tena, N., Aparicio, R., García-González, D.L. 2017. Virgin olive oil stability study by 

mesh cell-FTIR spectroscopy. Talanta 167, 453–461. 

http://dx.doi.org/10.1016/j.talanta.2017.02.042  

https://doi.org/10.3390/app10238695
https://doi.org/10.1021/ed072pA93.5
https://doi.org/10.1016/S0304-4165(99)00137-3
https://doi.org/10.1002/jsfa.9461
https://doi.org/10.1111/j.1749-6632.1993.tb26153.x
https://doi.org/10.1111/j.1749-6632.1993.tb26153.x
https://doi.org/10.1039/c5ay00472a
https://doi.org/10.1080/10408391003672086
https://doi.org/10.1016/B978-1-63067-056-6.00004-5
https://doi.org/10.1016/S0308-8146(01)00272-2
https://doi.org/10.1002/9781118332511.ch2
http://dx.doi.org/10.1016/j.foodres.2011.10.015
http://dx.doi.org/10.1016/j.talanta.2017.02.042


 

 
293 

 BIBLIOGRAPHY 

Tena, N., Aparicio, R., García-González, D. L. 2018. Photooxidation effect in liquid lipid 

matrices: Answers from an innovative FTIR spectroscopy strategy with “mesh 

cell” incubation. J. Agric. Food Chem. 66, 3541–3549. 

https://doi.org/10.1021/acs.jafc.7b05981  

Tena, N., Aparicio-Ruiz, R., García-González, D.L. 2013. Time course analysis of 

fractionated thermoxidized virgin olive oil by FTIR spectroscopy. J. Agric. Food 

Chem. 61. https://doi.org/10.1021/jf305422d  

Tena, N., García-González, D.L., Aparicio, R. 2009. Evaluation of virgin olive oil thermal 

deterioration by fluorescence spectroscopy. J. Agric. Food Chem. 57, 10505–10511. 

https://doi.org/10.1021/jf902009b  

Tena, N., García González, D.L., Aparicio, R. 2018. Modelo de Utilidad. Título propiedad 

industrial registrada: Dispositivo para ensayar degradación oxidativa de 

materiales oxidables (ES1217719). 

Tena, N., Lobo-Prieto, A., Aparicio, R. and García-González, D.L. 2018. Storage and 

preservation of fats and oils, in Ferranti. P., Berry, E., Jock, R.A., (Eds.) 

Encyclopedia of food security and sustainability. Elsevier, Amsterdam, The 

Netherlands. 605–618. https://doi.org/10.1016/B978-0-08-100596-5.22268-3  

Tena, N., Wang, S.C., Aparicio-Ruiz, R., García-González, D.L., Aparicio, R. 2015. In-

depth assessment of analytical methods for olive oil purity, safety, and quality 

characterization. J. Agric. Food Chem. 63, 4509–4526. 

https://doi.org/10.1021/jf5062265  

Trypidis, D., García-González, D.L., Lobo-Prieto, A., Nenadis, N., Tsimidou, M., Tena, 

N. 2019. Real time monitoring of the combined effect of chlorophyll content and 

light filtering packaging on virgin olive oil photo-stability using mesh cell-FTIR 

spectroscopy. Food Chem. 295, 94–100. 

https://doi.org/10.1016/j.foodchem.2019.05.084  

Tsimidou, M.Z., Nenadis, N., Servili, M., García Gonzáles, D.L., Gallina Toschi, T. 2018. 

Why Tyrosol Derivatives Have to Be Quantified in the Calculation of “Olive Oil 

Polyphenols” Content to Support the Health Claim Provisioned in the EC Reg. 

432/2012. Eur. J. Lipid Sci. Technol. 120, 1–6. https://doi.org/10.1002/ejlt.201800098  

Tsimidou, M., Papadopoulos, G., Boskou, D. 1992. Phenolic compounds and stability of 

virgin olive oil-Part I. Food Chem. 45, 141–144. https://doi.org/10.1016/0308-

8146(92)90025-W  

Uceda, M., Aguilera, M.P., Jiménez, A., Beltrán, G. 2009. Variedades de olivo y aceituna. 

Tipos de aceites, in Fernández-Gutiérrez, A., Segura-Carretero, A., (Eds.) El aceite 

de oliva virgen: Tesoro de Andalucía. Fundación Unicaja, Málaga, Spain, pp. 109–

137.  

https://doi.org/10.1021/acs.jafc.7b05981
https://doi.org/10.1021/jf305422d
https://doi.org/10.1021/jf902009b
https://doi.org/10.1016/B978-0-08-100596-5.22268-3
https://doi.org/10.1021/jf5062265
https://doi.org/10.1016/j.foodchem.2019.05.084
https://doi.org/10.1002/ejlt.201800098
https://doi.org/10.1016/0308-8146(92)90025-W
https://doi.org/10.1016/0308-8146(92)90025-W


 

 

 BIBLIOGRAPHY 

294 

Üçüncüoǧlu, D., Küçük, V.A. 2019. A multivariate data approach for FTIR-ATR 

monitoring of virgin olive oils: Lipid structure during autoxidation. OCL 26, 0–5. 

https://doi.org/10.1051/ocl/2019043  

United States Department of Agriculture. 2021. Oilseeds: world markets and trade. 

Approved by the World Agricultural Outlook Board/USDA, Foreign Agric. Serv. 

1–40. https://public.govdelivery.com/accounts/USDAFAS/subscriber/new  

Valero, A., Carrasco, E., Garcia-Gimeno, R.M. 2012. Principles and Methodologies for 

the Determination of Shelf-Life in Foods, in Eissa, A.A. (Ed.) Trends vital food and 

control engineering. IntechOpen, Croatia. 2–42. 10.5772/35353 

Van de Voort, F.R., Sedman, J., Russin, T. 2001. Lipid analysis by vibrational 

spectroscopy. Eur. J. Lipid Sci. Technol. 103, 815–826. https://doi.org/10.1002/1438-

9312(200112)103:12<815::AID-EJLT1111815>3.0.CO;2-P  

Velasco, J., Dobarganes, C. 2002. Oxidative stability of virgin olive oil. Eur. J. Lipid Sci. 

Technol. 104, 661–676. https://doi.org/10.1002/1438-

9312(200210)104:9/10<661::AID-EJLT661>3.0.CO;2-D  

Visioli, F., Bellomo, G., Galli, C. 1998. Free radical-scavenging properties of olive oil 

polyphenols. Biochem. Biophys. Res. Commun. 247, 60–64. 

https://doi.org/10.1006/bbrc.1998.8735  

Vivancos, J., Tena, N., Morales, M.T., Aparicio, R., García-González, D.L. 2016. A 

neuroimaging study of pleasant and unpleasant olfactory perceptions of virgin 

olive oil. Grasas Aceites 67, e157. http://dx.doi.org/10.3989/gya.0329161  

Vlachos, N., Skopelitis, Y., Psaroudaki, M., Konstantinidou, V., Chatzilazarou, A., 

Tegou, E. 2006. Applications of Fourier transform-infrared spectroscopy to edible 

oils. Anal. Chim. Acta 573–574, 459–465. https://doi.org/10.1016/j.aca.2006.05.034  

Wasowicz, E., Gramza, A., Hes, M., Malecka, M., Jelen, H.H. 2004. Oxidation of lipids in 

food systems. Pol. J. Food Nutr. Sci. 13, 87–100. 

Wold, S., Sjöström, M., Eriksson, L. 2001. PLS-regression: a basic tool of chemometrics. 

Chemometrics Intell. Lab. Syst. 58, 109–130. https://doi.org/10.1016/S0169-

7439(01)00155-1  

Xu, L., Fei, T., Li, Q., Yu, X. and Liu, L. 2015. Qualitative analysis of edible oil oxidation 

by FTIR spectroscopy using a mesh “cell.” Anal. Methods 7, 4328–4333. 

https://doi.org/10.1039/c5ay00438a  

Che Man, Y.B. Syahariza, Z.A., Rohman, A. 2010. Fourier transform infrared 

spectroscopy: developments, techniques and applications in the analyses of fats 

and oils, in  Rees, O.J., (Ed.) Fourier transform infrared spectroscopy.  Nova Science 

Publishers, New York: USA, 1-26. 

https://doi.org/10.1051/ocl/2019043
https://public.govdelivery.com/accounts/USDAFAS/subscriber/new
https://doi.org/10.1002/1438-9312(200112)103:12%3c815::AID-EJLT1111815%3e3.0.CO;2-P
https://doi.org/10.1002/1438-9312(200112)103:12%3c815::AID-EJLT1111815%3e3.0.CO;2-P
https://doi.org/10.1002/1438-9312(200210)104:9/10%3c661::AID-EJLT661%3e3.0.CO;2-D
https://doi.org/10.1002/1438-9312(200210)104:9/10%3c661::AID-EJLT661%3e3.0.CO;2-D
https://doi.org/10.1006/bbrc.1998.8735
http://dx.doi.org/10.3989/gya.0329161
https://doi.org/10.1016/j.aca.2006.05.034
https://doi.org/10.1016/S0169-7439(01)00155-1
https://doi.org/10.1016/S0169-7439(01)00155-1
https://doi.org/10.1039/c5ay00438a


 

 
295 

 BIBLIOGRAPHY 

Zhang, N., Li, Y., Wen, S., Sun, Y., Chen, J., Gao, Y., Sagymbek, A., Yu, X. 2021. Analytical 

methods for determining the peroxide value of edible oils: A mini-review. Food 

Chem. 358, 129834. https://doi.org/10.1016/j.foodchem.2021.129834  

Zhang, Q., Liu, C., Sun, Z., Hu, X., Shen, Q., Wu, J. 2012. Authentication of edible 

vegetable oils adulterated with used frying oil by Fourier transform infrared 

spectroscopy. Food Chem. 132, 1607–1613. 

https://doi.org/10.1016/j.foodchem.2011.11.129  

 

 

 

https://doi.org/10.1016/j.foodchem.2021.129834
https://doi.org/10.1016/j.foodchem.2011.11.129


 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7. ANNEX. 



 

 

 

 



 

 

 ANNEX 

299 

7. Annex. 

 

Table 1. Medians of the defect (Md) and the fruity attribute (Mf) for the four virgin olive oils 

stored during the 27 months of storage. 

Months of 

storage 

VOO1 VOO2 VOO3 VOO4 

Mf Md Mf Md Mf Md Mf Md 

0 (Fresh oil) 4.7 0.0 3.5 0.0 3.8 0.0 3.0 2.1 

1 4.7 0.0 3.5 0.0 3.8 0.0 3.0 2.1 

2 4.7 0.0 3.0 0.0 4.0 0.0 3.0 2.0 

3 4.5 0.0 2.5 0.0 4.0 0.0 3.0 2.0 

4 4.0 0.0 2.0 0.0 3.8 0.0 3.0 2.0 

5 4.0 0.0 2.0 1.0 4.0 0.0 3.0 2.0 

6 4.0 0.0 1.9 1.0 4.0 0.0 3.0 2.0 

7 3.8 0.0 1.9 1.9 2.0 0.0 3.0 2.0 

8 3.8 0.0 1.9 1.9 2.0 0.0 3.0 2.0 

9 3.8 0.0 1.8 1.9 2.0 0.0 2.8 2.0 

10 3.5 0.0 1.5 2.0 2.0 2.6 3.0 2.0 

11 3.5 0.0 1.5 2.0 2.0 2.5 3.0 2.0 

12 3.0 0.0 1.5 2.0 2.0 2.5 2.5 2.0 

13 3.0 0.0 1.5 2.0 2.0 2.5 3.0 2.0 

14 3.0 0.0 1.5 2.0 1.5 2.5 3.0 2.0 

15 2.0 2.5 1.5 2.0 1.5 2.0 3.0 1.8 

16 2.0 2.5 1.5 2.0 1.5 2.0 2.5 2.0 

17 1.8 2.5 1.5 2.0 1.8 2.0 2.5 2.0 

18 1.6 2.9 1.5 2.0 1.8 2.5 2.0 3.5 

19 1.6 3.0 1.5 2.0 1.8 2.5 0.0 3.5 

20 1.6 3.0 1.5 2.0 1.8 2.5 0.0 3.5 

21 1.5 3.0 1.5 2.0 1.8 2.4 0.0 4.0 

22 1.5 3.0 1.5 2.0 1.8 2.5 0.0 4.0 

23 1.5 3.0 1.5 2.0 1.6 2.5 0.0 4.0 

24 1.5 3.0 1.5 2.0 1.8 2.5 0.0 4.0 

25 1.0 3.0 1.5 2.0 1.6 2.4 0.0 4.0 

26 1.0 3.0 1.5 2.0 1.5 2.5 0.0 4.0 

27 0.0 3.6 1.5 2.0 1.5 2.4 0.0 4.0 

Note: Mf, median of fruity attribute; Md, median of defect.  
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Table 2. Concentration of phenolic compounds (mg/kg) in VOO1 during the storage experiment. 

Phenolic compounds 
Months of storage 

0 3 6 9 12 15 18 21 24 27 

Hydroxytyrosol 0.49 0.82 1.07 1.33 1.64 1.70 2.02 2.20 2.19 2.27 

Tyrosol 3.47 4.39 4.51 5.05 5.85 6.09 6.75 7.05 7.46 7.52 

Vanillic acid 0.88 0.99 0.99 0.93 0.95 0.92 0.98 0.98 0.85 0.87 

Vanillin 0.15 0.15 0.14 0.14 0.13 0.13 0.13 0.12 0.11 0.12 

p-coumaric acid 0.90 0.86 0.82 0.82 0.83 0.82 0.81 0.78 0.69 0.58 

Hydroxytyrosol acetate 8.17 7.09 6.03 4.97 3.82 2.90 1.97 1.66 1.23 1.01 

3,4-DHPEA-EDA 28.01 26.66 23.03 19.55 14.08 10.03 7.55 5.04 5.22 4.38 

p-HPEA-EDA 75.07 83.11 70.08 61.75 48.09 39.55 35.02 30.81 28.47 26.96 

Pinoresinol 1.34 1.56 1.64 1.76 1.91 2.13 2.41 2.59 2.66 2.62 

Cinnamic acid 1.34 1.69 1.73 1.58 1.47 1.43 1.55 1.58 1.42 1.31 

Acetoxypinoresinol 1.53 1.09 1.02 0.93 0.91 0.90 0.88 0.86 0.85 0.75 

3,4-DHPEA-EA 53.49 53.02 46.25 41.93 33.61 30.82 24.73 22.52 21.99 19.70 

p-HPEA-EA 22.55 25.69 25.07 22.78 22.04 23.07 24.53 23.16 22.27 19.30 

Luteolin 18.90 15.77 14.22 12.36 9.19 6.96 5.40 4.31 3.71 3.79 

Apigenin 10.42 8.79 8.06 7.18 5.15 4.00 3.31 3.12 2.24 2.29 

Total concentration 226.71 231.68 204.68 183.06 149.67 131.43 118.84 106.87 101.06 93.47 

 

 
 

 

 

 

Table 3. Concentration of phenolic compounds (mg/kg) in VOO2 during the storage experiment. 

Phenolic compounds 
Months of storage 

0 3 6 9 12 15 18 21 24 27 

Hydroxytyrosol 12.95 13.12 13.73 13.96 14.09 14.42 14.82 15.19 15.40 15.71 

Tyrosol 3.83 4.08 4.55 4.72 4.77 4.85 4.98 5.16 5.19 5.20 

Vanillic acid 0.21 0.21 0.22 0.20 0.20 0.17 0.20 0.20 0.20 0.20 

Vanillin 0.27 0.25 0.24 0.24 0.23 0.21 0.21 0.20 0.19 0.18 

p-coumaric acid 0.24 0.22 0.21 0.21 0.21 0.21 0.21 0.22 0,23 0.23 

Hydroxytyrosol acetate 0.35 0.08 0.06 0.06 0.04 0.09 0.07 0.07 0.08 0.10 

3,4-DHPEA-EDA 85.11 93.07 84.26 78.49 74.46 68.18 63.21 60.99 60.08 60.62 

p-HPEA-EDA 117.11 118.04 106.18 95.75 82.14 70.18 55.02 46.56 42.37 39.02 

Pinoresinol 3.02 2.82 2.97 3.14 3.29 3.57 3.80 4.02 4.22 4.21 

Cinnamic acid 2.47 2.46 2.38 2.39 2.26 2.33 2.32 2.39 2.31 2.27 

Acetoxypinoresinol 2.38 2.30 2.37 2.61 2.36 2.63 2.48 2.92 2.89 2.83 

3,4-DHPEA-EA 78.40 67.07 62.72 53.06 45.05 40.13 37.67 32.36 29.14 26.66 

p-HPEA-EA 22.76 20.29 19.62 17.20 17.04 16.23 17.12 17.53 17.98 17.59 

Luteolin 7.72 7.33 6.91 6.61 6.03 5.58 4.96 4.41 4.38 4.50 

Apigenin  2.10 2.11 1.99 1.74 1.63 1.57 1.28 1.11 1.11 1.14 

Total concentration  338.90 333.44 308.40 280.30 253.82 231.23 209.29 193.95 186.61 183.81 
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Table 4. Concentration of phenolic compounds (mg/kg) in VOO3 during the storage experiment. 

Phenolic compounds 
Months of storage 

0 3 6 9 12 15 18 21 24 27 

Hydroxytyrosol 2.27 3.29 3.63 4.49 5.03 5.72 6.23 6.68 6.88 7.43 

Tyrosol 3.47 4.19 4.51 5.05 5.85 6.09 6.75 7.05 7.46 7.95 

Vanillic acid 0.50 0.52 0.47 0.49 0.52 0.49 0.47 0.44 0.46 0.43 

Vanillin 0.17 0.15 0.15 0.15 0.15 0.14 0.14 0.14 0.13 0.12 

p-coumaric acid 0.41 0.42 0.37 0.35 0.39 0.39 0.37 0.38 0.37 0.36 

Hydroxytyrosol acetate 3.40 2.61 2.26 1.95 1.60 1.55 1.29 1.07 0.87 0.83 

3,4-DHPEA-EDA 81.16 78.70 72.88 60.35 54.58 49.60 40.62 33.71 33.12 33.72 

p-HPEA-EDA 140.34 134.82 118.52 101.85 86.31 78.34 67.32 64.32 64.21 55.27 

Pinoresinol 3.60 4.15 4.18 4.28 4.34 4.37 4.60 5.28 5.76 5.79 

Cinnamic acid 1.27 1.33 1.34 1.31 1.22 1.06 0.92 0.85 0.74 0.76 

Acetoxypinoresinol 3.22 2.71 2.76 1.57 1.70 1.31 1.36 1.47 2.10 3.25 

3,4-DHPEA-EA 257.29 247.04 226.34 202.24 173.84 148.11 132.49 105.59 109.24 95.51 

p-HPEA-EA 32.01 32.74 32.15 28.85 26.86 25.19 25.39 23.43 23.58 23.78 

Luteolin 4.22 3.74 3.27 3.20 2.84 2.48 2.14 1.54 1.59 1.59 

Apigenin  1.50 1.28 1.23 1.12 1.10 0.90 0.78 0.67 0.78 0.80 

Total concentration 534.82 517.70 474.05 417.27 366.32 325.69 290.86 252.62 257.29 237.61 

 

 

 

 

 

 

 
Table 5. Concentration of phenolic compounds (mg/kg) in VOO4 during the storage experiment. 

Phenolic compounds 
Months of storage 

0 3 6 9 12 15 18 21 24 27 

Hydroxytyrosol 1.15 1.98 2.59 2.98 3.50 3.95 4.41 4.66 5.41 5.89 

Tyrosol 1.23 1.51 1.75 1.88 2.01 2.03 2.06 2.09 2.24 2.35 

Vanillic acid 0.07 007 0.07 0.06 0.06 0.06 0.06 0.06 0.05 0.05 

Vanillin 0.26 0.23 0.23 0.21 0.20 0.18 0.17 0.15 0.14 0.12 

p-coumaric acid 0.11 0.09 0.08 0.08 0.06 0.05 0.04 0.03 0.02 0.01 

Hydroxytyrosol acetate 1.41 0.60 0.26 0.11 0.08 0.07 0.07 0.07 0.05 0.04 

3,4-DHPEA-EDA 233.13 187.18 167.37 150.48 126.32 107.39 107.13 93.76 6017 41.47 

p-HPEA-EDA 117.71 118.98 110.09 97.69 86.08 69.93 61.81 58.23 41.10 30.07 

Pinoresinol 5.55 3.34 3.16 3.61 3.84 4.28 4.60 4.42 4.03 4.04 

Cinamic acid 1.95 1.85 1.66 1.60 1.51 1.48 1.40 1.28 1.23 1.14 

Acetoxypinoresinol 1.50 1.50 1.51 1.54 1.46 1.34 1.38 1.44 1.44 1.42 

3,4-DHPEA-EA 4.91 35.44 32.09 29.36 23.60 21.92 19.84 17.46 12.23 8.82 

p-HPEA-EA 34.21 18.72 19.42 18.99 18.05 17.64 16.97 16.39 15.87 15.09 

Luteolin 7.97 7.67 6.55 5.59 4.83 4.15 2.98 2.07 1.32 0.42 

Apigenin  2.08 2.01 1.92 1.43 1.49 1.46 0.82 0.80 0.64 0.45 

Total concentration 451.25 381.09 348.81 315.62 273.11 235.88 223.78 202.90 155.95 121.38 
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Table 6. Concentration of volatile compounds (mg/kg) in VOO1 during the storage experiment. 

Volatile compounds 
Months of storage 

0 3 6 9 12 15 18 21 24 27 

Octane  0.33 1.68 2.63 3.05 3.55 3.55 3.63 4.06 4.12 4.24 

Methyl acetate 0.51 0.49 0.45 0.51 0.50 0.51 0.56 0.56 0.57 0.59 

Butanal 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.04 0.03 

Ethyl acetate 0.70 0.68 0.63 0.64 0.62 0.61 0.61 0.63 0.61 0.61 

Butan-2-one  0.48 0.43 0.41 0.42 0.41 0.41 0.39 0.41 0.38 0.37 

2-methylbutanal  0.04 0.04 0.03 0.04 0.04 0.04 0.03 0.04 0.04 0.03 

3-methylbutanal 0.02 0.02 0.01 0.02 0.01 0.01 0.02 0.02 0.02 0.03 

Ethanol 19.63 18.20 17.84 18.05 16.96 17.17 15.93 16.52 15.53 15.59 

Ethyl propanoate 0.76 0.70 0.65 0.62 0.65 0.64 0.70 0.66 0.65 0.64 

3-pentanone 4.83 4.88 4.58 4.40 4.54 4.40 4.33 4.26 3.95 4.04 

Butan-2-ol 0.07 0.08 0.08 0.06 0.06 0.06 0.04 0.04 0.03 0.04 

Hexanal 3.83 3.63 3.28 3.43 3.31 2.99 2.71 2.58 2.56 2.33 

2-methylpropan-1-ol 0.12 0.08 0.05 0.04 0.05 0.05 0.04 0.03 0.02 0.02 

1-penten-3-ol 0.96 0.94 0.83 0.82 0.81 0.76 0.75 0.72 0.65 0.65 

(E)-2-pentenal  0.46 0.38 0.30 0.26 0.28 0.29 0.27 0.25 0.23 0.23 

Butan-1-ol 0.30 0.23 0.14 0.11 0.10 0.11 0.08 0.07 0.07 0.07 

Heptanal 0.10 0.14 0.15 0.14 0.16 0.14 0.11 0.10 0.09 0.09 

2-methylbutan-1-ol 0.01 0.01 0.01 Nd Nd 0.01 0.01 0.01 0.01 0.01 

3-methylbutan-1-ol 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

(E)-2-hexenal 4.53 3.68 3.07 2.52 2.88 2.02 1.62 1.46 1.27 1.21 

Octan-3-one 0.08 0.05 0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.03 

Pentanol 0.03 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

1-octen-3-one 0.17 0.14 0.10 0.11 0.13 0.11 0.08 0.07 0.07 0.07 

Hexyl acetate 1.87 1.93 1.80 1.91 1.95 1.93 2.03 1.98 1.96 1.96 

Octan-2-one 0.08 0.07 0.06 0.06 0.06 0.05 0.04 0.03 0.03 0.03 

Octanal 0.07 1.76 1.26 1.42 1.44 1.32 1.40 1.63 1.63 1.38 

(Z)-3-hexenyl acetate 0.63 0.54 0.54 0.42 0.50 0.55 0.37 0.36 0.31 0.31 

(E)-2-heptenal 0.08 0.03 0.05 0.04 0.06 0.07 0.05 0.05 0.05 0.05 

6-methyl-5-hepten-2-one 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Hexanol 3.56 3.64 3.60 3.40 3.46 3.42 3.69 3.57 3.56 3.54 

(E)-3-hexen-1-ol 0.46 0.42 0.38 0.30 0.31 0.30 0.22 0.12 0.07 0.06 

(Z)-3-hexen-1-ol 1.10 0.83 0.90 0.68 0.61 0.65 0.59 0.56 0.45 0.45 

Nonanal 0.22 0.18 0.23 0.18 0.20 0.22 0.25 0.24 0.26 0.29 

1-octen-3-ol 0.14 0.11 0.12 0.09 0.10 0.10 0.08 0.07 0.06 0.04 

(E)-2-hexen-1-ol 0.83 0.73 0.67 0.53 0.54 0.48 0.39 0.30 0.24 0.23 

(Z)-2-hexen-1-ol 1.43 1.37 1.17 0.95 0.93 0.92 0.63 0.56 0.44 0.43 

Acetic acid 1.63 1.74 1.96 2.18 2.19 1.97 1.81 1.52 1.54 1.56 

Propanoic acid 0.14 0.15 0.15 0.15 0.17 0.21 0.24 0.22 0.22 0.24 

Butanoic acid 0.47 0.45 0.37 0.37 0.37 0.37 0.32 0.26 0.24 0.23 

2-methylpropanoic acid 0.08 0.07 0.06 0.07 0.07 0.06 0.05 0.05 0.04 0.04 

(E)-2-decenal  0.13 0.12 0.08 0.12 0.17 0.23 0.19 0.16 0.12 0.07 

Pentanoic acid 0.24 0.25 0.24 0.21 0.21 0.23 0.29 0.28 0.26 0.25 

Hexanoic acid  1.50 2.06 1.70 1.36 1.77 1.71 1.68 1.71 1.77 1.78 

Heptanoic acid 1.27 1.96 1.86 1.69 2.00 3.20 3.18 2.04 2.15 2.97 

Octanoic acid  1.07 1.15 1.70 1.62 1.79 2.10 2.38 2.12 2.35 2.62 

Nonanoic acid  0.02 0.02 0.01 0.04 0.05 0.07 0.07 0.07 0.08 0.08 

Note: Nd, not detected. 
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Table 7. Concentration of volatile compounds (mg/kg) in VOO2 during the storage experiment. 

Volatile compounds 
Months of storage 

0 3 6 9 12 15 18 21 24 27 

Octane  1.06 8.08 10.43 10.44 11.19 11.71 11.93 11.96 12.12 12.87 

Methyl acetate 1.28 1.11 1.07 1.11 1.05 0.85 0.90 0.89 0.89 0.89 

Butanal 0.05 0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.02 0.02 

Ethyl acetate 1.11 1.09 1.06 1.09 1.03 1.01 1.03 1.02 1.01 1.01 

Butan-2-one  0.29 0.28 0.28 0.27 0.27 0.27 0.27 0.27 0.27 0.28 

2-methylbutanal  0.15 0.12 0.11 0.11 0.11 0.12 0.12 0.12 0.11 0.11 

3-methylbutanal 0.06 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.11 

Ethanol 12.17 7.85 7.36 7.91 6.62 5.82 5.52 5.67 5.79 5.96 

Ethyl propanoate 0.32 0.29 0.29 0.28 0.29 0.28 0.27 0.26 0.26 0.26 

3-pentanone 2.41 1.96 1.98 1.97 1.98 2.00 2.02 2.05 2.12 2.20 

Butan-2-ol 0.09 0.08 0.08 0.08 0.08 0.05 0.04 0.05 0.05 0.05 

Hexanal 2.08 2.71 2.68 2.70 2.74 2.71 2.85 3.04 3.25 3.75 

2-methylpropan-1-ol 0.04 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

1-penten-3-ol 0.44 0.35 0.34 0.35 0.33 0.33 0.31 0.31 0.31 0.31 

(E)-2-pentenal  0.16 0.12 0.13 0.14 0.13 0.13 0.14 0.15 0.15 0.16 

Butan-1-ol 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Heptanal 0.06 0.24 0.28 0.29 0.30 0.37 0.38 0.38 0.41 0.47 

2-methylbutan-1-ol Nd Nd 0.01 0.01 0.01 Nd Nd Nd Nd Nd 

3-methylbutan-1-ol 0.04 0.04 0.04 0.04 0.04 0.03 0.04 0.04 0.04 0.04 

(E)-2-hexenal 5.03 4.53 4.37 4.43 3.97 3.46 3.78 3.78 3.84 3.87 

Octan-3-one 0.04 0.03 0.03 0.03 0.03 0.03 0.02 0.02 0.01 0.01 

Pentanol 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.06 

1-octen-3-one 0.16 0.47 0.37 0.39 0.36 0.37 0.38 0.40 0.41 0.43 

Hexyl acetate 0.85 0.76 0.77 0.79 0.79 0.77 0.77 0.76 0.76 0.75 

Octan-2-one 0.02 0.02 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Octanal 0.42 0.64 0.37 0.49 0.48 0.41 0.40 0.42 0.61 0.98 

(Z)-3-hexenyl acetate 0.56 0.51 0.46 0.49 0.48 0.48 0.49 0.50 0.51 0.50 

(E)-2-heptenal 0.02 0.04 0.06 0.06 0.09 0.07 0.09 0.09 0.10 0.10 

6-methyl-5-hepten-2-one 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 

Hexanol 1.57 1.47 1.49 1.45 1.44 1.48 1.44 1.43 1.41 1.41 

(E)-3-hexen-1-ol 0.10 0.10 0.09 0.10 0.09 0.11 0.11 0.11 0.11 0.11 

(Z)-3-hexen-1-ol 0.16 0.14 0.13 0.14 0.14 0.12 0.13 0.13 0.12 0.12 

Nonanal 0.19 0.58 0.60 0.62 0.64 0.70 0.69 0.67 0.72 0.80 

1-octen-3-ol 0.05 0.07 0.08 0.07 0.07 0.09 0.09 0.09 0.09 0.08 

(E)-2-hexen-1-ol 0.50 0.43 0.38 0.39 0.39 0.35 0.38 0.38 0.37 0.37 

(Z)-2-hexen-1-ol 0.29 0.30 0.28 0.28 0.27 0.27 0.28 0.28 0.29 0.30 

Acetic acid 5.16 7.24 7.63 7.63 7.59 7.08 5.99 5.92 6.25 6.36 

Propanoic acid 0.18 0.10 0.13 0.13 0.11 0.15 0.16 0.16 0.18 0.19 

Butanoic acid 0.13 0.12 0.11 0.11 0.11 0.10 0.09 0.08 0.07 0.06 

2-methylpropanoic acid 0.07 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

(E)-2-decenal  0.12 0.51 0.74 0.75 0.77 0.75 0.82 0.79 0.80 0.80 

Pentanoic acid 0.13 0.14 0.12 0.11 0.13 0.14 0.16 0.19 0.23 0.24 

Hexanoic acid  0.57 0.59 0.62 0.62 0.71 0.78 0.77 0.81 1.07 1.22 

Heptanoic acid 3.99 3.69 3.93 2.88 2.04 1.84 1.71 1.65 1.62 1.52 

Octanoic acid  1.77 1.74 1.55 1.70 1.79 2.12 1.93 1.74 1.66 1.57 

Nonanoic acid  0.02 0.03 0.05 0.05 0.06 0.07 0.08 0.07 0.07 0.05 

Note: Nd, not detected. 
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Table 8. Concentration of volatile compounds (mg/kg) in VOO3 during the storage experiment. 

Volatile compounds 
Months of storage 

0 3 6 9 12 15 18 21 24 27 

Octane  0.65 1.51 3.93 8.76 11.59 12.34 13.47 14.06 14.00 13.95 

Methyl acetate 0.13 0.16 0.16 0.16 0.16 0.16 0.17 0.17 0.18 0.18 

Butanal 0.07 0.06 0.05 0.05 0.04 0.04 0.03 0.03 0.03 0.03 

Ethyl acetate 0.16 0.18 0.20 0.19 0.20 0.20 0.20 0.20 0.20 0.19 

Butan-2-one  0.55 0.50 0.49 0.48 0.47 0.41 0.40 0.38 0.42 0.41 

2-methylbutanal  0.05 0.06 0.07 0.07 0.07 0.08 0.07 0.07 0.08 0.08 

3-methylbutanal 0.04 0.05 0.06 0.07 0.07 0.07 0.08 0.08 0.08 0.08 

Ethanol 21.09 19.74 21.02 20.95 17.93 15.00 15.19 15.27 15.43 15.67 

Ethyl propanoate 0.24 0.20 0.21 0.20 0.23 0.27 0.30 0.29 0.29 0.29 

3-pentanone 3.46 3.54 3.35 3.09 2.89 2.80 2.76 2.76 2.79 2.82 

Butan-2-ol 0.09 0.07 0.05 0.05 0.05 0.04 0.03 0.04 0.04 0.04 

Hexanal 2.62 2.39 2.39 2.30 2.27 2.24 2.26 2.19 2.19 2.19 

2-methylpropan-1-ol 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

1-penten-3-ol 0.51 0.58 0.58 0.56 0.56 0.56 0.56 0.55 0.54 0.52 

(E)-2-pentenal  0.26 0.31 0.29 0.30 0.28 0.26 0.27 0.28 0.30 0.30 

Butan-1-ol 0.10 0.02 0.01 0.01 0.03 0.01 0.01 0.01 0.01 0.01 

Heptanal 0.05 0.07 0.13 0.20 0.21 0.26 0.26 0.27 0.27 0.30 

2-methylbutan-1-ol 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.03 0.04 0.05 

3-methylbutan-1-ol 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

(E)-2-hexenal 5.81 3.84 3.30 3.22 3.21 3.18 3.19 3.24 3.13 3.31 

Octan-3-one 0.15 0.09 0.09 0.08 0.08 0.08 0.09 0.10 0.09 0.09 

Pentanol 0.06 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

1-octen-3-one 0.11 0.11 0.10 0.11 0.10 0.10 0.11 0.11 0.11 0.11 

Hexyl acetate 1.69 1.70 1.65 1.62 1.60 1.54 1.54 1.52 1.51 1.52 

Octan-2-one 0.12 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.04 0.04 

Octanal 1.01 1.02 0.82 0.82 0.82 0.77 0.84 0.90 0.93 1.00 

(Z)-3-hexenyl acetate 1.73 1.01 0.89 0.89 0.82 0.92 0.99 0.99 0.98 0.98 

(E)-2-heptenal 0.02 0.01 0.02 0.05 0.05 0.06 0.06 0.08 0.08 0.08 

6-methyl-5-hepten-2-one 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 

Hexanol 1.65 1.70 1.66 1.66 1.61 1.49 1.48 1.43 1.43 1.43 

(E)-3-hexen-1-ol 0.21 0.14 0.11 0.11 0.10 0.09 0.09 0.09 0.09 0.09 

(Z)-3-hexen-1-ol 0.29 0.18 0.16 0.16 0.14 0.15 0.16 0.16 0.16 0.16 

Nonanal 0.24 0.21 0.30 0.34 0.39 0.37 0.37 0.40 0.40 0.39 

1-octen-3-ol 0.14 0.09 0.09 0.08 0.07 0.06 0.06 0.05 0.04 0.04 

(E)-2-hexen-1-ol 0.85 0.53 0.46 0.43 0.41 0.42 0.47 0.46 0.45 0.44 

(Z)-2-hexen-1-ol 0.59 0.41 0.31 0.31 0.29 0.24 0.24 0.24 0.24 0.23 

Acetic acid 2.94 2.73 3.38 3.56 3.77 3.70 3.68 3.76 3.78 3.78 

Propanoic acid 0.13 0.13 0.14 0.15 0.16 0.16 0.18 0.19 0.19 0.20 

Butanoic acid 0.25 0.34 0.36 0.32 0.29 0.28 0.25 0.25 0.25 0.24 

2-methylpropanoic acid 0.10 0.08 0.07 0.07 0.06 0.06 0.05 0.06 0.06 0.06 

(E)-2-decenal  2.75 2.53 2.55 2.67 2.59 3.09 3.38 3.37 3.37 3.37 

Pentanoic acid 0.29 0.18 0.19 0.17 0.14 0.14 0.14 0.15 0.15 0.15 

Hexanoic acid  2.51 1.70 1.33 1.28 0.80 0.66 0.59 0.60 0.58 0.57 

Heptanoic acid 4.96 3.89 2.75 3.03 2.25 1.73 1.79 1.30 1.25 1.16 

Octanoic acid  4.47 2.93 2.53 2.22 2.02 1.57 1.42 1.26 1.33 1.33 

Nonanoic acid  0.12 0.10 0.08 0.08 0.05 0.02 0.02 0.02 0.02 0.02 
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Table 9. Concentration of volatile compounds (mg/kg) in VOO4 during the storage experiment. 

Volatile compounds 
Months of storage 

0 3 6 9 12 15 18 21 24 27 

Octane  2.01 9.73 10.47 10.84 10.92 11.50 11.51 12.49 13.50 14.13 

Methyl acetate 1.03 0.92 0.86 0.94 0.81 0.74 0.66 0.61 0.55 0.49 

Butanal 0.04 0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.03 

Ethyl acetate 1.59 1.34 1.30 1.28 1.24 1.17 1.20 1.09 1.05 1.00 

Butan-2-one  0.12 0.13 0.14 0.13 0.11 0.11 0.11 0.10 0.10 0.10 

2-methylbutanal  0.16 0.13 0.13 0.12 0.12 0.13 0.14 0.12 0.12 0.12 

3-methylbutanal 0.09 0.08 0.08 0.07 0.07 0.09 0.09 0.08 0.07 0.05 

Ethanol 15.88 16.12 15.78 14.84 12.95 12.07 12.05 10.93 10.10 9.45 

Ethyl propanoate 0.10 0.10 0.09 0.08 0.08 0.07 0.07 0.06 0.06 0.05 

3-pentanone 2.23 2.17 2.16 2.05 1.95 1.87 1.90 1.68 1.67 1.60 

Butan-2-ol 0.06 0.06 0.05 0.05 0.05 0.03 0.03 0.03 0.03 0.02 

Hexanal 2.41 2.46 2.38 2.41 2.50 2.70 2.75 2.73 2.72 2.72 

2-methylpropan-1-ol 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 

1-penten-3-ol 0.40 0.37 0.37 0.37 0.35 0.34 0.34 0.32 0.32 0.31 

(E)-2-pentenal  0.12 0.11 0.13 0.14 0.18 0.24 0.26 0.26 0.29 0.31 

Butan-1-ol 0.04 0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.03 

Heptanal 0.08 0.26 0.29 0.32 0.30 0.35 0.38 0.39 0.39 0.42 

2-methylbutan-1-ol 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

3-methylbutan-1-ol 0.08 0.05 0.05 0.05 0.05 0.06 0.06 0.06 0.06 0.06 

(E)-2-hexenal 5.71 4.89 4.90 4.92 4.48 3.76 3.47 3.36 2.99 2.57 

Octan-3-one 0.02 0.03 0.03 0.03 0.03 0.06 0.07 0.08 0.08 0.08 

Pentanol 0.01 Nd Nd Nd 0.01 0.01 0.01 0.01 0.01 0.01 

1-octen-3-one 0.10 0.15 0.15 0.15 0.15 0.17 0.17 0.18 0.19 0.20 

Hexyl acetate 0.89 0.81 0.81 0.79 0.78 0.77 0.75 0.72 0.72 0.70 

Octan-2-one 0.02 0.01 0.01 0.01 0.01 Nd 0.01 0.01 0.01 0.01 

Octanal 0.55 0.45 0.41 0.47 0.45 0.40 0.38 0.34 0.34 0.31 

(Z)-3-hexenyl acetate 0.48 0.40 0.40 0.40 0.38 0.36 0.36 0.35 0.34 0.31 

(E)-2-heptenal 0.02 0.05 0.06 0.06 0.07 0.06 0.07 0.08 0.08 0.09 

6-methyl-5-hepten-2-one 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 Nd 0.01 

Hexanol 1.08 0.97 0.97 0.96 0.93 0.95 0.94 0.90 0.89 0.88 

(E)-3-hexen-1-ol 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.03 

(Z)-3-hexen-1-ol 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Nonanal 0.22 0.56 0.61 0.69 0.69 0.63 0.60 0.60 0.60 0.61 

1-octen-3-ol 0.05 0.06 0.06 0.06 0.07 0.07 0.08 0.08 0.08 0.09 

(E)-2-hexen-1-ol 0.25 0.22 0.21 0.21 0.19 0.19 0.19 0.20 0.19 0.19 

(Z)-2-hexen-1-ol 0.16 0.14 0.14 0.14 0.14 0.14 0.14 0.13 0.13 0.13 

Acetic acid 0.63 1.19 1.18 1.09 1.03 0.92 0.86 0.83 0.82 0.79 

Propanoic acid 0.10 0.13 0.11 0.09 0.10 0.11 0.11 0.13 0.13 0.13 

Butanoic acid 0.25 0.24 0.23 0.22 0.21 0.18 0.17 0.17 0.16 0.15 

2-methylpropanoic acid 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.04 

(E)-2-decenal  2.55 2.66 2.95 2.88 2.99 3.13 3.39 3.47 3.46 3.47 

Pentanoic acid 0.11 0.12 0.12 0.12 0.14 0.16 0.17 0.20 0.20 0.20 

Hexanoic acid  0.63 0.85 0.85 0.92 1.05 1.01 1.04 1.08 1.18 1.23 

Heptanoic acid 1.15 1.16 1.38 1.57 2.82 3.23 3.27 3.31 3.67 4.00 

Octanoic acid  1.03 1.31 1.14 1.40 1.46 1.74 1.82 1.89 2.06 2.14 

Nonanoic acid  0.02 0.02 0.02 0.02 0.03 0.04 0.04 0.05 0.05 0.05 

Note: Nd, not detected. 
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Table 10. t-test results (p-value < 0.05) of each band at 0 h of incubation from the 

months 0–3 vs. 24–27 (fresh vs. aged oils). The mean values and the standard 

deviation of each group (fresh and aged oils) at 0 h of incubation and the significant 

values are shown. 

Samples Wavenumber (cm-1) p-value Fresh Aged 

VOO1 

3535 0.4766 0.051 ± 0.001 0.053 ± 0.000 

3430 0.0006a 0.014 ± 0.000 0.017 ± 0.001 

1718 0.4219 0.395 ± 0.045 0.420 ± 0.039 

1685 0.5006 0.184 ± 0.001 0.183 ± 0.005 

1670 0.1279 0.114 ± 0.004 0.118 ± 0.002 

1630 0.0818 0.033 ± 0.002 0.004 ± 0.002 

987 0.3054 0.002 ± 0.001 0.003 ± 0.001 

967 0.2659 0.039 ± 0.000 0.039 ± 0.000 

VOO2 

3535 0.9545 0.061 ± 0.002 0.061 ± 0.002 

3430 0.0061a 0.015 ± 0.001 0.017 ± 0.001 

1718 0.1762 0.384 ± 0.038 0.439 ± 0.060 

1685 0.1237 0.182 ± 0.003 0.187 ± 0.006 

1670 0.1016 0.114 ± 0.002 0.118 ± 0.003 

1630 0.0691 0.034 ± 0.002 0.037 ± 0.002 

987 0.9202 0.002 ± 0.000 0.001 ± 0.001 

967 0.8680 0.035 ± 0.004 0.034 ± 0.004 

VOO3 

3535 0.9397 0.049 ± 0.004 0.049 ± 0.001 

3430 0.0061a 0.014 ± 0.001 0.016 ± 0.001 

1718 0.1507 0.410 ± 0.019 0.449 ± 0.043 

1685 0.1709 0.179 ± 0.003 0.185 ± 0.007 

1670 0.0620 0.112 ± 0.002 0.117 ± 0.003 

1630 0.1110 0.037 ± 0.002 0.036 ± 0.001 

987 0.1871 0.003 ± 0.000 0.002 ± 0.001 

967 0.8697 0.037 ± 0.002 0.037 ± 0.006 

VOO4 

3535 0.9919 0.061 ± 0.003 0.061 ± 0.004 

3430 0.0008a 0.016 ± 0.001 0.018 ± 0.000 

1718 0.4638 0.497 ± 0.044 0.470 ± 0.032 

1685 0.550 0.192 ± 0.005 0.194 ± 0.003 

1670 0.0753 0.122 ± 0.003 0.119 ± 0.001 

1630 0.5324 0.038 ± 0.001 0.037 ± 0.002 

987 0.7665 0.001 ± 0.000 0.001 ± 0.001 

967 0.0080a 0.037 ± 0.002 0.046 ± 0.004 

Note: a, significant changes. Band assignments: 3535 cm-1, alcohols; 3430 cm-1, hydroperoxides; 1718 cm-1, 

free fatty acids; 1685 cm-1, unsaturated aldehydes; 1670 cm-1, conjugated aliphatic aldehydes; 1630 cm-1, 

ketones; 987 cm-1, conjugated trans double bonds; 967 cm-1, isolated trans double bonds. 
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Table 11. t-test results (p-value < 0.05) of the studied bands at 576 h of incubation at 

dark and 35 °C from the months 0–3 vs. 24–27 (fresh vs. aged oils). The mean values 

and the standard deviation of each group (fresh and aged oils) and the significant 

values are shown. 

Samples Wavenumber (cm-1) p-value Fresh Aged 

VOO1 

3535 0.6779 0.052 ± 0.001 0.054 ± 0.008 

3430 0.7529 0.022 ± 0.002 0.021 ± 0.002 

1711 0.0241a 0.435 ± 0.028 0.481 ± 0.012 

1685 0.0741a 0.199 ± 0.007 0.208 ± 0.003 

1670 0.2001 0.129 ± 0.007 0.138 ± 0.012 

1630 0.3789 0.040 ± 0.004 0.044 ± 0.008 

987 0.0053a 0.004 ± 0.000 0.003 ± 0.000 

967 0.0102 0.038 ± 0.002 0.042 ± 0.001 

VOO2 

3535 0.7281 0.059 ± 0.002 0.061 ± 0.006 

3430 0.2904 0.021 ± 0.004 0.019 ± 0.000 

1711 0.0203a 0.480 ± 0.022 0.517 ± 0.008 

1685 0.8064 0.209 ± 0.015 0.211 ± 0.006 

1670 0.5973 0.134 ± 0.011 0.131 ± 0.003 

1630 0.3515 0.043 ± 0.005 0.041 ± 0.002 

987 0.4728 0.002 ± 0.001 0.004 ± 0.005 

967 0.0001a 0.041 ± 0.001 0.049 ± 0.001 

VOO3 

3535 0.6615 0.047 ± 0.002 0.048 ± 0.003 

3430 0.0001a 0.021 ± 0.001 0.016 ± 0.001 

1711 0.9922 0.490 ± 0.026 0.490 ± 0.028 

1685 0.2317 0.207 ± 0.008 0.200 ± 0.005 

1670 0.6167 0.132 ± 0.006 0.129 ± 0.010 

1630 0.0853 0.045 ± 0.004 0.039 ± 0.003 

987 0.4996 0.002 ± 0.001 0.004 ± 0.005 

967 0.8979 0.046 ± 0.001 0.047 ± 0.002 

VOO4 

3535 0.4766 0.066 ± 0.004 0.076 ± 0.027 

3430 0.3009 0.026 ± 0.004 0.039 ± 0.024 

1711 0.7964 0.485 ± 0.063 0.495 ± 0.043 

1685 0.7987 0.219 ± 0.008 0.221 ± 0.015 

1670 0.2336 0.142 ± 0.016 0.155 ± 0.011 

1630 0.4949 0.050 ± 0.008 0.053 ± 0.005 

987 0.3159 0.013 ± 0.012 0.005 ± 0.006 

967 0.4047 0.049 ± 0.004 0.046 ± 0.005 

Note: a, significant changes. Band assignments: 3535 cm-1, alcohols; 3430 cm-1, hydroperoxides; 1718 cm-1, 

free fatty acids; 1685 cm-1, unsaturated aldehydes; 1670 cm-1, conjugated aliphatic aldehydes; 1630 cm-1, 

ketones; 987 cm-1, conjugated trans double bonds; 967 cm-1, isolated trans double bonds. 
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Table 12. t-test results (p-value < 0.05) of the studied bands at 576 h of incubation at 

400 lx and 23 °C from the months 0–3 vs. 24–27 (fresh vs. aged oils). The mean values 

and the standard deviation of each group (fresh and aged oils) and the significant 

values are shown. 

Samples Wavenumber (cm-1) p-value Fresh Aged 

VOO1 

3535 0.0392a 0.116 ± 0.025 0.083 ± 0.006 

3430 0.0031a 0.172 ± 0.026 0.103 ± 0.013 

1711 0.0759a 0.604 ± 0.101 0.494 ± 0.016 

1685 0.0181a 0.246 ± 0.020 0.213 ± 0.003 

1670 0.0830a 0.186 ± 0.041 0.144 ± 0.003 

1630 0.1314 0.075 ± 0.027 0.051 ± 0.004 

987 0.0131a 0.015 ± 0.005 0.012 ± 0.008 

967 0.5363 0.075 ± 0.014 0.050 ± 0.003 

VOO2 

3535 0.7548 0.079 ± 0.024 0.084 ± 0.009 

3430 0.2367 0.113 ± 0.055 0.071 ± 0.031 

1711 0.2873 0.462 ± 0.034 0.501 ± 0.056 

1685 0.3551 0.206 ± 0.008 0.216 ± 0.017 

1670 0.7004 0.137 ± 0.007 0.140 ± 0.013 

1630 0.2922 0.042 ± 0.007 0.048 ± 0.009 

987 0.3374 0.011 ± 0.006 0.017 ± 0.010 

967 0.0278a 0.053 ± 0.006 0.043 ± 0.008 

VOO3 

3535 0.0006a 0.101 ± 0.010 0.063 ± 0.007 

3430 0.0000a 0.229 ± 0.008 0.058 ± 0.019 

1711 0.0018a 0.591 ± 0.033 0.485 ± 0.023 

1685 0.0069a 0.235 ± 0.014 0.205 ± 0.005 

1670 0.0000a 0.187 ± 0.007 0.136 ± 0.006 

1630 0.0237a 0.062 ± 0.009 0.047 ± 0.004 

987 0.0004a 0.023 ± 0.006 0.002 ± 0.001 

967 0.0000a 0.098 ± 0.008 0.050 ± 0.004 

VOO4 

3535 0.6642 0.063 ± 0.007 0.065 ± 0.004 

3430 0.0867a 0.047 ± 0.015 0.031 ± 0.002 

1711 0.1751 0.460 ± 0.068 0.593 ± 0.160 

1685 0.0549a 0.211 ± 0.004 0.218 ± 0.005 

1670 0.1486 0.129 ± 0.012 0.168 ± 0.045 

1630 0.0766a 0.039 ± 0.006 0.066 ± 0.025 

987 0.4988 0.005 ± 0.004 0.003 ± 0.001 

967 0.6900 0.050 ± 0.007 0.048 ± 0.001 

Note: a, significant changes. Band assignments: 3535 cm-1, alcohols; 3430 cm-1, hydroperoxides; 1718 cm-1, 

free fatty acids; 1685 cm-1, unsaturated aldehydes; 1670 cm-1, conjugated aliphatic aldehydes; 1630 cm-1, 

ketones; 987 cm-1, conjugated trans double bonds; 967 cm-1, isolated trans double bonds. 
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Table 13. t-test results (p-value < 0.05) of the studied bands at 576 h of incubation at 

400 lx and 35 °C from the months 0–3 vs. 24–27 (fresh vs. aged oils). The mean values 

and the standard deviation of each group (fresh and aged oils) and the significant 

values are shown. 

Samples Wavenumber (cm-1) p-value Fresh Aged 

VOO1 

3535 0.0315a 0.137 ± 0.059 0.054 ± 0.001 

3430 0.0058a 0.159 ± 0.062 0.029 ± 0.000 

1711 0.3556 0.597 ± 0.092 0.550 ± 0.009 

1685 0.0019a 0.295 ± 0.039 0.192 ± 0.003 

1670 0.2255 0.184 ± 0.155 0.155 ± 0.008 

1630 0.2119 0.074 ± 0.028 0.054 ± 0.004 

987 0.0251a 0.011 ± 0.005 0.003 ± 0.003 

967 0.0184a 0.065 ± 0.012 0.046 ± 0.001 

VOO2 

3535 0.0711a 0.176 ± 0.097 0.069 ± 0.006 

3430 0.0002a 0.155 ± 0.031 0.028 ± 0.003 

1711 0.0111a 0.631 ± 0.047 0.536 ± 0.024 

1685 0.0175a 0.285 ± 0.043 0.215 ± 0.007 

1670 0.0407a 0.248 ± 0.081 0.142 ± 0.0118 

1630 0.0461a 0.124 ± 0.060 0.049 ± 0.006 

987 0.0956a 0.011 ± 0.009 0.002 ± 0.001 

967 0.0031a 0.065 ± 0.001 0.054 ± 0.005 

VOO3 

3535 0.0000a 0.156 ± 0.012 0.048 ± 0.002 

3430 0.0000a 0.224 ± 0.010 0.029 ± 0.002 

1711 0.0022a 0.676 ± 0.059 0.512 ± 0.024 

1685 0.0000a 0.276 ± 0.008 0.205 ± 0.002 

1670 0.0004a 0.203 ± 0.017 0.136 ± 0.007 

1630 0.0005a 0.076 ± 0.008 0.046 ± 0.003 

987 0.0000a 0.023 ± 0.002 0.004 ± 0.003 

967 0.0000a 0.120 ± 0.007 0.049 ± 0.004 

VOO4 

3535 0.4508 0.066 ± 0.010 0.074 ± 0.019 

3430 0.0207a 0.067 ± 0.030 0.021 ± 0.001 

1711 0.1724 0.591 ± 0.120 0.497 ± 0.021 

1685 0.1066 0.220 ± 0.018 0.203 ± 0.006 

1670 0.0995 0.162 ± 0.036 0.127 ± 0.006 

1630 0.1566 0.055 ± 0.019 0.040 ± 0.002 

987 0.0629 0.007 ± 0.010 0.007 ± 0.006 

967 0.0252a 0.060 ± 0.008 0.046 ± 0.005 

Note: a, significant changes. Band assignments: 3535 cm-1, alcohols; 3430 cm-1, hydroperoxides; 1718 cm-1, 

free fatty acids; 1685 cm-1, unsaturated aldehydes; 1670 cm-1, conjugated aliphatic aldehydes; 1630 cm-1, 

ketones; 987 cm-1, conjugated trans double bonds; 967 cm-1, isolated trans double bonds.



 

 

 

 
Figure 1. Correlation matrix of chemical parameters and mesh cell-FTIR spectral band assigned to hydroperoxides (3430 cm-1) determined in VOO1. 

Note: “ROOH Light” and “ROOH Light and heat” mean the intensities of the band after 576 h of incubation at 400 lx and 23 °C, and 400 lx and 35 

°C, respectively; “ROOH 0 h” means the band intensity of the oil before incubation (time 0 h). High negative and positive correlations are 

highlighted with red and blue colours respectively.  

Storage time 1.00

PV 0.98 1.00

FFA 0.97 0.96 1.00

K270 0.80 0.87 0.85 1.00

K232 0.74 0.84 0.76 0.92 1.00

Mf -0.99 -0.96 -0.96 -0.76 -0.69 1.00

Md 0.92 0.89 0.85 0.65 0.62 -0.95 1.00

Pheophytin a -0.74 -0.72 -0.81 -0.85 -0.64 0.71 -0.57 1.00

Pyropheophytin a -0.63 -0.53 -0.64 -0.35 -0.21 0.65 -0.57 0.50 1.00

Total phenols -0.97 -0.94 -0.97 -0.78 -0.65 0.98 -0.91 0.78 0.73 1.00

Hydroxytyrosol 0.98 0.96 0.97 0.85 0.73 -0.97 0.89 -0.82 -0.66 -0.99 1.00

Tyrosol 0.99 0.98 0.97 0.83 0.75 -0.97 0.91 -0.77 -0.60 -0.97 0.98 1.00

Vainillic acid -0.38 -0.32 -0.31 0.02 -0.14 0.38 -0.33 -0.05 0.47 0.32 -0.24 -0.32 1.00

Vainillin -0.98 -0.96 -0.92 -0.75 -0.71 0.96 -0.91 0.66 0.64 0.96 -0.95 -0.98 0.46 1.00

p-coumaric acid -0.90 -0.88 -0.85 -0.65 -0.71 0.87 -0.79 0.58 0.48 0.80 -0.81 -0.87 0.58 0.88 1.00

Hydroxytyrosol acetate -0.99 -0.96 -0.97 -0.84 -0.73 0.98 -0.91 0.81 0.67 0.99 -1.00 -0.99 0.30 0.96 0.83 1.00

3,4-DHPEA-EDA -0.98 -0.95 -0.96 -0.80 -0.68 0.98 -0.92 0.78 0.70 1.00 -0.99 -0.98 0.29 0.96 0.80 1.00 1.00

p-HPEA-EDA -0.96 -0.91 -0.95 -0.75 -0.61 0.97 -0.91 0.77 0.76 1.00 -0.98 -0.96 0.33 0.94 0.78 0.98 0.99 1.00

Pinoresinol 0.99 0.97 0.95 0.79 0.72 -0.97 0.94 -0.73 -0.60 -0.97 0.98 0.99 -0.31 -0.97 -0.86 -0.98 -0.98 -0.96 1.00

Cinnamic acid -0.48 -0.40 -0.44 -0.01 -0.03 0.53 -0.49 0.03 0.60 0.51 -0.39 -0.43 0.81 0.53 0.52 0.43 0.46 0.53 -0.42 1.00

Acetoxypinoresinol -0.80 -0.86 -0.86 -0.98 -0.91 0.78 -0.66 0.86 0.36 0.78 -0.85 -0.82 0.01 0.74 0.67 0.83 0.80 0.75 -0.78 0.06 1.00

3,4-DHPEA-EA -0.98 -0.95 -0.97 -0.79 -0.67 0.98 -0.91 0.78 0.72 1.00 -0.99 -0.98 0.31 0.96 0.81 0.99 1.00 0.99 -0.97 0.48 0.79 1.00

p-HPEA-EA -0.60 -0.55 -0.62 -0.27 -0.26 0.61 -0.46 0.32 0.66 0.60 -0.53 -0.53 0.68 0.58 0.66 0.54 0.55 0.61 -0.50 0.83 0.33 0.58 1.00

Luteolin -0.98 -0.96 -0.97 -0.85 -0.73 0.97 -0.91 0.81 0.65 0.99 -1.00 -0.99 0.26 0.95 0.80 1.00 1.00 0.98 -0.98 0.41 0.84 0.99 0.52 1.00

Apigenin -0.98 -0.97 -0.97 -0.85 -0.74 0.97 -0.91 0.80 0.63 0.99 -0.99 -0.99 0.27 0.96 0.81 1.00 0.99 0.98 -0.98 0.43 0.84 0.99 0.52 1.00 1.00

Tocopherols -0.92 -0.93 -0.93 -0.92 -0.85 0.89 -0.77 0.88 0.45 0.88 -0.92 -0.93 0.21 0.87 0.86 0.92 0.89 0.85 -0.91 0.23 0.92 0.89 0.45 0.92 0.92 1.00

Hexanal -0.95 -0.92 -0.90 -0.74 -0.71 0.91 -0.94 0.69 0.56 0.91 -0.92 -0.93 0.29 0.90 0.87 0.93 0.92 0.90 -0.96 0.36 0.75 0.92 0.46 0.92 0.92 0.87 1.00

(E )-2-Hexenal -0.97 -0.95 -0.96 -0.86 -0.76 0.96 -0.84 0.85 0.63 0.96 -0.98 -0.97 0.24 0.93 0.83 0.98 0.97 0.95 -0.97 0.33 0.86 0.97 0.48 0.98 0.98 0.94 0.95 1.00

Nonanal 0.86 0.75 0.78 0.47 0.40 -0.87 0.84 -0.6 -0.69 -0.84 0.80 0.82 -0.50 -0.84 -0.84 -0.82 -0.82 -0.84 0.84 -0.57 -0.48 -0.84 -0.59 -0.80 -0.80 -0.72 -0.86 -0.79 1.00

ROOH Light -0.40 -0.37 -0.53 -0.64 -0.37 0.38 -0.20 0.87 0.50 0.51 -0.54 -0.44 -0.23 0.32 0.19 0.51 0.50 0.51 -0.38 -0.13 0.66 0.50 0.18 0.52 0.50 0.57 0.32 0.55 -0.24 1.00

ROOH Light and heat -0.75 -0.74 -0.82 -0.84 -0.65 0.72 -0.58 0.98 0.49 0.78 -0.83 -0.78 0.00 0.68 0.59 0.81 0.79 0.77 -0.74 0.05 0.86 0.79 0.35 0.82 0.80 0.87 0.69 0.85 -0.56 0.83

ROOH 0 h 0.92 0.88 0.88 0.75 0.65 -0.89 0.77 -0.72 -0.70 -0.91 0.92 0.91 -0.41 -0.94 -0.83 -0.92 -0.91 -0.91 0.89 -0.49 -0.75 -0.91 -0.59 -0.90 -0.91 -0.87 -0.81 -0.89 0.80 -0.48

S
to

ra
g

e
 t

im
e

P
V

F
F

A

K
2
7
0

K
2
3
2

M
f

M
d

P
h

e
o

p
h

y
ti

n
 a

P
y
ro

p
h

e
o

p
h

y
ti

n
 a

T
o

ta
l 

p
h

e
n

o
ls

H
y
d

ro
x
y
ty

ro
s
o

l

T
y
ro

s
o

l

V
a
in

il
li

c
 a

c
id

V
a
in

il
li

n

p
-c

o
u

m
a
ri

c
 a

c
id

H
y
d

ro
x
y
ty

ro
s
o

l 
a
c
e
ta

te

3
,4

-D
H

P
E

A
-E

D
A

p
-H

P
E

A
-E

D
A

P
in

o
re

s
in

o
l

C
in

n
a
m

ic
 a

c
id

A
c
e
to

x
y
p

in
o

re
s
in

o
l

3
,4

-D
H

P
E

A
-E

A

p
-H

P
E

A
-E

A

L
u

te
o

li
n

A
p

ig
e
n

in

T
o

c
o

p
h

e
ro

ls

H
e
x
a
n

a
l

(E
)-

2
-H

e
x
e
n

a
l

N
o

n
a
n

a
l

R
O

O
H

 L
ig

h
t

01.0 -1.0



 

 

 

Figure 2. Correlation matrix of chemical parameters and mesh cell-FTIR spectral band assigned to hydroperoxides (3430 cm-1) determined in VOO2. 

Note: “ROOH Light” and “ROOH Light and heat” mean the intensities of the band after 576 h of incubation at 400 lx and 23 °C, and 400 lx and 35 

°C, respectively; “ROOH 0 h” means the band intensity of the oil before incubation (time 0 h). High negative and positive correlations are 

highlighted with red and blue colours respectively.  

Storage time 1.00

PV 0.99 1.00

FFA 0.98 0.99 1.00

K270 0.97 0.96 0.95 1.00

K232 0.96 0.95 0.91 0.93 1.00

Mf -0.82 -0.79 -0.84 -0.84 -0.72 1.00

Md 0.90 0.90 0.93 0.89 0.84 -0.92 1.00

Pheophytin a -0.68 -0.64 -0.68 -0.72 -0.56 0.95 -0.76 1.00

Pyropheophytin a -0.50 -0.51 -0.60 -0.56 -0.46 0.72 -0.73 0.55 1.00

Total phenols -0.99 -0.99 -0.99 -0.95 -0.93 0.84 -0.94 0.69 0.57 1.00

Hydroxytyrosol 1.00 0.99 0.98 0.97 0.96 -0.83 0.91 -0.69 -0.55 -0.99 1.00

Tyrosol 0.95 0.94 0.96 0.94 0.89 -0.94 0.96 -0.82 -0.69 -0.97 0.97 1.00

Vainillic acid -0.35 -0.38 -0.33 -0.35 -0.50 0.21 -0.28 0.13 0.12 0.34 -0.32 -0.28 1.00

Vainillin -0.98 -0.97 -0.94 -0.95 -0.96 0.77 -0.84 0.67 0.39 0.95 -0.97 -0.91 0.43 1.00

p-coumaric acid 0.30 0.31 0.19 0.28 0.40 0.26 -0.07 0.35 0.38 -0.19 0.26 0.02 -0.21 -0.34 1.00

Hydroxytyrosol acetate -0.49 -0.45 -0.48 -0.52 -0.37 0.72 -0.54 0.81 0.36 0.48 -0.49 -0.61 0.01 0.53 0.38 1.00

3,4-DHPEA-EDA -0.95 -0.96 -0.97 -0.89 -0.91 0.79 -0.93 0.60 0.62 0.98 -0.96 -0.93 0.35 0.89 -0.19 0.37 1.00

p-HPEA-EDA -0.99 -0.99 -0.99 -0.94 -0.94 0.82 -0.92 0.67 0.54 1.00 -0.99 -0.96 0.33 0.95 -0.25 0.44 0.98 1.00

Pinoresinol 0.98 0.98 0.96 0.93 0.96 -0.71 0.85 -0.55 -0.45 -0.97 0.98 0.90 -0.37 -0.95 0.41 -0.34 -0.96 -0.98 1.00

Cinnamic acid -0.81 -0.81 -0.81 -0.87 -0.74 0.80 -0.86 0.68 0.57 0.81 -0.80 -0.82 0.24 0.79 -0.06 0.57 0.76 0.79 -0.74 1.00

Acetoxypinoresinol 0.84 0.84 0.84 0.76 0.83 -0.65 0.72 -0.53 -0.48 -0.84 0.86 0.82 -0.45 -0.82 0.25 -0.27 -0.83 -0.85 0.85 -0.47 1.00

3,4-DHPEA-EA -0.98 -0.98 -0.99 -0.95 -0.92 0.87 -0.94 0.74 0.56 0.99 -0.98 -0.97 0.35 0.96 -0.15 0.58 0.95 0.98 -0.94 0.84 -0.82 1.00

p-HPEA-EA -0.75 -0.74 -0.81 -0.78 -0.62 0.94 -0.87 0.89 0.72 0.78 -0.75 -0.87 0.28 0.71 0.33 0.74 0.72 0.74 -0.63 0.81 -0.61 0.84 1.00

Luteolin -0.98 -0.98 -0.98 -0.93 -0.93 0.84 -0.93 0.70 0.52 0.99 -0.98 -0.96 0.31 0.95 -0.20 0.50 0.97 0.99 -0.97 0.77 -0.85 0.98 0.76 1.00

Apigenin -0.98 -0.98 -0.98 -0.93 -0.91 0.81 -0.91 0.67 0.53 0.99 -0.98 -0.95 0.28 0.94 -0.23 0.45 0.98 0.99 -0.97 0.77 -0.86 0.97 0.74 0.99 1.00

Tocopherols -0.94 -0.92 -0.94 -0.95 -0.86 0.94 -0.93 0.87 0.61 0.94 -0.94 -0.98 0.29 0.92 -0.02 0.66 0.88 0.93 -0.86 0.88 -0.76 0.96 0.90 0.93 0.92 1.00

Hexanal 0.86 0.83 0.79 0.87 0.84 -0.56 0.66 -0.55 -0.22 -0.78 0.84 0.75 -0.34 -0.91 0.47 -0.47 -0.68 -0.79 0.81 -0.72 0.69 -0.82 -0.57 -0.78 -0.77 -0.81 1.00

(E )-2-Hexenal 0.08 0.06 0.02 0.10 0.10 0.85 -0.78 0.19 0.23 0.02 0.07 -0.06 0.03 -0.12 0.46 0.25 0.09 -0.02 0.06 -0.01 0.12 0.00 0.16 0.02 0.01 -0.01 0.46 1.00

Nonanal 0.80 0.76 0.75 0.82 0.74 -0.71 0.68 -0.69 -0.32 -0.74 0.79 0.76 -0.27 -0.83 0.18 -0.52 -0.62 -0.74 0.70 -0.72 0.65 -0.79 -0.69 -0.74 -0.71 -0.84 0.91 0.51 1.00

ROOH Light -0.30 -0.27 -0.35 -0.31 -0.16 0.75 -0.54 0.84 0.49 0.37 -0.32 -0.52 -0.05 0.25 0.72 0.70 0.32 0.33 -0.17 0.39 -0.24 0.41 0.74 0.38 0.35 0.54 -0.05 0.50 -0.27 1.00

ROOH Light and heat -0.85 -0.85 -0.90 -0.86 -0.73 0.95 -0.92 0.87 0.74 0.88 -0.86 -0.94 0.28 0.79 0.18 0.63 0.84 0.86 -0.77 0.79 -0.73 0.90 0.96 0.86 0.86 0.94 -0.62 0.15 -0.70 0.65

ROOH 0 h 0.84 0.85 0.84 0.80 0.85 -0.57 0.75 -0.35 -0.49 -0.84 0.86 0.77 -0.15 -0.80 0.42 -0.17 -0.85 -0.86 0.88 -0.58 0.75 -0.79 -0.46 -0.83 -0.84 -0.69 0.71 0.30 0.66 0.02
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Figure 3. Correlation matrix of chemical parameters and mesh cell-FTIR spectral band assigned to hydroperoxides (3430 cm-1) determined in VOO3. 

Note: “ROOH Light” and “ROOH Light and heat” mean the intensities of the band after 576 h of incubation at 400 lx and 23 °C, and 400 lx and 35 

°C, respectively; “ROOH 0 h” means the band intensity of the oil before incubation (time 0 h). High negative and positive correlations are 

highlighted with red and blue colours respectively. 

Storage time 1.00

PV 0.98 1.00

FFA 0.96 0.94 1.00

K270 0.91 0.95 0.90 1.00

K232 0.95 0.96 0.91 0.96 1.00

Mf -0.85 -0.82 -0.86 -0.81 -0.82 1.00

Md 0.83 0.79 0.78 0.77 0.79 -0.79 1.00

Pheophytin a -0.87 -0.86 -0.83 -0.86 -0.86 0.96 -0.85 1.00

Pyropheophytin a -0.50 -0.38 -0.44 -0.22 -0.40 0.39 -0.62 0.31 1.00

Total phenols -0.98 -0.96 -0.92 -0.90 -0.92 0.90 -0.89 0.93 0.48 1.00

Hydroxytyrosol 1.00 0.99 0.95 0.93 0.96 -0.88 0.86 -0.90 -0.48 -0.99 1.00

Tyrosol 1.00 0.98 0.96 0.92 0.96 -0.86 0.86 -0.88 -0.50 -0.98 1.00 1.00

Vainillic acid -0.75 -0.74 -0.69 -0.65 -0.69 0.55 -0.49 0.50 0.41 0.70 -0.73 -0.72 1.00

Vainillin -0.90 -0.90 -0.90 -0.88 -0.91 0.68 -0.68 0.66 0.43 0.81 -0.89 -0.90 0.75 1.00

p-coumaric acid -0.71 -0.72 -0.74 -0.71 -0.69 0.69 -0.43 0.71 -0.03 0.69 -0.71 -0.71 0.43 0.63 1.00

Hydroxytyrosol acetate -0.97 -0.98 -0.93 -0.97 -0.97 0.87 -0.85 0.93 0.35 0.97 -0.99 -0.98 0.67 0.86 0.74 1.00

3,4-DHPEA-EDA -0.97 -0.96 -0.91 -0.89 -0.92 0.90 -0.88 0.93 0.48 1.00 -0.98 -0.98 0.68 0.79 0.69 0.97 1.00

p-HPEA-EDA -0.96 -0.95 -0.92 -0.90 -0.92 0.91 -0.90 0.95 0.44 1.00 -0.98 -0.97 0.66 0.78 0.69 0.97 0.99 1.00

Pinoresinol 0.93 0.92 0.90 0.83 0.88 -0.69 0.64 -0.67 -0.46 -0.84 0.90 0.92 -0.74 -0.95 -0.69 -0.87 -0.84 -0.80 1.00

Cinnamic acid -0.95 -0.91 -0.88 -0.78 -0.87 0.74 -0.79 0.74 0.66 0.91 -0.94 -0.94 0.79 0.87 0.59 0.87 0.91 0.88 -0.92 1.00

Acetoxypinoresinol -0.08 -0.11 -0.03 -0.26 -0.20 0.42 -0.37 0.48 -0.06 0.26 -0.17 -0.12 -0.05 -0.14 0.09 0.24 0.27 0.31 0.20 -0.06 1.00

3,4-DHPEA-EA -0.99 -0.97 -0.93 -0.90 -0.93 0.88 -0.88 0.91 0.51 1.00 -0.99 -0.99 0.72 0.83 0.68 0.97 1.00 0.99 -0.87 0.94 0.21 1.00

p-HPEA-EA -0.94 -0.92 -0.88 -0.83 -0.86 0.91 -0.88 0.94 0.49 0.98 -0.95 -0.94 0.63 0.74 0.66 0.94 0.98 0.98 -0.79 0.89 0.28 0.98 1.00

Luteolin -0.99 -0.99 -0.92 -0.92 -0.94 0.84 -0.84 0.88 0.46 0.98 -0.99 -0.99 0.75 0.86 0.70 0.98 0.98 0.97 -0.90 0.93 0.18 0.99 0.95 1.00

Apigenin -0.95 -0.95 -0.87 -0.92 -0.95 0.85 -0.85 0.89 0.46 0.97 -0.97 -0.95 0.73 0.81 0.65 0.96 0.97 0.96 -0.82 0.89 0.35 0.97 0.92 0.98 1.00

Tocopherols -0.88 -0.93 -0.86 -0.96 -0.96 0.72 -0.71 0.80 0.24 0.84 -0.90 -0.90 0.65 0.89 0.68 0.93 0.84 0.84 -0.84 0.77 0.14 0.85 0.78 0.88 0.87 1.00

Hexanal -0.56 -0.60 -0.44 -0.69 -0.66 0.76 -0.82 0.66 0.15 0.61 -0.62 -0.59 0.43 0.55 0.44 0.67 0.61 0.61 -0.50 0.50 0.56 0.60 0.60 0.63 0.70 0.62 1.00

(E )-2-Hexenal 0.03 -0.05 0.14 -0.20 -0.11 0.69 -0.57 0.21 -0.27 0.06 -0.05 0.00 -0.05 -0.01 0.15 0.14 0.06 0.07 0.07 -0.10 0.62 0.03 0.08 0.08 0.17 0.13 0.79 1.00

Nonanal 0.76 0.73 0.83 0.67 0.67 -0.65 0.59 -0.64 -0.32 -0.73 0.73 0.75 -0.54 -0.63 -0.49 -0.70 -0.72 -0.74 0.64 -0.66 0.10 -0.73 -0.68 -0.70 -0.63 -0.65 0.02 0.55 1.00

ROOH Light -0.86 -0.84 -0.82 -0.85 -0.85 0.96 -0.86 0.97 0.39 0.93 -0.90 -0.88 0.59 0.67 0.64 0.91 0.93 0.94 -0.67 0.77 0.53 0.91 0.94 0.88 0.92 0.75 0.73 0.27 -0.57 1.00

ROOH Light and heat -0.93 -0.92 -0.90 -0.91 -0.91 0.95 -0.89 0.98 0.40 0.97 -0.95 -0.94 0.58 0.76 0.70 0.96 0.97 0.98 -0.78 0.83 0.37 0.96 0.96 0.94 0.93 0.83 0.66 0.15 -0.69 0.97 1.00

ROOH 0 h 0.81 0.76 0.74 0.69 0.78 -0.67 0.70 -0.73 -0.44 -0.80 0.80 0.81 -0.44 -0.70 -0.70 -0.78 -0.81 -0.79 0.72 -0.82 -0.06 -0.80 -0.79 -0.78 -0.76 -0.67 -0.47 -0.02 0.52 -0.71 -0.74 1.00
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Figure 4. Correlation matrix of chemical parameters and mesh cell-FTIR spectral band assigned to hydroperoxides (3430 cm-1) determined in VOO4. 

Note: “ROOH Light” and “ROOH Light and heat” mean the intensities of the band after 576 h of incubation at 400 lx and 23 °C, and 400 lx and 35 

°C, respectively; “ROOH 0 h” means the band intensity of the oil before incubation (time 0 h). High negative and positive correlations are 

highlighted with red and blue colours respectively.

Storage time 1.00

PV 0.99 1.00

FFA 0.95 0.95 1.00

K270 0.99 0.97 0.93 1.00

K232 0.93 0.90 0.91 0.95 1.00

Mf -0.90 -0.88 -0.79 -0.86 -0.85 1.00

Md 0.87 0.83 0.78 0.83 0.85 -0.96 1.00

Pheophytin a -0.60 -0.57 -0.53 -0.64 -0.58 0.39 -0.34 1.00

Pyropheophytin a -0.82 -0.83 -0.82 -0.79 -0.65 0.61 -0.57 0.75 1.00

Total phenols -0.99 -0.99 -0.95 -0.99 -0.93 0.85 -0.82 0.65 0.83 1.00

Hydroxytyrosol 1.00 0.99 0.94 0.99 0.93 -0.88 0.84 -0.64 -0.82 -1.00 1.00

Tyrosol 0.96 0.97 0.93 0.98 0.91 -0.79 0.74 -0.71 -0.85 -0.98 0.98 1.00

Vainillic acid -0.99 -0.99 -0.95 -0.99 -0.91 0.84 -0.80 0.66 0.86 0.99 -0.99 -0.99 1.00

Vainillin -1.00 -0.99 -0.94 -0.98 -0.93 0.90 -0.87 0.63 0.81 0.99 -0.99 -0.96 0.98 1.00

p-coumaric acid -1.00 -0.99 -0.94 -0.98 -0.93 0.90 -0.87 0.59 0.80 0.99 -1.00 -0.96 0.98 1.00 1.00

Hydroxytyrosol acetate -0.79 -0.79 -0.77 -0.84 -0.77 0.55 -0.49 0.88 0.82 0.84 -0.83 -0.91 0.87 0.80 0.79 1.00

3,4-DHPEA-EDA -0.99 -0.98 -0.94 -0.99 -0.93 0.85 -0.80 0.66 0.81 1.00 -1.00 -0.98 0.99 0.99 0.99 0.85 1.00

p-HPEA-EDA -0.99 -0.99 -0.94 -0.97 -0.88 0.88 -0.86 0.57 0.83 0.98 -0.99 -0.95 0.98 0.99 0.99 0.76 0.98 1.00

Pinoresinol 0.05 0.08 0.14 -0.09 -0.16 -0.11 0.21 0.47 -0.14 0.03 -0.02 -0.13 0.01 -0.02 -0.04 0.36 0.08 -0.13 1.00

Cinnamic acid -0.99 -0.99 -0.94 -0.99 -0.92 0.88 -0.84 0.63 0.82 0.99 -0.99 -0.98 0.99 0.99 0.99 0.84 0.99 0.98 0.02 1.00

Acetoxypinoresinol -0.66 -0.68 -0.62 -0.60 -0.44 0.43 -0.43 0.51 0.72 0.67 -0.66 -0.67 0.69 0.67 0.66 0.67 0.64 0.70 -0.24 0.65 1.00

3,4-DHPEA-EA -0.99 -0.99 -0.94 -0.99 -0.92 0.86 -0.82 0.66 0.83 1.00 -1.00 -0.98 0.99 0.99 0.99 0.85 1.00 0.98 0.04 0.99 0.67 1.00

p-HPEA-EA -0.73 -0.70 -0.72 -0.80 -0.87 0.56 -0.52 0.69 0.50 0.78 -0.76 -0.82 0.76 0.74 0.73 0.85 0.79 0.66 0.54 0.76 0.37 0.77 1.00

Luteolin -1.00 -0.99 -0.94 -0.98 -0.91 0.90 -0.88 0.58 0.83 0.99 -0.99 -0.96 0.99 0.99 1.00 0.79 0.98 0.99 -0.08 0.99 0.68 0.99 0.70 1.00

Apigenin -0.98 -0.97 -0.94 -0.96 -0.90 0.90 -0.90 0.56 0.82 0.97 -0.98 -0.94 0.97 0.98 0.98 0.77 0.96 0.98 -0.12 0.97 0.66 0.97 0.67 0.99 1.00

Tocopherols -0.96 -0.95 -0.93 -0.98 -0.95 0.83 -0.78 0.73 0.82 0.98 -0.97 -0.98 0.97 0.97 0.96 0.89 0.98 0.93 0.15 0.97 0.60 0.98 0.85 0.95 0.93 1.00

Hexanal 0.91 0.90 0.95 0.87 0.85 -0.66 0.61 -0.48 -0.77 -0.89 0.89 0.83 -0.88 -0.91 -0.91 -0.64 -0.88 -0.92 0.28 -0.87 -0.63 -0.88 -0.60 -0.90 -0.89 -0.86 1.00

(E )-2-Hexenal -0.98 -0.96 -0.95 -0.96 -0.95 0.78 -0.71 0.56 0.74 0.98 -0.98 -0.93 0.95 0.98 0.98 0.74 0.97 0.97 -0.04 0.96 0.62 0.97 0.75 0.97 0.95 0.95 -0.94 1.00

Nonanal 0.52 0.52 0.53 0.62 0.63 -0.26 0.18 -0.77 -0.51 -0.60 0.57 0.70 -0.62 -0.53 -0.51 -0.88 -0.62 -0.45 -0.67 -0.58 -0.33 -0.60 -0.89 -0.49 -0.47 -0.70 0.34 -0.49 1.00

ROOH Light -0.50 -0.48 -0.48 -0.60 -0.60 0.26 -0.21 0.86 0.51 0.58 -0.55 -0.67 0.59 0.52 0.50 0.89 0.59 0.44 0.68 0.56 0.40 0.58 0.86 0.48 0.44 0.69 -0.36 0.48 -0.94 1.00

ROOH Light and heat -0.71 -0.69 -0.65 -0.76 -0.72 0.47 -0.42 0.89 0.69 0.77 -0.75 -0.83 0.78 0.73 0.71 0.96 0.77 0.67 0.49 0.75 0.66 0.77 0.87 0.70 0.68 0.83 -0.54 0.68 -0.88 0.93 1.00

ROOH 0 h 0.80 0.77 0.81 0.75 0.70 -0.76 0.84 -0.30 -0.70 -0.75 0.77 0.68 -0.76 -0.79 -0.78 -0.48 -0.72 -0.82 0.42 -0.76 -0.56 -0.74 -0.36 -0.81 -0.87 -0.69 0.81 -0.78 0.13 -0.11 -0.37 1.00
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Figure 5. PARAFAC scores of the sample set (different monovarietal samples during the storage 

at moderate conditions) for the 6 components: component 1 (λex/λem 408/678 nm), component 2 

(λex/λem 293/322 nm), component 3 (λex/λem 408/668 nm), component 4 (λex/λem 300/418 nm), 

component 5 (λex/λem 280/314 nm) and component 6 (λex/λem 340/450 nm). 
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