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  Pref ace     

 Olive oil, which is perhaps the oldest reported crop in history, is the major edible oil 
of the Mediterranean countries and an important commodity in other countries such 
as New Zealand, Chile, and the USA. Olive oil is much prized for its nutritional 
benefi ts, but the highest-quality olive oil, which is obtained from fresh and healthy 
fruits without solvent extraction, is also appreciated because of its delicate and 
unique fl avor. 

 In this book, we provide a wealth of detail about all aspects of olive oil in some 
20 chapters. After an introduction to olive oil by the International Olive Council, the 
book focuses the attention on the new agricultural practices that have spread to olive 
orchards all over the world and increased olive oil yield per hectare with no loss of 
sensory and nutritional properties. This revolution in agricultural techniques is 
partly due to Mediterranean crossbreeding programs to obtain new cultivars that 
combine an optimal adaptation to high-density plantations and irrigation regimes 
with a juvenile behavior and resistance to diseases. This section of the book is fol-
lowed by an updated chapter about olive oil processing. Today, modern olive mills 
extract virgin olive oil (VOO) by means of centrifugation systems because this 
allows high-quality oils to be obtained with less production cost and energy con-
sumption. This environmentally friendly olive oil production, when combined with 
the simultaneous availability of olive by-products, is demanded by a society that is 
conscious of the need for environmental protection. Few recent agricultural and 
industrial advances would not have been possible without a better knowledge of 
biochemical, genetic, and molecular aspects of the olives that are analyzed in the 
following two chapters. The consequence is that VOO’s unique chemical composi-
tion is made not only of well-balanced fatty acids but also of a plethora of minor 
compounds, which allows chemical characterization and explains the huge variety 
of aromas, tastes, and colors that VOO can offer to consumers. Prior to describing 
the sensory assessment of VOO and the most updated developments in traceability, 
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the book analyzes, with practical examples and descriptive tables, the instrumental 
advances for the identifi cation and quantifi cation of VOO chemical composition by 
means of separative and non-separative techniques (e.g. chromatography vs. 
spectroscopy). 

 Despite the numerous in-house and offi cial methods described in the previous 
chapters, which make olive oil one of the most strictly regulated food products, it is 
still a preferred target for defrauders because of its high price and reputation among 
consumers. In the current context of the olive oil authenticity, to which a chapter is 
devoted, the purpose is to detect whether an olive oil is genuine not only to confi rm 
that it has not been spiked with cheaper edible oils, according to established limits 
for analytical parameters, but also to validate that the geographical origin and botan-
ical variety are as described on the label. 

 The demand for olive oil has increased signifi cantly due to the discovery that 
olive oil can be used as an “everyday” cooking oil by consumers. Thus, understand-
ing consumer attitudes to olive oil is crucial for the success of this market in the 
future. The acceptability depends on sensory properties, but it is also affected by 
cognitive, social, and cultural variables. The chapter about consumers is intended to 
introduce the most appropriate methods to understand how they perceive olive oil, 
and gives clues to revise opinions and consumption strategies for market prospects 
in the next decade. 

 The chemical characteristics of olive oil, one of the main ingredients of the 
Mediterranean diet, also support the unquestionable healthy food claim as a conse-
quence of the balance between mono- and polyunsaturated fatty acids and the bio-
activity of minor compounds such as phenols, squalene, and triterpenic alcohols. 
Two chapters point out facts and perspectives regarding the protective effect of olive 
oil intake on cardiovascular diseases and other pathologies, although further 
research is needed within the emergent discipline of nutrigenomics that may help in 
explaining those properties that give health benefi ts. 

 The penultimate chapter describes different steps of the refi ning process for mak-
ing olive oil fi t for consumption. The refi ning process allows the removal of color, 
odor, or fl avor of those oils that are unacceptable to consumers or the removal of 
chemical compounds that might affect olive oil stability. There is a need to devise 
possible alternative uses of the by-products obtained from the refi ning process. 
Global trends show that green products and technologies are needed and more 
efforts should be carried out in that direction. 

 The book ends with a description of the chemical composition of virgin olive oils 
from diverse cultivars that are harvested all over the world. The intention is to pro-
vide the average values of the main chemical compounds of olive oils from diverse 
olive oil–productive regions and countries and also to point out possible changes in 
the chemical composition of the same varietal olive oil when cultivated in different 
geographical regions. 

 We have strived, through the recruitment of world experts in the fi eld, to ensure 
that the book is authoritative and up to date. The importance of edible oils 
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throughout the world is predicted to increase steadily, and olive oil is no exception. 
Moreover, with the increasing perception of developed nations regarding the high 
quality of olive oil as well as its nutritional desirability, there undoubtedly will be 
more interest in its analysis. We hope that this book will prove to have widespread 
utility for such analyses and will contribute to a popular appreciation of the unique 
properties of olive oil.  

    Cardiff, UK John         Harwood   
  Sevilla, Spain  Ramón     Aparicio    

Preface
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1.1            Worldwide Economic Importance of Olive Oils 

 In the last 50 years, animal fats in all their guises have seen a rapid decrease in their 
relative share of world demand for fats and oils. Like other vegetable oils, olive oil 
has capitalised on this development, its production trebling from 1.032 million 
tonnes in 1958/1959 to around 3 million tonnes in 2009/2010, and a prevision of 3.4 
million tonnes in 2011/2012. It now accounts for approximately 3 % of the world’s 
output of vegetable fats and oils. However, this rise in production has not been 
smooth. Production increased gradually until 1994/1995, when it levelled out for 
three seasons at just over 1.8 million tonnes. At times, the crop bearing pattern of the 
olive in alternate years has had a heavy impact on production. For instance, the very 
large harvest of 1963/1964 was sandwiched between two poor harvests in 1962/1963 
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and 1964/1965. Conversely, the very low level of production in 1981/1982 was 
fl anked by two good harvests (1980/1981 and 1982/1983). The same thing occurred 
during the period between 1987/1988 and 1991/1992. After dipping slightly in 
1995/1996, world production moved up a gear in 1996/1997, when it passed the 2.5 
million tonne mark for the fi rst time ever. From then onwards, production resumed 
its upward rate of growth, albeit in fi ts and starts, until it topped three million tonnes 
in 2004/2005 and 2005/2006, and again in 2009/2010. Looking ahead to the future, 
production looks poised to continue upwards at an annual rate of close to 3 % to 
meet demand from consumers motivated more and more by the nutritional assets 
and fl avour of olive oil.  

1.2     Distribution of World Production of Olive Oils 

 Production is distributed in three groups of countries: the 27-member EU, which 
dominates world production, accounting for an average 76 % share over the past 
50 years; the 16 other current IOC member countries (Albania, Algeria, Argentina, 
Croatia, Egypt, Iran, Iraq, Israel, Jordan, Lebanon, Libya, Montenegro, Morocco, 
Syria, Tunisia and Turkey) with an average 22 %; and the rest of the world, 
with 2 %. 

 A more in-depth analysis of the situation inside the EU reveals that over 50 
years, two countries have lost in signifi cance to two others. Italy has seen its share 
of EU production shrink by an average of more than 10 points from around 40 % 
to 30 % by the end of the period. The same trend can be seen for Portugal, whose 
share has fallen from 7.3 % in the fi rst decade to no more than 1.6 % in the most 
recent 10-year period. Moving in the opposite direction, Greece’s share of EU 
production has climbed from 15 %to 20 %, although this has been dampened in 
recent years. Spain stands out as the most dynamic country over the 50 years, 
boosting its share of EU production from 43.2 % in the fi rst decade to 51.9 % in the 
last. Even so, Italy and Spain remained more or less on a par for a long time. It was 
not until the  mid- 1990s that Spain clearly raced ahead, gaining an average extra 
10-point share of EU production. In 2009/2010, this group of EU producing coun-
tries produced 2.255 million tonnes. Spain accounted for 1.401 million tonnes of 
this volume. 

 Outside the EU, but among the other current IOC members, Tunisia overshadows 
the other countries, although its slice of production is sagging in terms of 10-year 
averages (down by 7 points). The same applies to the production of the group of 
other IOC member countries comprising Argentina, Egypt, Israel, Jordan, Lebanon 
and Libya, which has decreased by 10 points albeit with a sudden spurt in the last 
decade, mainly due to the good performance of Jordan and Argentina. This ground 
has clearly been taken up by Syria (up by more than 17 points), as well as by Turkey, 
whose production has climbed by 41.2 % over the 50-year period, ranking it fi fth in 
2009/2010 behind Spain, Italy, Greece and Syria, and Morocco, whose production 
doubled in 2009/2010 to reach 160,000 t. 

J.-L. Barjol
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 Taken as a whole, these countries produced 452,300 t of olive oil on average in 
the last decade. This breakdown of production shares should not make us overlook 
the fact that within the space of 52 years, the output of all the current IOC member 
countries (excluding the EU-27) has risen from 215,000 to 722,000 t in 2009/2010. 

 Outside the IOC member countries the other non-IOC countries of signifi cance 
on the olive oil scene are Palestine, followed by Australia and Chile. Two other 
countries – Saudi Arabia and the USA – also produce olive oil, although not yet on a 
relevant scale.  

1.3     Distribution of Worldwide Consumption of Olive Oils 

 This upward trend of production has been accompanied by a similar trend in 
 consumption. The most striking characteristic is the sharp growth in the consump-
tion share of the non-IOC member countries, which accounted for more than 20 % 
of world consumption in 2009/2010. In this group, the USA has experienced the 
most spectacular consumption growth in the last 20 years. Since its level of produc-
tion is small, the USA has gradually become the leading world importer of olive oil. 
Although the EU share of world consumption has narrowed, consumption has 
recorded regular growth in Italy and Spain. The same thing has occurred in other EU 
non-producing countries. Amongst the other IOC member countries, consumption 
growth over the past 50 years has been most signifi cant in Syria, Turkey and 
Morocco, and to a lesser extent in Algeria. In most of the other countries it has 
declined over the past 20 years, whereas in Tunisia it has held steady, although with 
occasional small oscillations. In terms of per capita consumption, Syria is ranked 
fi rst in the group of non-EU member countries of the EU, followed at quite a 
 distance by Algeria. 

 This review of past trends can only encourage the IOC to keep up its promotional 
efforts to fi nd new catalysts for consumption growth in non-producing countries, 
following in the tracks of the USA. These efforts need to be accompanied by a 
policy to support consumption in traditional markets, which continue to be the main 
outlet for olive oil but where per capita consumption levels are still low except in the 
top trio of Greece, Spain and Italy.  

1.4     International Trade in Olive Oils 

 From 1981/1982 onwards (with the notable exception of 1984/1985) the profi le of 
EU exports became less jerky than previously. It traces a curve of regular growth 
marked, however, by a sudden change in scale in 1996/1997. Tunisia is the world’s 
second exporter, behind the EU. The stable volumes exported in the 1970s and 
1980s have increased considerably since then but swing extensively from year to 
year. Third place in the world export ranking goes to Turkey, whose exports have 

1 Introduction
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exceeded 50,000 t since the 1990s, although its performance is still uneven. Most 
recently, the emergence of Syria as a regular exporter is also noteworthy, as is that 
of Morocco in 2009/2010. 

 The USA has spearheaded the striking exponential growth of imports in the last 20 
years. The EU emerges as the world’s second biggest importer, although its  purchases 
fell in the 1980s and only regained their 1970s levels in the 2000s. The third biggest 
importer in the world is the group of non-producing countries (mainly Brazil, Canada 
and Japan), where imports started to move up in the 2000s. Despite producing olive 
oil, Libya was a major importer for 30 years, but now its imports are virtually nil. 

 In recent years the trend of world imports has been upwards, but tonnages remain 
very limited, standing at around 650,000 t in 2009/2010. The USA, EU-27, Brazil, 
Canada, Australia and Japan account for approximately 80 % of world imports.  

1.5     Chemical and Organoleptic Composition of Olive Oil 

 Between 98 % and 99 % of olive oil is made up of triglycerides (triacylglycerols) 
(Chap.   6    ). It also contains free fatty acids, the proportion of which is variable and 
depends on the extent of triglyceride hydrolysis. But the fatty acid composition of 
olive oil varies according to variety, climatic conditions and production location 
(Chap.   12    ). The IOC trade standards for olive oil and olive-pomace oil and the 
Codex Alimentarius food standards have fi xed the values for the distribution of the 
fatty acids in olive oil (Tables   16.6     and   16.7    ). Olive oil contains a high proportion 
of monounsaturated fatty acids. The most common percentage breakdown by type 
of fatty acid is saturated fatty acids (14 %), monounsaturated fatty acids (72 %) and 
polyunsaturated fatty acids (14 %). 

 The minor constituents of olive oil are characteristic indicators of its physico- 
chemical authenticity and lend it its distinctive sensory and biological properties:

 –    Squalene accounts for a large proportion of the terpenic hydrocarbons in olive oil 
(300–700 ppm), while beta-carotene, the biological precursor of vitamin A, is 
found in very small quantities (a few ppm);  

 –   Triterpene alcohols (24-methylene-cycloarthenol together with cycloarthenol, 
and α- and β-amyrin) are particularly important from a biological point of view. 
Erythrodiol is also important, but from the analytical angle in detecting olive- 
pomace oil;  

 –   Sterols are the analytical fi ngerprint that enables olive oil to be identifi ed, nota-
bly because its apparent β-sitosterol content accounts for less than 93 % of total 
sterols. The IOC trade standard sets the limits for sterol composition (Table  1.1 ) 
as a percentage of total sterols;

 –      Tocopherols, notably α-tocopherol or vitamin E (150–300 ppm);  
 –   Phenolic compounds with marked antioxidant properties, some of which are part 

of the distinctive fl avour of olive oil;  
 –   One hundred or so aromatic compounds, whose chemical composition varies 

according to the variety of olive, pedoclimatic conditions and quality of the oil.     

J.-L. Barjol

http://dx.doi.org/10.1007/978-1-4614-7777-8_6
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1.6     The International Olive Council and Olive Oil 
Standardisation 

 The IOC is the intergovernmental organisation responsible for administering the 
International Agreement on Olive Oil and Table Olives, which has been negotiated 
at United Nations commodity conferences. Olive oil is the only commodity in the 
fats and oils sector to have its own international accord. 

 The international agreement is open to signature by members of the United 
Nations. At present, the Council has the following members: Albania, Algeria, 
Argentina, Croatia, Egypt, the EU (Austria, Belgium, Bulgaria, Cyprus, Czech 
Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, 
Italy, Latvia, Lithuania, Luxembourg, Malta, Netherlands, Poland, Portugal, 
Romania, Slovakia, Slovenia, Spain, Sweden, United Kingdom), Iran, Iraq, Israel, 
Jordan, Lebanon, Libya, Montenegro, Morocco, Syria, Tunisia and Turkey. In addi-
tion, the council has co-operative and working ties with a large number of UN 
organisations or agencies, as well as with other intergovernmental, governmental 
and non-governmental organisations. 

 The international agreement lays down the policy that members should take on 
the standardisation of the market for olive oil, olive-pomace oil and table olives. 
Amongst other things, this involves adopting international rules to determine the 
quality of the products on sale and to monitor international trading. By signing the 
agreement, members undertake to make whatever arrangements are necessary, in 
the manner required by their legislation, to ensure the application of a number of 
principles and measures. These refer to the designations (grade names) and defi nitions 
of olive oils and olive-pomace oils, the use of the designation ̒ olive oil’, geographical 
indications, and the designations and defi nitions of table olives. 

 The application of these principles and provisions is compulsory in international 
trade and recommended in domestic trade. The members undertake to prohibit the 
use in their territories, for the purposes of international trade, of any designations that 
run counter to these principles. The Council takes whatever measures it considers 
necessary to curb unfair international competition, including by non-member states 
or their citizens. These principles and provisions are embodied in two standards: the 
trade standard applying to olive oils and olive-pomace oils and the trade standard 
applying to table olives. A list follows of the designations and defi nitions of olive oils 
and olive-pomace oils. 

   Table 1.1    Limits for sterol composition (as a percentage of total sterols) according to 
IOC Trade Standard   

 Sterols  Limits (%)  Sterols  Limits 

 Cholesterol  ≤0.5  Stigmasterol  <campesterol 
 Brassicasterol  ≤0.1 a   Δ7-stigmasterol  ≤0.5 % 
 Campesterol  ≤4.0  Apparent β-sitosterol  ≥93.0 % b  

   a ≤0.2 % for olive-pomace oils 
  b Apparent β-sitosterol comprises β-sitosterol, Δ 5 -avenasterol, Δ 5,23 -stigmastadienol, 
clerosterol, sitostanol, Δ 5-24 -stigmastadienol  

1 Introduction
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 Olive oil is the oil obtained solely from the fruit of the olive tree ( Olea europaea  
L.), to the exclusion of oils obtained using solvents or re-esterifi cation processes 
and of any mixture with oils of other kinds. It is marketed in accordance with the 
following designations and defi nitions.

•     Virgin olive oil  (VOO) is the oil obtained from the fruit of the olive tree solely by 
mechanical or other physical means under conditions, particularly thermal condi-
tions, which do not lead to alterations in the oil, and which has not  undergone any 
treatment other than washing, decantation, centrifugation and fi ltration. Virgin 
olive oil fi t for consumption as is includes the following:

 –     Extra virgin olive oil  (EVOO) is a VOO which has a free acidity, expressed as 
oleic acid, of not more than 0.8 g per 100 g and whose organoleptic characteristics 
correspond to those fi xed for this category in the trade standard.  

 –    Virgin olive oil  is a VOO which has a free acidity, expressed as oleic acid, of 
not more than 2 g per 100 g and whose organoleptic characteristics correspond 
to those fi xed for this category in the trade standard.  

 –    Ordinary virgin olive oil  is a VOO which has a free acidity, expressed as oleic 
acid, of not more than 3.3 g per 100 g and whose organoleptic characteristics 
correspond to those fi xed for this category in the trade standard.  

 –    Virgin olive oil not fi t for consumption  as is, known as  lampante virgin olive 
oil , is a VOO which has a free acidity, expressed as oleic acid, of more than 
3.3 g per 100 g or whose organoleptic characteristics correspond to those 
fi xed for this category in the trade standard. It is intended for refi ning or for 
technical purposes.     

•    Refi ned olive oil  is the olive oil obtained from VOOs by refi ning methods which 
do not lead to alterations in the initial glyceridic structure.  

•    Olive oil  is the oil consisting of a blend of refi ned olive oil and VOO fi t for 
 consumption as is.  

•    Olive-pomace oil  is the general term for the oil obtained by treating olive pomace 
with solvents, to the exclusion of oils obtained by re-esterifi cation processes and 
of any mixture with oils of other kinds. Olive pomace is the residual paste left 
over from the production of VOO. It still contains a variable proportion of oil 
(5–10 %) depending on the system used to produce the VOO. It is marketed in 
accordance with the following designations and defi nitions:

 –     Crude olive-pomace oil  is intended either for refi ning with a view to being 
used in food for human consumption or for technical purposes.  

 –    Refi ned olive-pomace oil  is the oil obtained from crude olive-pomace oil by 
refi ning methods which do not lead to alterations in the initial glyceridic 
structure.  

 –    Olive-pomace oil  is a specifi c term for the oil comprising a blend of refi ned 
olive-pomace oil and VOO fi t for consumption as is. This blend may not be 
called ʻolive oil’.       

 The IOC trade standard lays down minimum purity and quality criteria for each 
grade of olive oil and olive-pomace oil that is traded. It also lays down rules for 
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hygiene, packing and labelling and recommends methods of analysis for determining 
the various analytical parameters. 

 The methods recommended in the trade standard have been devised in one of 
three ways. Some have been developed by the ISO or IUPAC, and their applicability 
to olive oil has been checked by the group of chemists representing the laboratories 
and institutes that collaborate with the IOC in studying methods of olive oil and 
olive-pomace oil analysis. Other methods have been developed by national bodies 
and been approved by the IOC because their applicability to olive oil has been 
proven. Yet others have been drawn up in collaborative trials led by the IOC and 
approved after it has been demonstrated that their repeatability and reproducibility 
are acceptable. The latter is the case with the method for the organoleptic assessment 
of VOO and the accompanying standards on sensory analysis, general basic vocabu-
lary, tasting glass, general methodology for the organoleptic assessment of VOO, 
and the guide for the selection, training and monitoring of skilled VOO tasters. 

 The purity criteria stipulated in the trade standard are designed to detect other 
kinds of oils in olive oil and olive-pomace oil:

•    Seed oils are detected in olive oil and olive-pomace oil by calculating the difference 
between real HPLC-analysed ECN (equivalent carbon number) 42 triglyceride 
content and theoretical content assessed according to a computer program based on 
the content of C16 and C18 fatty acids in the oil when analysed by gas-chromatog-
raphy (GC)   .  

•   Other kinds of oils are identifi ed in olive oil by determining the sterol composition 
and content as well as the fatty acid composition.  

•   Refi ned vegetable oils and desterolised seed oils are detected by determining the 
stigmastadiene content and the R1 sterene ratio (stigmasta-3,5-diene/
campesta-3,5 diene); R1 is the ratio between stigmasta-3, 5-diene and campesta-3, 
5-diene. These are sterenes (hydrocarbons derived from sterols during the refi ning 
or desterolisation processes applied to vegetable oils). It can be applied when 
stigmastadiene content is more than 4 ppm in order to detect the presence of 
desterolised seed oils in refi ned olive oil, refi ned olive-pomace oil and mixes of 
these two oils with VOO.  

•   Olive-pomace oil is detected in olive oil by determining the content of C40–46 
waxes and the content of erythrodiol + uvaol.  

•   Refi ned oils are detected by determining the  trans  fatty acid content.  
•   Re-esterifi ed oils are detected by determining the content of 2-monoglyceryl 

palmitate.    

 The quality criteria specifi ed in the trade standard are intended to classify the oil 
into each of the various designations or grades, as shown in Table  1.2 .

   Where additives are concerned, the trade standard fi xes a maximum for refi ned 
olive oil, olive oil, refi ned olive-pomace oil and olive-pomace oil. This limit is 200 mg/
kg of total alpha-tocopherol in the fi nal product. Only alpha-tocopherol is authorised 
for these grades in order to replace the natural tocopherols eliminated during refi ning, 
but no additive is authorised for VOOs or crude olive-pomace oil. The trade standard 
also specifi es limits for the following contaminants: moisture and volatile matter, 
insoluble impurities, trace metals (iron and copper) and halogenated solvents.  
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1.7     Role of International Olive Council 

 Using every means and encouragement in its power, the Council is responsible for 
encouraging any action conducive to the harmonious development of the world 
olive economy in the areas of production, consumption and international trade, 
bearing in mind the way in which they are interrelated. It is a forum for discussion 
and refl ection and for reconciling the various interests in the sector in order to   :

 –    Modernise olive growing, olive oil technology and table olive processing by 
encouraging research and development to improve product quality, to lower cost 
prices, and to improve the environmental impact of the olive and olive oil 
industry;  

 –   Expand international trade, to raise consumption of olive oil and table olives, and 
to prevent and monitor any unfair competition;  

 –   Ensure regular international trading in olive oils and table olives by taking mea-
sures to strike a balance between production and consumption and to harmonise 
national laws.     

1.8     Nutritional and Health Aspects of Olive Oil. Past, 
Present and Future of Research 

 Collecting and circulating scientifi c research fi ndings on the health-related properties 
of olive oil provides key support for the campaigns to promote and expand worldwide 
consumption of olive oil. 

 Olive oil is an integral part of the cultural and culinary heritage of the 
Mediterranean countries. It is a product that is set apart by its undeniable organoleptic 
qualities as well as by its nutritional and therapeutic properties, which are being 
increasingly corroborated by science. 

 The objectives written into the International Olive Oil and Table Olive Agreement 
include implementing actions and measures to highlight the biological value of 
olive oil and table olives. 

 The beginnings of the current interest in the Mediterranean diet, characterised by 
a low content of saturated fatty acids (animal fats and palm and coconut oil) and by 
monounsaturate-rich olive oil as its main source of fat, can be traced back to Ancel 
Keys of the University of Minnesota. In 1952, Keys was struck by the low incidence 
of coronary heart disease in Naples (Keys et al.  1954 ), which led him to believe 
there was a link between dietary fat consumption, elevated cholesterol levels and 
the risk of mortality from cardiovascular disease. 

 The fi rst systematic attempt to study monounsaturate-rich diets was made in 
1953 on the island of Crete, but it was limited by the shortage of clinical and food 
composition data. The fi rst studies conducted in the 1950s and 1960s measured total 
cholesterol levels as opposed to the levels of cholesterol transported by low-density 
(LDL) and high-density (HDL) lipoproteins. This led to the conclusion that the 
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replacement of saturated fatty acids by monounsaturates did not affect serum 
 cholesterol levels and that the substitution of polyunsaturates for saturated fatty 
acids lowered cholesterol levels (Keys  1970 ). However, later advances in the deter-
mination of blood lipid profi les prompted reassessment of these results. 

 These observations about saturated-fat consumption culminated in the body of 
research known as the Seven Countries Study (Keys  1980 ), which provided major 
epidemiological evidence of the effects of fats and fatty acids on serum cholesterol 
levels. By comparing the diet of population groups in countries such as Greece, Italy, 
Yugoslavia, Finland, Japan, the Netherlands and the USA, this was the fi rst interna-
tional prospective study of its kind and a scientifi c cornerstone on the health advan-
tages of the Mediterranean diet. It was the fi rst reference of the benefi cial effects of 
olive oil and demonstrated that the incidence of cardiovascular disease amongst 
 middle-aged men on Crete was lower than expected and directly proportional to their 
total cholesterol levels. Primarily owing to their high consumption of olive oil, their 
traditional diet supplied them with a high content of total fat (40% of total daily energy) 
but a low content of saturated fatty acids. This low incidence of vascular disease was 
linked to the potentially benefi cial effects of monounsaturate- rich diets on lipoprotein 
profi les, which led to the belief that the kind of fat is what matters, not the quantity. 
Subsequent studies comparing different population groups provided further confi rma-
tion of the benefi ts of the olive-oil-rich Mediterranean diet (Kouris-Blazos et al.  1999 ; 
Kafatos et al.  1999 ; Predimed  2008 –2009; Sorriguer et al.  2009 ). 

 Schaefer et al. ( 1981 ) demonstrated that high-polyunsaturate diets (seed oils) 
 signifi cantly lowered HDL cholesterol. Mattson and Grundy ( 1985 ) reported that 
olive oil lowered serum cholesterol to the same extent as polyunsaturated fats without 
lowering HDL cholesterol, which plays a protective, anti-atherogenic role by 
encouraging the elimination of LDL cholesterol (Gordon et al.  1989 ). 

 Sirtori et al. ( 1986 ) demonstrated that, besides its effect on cholesterol and athero-
sclerosis, olive oil also has a preventive effect on thrombosis and platelet aggregation, 
whereas polyunsaturated fat has no such effect. Baggio et al. ( 1988 ) demonstrated that 
olive oil could be used as an alternative to polyunsaturates for controlling hypercho-
lesterolaemia. There is growing awareness that regular intake of large quantities of n-6 
(omega-6) polyunsaturated fatty acids may not be healthy since it may cause increased 
risk of certain non-cardiovascular diseases. Such intake has been reported to encour-
age cancer formation in experimental animals, to alter cell membrane composition, to 
lower HDL levels and, possibly, to heighten the risk of gallstones (Mattson and Grundy 
 1985 ). Conversely, high intakes of olive oil are not harmful; they lower serum LDL-
cholesterol levels but do not lower HDL levels, which they may even raise (Mattson 
and Grundy  1985 ; Keys  1970 ). 

 Numerous teams of researchers in Europe, Australia and North America have 
further documented these results. At the same time, they discovered additional 
advantages of olive oil such as its antioxidant effects stemming from the minor com-
ponents present in its unsaponifi able fraction [e.g. vitamins, phenolics (hydroxytyrosol), 
fl avonoids) (Cicerale et al.  2009a ; Dessi et al.  2009 ; Katan et al.  2001 ; Reaven et al. 
 1993 ; Ruiz-Gutiérrez et al.  1996 ; Visoli and Galli  2003 ; Galli et al.  2000 ; Manna 
et al.  2000 ; Visioli et al.  2002 ; Zappia et al.  2000 ). The polyphenols in VOO may 
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function in vivo as protective antioxidants by exerting a protective effect against LDL 
oxidation; it is well known that oxidised LDLs are atherogenic, whereas normal ones 
are not (Katan et al.  1995 ; Covas et al.  2000 ; Fito et al.  2000 ). 

 Other oils have high monounsaturate content but contain smaller quantities of 
these polyphenols. There are oils that are rich in oleic acid, such as rapeseed and 
saffl ower oil and a special variety of sunfl ower oil, but they all necessarily must be 
refi ned before being eaten. As a result, they do not taste as pleasant as olive oil and 
are used less often for dressings. Olive oil (virgin) is the only oil that can be eaten 
as soon as it is extracted without refi ning or industrial processing, which helps it to 
retain innumerable substances, antioxidants and vitamins that add to its nutritional 
value. The monounsaturated fatty acids in olive oil make it more resistant to heat 
than the polyunsaturated fatty acids, which degrade more easily because they have 
additional double bonds in their molecules. Consequently, olive oil can be reused 
for frying without its fatty acids undergoing hydrogenation or isomerisation pro-
cesses that cancel out its benefi cial effects on lipid metabolism. It is the lightest and 
tastiest fat for frying (Choe and Min  2007 ). 

 Psaltopoulou et al. ( 2004 ) have studied blood pressure and observed that it was 
signifi cantly lower when olive oil was consumed regularly, thus confi rming the data 
reported by other researchers (Williams et al.  1987 ). Ferrara et al. ( 2000 ) reported 
that the use of olive oil decreased the dosage of drugs required to lower blood 
pressure. 

 An olive-oil-rich diet is not only a good alternative in the treatment of diabetes 
mellitus (Bonanome et al.  1991 ); it can also prevent or slow down the onset of the 
disease. It prevents insulin resistance and its possible harmful consequences 
(Tierney and Roche  2007 ) and raises HDL cholesterol and lowers blood triglycer-
ides (Lerman-Garber et al.  1994 ). In addition, it ensures better control of glucose in 
the blood (Garg  1998 ) and lowers blood pressure (Rasmussen et al.  1993 ). Olive oil 
signifi cantly improves cell glucose utilisation and lowers triglycerides, and it 
is more pleasing to the palate than a high-carbohydrate diet containing the same 
amount of fi bre. 

 Epidemiological studies also suggest that olive oil has a protective effect against 
some types of malignant tumours (e.g. breast, prostate, endometrial, digestive tract) 
(Trichopoulou et al.  1995 ,  1997 ,  2000 ,  2003 ; La Vecchia et al.  2000 ; Menendez et al. 
 2009 ). It adds to the palatability of vegetables, pulses and greens, whose benefi cial 
effects in the prevention of cancer have been amply proven (Willett and Trichopoulos 
 1996 ; WCRF  1997 ). 

 Olive oil has been shown to strengthen the immune system against external 
attacks caused by micro-organisms such as bacteria and viruses (Peck et al.  1996 , 
 2000 ). A research team at the University of Athens led by Athena Linos found that 
regular olive oil consumption reduces the risk of developing rheumatoid arthritis. 
Although the mechanism is not yet clear, the authors state that antioxidants are 
believed to be behind this benefi cial effect (Spinella et al.  2009 ). Olive oil is rich in 
vitamin E, which plays a positive biological role in removing free radicals, which 
are the molecules involved in certain chronic diseases and in the ageing process. 
Hence, olive oil is believed to play a part in increasing life expectancy. 
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 Owing to its high vitamin E and antioxidant content, olive oil has a protective, 
toning effect on the skin, which is why it is believed to be especially suited for 
 preventing the appearance of skin lesions (Viola et al.  2009 ). 

 Olive oil appears to play a favourable part in bone calcifi cation, and high 
 consumption improves bone mineralisation (Laval-Jeantet et al.  1987 ) and is believed 
to prevent osteoporosis. According to recent research (Solfrizzia et al.  2005 ), it prevents 
the cognitive loss associated with age, some types of dementia and neurodegenerative 
diseases such as Alzheimer’s disease (Klein et al.  2009 ) or multiple sclerosis 
(Materljan et al.  2009 ). 

 Olive oil is the fat that is best digested and absorbed; it has excellent properties 
in this respect and a mild laxative effect that helps to combat constipation (Yadollahi 
et al.  2011 ). In confi rmation of this, olive oil promotes the discharge of bile from the 
system and emptying of the gallbladder, and Grataroli et al. ( 1985 ) agreed regarding 
its utility in treating gallbladder disease and considered it a ʻfood medicineʼ. To 
conclude, owing to its effective action on the tonus and activity of the gallbladder, 
olive oil is conducive to lipid digestion because it is emulsifi ed by the bile and pre-
vents the appearance of cholesterol gallstones. 

 Olive oil is a very healthy nutrient that has a high calorie value, which might make 
one think that its consumption encourages obesity. Experience shows, however, that 
Mediterranean peoples, who consume the most olive oil, suffer less from obesity 
than do peoples in English-speaking countries. It has been proven that, when com-
pared with a low-fat diet, an olive oil diet leads to greater and more lasting weight 
loss. It is tolerated better because it tastes good and makes eating vegetables more 
enjoyable (Sacks  2002 ; Estruch et al.  2009 ; Sorriguer et al.  2009 ). Aspects of nutri-
tion are covered further in Chaps.   17     and   18    . 

 When carrying out its work to encourage and fi nance scientifi c research into the 
medical and nutritional properties of olive oil, the IOC has tried to adapt to and move 
with the medical community and the times. The gateway to researching the further 
effects of olive oil is still open to new discoveries providing scientifi c corroboration 
of the healthy properties it is believed to have.  

1.9     Other Effects of Olive Oil 

 Olive oil has many attributes, a large number of which were initially sensed 
 empirically. Many of today’s diseases have to contend with an enemy in this ʻliquid 
gold’, especially VOO. 

 Recent research conducted by the University of Granada and the Instituto Carlos III 
Charles III Institute in Madrid discovered that maslinic acid, which is extracted from 
the olive, might act as an inhibitor of the AIDS virus. Maslinic acid hinders the spread 
of HIV by inhibiting the action of an enzyme (serine-protease) that uses the virus to 
burst the cell walls in which it is established and to spread to new cells. This acid may 
also have a positive effect in the control of malaria by acting as an anti- infl ammatory 
agent, neuronal activator or liver protector. 

1 Introduction
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 An olive oil component, dubbed oleocanthal, which inhibits cyclo-oxygenase 
(COX) like ibuprofen, provides relief from pain and infl ammation. It was estimated 
that 50 g of extra VOO, equivalent to the daily intake in the Mediterranean diet, 
were equivalent to 9 mg of ibuprofen. However, other researchers (Beauchamp et al. 
 2005 ; Cicerale et al.  2009b ), working on the basis of the stinging properties shared 
by extra VOO with ibuprofen, wondered whether these two compounds might also 
share the capacity to relieve infl ammation. 

 Olive oil helps to absorb certain substances that are benefi cial for the body such 
as the omega-3 fatty acids in fi sh or lycopene in tomatoes. When it is eaten with 
these foods, it is twice as benefi cial because it improves their bioavailability. It also 
exerts a synergistic effect with garlic and onions. In addition, the vitamin C in 
oranges has a complementary effect with the vitamins E and A in olive oil. The 
World Health Organisation recommends a breakfast of milk + orange juice + a slice 
of toast with olive oil for a healthy start to the day. 

 Olive oil, especially VOO, produces a lining on the stomach owing to the fat- soluble 
vitamins it contains (E and A). It is also an ideal carrier for omeprazole in the body, the 
drug used to treat gastroduodenal ulcers and hiatal hernias. 

 In skin cosmetics olive oil is being used increasingly in the manufacture of soaps, 
creams and other products and in the treatment of skin disorders (e.g. dermatitis, 
acne, psoriasis) and burns. 

 Studies released by the University of Sydney and the Eye Research Centre 
Australia recently showed that the acid- and antioxidant-rich composition of extra 
VOO prevents macular degeneration of the eye, the second most common cause of 
blindness in the elderly after diabetes (Chong et al.  2009 ). 

 The US Food & Drug Administration (FDA) recommends consuming 23 g of 
olive oil daily.  

1.10     Looking Ahead 

 The dissemination of what is known about the healthy effects of eating olive oil has 
been decisively effective in increasing consumption. That is why it is so worthwhile 
to publicise this knowledge through information and promotional events. 

 The IOC tracks, compiles, processes, updates and circulates international studies 
and research fi ndings on the nutritional and health-promoting aspects of olive oil. 
This updated source of scientifi c information is then used as the basis for the ongoing 
production and review of promotional messages and the production of scientifi c 
information. 

 Another challenge the IOC has set itself is to interweave all the aspects of the 
product. The aim is to customise scientifi c information to the idiosyncrasies of each 
country. When designing the focus of campaigns, the IOC takes into account the 
prevalence of specifi c diseases and the proven effect of olive oil in preventing those 
diseases which are of extensive concern to the population. For instance, faced with 
the serious problem of child and adult obesity in developed countries, promotion 
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centres on the use of olive oil as the choice fat for preventing obesity and its associated 
risk factors. 

 The objective pursued by the IOC has been – and always will be – to provide 
 extensive, confi rmed information on the acknowledged sensory, gastronomic, nutri-
tional and health attributes of olive oil. That information must be true, based on scientifi c 
evidence and readily accessible to the layperson.     
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2.1            Introduction 

 The primary goal of olive oil orcharding is to produce large quantities of very 
 high- quality olive oil effi ciently, economically, and consistently. This means having 
an annual production of between 1,000 and 2,000 kg of oil per hectare that receives 
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recognition from oil judges, buyers, and consumers, with the costs of production 
being well below the going price for the specifi c target market. The farmer must 
have the right climate then manipulate the choice of cultivars, tree spacing, pruning, 
fruit thinning, irrigation, fertilizing, pest control, harvest timing, and harvest method 
in order to maximize quality and keep costs low. When making these decisions, 
 having a good knowledge of the production and quality characteristics of each cul-
tivar is important. 

 To a large extent the cultivar will dictate fruit yield, oil yield, the fatty acid profi le, 
and color and fl avor characteristics based on the profi le and concentration of pig-
ments, phenols, volatiles, and other phytochemicals present. Ideally each cultivar’s 
genetic capacity would be matched to the climate, general environment, and specifi c 
farm site in order to maximize production and quality. The chosen cultivars also 
need to appeal to the ultimate buyer, so that demand and price are suffi cient to make 
a profi t. Then the agriculturist must regulate the crop load every year to have similar 
sized fruit all with good sun exposure to assure getting a good crop of oil with a 
typology that is in demand and familiar to buyers based on past fl avor profi les. 
Irrigation and, to a lesser extent tree nutrition, must be carefully managed to get 
good vegetative shoot growth for next year’s crop and reduce alternate bearing, but 
without excessive growth that shades out the tree and requires excessive pruning. 
Irrigation should also be carefully administered to avoid giving the trees too much 
water, which can dilute out the oil’s fl avor, or having excessively dry conditions, 
which can stress trees and produce extremely bitter oils. Insect and disease pests 
must be monitored and controlled in order to avoid fruit damage that could alter the 
fl avor of the oil and create defects. Harvest timing that takes into consideration 
economics and the effi ciency of fruit removal in the orchard without signifi cantly 
damaging the fruit and lowering quality, as well as selecting the most appropriate 
stage of fruit maturity, is extremely important. The ripeness of the olive has a huge 
effect on the ultimate fl avor of the oil, its keeping quality, processing extraction 
effi ciency, and health benefi ts. Lastly, the harvested fruit must be handled carefully 
and then transported and processed without delay. 

 More than 1,275 autochthonous olive cultivars have been identifi ed and charac-
terized from a wild ancestor, which is still subject to debate. Its origin is from some-
where in Mesopotamia around 5,000 years ago. It is well known that Phoenicians 
and Greeks spread the tree to Western regions. Through the centuries, farmers 
selected cultivars for their best characteristics and either propagated those trees 
directly or grafted over wild olive trees to superior selections (Bartolini et al.  1998 ). 
Olives were often planted on hillsides where annual grains might be grown but 
where irrigation water was not available for the production of more water- demanding 
tree crops or vegetables. Trees were dry-farmed and depended on seasonal rainfall 
and the water the soil held. They were planted at wide spacings to take advantage of 
larger quantities of stored soil moisture per tree. The soils were cultivated to a dust 
mulch to remove any vegetation that might compete for water. The trees received 
minimal pest control, and only natural animal-manure-based fertilizers were used. 
Cultural practices depended extensively on hand labor, especially for harvest, and 
yields were very low compared to modern standards. 

P. Vossen



21

 Expansion in olive orchard plantings around the Mediterranean Sea over the last 
150 years included the adoption of growing practices using tractor power instead 
of horses, low-cost conventional fertilizers, and broad-spectrum pesticides for 
 controlling insects, diseases, and weeds. In the last 40 years new practices have 
been continuously introduced that have brought us drip irrigation, mechanical har-
vest, and continuous-fl ow processing systems. With new varieties, irrigation, good 
pest control, harvest and handling techniques that do not damage the fruit, quick 
processing after harvest, time- and temperature-controlled extraction within a few 
hours of crushing the fruit, and stainless steel storage, a completely new “fresh” 
olive oil product has emerged. This is really the basis for high-quality olive oil 
today. Now many producers are trying to differentiate their oils in the marketplace 
based on fl avor characteristics or by promoting their oil’s healthful components 
such as its content of monounsaturated fatty acids and polyphenols. This chapter 
introduces the current production situation around the world, then provides research-
based information regarding the agronomic factors that can infl uence an oil’s qual-
ity characteristics such as cultivar, climate, soil, irrigation, fruit ripeness, and other 
farming practices.  

2.2     World Olive Oil Production and Consumption 

 Olive oil is a very complex food that is infl uenced by thousands of years of history 
and culture in southern Europe, North Africa, and the Middle East, an area that 
produces over 95 % of the world’s olive oil. More recently, several new producer 
countries, outside the Mediterranean region, have begun to produce olive oil for 
their domestic and export markets. In the modern era of olive oil production starting 
in the mid-1970s, the world produced approximately 1.2 million t of olive oil per 
year on approximately 4 million ha of land. Since then, almost 6 million additional 
ha have been planted worldwide to reach an average production of 2.74 million t of 
oil over the last 6 years. The range of production from year to year varies according 
to the natural alternate bearing cycle of the olive tree and with weather patterns that 
infl uence fruit set and crop load (Fig.  2.1 ). In 2010–2011, world production reached 
3 million t and is expected to range from approximately 2.8 to 3.3 million t of oil 
over the next few years. Typically, consumption just slightly exceeds production, 
and the difference is made up from carryover from the previous year (Fig.  2.2 ).

    Most of the world’s orchards that were developed in the 1970s to the 1990s 
were planted at very wide tree spacings of over 10 m apart in both directions, and 
the orchards were only dry-farmed (rain-fed). Some orchards, however, were 
planted to higher densities with tree spacings of approximately 6 × 3 or 7 × 4 or 8 
× 4 m apart, and many of these orchards were irrigated if water was available. 
They were quite profi table because they were higher yielding and mechanically 
harvested with trunk shakers to lower costs. In the mid-1990s some orchards were 
planted to even higher densities with tree spacings of 4 × 1.5 m apart with very 
early bearing cultivars and harvested with fast and effi cient over-the-row 
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  Fig. 2.2    Worldwide consumption of olive oil by country       

  Fig. 2.1    World production of olive oil by country       
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grape-type harvesters. All of these orchards were irrigated and provided a quicker 
return on investment. Today there are almost 10 million ha of olives with 9.0 mil-
lion (90 %) at traditional spacings (80–200 trees/ha); 900,000 ha (9 %) planted at 
medium- or high-density spacings (200–600 trees/ha); and 80,000 ha (<1 %) 
planted at super-high-density spacings (>600 trees/ha). 

 Average yields per hectare around the world under dry-farmed (rain-fed) orchard 
conditions and wide spacings range from 0.5 to 4 t of fruit/ha. The huge variability 
in production is due to the olive tree’s strong tendency toward alternate bearing 
(large crop every other year) and a strong dependence on seasonal rainfall and 
stored soil moisture to generate adequate shoot growth for the next year’s produc-
tion. Many of these orchards are on steep terrain and have large tree structures that 
cannot be harvested mechanically with trunk or canopy shakers, making them very 
marginal economically. The more modern, medium-density to high-density to 
super-high-density orchards that are irrigated can produce from 5 to 12 t of fruit/ha.

•     Spain  is the world’s largest olive oil producer country with approximately 2.4 
million ha (28 %). Approximately half of Spain’s production is consumed 
domestically, and the other half is exported. Continuous expansion of the coun-
try’s orchards has occurred since 1986 when Spain entered the EU. New orchards 
are being trained into modern systems that can be harvested mechanically. Spain 
annually produces 38–45 % of the world’s olive oil (1.2–1.5 million t), primarily 
from 24 cultivars dominated by Picual, Hojiblanca, Arbequina, Cornicabra, and 
Empeltre. Spain has just over 2,000 oil-processing mills, most of them quite 
large. Southern Spain’s Andalusia region has 63 % of the country’s olives and 
produces 83 % of the oil. In most of the olive-growing regions rainfall ranges 
from 300 to 600 mm per year (Barranco and Rallo  2000 ), and when supple-
mented with 300–400 mm of irrigation, results are quite good for production 
(Gomez del Campo and Barranco  2009 ; IOC  2011b ). 

 A recent economic study compared the costs of production in Spain between 
low-yielding, widely spaced orchards that were either mechanized or nonmecha-
nized and more modern orchards with either medium-high-density or super-high- 
density spacings that were being mechanically harvested. The results indicated a 
range of costs from $1,330 to $3,270/ha, with the more densely planted orchards 
costing the most to manage. The costs per kilogram of oil, however, ranged from 
$1.82 to $4.28/kg, with the most effi cient systems being the medium-density one 
of 200–600 trees/ha (6 × 3 to 6 × 6 m spacing), which was harvested by trunk 
shakers, and the super-high-density systems with 1,000–2,000 trees/ha harvested 
with over-the-row grape harvesters (Table  2.1 ). Spain is the largest volume pro-
ducer and tends to set world prices. Most of its dry-farmed (rain-fed) land with 
low yields is no longer economical to farm without an EU subsidy. Spain has 
many large farms that have enough volume to be solid economical units, but the 
average farm size is just over 5 ha (Cubero and Penço  2010 ).

•       Italy  is the second largest producer of olive oil with an annual production of 
approximately 0.5–0.6 million t (21 % of the world’s production) on approxi-
mately 1.1 million ha (13 %) primarily from the cultivars Coratina, Carolea, 
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Ogliarola, Frantoio, and Leccino. Italy consumes over 175,000 t of oil more than 
it produces, plus it is a large exporter of oil, hence it is the largest importing 
country. Approximately half of the 1.2 million olive farms are less than 1 ha in 
size, and consequently the costs of production are quite high and often much of 
the work is done by family members. Italy has over 6,000 mills, most of which 
are also quite small or artisanal. A cost study completed in 2009 in Calabria 
indicated that the total cost to produce olives in medium-density systems was 
$3,543–7,278/ha with a yield of 1,588 kg of oil/ha based on a mechanically har-
vested, irrigated orchard with 300–400 trees/ha (Table  2.1 ) (Baldari et al.  2009 ; 
IOC  2011b ).  

•    Greece  is the third largest producer of olive oil in the world with approximately 
0.75 million ha and an annual average production of approximately 0.36 million 
t of oil (13 %), which is approximately 100,000 t more than it consumes. Oil 
production is dominated by the Koroneiki cultivar and some Mastoides for a pol-
len source. The Peloponnesus and island of Crete are the dominant growing 
areas. Most of the orchards have been divided up into very small parcels less than 
2 ha in size. Greece has 3,248 oil-processing mills, mostly of modern continuous- 
fl ow systems (IOC  2011b ).  

•    Syria  annually produces 54,000–160,000 (average 113,000) t of olive oil on 
478,000 ha from small farms that are mostly less than 5 ha in size. There are an 
additional 100,000 ha devoted to table olives. The primary oil varieties are Zaiti, 
Sorani, Khodieri, Doebli, Dan, and Jlot. Syria has 922 oil-processing mills, of 
which half are modern centrifugal extraction systems and half are traditional 
presses (IOC  2011b ).  

•    Tunisia  has 1.67 million ha of olives for oil in 270,000 farms (72 % are less than 
10 ha) with two primary cultivars, Chetoui and Chemlali. Most of the orchards have 
only 50–60 trees/ha with an average yield of 0.8 t/ha. Total production is approxi-
mately 150,000 t annually. There are 1,674 processing mills for oil (IOC  2011b ).  

        Table 2.1    Comparative cost in US dollars ($) by country for medium-high-density and super-
high- density orchards in 2007–2011   

 Country  Land a   Establishment a   Production a   Production b  

 Australia: Med-high- density   $1,450  $26,722 c   $4,495  $1.92 
 Chile: Super-high- density   $2,000–8,500  $8,000  $1,500–2,492  $1.33–2.20 
 Italy d : Med-density  $25,000–50,000  $10,472–12,583  $3,543–7,278  $2.23–4.58 
 Spain e : Med-high- density   $25,000–50,000  $5,000–9,000  $1,330–3,270  $1.82–4.74    
 USA f : Super-high- density   $12,355–24,700  $20,933  $1,330–3,270  $1.65–3.00 

   Source : Baldari et al. ( 2009 ), CORFO ( 2008 ), Cruzat and Barrios ( 2009 ), Cubero and Penço ( 2010 ), 
IOC ( 2011a ), Ravetti ( 2011 ), Roselli and De Gennaro ( 2011 ), Vossen ( 2007 ), Vossen et al. ( 2011 ) 
  a Cost/ha 
  b Cost/kg oil 
  c Includes purchase of water rights 
  d Calabria 
  e Andalusia 
  f California, Central Valley  
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•    Turkey  produces approximately 145,000 t of olive oil on 500,000 ha of land 
 primarily from the Ayvalik cultivar. Yields per hectare are quite low due to alter-
nate bearing in dry-farmed (rain-fed) conditions (IOC  2011b ).  

•    Morocco  has 600,000 ha of olives in 400,000 farms producing approximately 
60,000–108,000 t of oil each year primarily from the Moroccan Picholine culti-
var. Many new orchards are being planted with varieties from Europe. There are 
350 modern processing plants and 16,000 traditional presses (IOC  2011b ).  

•    Portugal  has 430,000 ha devoted to olive production with farms ranging in size 
from 0.5 ha to over 200 ha, with an average size of 6.1 ha. Annual oil production 
is approximately 50,000–80,000 t primarily from the Galega Vulgar cultivar. 
Many new orchards have been planted recently to Spanish cultivars where irriga-
tion water is available. Portugal has 1,472 processing mills (IOC  2011b ).  

•    Algeria  has approximately 300,000 ha of olives of which 80 % is for oil. Oil pro-
duction ranges from approximately 50,000 to 70,000 t, with orchards typically 
yielding 2 t of fruit/ha. The main oil variety is Chemlal. There are 1,650 mills, of 
which 165 have modern continuous-fl ow processing machinery (IOC  2011b ).  

•    Jordan  notes that olives are the number one crop with just over 120,000 ha under 
production. More orchards are being planted, and production has been approxi-
mately 100,000 t of fruit yielding approximately 20,000 t of oil. The primary 
variety grown is Rasi’i (IOC  2011b ).  

•    Iran  has just over 100,000 ha of olives with a production of approximately 
61,000 t of fruit. The average yield is low for dry-farmed (rain-fed) orchards, but 
some irrigated orchards produce 13–20 t/ha. The two principal cultivars grown 
are Zard and Roghani (IOC  2011b ).  

•    Egypt  has approximately 50,000 ha of olives, 75 % of which are grown for table 
fruit, so oil production is only approximately 14,000 t of olive oil per year 
(IOC  2011b ).  

•    Lebanon  has 30,000 ha of olives, and the average farm size is 0.3 ha. Production 
ranges from 80,000 to 180,000 t per year due to alternate bearing. The main 
cultivars produced are Souri, Beladi, and Ayrouni. There are approximately 500 
oil-processing mills (IOC  2011b ).  

•    Israel  has 21,000 ha of olives, 89 % for oil producing 24,000 t of olives yielding 
approximately 4,500 t of olive oil in approximately 100 processing mills, mainly 
from the Souri and Barnea cultivars (IOC  2011b ).  

•    France  has approximately 35,000 ha of olives producing 2,000–4,500 t of olive 
oil annually from orchards with an average yield of 0.7 t/ha of fruit (IOC  2011b ).  

•    Australia  has approximately 30,000 ha of olives producing 18,000 t of oil from 
110 processing plants. Mean fruit yield is 10 t/ha, ranging from 8 to 16. Production 
is primarily from medium-density orchards and the following cultivars: Barnea: 
27 %, Frantoio: 23 %, Picual: 15 %, Manzanillo: 10 %, Coratina: 8 %, Arbequina: 
7 %, others: 10 %. Large farms harvest the fruit with giant over-the-row, custom- 
built olive harvesters (Colossus). Expansion is limited due to the scarcity and 
high cost of irrigation water. Average production costs for a medium-high- 
density orchard are approximately $4,500/ha or approximately $1.92/kg of oil 
(Table  2.1 ) (IOC  2011b ; Ravetti  2011 ).  
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•    Argentina  has approximately 100,000 ha of olives producing 30,000 t of olive 
oil (IOC  2011b ) from 83 processing mills. Approximately half of the production 
is for table olives. The primary oil cultivar grown is Arbequina, followed by 
many other minor varieties. Argentina also has its own indigenous Arauco culti-
var that is used for both table fruit and oil production.  

•    Chile  has recently planted approximately 20,000 ha of olives for oil, with 
approximately 50 % being Arbequina followed by Frantoio, Arbosana, Picual, 
and Leccino. Current oil production is approximately 8,000 t, which is projected 
to double in the next 5 years as the orchards come into bearing. Production costs 
for a super-high-density system range from $1,500 to $2,492/ha, or approxi-
mately $1.33–2.20/kg oil (Table  2.1 ) (CORFO  2008 ; Cruzat and Barrios  2009 ; 
IOC  2011b ).  

•    US  olive oil production is 99 % from California. Currently California has 
approximately 700 farmers growing 11,000 ha of olives for oil, producing 
approximately 4,000 t of oil, which represents only approximately 2 % of total 
US consumption. Production has doubled in the last 2 years and will continue to 
increase signifi cantly as new orchards come into full bearing. Average fruit 
yields are approximately 10 t/ha. Over 70 % of the production is from the culti-
var Arbequina, followed in descending order by Arbosana, Koroneiki, Frantoio, 
and Leccino. The USA is the fourth largest olive-oil-consuming country, import-
ing approximately 238,000 t per year. Production costs for the super-high- density 
system grown in the Central Valley range from $3,311 to $6,020/ha, or $1.65 to 
$3.00/kg oil; differences are mostly due to orchard size (Table  2.1 ) (IOC  2011b ; 
Vossen et al.  2007 ).     

2.3     Orchard Systems 

 The use of drip irrigation and mechanical harvesters has led to the redesign of olive 
orchards over the last 30 years. Dry-farmed (rain-fed), hand-harvested orchards 
with a traditional spacing of over 8 m between trees are no longer popular anywhere 
in the world where new orchards are being planted. Modern olive oil producers are 
planting trees at higher densities with supplemental irrigation to boost productivity 
and harvesting those trees with trunk shakers or very large over-the-row harvesters. 
The trees are normally allowed to grow approximately 4 m tall and 3–4 m wide. 
Any cultivar can be grown and managed in the medium- or high-density-system 
orchards, and with track-mounted trunk shakers they can be planted on sloped ter-
rain that will not accommodate large, top-heavy, over-the-row harvester machines. 

 The super-high-density system is designed around specifi c precocious cultivars 
that come into bearing very early and reduce the overall vegetative growth and 
size of the trees, allowing for rapid mechanized harvesting with modifi ed grape 
 harvesters, but the land must be almost fl at. The system requires more intensive 
pruning, irrigation, and fertility management in order to keep the trees productive yet 
small enough to accommodate the grape-type harvesters (approximately 3 m tall and 
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2 m wide). The more trees that are planted per hectare, the faster the orchard comes 
into full bearing, which makes this system popular for investors and nurseries selling 
trees (Civantos and Pastor  1996 ; Pastor  1994 ; Tous et al.  1999a ). 

2.3.1     Traditional 

 The old, traditional olive production system in dry-farmed (rain-fed) areas around 
the Mediterranean range in tree spacings from 8 to 18 m apart (30–156 trees/h). 
Their yields are very low (0.5–4 t/h), with a long delay before full production 
(15–40 years) and severe alternate bearing. Harvesting of trees is ineffi cient and 
expensive because it is almost always done by hand or by beating the fruit off with 
long poles onto nets. Mechanical harvesting with trunk shakers is diffi cult or impos-
sible. The positive characteristics of these orchards is that they are very beautiful 
and majestic, occupying a historical and cultural space where few other crops can 
be grown, almost like living museums. They also provide a wide range of interest-
ing oil fl avors as they represent ancient cultivars that are most likely no longer being 
planted (Civantos  2001 ; Rallo et al.  2005 ) (Fig.  2.3 ).   

2.3.2        Medium and High Density 

 The medium- and high-density production system was developed in the 1980s so 
that producers could have a more rapid return on investment compared to traditional 
systems. Many orchards have been planted at different spacing combinations, usu-
ally with the in-row spacing closer than the between-row spacing to create a hedge-
row with tree densities of approximately 250–555 trees/ha. With narrower spacings 
the trees are being trained to a modifi ed palmette by allowing free branch 

  Fig. 2.3    Classic olive tree 
orchards in Tunisia 
(Source: Author)       
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development within the row, but removing large branches if they grow perpendicular 
to the hedgerow. Some evenly spaced orchards (same distance between trees in all 
directions), planted 7–8 m apart, are being trained to the open-center form. The 
overall benefi ts have been signifi cant increases in yields per acre, usually double to 
triple what had been achieved previously with traditionally spaced orchards. The 
orchards also come into full production sooner, suffer less alternate bearing prob-
lems, and are more effi cient to harvest (Pastor  1994 ; Tous et al.  1999a ). 

 In medium- to high-density plantings, the fruit is primarily harvested with trunk 
shakers that use wrap-around, have slanted side-by-side catch frames, or use nets 
placed on the ground to capture the fruit. Late-harvest and salvage operations shake 
the fruit directly onto the ground and pick it up with large sweepers, thereby reduc-
ing harvest costs even further (Fig.  2.4 ). This system has wide adaptability and will 
accommodate almost any olive variety, soil type, terrain, or training system. On 
steep terrain where tractors and mechanical shakers cannot function, the trees can 
be harvested by hand or with various assisted hand-harvesting methods. Some large 
orchards with fl at ground are being harvested with very large over-the-row canopy 
shakers that surround the whole tree. They move down the rows without stopping, 
with vibrating rods that knock the fruit down onto belts that carry it up and over to 
a trailer moving in an adjacent row (Civantos  1998 ; Ravetti and Robb  2010 ; Vossen 
 2007 ; Zion et al.  2011 ).

   Well-managed medium- and high-density orchards in Argentina, Australia, 
Chile, Italy, Portugal, and Spain have been planted at spacings of 4 × 8, 7 × 4, or 7 
× 5 m (Fig.  2.5 ). They come into bearing in the fourth year, reaching full production 
at 6–7 years old. The establishment costs are lower than a super-high-density sys-
tem, but early yields are not as good because the trees are more vigorous, go through 
a juvenile nonproductive phase, and must grow to fi ll a larger space between trees 
in order to capture the maximum amount of sunlight. Full production, however, at 
maturity has been observed to be slightly higher (0.5 t/ha) than with the super-high-
density system because the trees are taller and capture more sunlight. An advantage 
of this system is that there is no limit to the cultivars that can be grown, which 

  Fig. 2.4    Machineries for harvesting young olives in orchards with different densities of olive 
trees. (Source: Author)       
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expands the number of oil styles and fl avors that can be targeted to specifi c markets. 
Mechanical harvesting with very large over-the-row harvesters such as the Colossus 
as well as side-by-side trunk shakers work quite well but are slower and less effi -
cient than more rapid smaller over-the-row grape-type harvesters. The long- term 
viability of these orchards has been well established at over 40 years. Compared to 
the super-high-density system, the medium- to high-density orchards cost approxi-
mately half to establish and approximately half as much to prune. The medium- and 
high-density-system orchards take approximately 2–4 more years to come into full 
bearing and cost approximately 2–3 times more to harvest with trunk shaker har-
vesters or large over-the-row harvesters compared to grape-type harvesters 
(Table  2.2 ) (Cubero and Penço  2010 ; Ravetti and Robb  2010 ; Vossen et al.  2007 , 
 2011 ; Vossen  2002 ).

2.3.3         Super-High-Density 

 Successful super-high-density olive orchards were pioneered in Spain in the mid- 
1990s and have now reached over 80,000 ha worldwide with many new plantings 
still going on. This system uses specifi c precocious varieties planted at tree spacings 
of approximately 1.0–1.5 m within the row to approximately 3–5 m between rows 
for approximately 1,655–2,990 trees/ha. The most typical spacing is 4 × 1.5 m 
(Fig.  2.6 ). The ultimate size of the trees is approximately 3 m tall and 2 m wide. The 
three best known varieties for super-high-density systems, observed to date, are 
Arbequina, Arbosana, and Koroneiki. They grow in an upright fashion, are initially 
trained in a mini central leader form, and are then allowed to develop more of a 
palmette shape, creating a narrow hedgerow. These cultivars are very precocious, 
tend to produce a good crop every year, start bearing at an early age, and have 

  Fig. 2.5     Medium-density 
olive tree (at 4 x 8) of var. 
Arbequina in Argentina 
(Source: Author)       
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excellent oil quality characteristics. However, these are not dwarf varieties and must 
be managed with defi cit irrigation, timely fertilization, and very specifi c pruning 
techniques to keep them productive and small enough to accommodate the grape-
type harvesters (Tous et al.  1999a, c ;    Tous et al.  2003 ; Vossen  2007 ).

  Fig. 2.6    Super-high-intensity 
olive tree orchard 
in California (USA) 
(Source: Author)       

    Table 2.2     Main characteristics of the orchards according to the density of their olive trees   

 Medium- to high-density  Super-high-density 

 Typical spacing (2.4 × 4.8 m to 3.3 × 6.7 m)  Typical spacing (1.2 × 3.66 m to 1.5 × 3.96 m) 
 247–840 trees/ha  1,655–2,990 trees/ha 
 Spacing matched to variety, site, and 

management 
 Spacing matched to variety, site, and 

management 
 Trees okay on deep soils with plenty of rain  Excess vigor on deep soils with plenty of rain 
 Begins bearing in fourth to fi fth year  Begins bearing in third year 
 Full production by sixth to tenth year  Full Production by fourth to fi fth year 
 Full production of 11–13 t/ha/year) 

(~20 % more) 
 Full production of 9–11 t/ha (20 % less) 

 Harvest by hand, shakers, or very large 
machines 

 Harvest with over-the-row grape harvesters 

 Harvest cost is $120–500 per ton  Harvest cost is $40 per ton (1/3 less) 
 Highest cost is harvest, ~50 % of production  Highest cost is pruning, ~25 % of production 
 Medium establishment costs (1/2 less)  High establishment costs (2 × more) 
 Periodic pruning for light management 

(1/2 cost) 
 Specifi c pruning for light management (2 × 

cost) 
 4 m high × 3 m wide – open vase to palmette  3 m high × 2 m wide – monocone to palmette 
 Controlled defi cit irrigation is helpful  Must control irrigation to keep trees small 
 Medium-intensity fertility management  Very high-intensity fertility management 
 Can use any variety (potentially higher 

value oil) 
 Must plant specifi c compact varieties 

 Can plant on any terrain  Must plant on fl at or gentle rolling terrain 
 Can delay processing with undamaged fruit  Must process fruit very quickly due to bruising 
 Can harvest in almost any weather  Heavy harvest equipment sinks in wet ground 
 Foliar diseases are more easily managed  Foliar diseases must be intensively managed 
 Proven system that has worked for 40 years  New system with only 14 years of experience 

   Source : Roselli and De Gennaro ( 2011 ), Vossen et al. ( 2007 )  
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  Fig. 2.7    Harvesting young olive trees (Source: Author)       

   The Arbequina variety has been the most widely planted variety for several years 
in both high-density and especially in super-high-density systems. The variety has 
several clones, one of which is the I-18, which in some trials came into bearing 
earlier and produced heavier yields. The Arbosana variety has fruit that looks very 
much like Arbequina, but it matures approximately 3 weeks later and has 25 % less 
vigor than Arbequina. Koroneiki is the primary oil variety of Greece and has annual 
heavy cropping and precocious bearing. It has approximately the same vigor as 
Arbequina but smaller fruit size and requires greater force for fruit removal. 

 Well-managed super-high-density orchards will bear some fruit in the second 
year, but they are normally spray thinned off with 1-Naphtaleneacetic acid (NAA) 
hormones to encourage greater growth and productivity of the third year. Full pro-
duction can be reached in the fourth or fi fth year. Early fruit yields are quite good 
but eventually taper off to approximately 9–12 t/ha. It has been observed that pro-
duction levels of approximately 9 t/ha can be maintained with this system. The 
long-term productive capacity of the super-high-density orchard system is not 
known. The main problem is maintaining light exposure to the trees’ interior cano-
pies. This system has been quite successful for investors who want a quick return on 
their investment. The high level of production early in the orchard’s life, almost 
complete mechanization (Fig.  2.7 ), and production of consumer-friendly sweet oil 
(primarily from Arbequina) have made this system very popular worldwide. The 
super-high-density system requires fairly fl at ground and requires the ability to con-
trol the trees’ vigor through pruning, fertility management, and controlled defi cit 
irrigation. A larger capital investment is needed due to the extra trees, trellis, and 
more closely spaced irrigation system. The super-high-density system also requires 
a high degree of technical skill by the farm manager because of the requirement to 
manage the size, light exposure, and increased disease susceptibility of the closely 
spaced trees (Table  2.2 ) (Vossen et al.  2007 ; Vossen  2007 ).

   Table  2.1  shows estimated production costs in Italy and Spain compared with three 
new-world production areas, Australia, Chile, and California. The analysis is from a mix 
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of super-high-density and medium-high-density orchard systems. These costs are based 
on published production cost studies in each country. Land values are quite variable 
from country to country and within country. Differences in establishment and produc-
tion costs are refl ective of each country’s labor rates, equipment costs, cultural practices, 
and oil yields per hectare.   

2.4     Cultivar Infl uence on Oil Composition and Properties 

 The amount of variability seen in the composition and properties of different olive 
oils is a complex interaction between environment (climate, temperature, rainfall, 
and soil water status), agronomic factors (crop load, shading, leaf-to-fruit ratio, 
pruning, fertility, irrigation, and fruit maturity stage), and the specifi c cultivar 
(genetics). These variables infl uence chemical compounds that explain olive oil 
color (pigments) (Chap.   7    ), aroma (volatiles) (Chap.   8    ), and taste (phenols) (Chap.   9    ) 
and determine olive oil authenticity, traceability, and characterization (e.g., fatty 
acids, sterols, and hydrocarbons) (Chaps.   6    ,   12    , and   16    ) through biochemical path-
ways and chemical reactions. Defect fl avors in olive oil, for example, can come 
from pest damage or mishandling of fruit during and after harvest that lead to fer-
mentations, but they can also occur due to poor oil-processing and storage tech-
niques. Lower-quality defective oils have a high free fatty acid percentage, peroxide 
value, or UV absorbance reading. 

 Cultivar characteristics can vary by tree vigor, productivity, precocity (Fig.  2.8 ), 
alternate bearing, cold hardiness, fl owering and maturity dates, susceptibility to cer-
tain diseases, fruit size, pit-to-pulp ratio, oil content, profi les of major and minor 
chemical compounds, and sensory characteristics. A review of the scientifi c litera-
ture from research in Spain, Italy, France, Morocco, Tunisia, Australia, and the USA 
shows that there are strong similarities in how most cultivars perform no matter 
where they are grown, but that some oil characteristics can vary signifi cantly. 
Comparative varietal studies have shown that some cultivars are consistently better 

  Fig. 2.8    Precocity of  var . 
Arbosana i-43 
(Source: Author)       

 

P. Vossen

http://dx.doi.org/10.1007/978-1-4614-7777-8_7
http://dx.doi.org/10.1007/978-1-4614-7777-8_8
http://dx.doi.org/10.1007/978-1-4614-7777-8_9
http://dx.doi.org/10.1007/978-1-4614-7777-8_6
http://dx.doi.org/10.1007/978-1-4614-7777-8_12
http://dx.doi.org/10.1007/978-1-4614-7777-8_16


33

producers than others and that many resident cultivars growing in specifi c 
 geographical locations may be there only because other cultivars have not been 
adequately evaluated and subsequently adopted over time.

   The choice of which cultivar to grow is one of the most important decisions in 
growing any horticultural crop, but it is especially important for olives that live a long 
time and take several years to come into full bearing. Historically, those long- lived 
trees gave us many traditions and a passion for certain oil styles that were produced 
and enjoyed by our ancestors. Farmer-induced selection occurred over thousands of 
years, weeding out the poor producing cultivars with fewer favorable characteristics. 
Much of that selection, however, was very local, without the benefi t of having 
included other cultivar selections from other regions or countries. Consequently, the 
real choices of cultivars were quite limited. There are over 1,200 documented olive 
cultivars in the world (Bartolini et al.  1998 ), but only approximately 30 represent the 
vast majority of the production (Vossen  2007 ) (Fig.  2.9 ). These cultivars dominate in 
specifi c growing areas due to their superior characteristics.

   Thanks to a number of comparative cultivar trials in Spain, Italy, Greece, France, 
Morocco, Argentina, and Australia that evaluated cultivars from all over the world, 
under local conditions, producers can now make rational decisions about which 
cultivars to plant. Orchard profi tability is most often infl uenced by how the cultivar 
yields and if it comes into bearing early (Vossen et al.  2007 ,  2011 ). Yield is based 
on the raw tonnage of fresh fruit produced, but also the oil content of the cultivar- 
processing techniques being used. Cultivar characteristics such as cold hardiness, 
pollination, and disease resistance might also be deciding factors (Vossen  2007 ) 
(Table  2.3 ). Oil fl avor and oxidative stability are becoming important quality char-
acteristics used to characterize virgin olive oils (VOOs). Market demand for specifi c 
oil styles and cultivars with certain characteristics can infl uence the choice of which 
cultivar to plant and grow (Romero et al.  2005 ). Finally, the differences in the pro-
duction costs from one cultivar to another can be extremely important since olives 
are a low-margin crop and money spent on cultural costs can be diffi cult to recover 
(D’Imperio et al.  2007 ; Sweeney  2005 ; Vossen  2007 ).

  Fig. 2.9    Olives from 
different cultivars       
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   Table 2.3    Primary world olive tree cultivars, including several California table olive varieties for 
comparison   

 Cultivar and origin  Oil (%) 
 Cold 
hardiness  Fruit size 

 Phenol 
content  Pollenizer varieties a  

 Arbequina, Spain  22–27  Hardy  Small  Low  Arbosana – Koroneiki 
 Aglandau, France  23–27  Hardy  Medium  Medium  Bouteillan – Picholine 
 Ascolano, Italy  15–22  Hardy  Large  Medium  Manzanillo – Mission 
 Barnea, Israel  16–26  Sensitive  Medium  Medium  Self – 

Manzanillo – Picholine 
 Barouni b , Italy  13–18  Hardy  Large  Medium  Manzanillo – 

Ascolano – Mission 
 Bosana, Italy  18–28  Hardy  Medium  High  Tondo de Cagliari – Pizzé 

Carroga 
 Bouteillan, France  20–25  Hardy  Medium  Medium  Aglandau – Melanger 

Verdale 
 Chemlali, Tunisia  26–28  Hardy  Very small  High  Chetoui 
 Coratina, Italy  23–27  Hardy  Medium  Very high  Cellina di Nardo – 

Ogliarola 
 Cornicabra, Spain  2–27  Hardy  Medium  Very high  Picual – Manzanilla 

Cacerena 
 Empeltre, Spain  18–25  Sensitive  Medium  Medium  Arbequina – Morrut 
 Frantoio, Italy  23–26  Sensitive  Medium  Medium- 

High  
 Pendolino – 

Moraiolo – Leccino 
 Farga, Spain  23–27  Hardy  Medium  Medium  Arbequina 
 Hojiblanca, Spain  18–26  Hardy  Large  Medium  Picual – Picudo  
 Kalamon, Greece  15–25  Moderate  Large  Medium  Mastoides 
 Koroneiki, Greece  24–28  Sensitive  Very small  Very high  Mastoides 
 Leccino, Italy  22–27  Hardy  Medium  Medium  Frantoio – 

Pendolino – Moraiolo 
 Manzanillo c , Spain  15–26  Sensitive  Large  High  Sevillano – Ascolano 
 Maurino, Italy  20–25  Hardy  Medium  High  Lazzero – Grappolo 
 Mission c , USA  19–24  Hardy  Medium  High  Sevillano – Ascolano 
 Moraiolo, Italy  18–28  Sensitive  Small  Very high  Pendolino – Maurino 
 Pendolino, Italy  20–25  Hardy  Medium  Medium  Moraiolo – 

Frantoio – Leccino 
 Picudo, Spain  22–24  Hardy  Large  Low  Picual – Hojiblanca 
 Picual, Spain  24–27  Hardy  Medium  Very high  Hojiblanca – Picudo 
 Picholine, France  22–25  Moderate  Medium  High  Bouteillan – Aglandau 
 Sevillano b , Spain  12–17  Hardy  Very large  Low  Manzanillo – 

Mission – Ascolano 
 Taggiasca, Italy  22–27  Sensitive  Medium  Low  Pendolino 

   Source : Barranco and Rallo ( 2000 ), Cimato et al. ( 1996 ), Griggs et al. ( 1975 ), Rallo et al. ( 2005 ),  
 Note: Most olive varieties are somewhat self-incompatible. Cultivars will usually set a better    crop 
with cross-pollination, especially under adverse weather conditions 
  a Leccino, Pendolino, Moraiolo, and Maurino are self-sterile and require a pollen source from 
another variety 
  b Barouni and Sevillano are not compatible cross pollenizers    for each other 
  c Manzanillo and Mission are not compatible cross pollenizers for each other  
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2.4.1       Cultivar: Vigor, Precocity, Alternate Bearing, and Yield 

 The productivity of a cultivar is strongly correlated with tree vigor, which is usually 
measured in shoot length, trunk diameter, and total tree size or volume. Strongly 
vigorous trees tend to have long shoot growth and a long nonproductive juvenile 
period with no fl owering or fruit set for the fi rst few years. More precocious culti-
vars have a tendency to fl ower and bear fruit at an early age. They are usually less 
vigorous because heavy early cropping moderates shoot growth. Cultivars with 
more or less vigor are typically matched to the specifi c orchard site, based on cli-
mate, soil conditions, irrigation water availability, harvest method, and desired tree 
spacing. Alternate bearing is the tendency to produce a good crop every other year 
and is a prevalent characteristic in olives. It is strongly cultivar dependent but can be 
infl uenced by cultural practices. Table  2.4  shows superior cultivars in terms of pro-
ductivity, disease resistance, cold hardiness, and oil yield.

   Researchers in northern and southern Spain have been comparing their local 
olive cultivars with introduced cultivars from Italy, Greece, France, Tunisia, Turkey, 
and Morocco (Caballero et al.  2005 ). When comparing some Italian and Spanish 
cultivars grown at 204–286 trees/ha, they found large differences in tree volumes 
(vigor), with some trees being two to three times larger than others over a 9- to 
10-year period (Del Río et al.  2005 ; Tous et al.  2005a ). In Italy a comparison 
between several local cultivars found similarities in overall growth and number of 
branches, but not in tree height or trunk diameter, which only varied by approxi-
mately 25–30 % (Caballero et al.  2005 ; Cimato  2001 ; Del Río et al.  2005 ; Tous 
et al.  2005a ). 

   Table 2.4    Superior cultivars in terms of productivity, disease resistance, 
cold hardiness, and oil yield   

 Productivity  Disease resistance  Cold hardiness  Oil yield 

 Arbequina  Arbosana  Arbequina  Arbequina 
 Arbosana  Blanqueta  Ascolano  Arbosana 
 Barnea  Bouteillan  Chemlali  Coratina 
 Blanqueta  Frantoio  Cornicaba  Empeltre 
 Coratina  Koroneiki  Hojiblanca  Frantoio 
 Hojiblanca  Leccino  Leccino  Koroneiki 
 Koroneiki  Mission  Hojiblanca 
 Leccino  Picual  Leccino 
 Manzanilla  Sevillano  Mission 
 Picual  Picual 

 Picudo 
 Taggiasca 

   Source : Vossen ( 2007 ) 
 Note: Cultivars have been ranked in alphabetic order  
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 Many studies have measured the number of years it takes for various cultivars to 
come into bearing, the yields from the fi rst few years, yields once the trees were 
mature, and yield effi ciency (kilograms of fruit per cubic meter of tree volume). In 
Cataluña, the cultivars Arbequina, Arbosana, Blanqueta, and Palomar started bear-
ing fruit in the second year, while all the other cultivars took at least a year or two 
longer, and some did not start fruiting until 5–6 years old. The yield effi ciency for 
Arbequina, Arbosana, and Joanenca were extremely high (4.0–4.8 kg fruit/m 3  of 
tree volume) compared to most other cultivars that were much lower (0.4–3.2 kg 
fruit/m 3 ). Those same cultivars also had high yields the fi rst 3 years of production 
and maintained those higher yields into the seventh to tenth years. In Andalusia, the 
yield effi ciencies ranged from 0.84 for Gordal to 5.36 kg fruit/m 3  of tree volume for 
Manzanillo. The Italian cultivar Leccino had very good yields the fi rst 3 years of 
production and into the seventh to tenth years (Del Río et al.  2005 ; Tous et al. 
 2005a ). Some researchers in Northern Spain found that selected clones of Arbequina, 
I-18 for example, were superior in production to standard Arbequina (Tous et al. 
 1999b ), while clonal comparisons in southern Spain indicated that there were no 
signifi cant differences observed between various clonal selections of Arbequina (De 
la Rosa et al.  2007 ). 

 In Australia, researchers also found Arbequina and Leccino to come into bearing 
early, along with Picual, Barnea, Hojiblanca, Koroneiki, and Manzanillo, which 
produced the highest average yield the fi rst 3 years. The Italian cultivars Leccino 
and Frantoio did not come into bearing early, but Leccino had the second highest 
production after Hojiblanca, which was followed by the third highest producing 
cultivar, Koroneiki, in the fi fth year after planting (Sweeney  2005 ). Field observa-
tion and research in Morocco evaluating the clonal selections Haouzia and Menara, 
which were selections of standard Picholine Marocaine, indicated superior produc-
tion in yield, alternate bearing, and oil content in comparison to introduced cultivars 
from Spain, Italy, Greece, and France (Boulouha  1995 ; Idrissi and Ouazzani  2003 ; 
Sweeney  2005 ). 

 Table  2.5  is a summary of several research trials conducted in different countries 
with orchards planted to medium-, high-, and super-high-density spacings with dif-
ferent cultivars. The data show that the three primary cultivars used in the super-
high- density system (Arbequina, Arbosana, and Koroneiki) planted at 1,975 trees/
ha provided the most rapid return on investment. In most cases these orchards pro-
duce more tons of fruit per hectare in the third year alone compared to the cumula-
tive production from 7–8 years with more vigorous cultivars planted in the 
medium- or high-density systems. The old wide-spacing production system planted 
at 204 trees/ha only produces approximately half of what the orchards produce at 
555 trees/ha and only a third to a quarter of the production of trees planted at 1,975 
trees/ha, after 10 years. At approximately 10 years of age, when the trees reach or 
approach full size in the medium-density system (555 trees/ha), orchard yields are 
comparable at a density of 1,975 trees/ha; it just takes approximately 2–3 years 
longer. Both systems can produce consistent yields of 9–11 t/ha and very high- 
quality olive oils.

P. Vossen
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2.4.2        Cultivar: Fruit Oil Content and Extractability 

 Oil accumulation in the olive fruit progresses rapidly from the pit-hardening stage 
linearly and very rapidly for approximately 9–17 weeks during the summer peaking 
as the fruit begins to turn color from green to yellow or purple (Chap.   4    ). The accu-
mulation pattern varies by cultivar, tree water status, and climate. Oil yield predic-
tions are diffi cult because there are so many variables, but genetics has a greater 
infl uence than environmental factors on oil content (dry weight basis) and pit-to- 
pulp ratio. Oil content on a dry weight basis has been shown to vary in Spanish and 
Italian germplasm evaluation trials with ranges from 21 % to 60 % for 104 different 
cultivars in Andalusia; a range of 30 % to 53 % for 35 cultivars in Catalonia; and 
from 21 % to 51 % for 39 cultivars in Italy (Table  2.6 ). In Australia, oil content on 
a dry weight basis ranged from 40.4 % for Hojiblanca to 61.9 % for Arbequina, 
which was the highest of all the cultivars tested. The quantity of oil in the fruit can 
also vary from year to year due to tree vigor, crop load, fruit maturity, and fruit 
moisture content.

   The industrial yield or extractability from a modern processing plant depends 
very heavily on cultivar, fruit maturity, fruit moisture content, and the processing 
system (Hermoso-Fernández et al.  1998 ) (Chap.   3    ). A low degree of correlation 
exists between fruit oil content (dry weight basis) and oil extracted because some 
genotypes show a much greater extractability than others (Lavee and Wodner  1991 ; 
Rallo et al.  2005 ). In other words, some cultivars give up their oil quite easily. Other 
cultivars, however, are known to have a much lower extractability and produce 
emulsions and diffi cult pastes. For example, the Gordal Sevillano variety in 
California contains approximately 48 % oil on a dry weight basis but often only 
yields approximately 50–80 kg of oil per ton (5–8 %). Leccino, conversely, has a 
lower oil content of approximately 38 % on a dry weight basis but typically yields 
140–180 kg per ton of fruit (14–18 %) (Table  2.7 ) (Sweeney  2005 ; Vossen unpub-
lished data).

   Table 2.6    Average oil content (% dry weight) by cultivar and geographical location   

 Cultivar 

 Spain  Spain  Italy  Australia 

 Catalonia  Andalusia  Apulia  South 

 Arbequina  50.5–52.9  55.1  55.8  61.9 
 Picual  50.1  43.1  –  52.1 
 Hojiblanca  44.3  39.8  –  40.4 
 Frantoio  –  41.6  45.3  57.4 
 Leccino  47.1  37.6–49.0  46.8  47.6 
 Coratina  –  53.6  47.6  57.1 
 Koroneiki  49.3  55.7  57.9  47.8 

   Source : Camposeo (Personal communication), Ramos and Santos ( 2010 ), De 
la Rosa et al. ( 2007 ), Rallo et al. ( 2005 ), Hermoso-Fernández et al. ( 1998 ), De 
Felice and Gomes ( 1983 )  
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2.4.3        Cultivar: Chemical Composition 

 The triglyceride structure of olive oil is an important factor in oil stability and 
human health. It varies considerably by cultivar as to the percentage of different 
fatty acid types. Specifi c fatty acid profi les have been determined for most of the 
common cultivars in traditional growing regions, and they have been suggested as 
one of the standards for determining whether an oil meets the profi le for Protected 
Designation of Origins (PDO). The content of sterols in olive oil is also highly cor-
related with cultivar and can even be used to help identify cultivars, and it is impor-
tant in IOC standards, too (Chap.   16    ). The fatty acid fraction accounts for more than 
98 % of an oil’s components based primarily on six major fatty acids. In the germ-
plasm bank in Córdoba (Spain) comparing 73 of the world’s most common culti-
vars, the variability based on genetic differences for this large number of cultivars, 
palmitic fatty acid percent ranged from 8.49 to 16.46, palmitoleic from 0.41 to 2.26, 
stearic from 1.46 to 3.79, oleic from 56.12 to 78.34, linoleic from 4.44 to 13.34, and 
α-linolenic from 0.63 to 1.19. Similar results showing variability between seven of 
the most common cultivars were also observed in comparative trials in Argentina, 
Australia, and Italy. Table  2.8  shows the average values of main fatty acids, which 
were quantifi ed in seven olive oil varieties from orchards located around the world 
(Lombardo et al.  2008 ; Mannina et al.  2003 ; Zarrouk et al.  2009 ).

   Table 2.7    Approximate oil yield from 1 t of olives produced in California orchards with different 
oil content and extractability (% wet weight basis)   

 Water status  Ripeness  Olive cultivar  Oil yield 

 Watered  Over green  Gordal (Sevillano)  50 kg/t (5 %) 
 Ripe  Sevillano  60 kg/t (6 %) 
 Green  Ascolano 
 Very ripe  Sevillano  80 kg/t (8 %) 
 Ripe  Ascolano 

 Overwatered  Very ripe  Arbequina or Manzanillo  100 kg/t (10 %) 
 Defi cit-irrigated  Green  Ascolano 
 Overwatered  Ripe  Arbequina or Manzanillo  140 kg/t (14 %) 
 Overwatered  Green  Frantoio or Leccino 

 Very ripe  Arbequina or Manzanillo  160 kg/t (16 %) 
 Over watered  Green  Mission 
 Overwatered  Ripe  Frantoio or Leccino 

 Ripe  Frantoio or Leccino  170 kg/t (17 %) 
 Green  Mission 
 Defi cit-irrigated  Arbequina or Manzanillo 

 Overwatered  Ripe  Mission  180 kg/t (18 %) 
 Defi cit-irrigated  Ripe  Frantoio or Leccino 

 Ripe  Mission or Picual  190 kg/t (19 %) 
 Defi cit-irrigated  Very ripe  Mission or Picual  210 kg/t (21 %) 

   Source : (Vossen, unpublished data); Coit ( 1909 )  
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    Table 2.8    Major fatty acids of virgin olive oils from seven different cultivars grown in several 
growing regions   

 Palmitic  Palmitoleic  Stearic  Oleic  Linoleic  Linolenic 

 7.5–20.0 a   0.3–3.5 a   0.5–5.0 a   55.0–83.0 a   3.5–21.0 a   1.0 a,b  

 Arbequina 
 AR-CAT   20.66    3.69   1.53   53.39   18.72   1.16  
 AU-SA  13.00  1.49  1.69  70.69  11.43  0.60 
 AU-NSW  19.70  3.50  1.20   54.50   19.40  0.70 
 AU-TAS  10.40  0.80  1.90  81.00  4.40  0.60 
 SP-AND  15.40  1.90  1.60  65.83  13.06  0.80 
 FRA  11.30  0.76  2.40  68.26  8.30  0.70 
 MOR  10.06  0.68  2.66  70.85  14.00  0.96 

 Picual 
 AR-CAT  18.20  3.10  2.20  57.80  16.40   1.10  
 AU-SA  11.76  0.90  2.53  76.99  4.82  0.75 
 AU-NSW  15.30  2.20  1.80  72.60  6.40  0.90 
 AU-TAS  9.60  0.60  2.40   83.40   2.60  0.60 
 SP-AND  10.16  1.08  3.79  78.34  4.44  0.89 

 Hojiblanca 
 AU-SA  9.47  0.59  2.81  76.93  7.97  0.84 
 SP-AND  9.79  0.79  2.96  74.61  8.82   1.04  

 Frantoio 
 AR-CAT  17.19  1.65  1.63  63.55  14.03   1.23  
 AU-SA  11.78  1.03  1.99  72.88  10.46  0.69 
 SP-AND  12.45  1.23  1.89  73.91  8.43  0.86 
 IT-APU  12.34  1.01  1.65  75.77  8.04  0.55 

 Leccino 
 AR-CAT  17.39  1.16  1.71  68.45  9.19   1.43  
 AU-SA  12.50  1.23  1.62  77.57  5.80  0.73 
 SP-AND  14.13  1.43  1.89  70.82  9.95  0.85 
 IT-APU  13.23  1.25  1.53  77.96  4.54  0.68 

 Coratina 
 AR-CAT  16.29  0.67  1.77  71.50  7.99  0.27 
 AU-SA  11.49  1.28  1.96  74.60  7.48  0.72 
 IT-APU  12.36  0.51  2.10  75.43  7.94  0.72 

 Koroneiki 

 AU-SA  10.09  0.80  2.53  79.16  4.98  0.66 
 SP-AND  11.32  0.90  2.24  77.66  5.57  0.74 

   Source : Ceci and Carelli ( 2007 ), Cimato et al. ( 1996 ), El Antari et al. ( 2003 ), Mailer et al. ( 2010 ), 
Mailer ( 2005 ), Mannina et al. ( 2001 ), Moutier et al. ( 2004 ), Paz Aguilera et al. ( 2005 ), Ouazzani 
( 2005 ), Pinelli et al. ( 2003 ); Ripa et al. ( 2008 ), Sweeney ( 2005 ), Tous et al. (2005), Uceda et al. ( 2005 ) 
 Note:  AR-CAT  Argentina, Catamarca,  AU-SA  Australia, South Australia,  AU-NSW  Australia, New 
South Wales,  AU-TAS  Australia, Tasmania,  SP-AND  Spain Andalusia,  IT-APU  Italy, Apulia,  FRA  
France, Unknown,  MOR  Morocco, Unknown 
  a IOC and EU Standard limits – values outside limits are in bold 
  b 0.9 is the limit value inside EU  
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   Beyond the triglyceride fraction, olive oil contains minor compounds, most of 
them are unique to olive oil or occur more abundantly in olive oil since they are 
derived from a fruit instead of a seed. Many of these naturally occurring phyto-
chemicals have been shown to have positive human health benefi ts in reducing 
obesity, diabetes, certain types of cancer, arteriosclerosis, and other anti-infl amma-
tory effects while not being associated with signifi cant increased body weight 
(Chaps.   17     and   18    ). Other phytochemical compounds, such as phenols, provide 
resistance to oxidation (stability) and contribute to taste descriptors, such as bitter-
ness, astringency, and pungency. The concentration and mix of the multitude of 
fresh fruit compounds found in olive oil are infl uenced by several factors. Cultivar 
is the most important followed by fruit maturity and processing techniques, as long 
as the olives are in excellent condition (not damaged in any way) and processed 
using good manufacturing practices (Chap.   3    ) (Kalua et al.  2007 ). Thus, the range 
in total polyphenol content in olive oil is from 182 to 1,240 ppm by cultivar 
(Table  2.9 ) from fresh extra virgin oils produced in various countries around the 
world. Even though the analytical techniques used differ somewhat, the general 
rankings of the varieties by total polyphenol content is consistent. Each olive variety 
has a suite of different concentrations of phenols and other phytochemical com-
pounds that make each genotype unique, even though external variables (e.g., cli-
mate, irrigation, and harvesting) can modulate its fi nal chemical profi le. A study of 
phenolic compounds of Italian VOOs pointed out that fi ve different cultivars showed 

  Table 2.9    Phenol content 
(mg/kg) of selected cultivars 
growing in different regions 
of world  

 Cultivar  Phenols 

 Chetoui (Andalusia)  1,240 
 Picual (Andalusia)  664 
 Picual (Catalonia)  509 
 Picual (Chile)  402 
 Manzanilla (Andalusia)  461 
 Manzanilla (Catalonia)  321 
 Koroneiki (Andalusia)  411 
 Koroneiki (Chile)  318 
 Koroneiki (Tunisia)  236 
 Leccino (Chile)  357 
 Leccino (Tuscany)  146–354 
 Leccino (Marche)  308 
 Leccino (Andalusia)  302 
 Hojiblanca (Catalonia)  273 
 Hojiblanca (Andalusia)  187 
 Arbequina (Aragon)  347 
 Arbequina (Chile)  309 
 Arbequina (Catalonia)  201 
 Arbequina (Tunisia)  196 
 Arbequina (Andalusia)  182 

   Source : García-González et al. ( 2010a ), 
Tura et al. ( 2007 ), Uceda et al. ( 2005 ), 
Tous et al. ( 2005 ), Pannelli et al. ( 2001 )  
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concentration differences of twofold to tenfold. The fl avor profi le of VOO comes 
from volatile and phenolic compounds, which are highly infl uenced by cultivar 
(Romani et al.  1999 ). Thus, for example, a trial in Italy evaluated ten cultivars, from 
489 oil samples over 4 years, and found that variability was much more infl uenced 
by cultivar than by crop year. This study linked specifi c sensory attributes to each 
cultivar with an IOC-recognized panel, although it evaluated sensory attributes that 
go far beyond the offi cial standard for classifying VOOs. Bosana oil was very high 
in fruitiness, bitterness, and pungency; intermediate in grass, fresh almond, and 
artichoke; and low in tomato and aromatic herbs. Leccino was high to intermediate 
in fruitiness; intermediate in bitterness, pungency, and fresh almond; and low in 
grass, artichoke, tomato, and herbal character. Ravece was very high in fruitiness, 
bitterness, and pungency; intermediate in grass, artichoke, and tomato; and low in 
fresh almond and aromatic herb fl avors.

   Many of the volatile compounds responsible for olive oil aroma and fl avor come 
from enzymatic pathways inside olives during processing (Chap.   8    ). Studies have 
been undertaken to determine the mechanisms and infl uences on these reactions, 
and it was found that the genetic effect (cultivar) is one of the most important (Chap.   4    ). 
Specifi c volatile compounds and their corresponding odor and taste have been cor-
related with groups of cultivars and individual cultivars so that they can be distin-
guished by the huge range in concentrations from one to another (Chap.   12    ). These 
compounds are being used to distinguish cultivars for use as genetic material in 
breeding programs, by farmers to add superior oil quality traits (García-González 
et al.  2010b ), to determine the validity of protected designations of geographical 
origin, and to identify cultivars for DOP standards (García-González et al.  2011 ). 

 In evaluating 39 cultivars from all over the world grown in one location at the 
Spanish germplasm repository in Andalusia (Luna et al.  2006 ), it was found that 
total volatiles ranged from 9.83 to 35.0 mg/kg. Total C 6  “green” compounds ranged 
from 2.52 to 18.1 mg/kg, and most cultivars could be grouped into four sensory 
groups. Total hydrocarbons ranged from 1.8 to 8.7 mg/kg; these compounds were 
found to have little sensory signifi cance. Total aldehydes ranged from 0.82 to 
17.1 mg/kg and were primarily responsible for green fruity and sweet sensory notes. 
Total alcohols ranged from 1.00 to 5.93 mg/kg and were connected to fruity, soft 
green, and aromatic notes. Total ketones ranged from 0.67 to 2.34 mg/kg and were 
associated with fruity, pungent, and ethereal sensory notes. Total esters ranged from 
0.23 to 1.50 mg/kg and were linked to fruity sensory characters. In Australia 
researchers were able to discriminate six cultivars and four different maturity stages 
by identifying and correlating    all of the volatile and phenolic compounds within the 
oils (Aparicio and Luna  2002 ; Luna et al.  2006 ; Kalua et al.  2005 ).   

2.5     Agricultural Practices that Infl uence Oil Quality 

 There is a complex interaction between genetics and environmental factors 
 (climate, growing region, soil, plant nutrition, climate, year, water regime factors, 
fruit maturity, pest damage, and crop load) in the degree to which each affects oil 

2 Growing Olives for Oil

http://dx.doi.org/10.1007/978-1-4614-7777-8_8
http://dx.doi.org/10.1007/978-1-4614-7777-8_4
http://dx.doi.org/10.1007/978-1-4614-7777-8_12


44

characteristics. In the last few years the use of multivariate, principal component, 
and discriminant statistical analysis has helped separate the intensity of effects 
related to genotype (cultivar) and various environmental infl uences (Fiorino and 
Alessandri  1996 ). 

2.5.1     Climate and Elevation 

 Within similar climates and growing conditions, it has been determined that there 
are almost no differences in the fatty acid profi le in oils produced from the same 
cultivar anywhere in the world. In some cases, however, large differences have been 
observed between regions with some climatic differences (Aparicio et al.  1994 ) or 
altitudes (Ferreiro and Aparicio  1992 ). For example, in latitudes that are close to the 
equator with very long days, hot summers, and warm temperatures during harvest 
(e.g., Catamarca, Argentina), palmitic, palmitoleic, linoleic, and α-linolenic fatty 
acids tend to be much higher. In general, warmer growing conditions lead to oils 
with lower oleic fatty acid and higher contents of palmitic, linoleic, and, sometimes, 
α-linolenic fatty acids. The region of Tasmania in Australia, with its very cool 
 climate, is perhaps the other extreme, and in that growing area the oils have a very 
different fatty acid profi le. Tasmaniaʼs oils consistently had higher oleic and stearic 
fatty acid levels. Table  2.8  shows the normal variability in seven of the world’s most 
common olive varieties grown in different parts of the world. Note how some oils 
from the very hot climate in Catamarca, Argentina, could not meet several of the 
IOC standards (Allalout et al.  2009 ). 

 Differences in total phenol content can be due to temperature (degree day accu-
mulation) – the warmer the temperature and the higher the altitude of the orchard, 
the lower the phenolic content of the oil – though some studies have shown little or 
no differences (Mousa and Gerasopoulos  1996 ). Greek oils produced in warmer 
coastal areas were less fruity, bitter, or pungent compared to when the trees were 
grown at higher elevations with greater diurnal variation and especially lower night-
time temperatures (Osman et al.  1994 ). An ample range of variation in the total 
content of phenols (55.4–615.5 ppm) was pointed out in an analysis of 4 cultivars 
and 17 orchards all over Italy (Esti et al.  1998 ). The differences, based on both 
growing region and cultivar, have been seen in the comparative levels of different 
types of antioxidant compounds (Paz Aguilera et al.  2005 ; Mousa and Gerasopoulos 
 1996 ; Ranalli et al.  1999 ; Ripa et al.  2008 ; Servili et al.  2004 ; Tous et al.  1997 , 
 1999a ; Tura et al.  2008 )  

2.5.2     Soil and Tree Nutrition 

 Soil type has no clear effect on olive oil composition other than an inherent ability 
to hold more or less water available to the trees based on rooting depth. Plant nutri-
tion, applied through conventional fertilizers, especially nitrogen and phosphorous, 
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has been shown to affect the fatty acids in olive oil. It has been demonstrated that 
when the levels of phosphorous in the fruit are increased to optimum levels, oleic 
and α-linolenic fatty acids increase, but when nitrogen levels increase, beyond defi -
cit levels to optimum levels, oleic fatty acid decreases. Oleic levels continue to 
decrease when even more N is applied. Beyond adequate to excess levels of N, lin-
oleic increases, too, which lowers oil stability and the ratio of mono- to polyunsatu-
rated fatty acids. Excess N fertilization has also been show to lower total polyphenols 
in olive oil. Limiting nutrients (nitrogen – N, phosphorous – P, and potassium – K), 
but especially nitrogen, can have a negative effect on olive tree vigor. Interestingly, 
little to no negative growth response is seen if N-P-K is adequate, which is relatively 
easy and inexpensive to achieve with the use of modern fertilizers. Most studies 
comparing organic (ecological) versus nonorganic (nonecological) cultivation 
methods have shown no signifi cant differences in oil composition and properties 
probably because of the high degree of variability due to fruit maturation, pest dam-
age, water status, genetics, etc. (Ayton et al.  2006 ; D’Imperio et al.  2007 ; Dag et al. 
 2009 ; Fernández-Escobar et al.  2006 ,  2009 ; Inglese et al.  1996 ; Mannina et al. 
 2003 ; Morales- Sillero et al.  2007 ; Ninfali et al.  2008 ; Padula et al.  2008 ; Ranalli and 
Contento  2010 ; Skevin et al.  2003 ; Uceda  2006 ).  

2.5.3     Irrigation and Rainfall 

 Water status has one of the greatest effects on olive tree vigor and production. Olive 
trees grown all over the world in Mediterranean-type climates rely on dry growing 
season conditions that assure fruit pollination, fruit set, a minimum of foliar  diseases, 
and the development of typical fruit characteristics associated with each cultivar. 
Drought stress, however, limits shoot growth and next season’s cropping potential 
plus fruit size and oil production. When favorable rainfall patterns occur or irriga-
tion is applied to olive trees, fruit yield can be dramatically increased. Several stud-
ies have documented greater shoot growth, trunk diameter, and higher yields when 
irrigation water is applied to drought-stressed trees. 

 Drought stress during the earlier fruit development stage in the spring, when cell 
division and initial mesocarp cells are forming, is regarded as the most detrimental 
to fruit size and oil accumulation. Alternate bearing is worsened when there is an 
intense competition for water and assimilates especially during this early stage of 
growth. With a heavy crop, mesocarp size is reduced and there is a slower oil accu-
mulation rate. In the middle fruit growth stage during midsummer, when tempera-
tures are very hot, olive trees are more resistant to water stress. In the later growth 
stage, when primarily cell enlargement occurs, irrigation can play a key role in fruit 
size and oil accumulation. Irrigation that relieves drought stress can signifi cantly 
increase fruit oil content along with overall fruit yield. Drought-stressed trees tend 
to mature their fruit earlier than irrigated trees. 

 The amount of water necessary to maximize production depends primarily on 
climatic demand and the age of the trees. Young developing orchards are typically 

2 Growing Olives for Oil



46

irrigated to full capacity in order to eliminate stress and maximize shoot growth in 
order to fi ll the orchard space as quickly as possible. Several studies on mature 
orchards have shown that the greatest effi ciency of water use is at approximately 
40–70 % of full evapotranspiration demand. When water is applied beyond this 
level, growth and production are only slightly improved. Applying almost any 
amount less than 40 % as supplemental irrigation, however, can have a signifi cant 
effect on growth, fruit production, and total oil yield (Cimato et al.  1996 ; Grattan 
et al.  2006 ; Lavee and Wodner  2004 ; Ouazzani  2005 ; Sweeney  2005 ; Tous et al. 
 2005b ; Uceda et al.  2005 ). 

 The fruit’s water content infl uences the percentage of oil relative to moisture; 
drier fruit will have a higher percentage of oil by weight. Oil is easier to extract from 
low-moisture fruit; conversely, it is more diffi cult to extract from fruit that has been 
overirrigated or has received rain before harvest, or if the fruit is washed (wet) just 
prior to crushing. Fruit with high moisture content often forms an emulsion (watery- 
oily gel) in the paste that cannot be easily separated, so some escapes with the fruit- 
water or pomace solids. Therefore, most producers strive to produce olives with 
around 50 % moisture or slightly less by defi cit irrigation. Autumn rainfall, how-
ever, often rewets the roots and allows the fruit to absorb water, which can increase 
the percentage of water in the fruit and cause extractability problems. 

 The effect of olive tree water status on fatty acid composition is inconsistent. 
Several studies have shown differences for one year and not the next or are in direct 
confl ict with results obtained by other research. In some cases, however, clear 
changes have been seen, showing oils produced from irrigated trees with higher 
oleic (monounsaturated) and lower polyunsaturated and saturated fatty acids (Ben- 
Gal et al.  2011 ; Berenguer et al.  2006 ; Ceci and Carelli  2007 ; Faci et al.  2002 ; 
Gomez-del-Campo  2010 ; Grattan et al.  2006 ; Gucci et al.  2004 ; Mailer et al.  2010 : 
Mailer  2005 ; Pérez-López et al.  2007 ; Rapoport et al.  2004 ; Ripa et al.  2008 ; Servili 
et al.  2007 ; Stefanoudaki et al.  2009 ). 

 The main effect on oil quality from giving trees more irrigation water is on the 
concentration of phytochemicals in the oil. Both, the synthesis of polyphenols and 
other compounds decreases, plus concentration levels are also diluted out in fruit 
with higher-than-normal moisture content. An experiment in California provides an 
example of how irrigation level can infl uence both the total polyphenol content and 
oxidative stability (Table  2.10 ) (Berenguer et al.  2006 ). This experiment 

   Table 2.10    Polyphenol content and oxidative stability of Arbequina oils produced in 2002 and 
2003 with different levels of tree irrigation in California   

 Irrigation level 

 Polyphenols 
(mg/L caffeic) 

 Polyphenols 
(mg/L caffeic) 

 Hours O 2  
Stab. 120°C 

 Hours O 2  
Stab. 120°C 

 2002  2003  2002  2003 

  Low  (10–34 % ET)  275.3–432.4 a   85.0–175.3 a   8.8–11.4 a   31.2–40.5 a  
  Medium  (35–59 % ET)  102.9–165.2 b   70.0–73.7 b   4.8–5.4 b   28.0–30.3 a,b  
  High  (>60 % ET)  53.3–98.2 c   73.0–97.3 b   3.2–4.6 b   23.6–28.1 b  

   Source : Berenguer et al. ( 2006 ) 
 Note: Different letters indicate that the values are signifi cantly different at α = 0.05  
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demonstrated that there can be three to four times more or less total polyphenols or 
bitterness in a single cultivar (Arbequina) based on the amount of irrigation water 
the trees received. The heavily irrigated trees produced oils that were almost bland 
with lower fruity, herbaceous, and fl oral fl avors. Very similar results were obtained 
in Spain with the Cornicabra variety, where drought-stressed trees and defi cit-irri-
gated trees produced oils with sensory attributes that were almost always greater 
than more heavily irrigated trees (Gomez-Rico et al.  2007 ). Work in Italy with 
Leccino showed a reduction in total polyphenols by approximately half and signifi -
cant differences in the phenolic composition of the oils as the trees were given more 
water under severe defi cit, defi cit, and full irrigation regimes (Servili et al.  2007 ). 
In Portugal, where the cultivar Cordovil was treated with four different irrigation 
regimes, the oils produced from the trees receiving less irrigation water were fruitier 
and graded higher. The application of saline water to olives shows inconsistent or no 
effects on fatty acid profi le, peroxide value, or free fatty acids, but does increase 
antioxidant polyphenol levels (Grattan et al.  2006 ; Ramos and Santos  2010 ; 
Wiesman et al.  2004 ).

2.5.4        Fruit Maturity 

 The effect of fruit maturity on olive oil sterol content is very signifi cant. As a fruit 
matures, total sterols decrease, in one study from 2,850 to 1,644 g/kg. The effect of 
fruit ripening on the fatty acids of olive oils is less clear. In some comparative stud-
ies no signifi cant differences were noted in fatty acid makeup as fruit ripened, but 
most studies have shown that changes do occur. One trial in Australia showed that, 
as fruit ripens, the palmitic acid level declines and that of linoleic acid increases; the 
oil becomes more polyunsaturated and therefore less stable. In another trial in 
Spain, the fatty acid profi le changed as fruit ripened, but differently according to 
cultivar. As Picudo, Chetoui, and Picholine fruits matured, the quantity of monoun-
saturated fatty acids increased while the saturated and polyunsaturated fatty acids 
decreased, but with Picual and Arbequina the opposite occurred. It has also been 
shown, for example, that Barnea can be harvested very ripe because it tends to accu-
mulate oil in the late stages of maturity with no signifi cant changes in oil quality. 
Conversely, Souri should be harvested early because as it ripens, oleic fatty acid 
declines and linoleic increases, free fatty acids increase, and the fruit falls off the 
tree, plus polyphenols levels and oxidative stability fall sharply (Dag et al.  2011 ; 
Famiani et al.  2002 ; Gómez-González et al.  2011 ; Lazzez et al.  2008 ; Mailer et al. 
 2010 ; Varzakas et al.  2010 ). 

 Oil polyphenol content and oxidative stability are very strongly tied to fruit 
maturity. As olive fruits ripen and begin to turn color (from yellow to red-purple to 
black), the polyphenol content begins to decrease (Chap.   9    ), the chlorophyll content 
(green color) decreases, and the other pigments start to increase (Chap.   7    ). As the 
fruit fl esh colors fully all the way to the pit, the polyphenol content declines very 
rapidly over approximately 2–5 weeks by approximately half to one-third in most 

2 Growing Olives for Oil

http://dx.doi.org/10.1007/978-1-4614-7777-8_9
http://dx.doi.org/10.1007/978-1-4614-7777-8_7


48

varieties. One study in Italy showed a decrease in total polyphenols from 535 mg/
kg for green/yellow fruit to 396 mg/kg for partially purple fruit to 311 mg/kg for 
fully ripe black fruit. Correspondingly, many other components change; the green 
herbal (tomato leaf, artichoke, grass, green apple, cinnamon), tannic, astringent, 
bitter, and pungent fl avors soften. The volatiles responsible for ripe fruit fl avors like 
nuttiness, butteryness, fl oral character, and some subtle undertones associated with 
ripe fruits (peach, apricot, berries, tropical fruits, vanilla, and citrus) become more 
dominant. The decrease in oleuropein and increase in elenolic acid glucoside and 
3,4-dihydroxyphenylethanol can indicate olive fruit maturation. Little scientifi c 
 evidence exists to suggest that olive oil volatile composition could be used to 
 discriminate between growing regions (Anastasopoulos et al.  2011 ; Angerosa et al. 
 2004 ; Ayton et al.  2006 ; Caponio et al.  2001 ; De la Rosa et al.  2008 ; Esti et al.  1998 ; 
Skevin et al.  2003 ).  

2.5.5     Pest Damage and Freeze Injury 

 Fruit damage from pests can have a huge negative impact on olive oil quality, espe-
cially fl avor. Oil obtained from olives damaged by anthracnose ( Gleosporium olivarum  
Alm.) show signifi cant increases in aldehydes such as heptanal, octanal, and nonanal, 
which are off-fl avors that can be attributed to oxidation and decomposition reactions. 
Olive fruit fl y (OLF) ( Bacrocera oleae ) is another pest that must be controlled in order 
to prevent fruit damage and obtain high-quality oil. In the case of olive-fl y-damaged 
fruit, volatiles such as carbonyl compounds and alcohols intensify, but in addition phe-
nolics decrease, lowering oxidative stability, plus as the fruit ripens, free fatty acids and 
peroxide values increase. One of the methods to reduce the negative effects of OLF on 
oil quality is to harvest early before fruit softens and rots from fungal and bacterial 
contamination. Fruit deterioration is also less in cultivars that have a high polyphenol 
content that resists oxidation and microorganism attack. Varietal differences are impor-
tant in that OLF damage is lower in small fruited varieties with a small fl esh-to-pit 
ratio. OLF seems to have no signifi cant effect on oil fatty acid profi le. Freeze injury to 
olives prior to harvest can also reduce oil quality by lowering chlorophyll and carot-
enoid contents, reducing oil stability, bitterness, and pungency and increasing the lev-
els of vanillin and vanilic acid causing the oil to taste sweet, woody, and bland 
(Gómez-Caravaca et al.  2008 ; Koprivnjak et al.  2010 ; Mraicha et al.  2010 ; Morelló 
et al.  2003 ; Runcio et al.  2008 ; Tamendjari et al.  2009 ; Vossen unpublished data).  

2.5.6     Crop Load and Pruning 

 Sugars produced in olive leaves are transported to the fruit and converted into oil. 
Therefore, the ratio of leaves to fruit can dramatically affect fruit oil content. 
In years with heavy crop loads, total oil production is higher, but individual fruits 
have a lower oil content compared to years with light crops. In the autumn, the rate 
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of sugar production and conversion to oil decreases dramatically because days are 
getting shorter and cooler and fruit abscission and ripening begin to take place. Fruit 
on trees with a heavy crop load will mature later than if there is a light crop. Delaying 
harvest until the fruit is ripe assures the highest yield of oil, though that will change 
the fl avor characteristics. Leaving the fruit on the tree, however, past the color 
change period does not signifi cantly increase the amount of oil produced in an 
orchard. Palmitic and linoleic fatty acids decrease with a heavy crop load in most 
cases, but crop load has no effect on free fatty acids, peroxide value, or sensory 
characteristics. Training system and pruning appear to have no effect on oil quality 
(Gucci et al.  2007 ; Paliotti et al.  1999 ).   

2.6     Conclusions and Future Trends 

 Researchers and agriculturists are responding to the economic needs of producers 
by creating new cultivars that are less vegetative and more precocious and have 
great oil characteristics. These new cultivars will be grown in places where supple-
mental irrigation is available and costs can be kept low with mechanical pruning and 
continuous over-the-row harvesters. Orchards that are not viable economically due 
to ineffi ciency of scale, low yields, or because they cannot be mechanized likely 
will have to be abandoned or converted to grow other crops. New orchards will be 
almost completely mechanized. The best cultivars will have a high content of oil 
and will produce well in a wide array of growing climates. Consumers will appreci-
ate their high content of monounsaturated fatty acids and long shelf life plus the 
various different combinations of polyphenol intensities and complex volatiles that 
provide many different styles and fl avors. These new cultivars, along with existing 
top selections, will continue to require evaluation in new growing regions as the 
cultivar environment interaction is quantifi ed. New cultivars in new regions will 
require traceability characterization for fatty acid profi le, phenol types, and volatiles 
to determine authenticity. As specifi c cultivars are tied to production systems that 
rely more and more on labor-reducing harvest systems, the trees will have to be 
manipulated in architecture to accommodate the machines. The machines them-
selves will need to be evaluated in each growing system. Tree manipulation through 
mechanical pruning will need to be evaluated for size, light exposure, productivity, 
oil characteristics, and cost. The orchard trees will require training and pruning to 
maximize light interception and maintain high productivity. Each cultivar will need 
to be evaluated in each location for growth habit, vigor, precocity, productivity, oil 
content, fatty acid profi le, polyphenol content, and fl avor. 

 Olive oil needs to be produced with little or no negative environmental impact. 
Ecological or organic growing methods need to be evaluated and compared to con-
ventional systems. Olives are a crop that lends itself well to organic production 
methods with comparably few insect and disease problems. Olives can also survive 
and even thrive on lower water and nutrient inputs than many other tree crops, so 
they will be popular to grow. With existing problems, growers must reduce the use 
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of conventional pesticides and evaluate the effectiveness of more natural products or 
methods to control olive fl y, anthracnose, foliar diseases, weeds, and other olive 
orchard pests. There is a great demand to plant olive trees in soils that have been 
infested with Verticillium wilt fungus ( Verticillium dahlia ). Controls may come 
from resistant cultivars, resistant rootstocks, or natural methods that eliminate the 
fungus from attacking the trees. Orchards will need to be grown without cultivating 
the soil or controlling weeds with herbicides, so that soil erosion can be reduced. All 
of these cultural practices should be evaluated for their compatibility with local 
growing conditions and cultivars. Water use effi ciency in olive orchards is extremely 
important as our freshwater resources become scarcer or water just becomes more 
expensive. Olives are already more salt tolerant than many other crops, so the use of 
saline water will likely increase. Research needs to be conducted on defi cit irriga-
tion strategies and on the effects of using salty water or treated municipal wastewa-
ter on tree yield and oil quality. Climate change will have a big impact on olive 
growing, from predicted changes in water demand and availability to shifts in tem-
peratures that may allow olives to be grown in areas that were previously too cold. 

 The future of the olive oil industry is bright. Of course, during economic down-
turns the worldwide demand for olive oil, prices, and profi tability declines, leading 
to less investment in new orchards or new processing plants. Slower growth for a 
period is normal and should temper the very rapid expansion in new plantings and 
mills seen during the past decade. The trend in olive oil consumption, however, has 
been rising for many years, and predictions are that consumers will continue to buy 
more and more olive oil, especially as economies improve. A good sign is that 
demand for olive oil in China, India, Brazil, and other emerging countries is expand-
ing rapidly. As our population in the Western world ages, olive oil will become an 
even more sought after commodity for health reasons, especially as research contin-
ues to reveal the positive effects of using olive oil in preventing human diseases 
(Chaps.   17     and   18    ). As population grows and resources diminish, demand will 
likely increase for organic or ecologically produced olive oil. As consumers have 
become more aware of the special fl avors and real quality differences associated 
with foods, the trend has been toward better quality, higher prices, and increased 
consumption. We now have a multitude of gourmet wines known by variety, grow-
ing region, and production method. The same is happening with microbrewed beers, 
coffee, specialty cheeses, grass-fed beef, heirloom tomatoes, and fancy salad mixes. 
Olive oil is soon to follow. As consumers learn how to differentiate between fresh, 
high-quality oils and use them to enhance the fl avors of their food, demand, quality, 
and prices will increase for high-quality oils. Chefs worldwide are just starting to 
learn about cooking dishes with different styles of olive oil and how those new fl a-
vors can be attractive to their restaurant clients. Many consumers new to olive oil 
tend to favor light fl avored oils without a lot of bitterness or pungency that have 
nutty, fl oral, and buttery characteristics. As olive oil consumers become more famil-
iar with olive oil, they tend to prefer stronger, more herbaceous, or green fruity oils 
that are quite bitter and pungent. When they fi nd out that those oil styles also con-
tain more of the healthy minor components, then demand for those oil types will 
increase signifi cantly. Meanwhile, there is huge demand for mild fresh oils that 
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appeal to new consumers. Buyers will eventually look for olive oil as a fresh fruit 
product with great anticipation for the new releases every 6 months alternating from 
the southern and northern Hemispheres.     
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3.1  The Olive Plant and Olive Oil: A Brief History

Today the olive plant (Olea europea, var. sativa) is distributed all over the countries 
of the Mediterranean basin, particularly in Spain and Italy in the central and western 
parts, mainly in Greece and Turkey in the eastern parts and Tunisia and Morocco in 
the southern parts. The present situation is the result of a slow but continuous devel-
opment of the various civilisations in the coastal territories of the Mediterranean 
and more inland areas of the Middle East.
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Technological Aspects
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Although fossil findings dating back to the tertiary period (1 million years ago) 
prove the existence of an ancestor of the olive tree in Italy a long time ago, and the 
olive stones or pits found in human settlements of the palaeolithic period (35,000–
8,000 B.C.) confirm the presence of a plant similar to the olive tree in southern 
Europe (Schäfer-Schuchardt 1988), it seems certain that the olive tree as we know 
it today had its origin approximately 6,000–7,000 years ago in the region corre-
sponding to ancient Persia and Mesopotamia (Boskou 1996). The olive plant later 
spread from these countries to nearby territories corresponding to present-day Syria 
and Palestine. Other sources (Schäfer-Schuchardt 1988) indicate that stone mortars 
and presses used to extract the oil from olives date back to 5000–4000 B.C. (these 
are now kept in the Haifa Olive Museum).

All ancient civilisations located around the Mediterranean basin and in the 
Middle East have left clear evidence that olive cultivation and oil production were 
activities that developed with the flourishing civilisations themselves.

At present, the most ancient known document in which the words olive and olive 
oil appeared for the first time is a tablet of clay discovered in the archaeological 
excavations of Ebla, near Aleppo (Syria), and date back to the third millennium B.C. 
(about 2500 B.C.) (Blazquez 1997). Another ancient document is a stone, found at 
Susa (Iran) and dating back to the second millennium B.C., where regulations regard-
ing the commerce of agricultural products are reported, including ones for olive oil.

The archaeological findings kept in the Haifa Museum and those of the Knossos 
Palace in Crete are other examples confirming the production of olive oil in ancient 
times. The Cretan or Minoan civilisation, which experienced its major growth 
between 2000 and 1450 B.C., especially encouraged the production and trade of 
olives, thus stimulating oil export to other Mediterranean countries, notably Egypt.

Figure 3.1 shows the base plate of an early press that was used to extract oil. This 
press is among the archaeological finds of the Phestos Palace in Crete. Figure 3.2 shows 
vases (pithoi) used for olive oil storage that are kept in the Knossos Palace in Crete.

To extract olive oil, the olives were first ground in a mortar with stones and the 
paste obtained was placed on a stone base plate with grooves for drainage. It was 
then pressed by placing heavy rocks on top of them so as to cause the extrusion of 
oil globules. Virgin olive oil (VOO) and vegetation water were then separated by 
simple settling under the influence of gravity.

In ancient Egypt the olive plant was cultivated to obtain its oil for use in religious 
ceremonies and as an ointment. As mentioned previously, the Egyptians not only 
imported olive oil from Crete and Syria, but they also cultivated olive trees in the 
north, along the Nile valley, and in the south, in the region of the ancient town of 
Thebes. Evidence of olive cultivation is the press built in red granite and discovered 
close to the Temple of Pharaoh Ramses III (1150 B.C.) at Medinat Habu, near Luxor 
(Egypt) (Schäfer-Schuchardt 1988).

The Phoenicians also cultivated olive trees (first millennium B.C.), but they were 
also capable traders and navigators and probably introduced the olive tree to colonies 
in many countries of the Mediterranean basin, such as in Libya, in Tunisia (Carthage) 
and in Sicily, France and Spain.
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Fig. 3.1 Archaeological find, 
in the Phestos Palace, Crete: 
base plate of a press 
(Reproduced with permission 
of Schäfer-Schuchardt 1988)

Fig. 3.2 Archaelogical find, in the Cnossos Palace, Crete: vases (pithoi) for olive oil storage 
(Reproduced with permission of Schäfer- Schuchardt 1988)

Many references to the olive tree and its oil are found in the Hebrew Scriptures and 
other holy texts, where the use of olive oil as a source of light for lamps used as offer-
ings as well as reading is attested. Particularly important is the biblical reference, from 
1000 B.C., concerning the return of the dove with a small olive branch to confirm to 
the patriarch Noah the end of the Deluge and that the olive trees  cultivated near Mount 
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Ararat in Turkey were not still covered by water. Moreover, other references in the 
Hebrew Scriptures concern the kings of Israel, David and Solomon, who favoured 
olive cultivation to improve the country’s economy (Schäfer- Schuchardt 1988).

In Greece, the olive tree and olive oil were present since the fourteenth and 
 thirteenth centuries B.C., as demonstrated by the artefacts found in the excavations 
of Mycene, in the Argolis region. In the same period, references to olive trees are 
found in the Homeric poems, the Iliad and and Odyssey, such as the bed of Odysseus 
and the club of Cyclops built with the wood of olive, or the use of olive oil to anoint 
the body of Odysseus (Schäfer-Schuchardt 1988).

When Greek civilisation dominated and Athens became a very important city of 
the age, olive tree cultivation was improved, and the zenith of its development was 
reached in the eighth to seventh centuries B.C. The importance of olive trees in 
ancient Greece is confirmed by the mythology concerning the origin of the city of 
Athens, due to Athena, goddess of wisdom, who gave an olive tree as a gift to the 
city and won the dispute with Poseidon, god of the sea, who gave as a gift a salt 
spring. In other words, in Greek mythology, the olive tree was presented as a gift of 
the gods of Olympus to humans (Boskou 1996). In ancient Greece, olive oil was 
used not only to anoint the bodies of athletes but also as a prize for the winners of 
the Olympic games (Schäfer-Schuchardt 1997).

In Italy the olive tree was probably known since the rise of the Etruscan civilisation, 
but it is certain that it was introduced by Greek colonisers who founded several cities 
in the south of Italy (Magna Grecia), especially in Calabria and Sicily. The Romans 
later developed this cultivation, which in turn increased their commerce with all the 
conquered lands that made up the Roman Empire.

After the victory and the conquest of Carthage, the Romans increased the empire 
in North Africa, expanding their dominion into the territories of the West, correspond-
ing to present-day Tunisia, Algeria and Morocco. In these countries, olive trees and 
oil were already known because the Phoenicians, as previously mentioned, founded 
colonies in these regions and imported olive oil through their maritime commerce. 
The Romans realised that the conquered territories were suitable for the production  
of olives and olive oil and therefore favoured the cultivation of olive trees in the south 
of Carthage, a region called Africa (Camps-Fabrer 1997), and to the south-west of 
Carthage, a region called Numidia (Camps-Fabrer 1997), where many ancient stone 
mills dating back to the second and third centuries A.D. were found.

In the territories corresponding to Algeria, the Romans left the traces of an 
ancient town and olive mills in the region called Caesarea, in particular the ruins are 
located near the city of Tipasa, on the coast of the Mediterranean Sea, where it is 
possible to admire some stone mills for crushing olives.

In ancient Mauritania, formerly called Tingitania and corresponding to present- day 
Morocco, the Romans favoured olive cultivation to produce olive oil and many 
traces of this activity remain, in particular in the ruins of the ancient city of Volubilis, 
near the city of Meknès, where it is possible to admire a wooden press with a beam 
(rebuilt) (Fig. 3.3) and some black stone mill.

Although the Romans, as did the Greeks, used olive oil mainly as an ointment, 
for pharmaceutical use, and for lighting (lampante oil), they began to use the oil also 
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for food. In this regard, the Roman agronomist L. Junius Columella (late first 
 century A.D.), in his book De re Rustica, indicated the varying quality of olive oils 
obtained from olive processing as follows: ʻoleum acerbum’, oil with an intense 
odour and obtained from green and unripe olives; ʻoleum viride’, oil obtained from 
red-yellow olives, handpicked from the tree; ʻoleum maturum’, oil obtained from 
ripe and black olives; ʻoleum cibarium’, the oil obtained from poor-quality olives 
and intended for lighting or as food for slaves.

The Romans also contributed to technological developments in olive processing 
by expediting the crushing operation with a millstone crusher, the trapetum 
(Fig. 3.4), and improving the separation system by the introduction of presses.

The screw press, first used by the Greeks (fourth century B.C.) (Schäfer- 
Schuchardt 1988) and later improved upon and disseminated by the Romans, 
 represented a major advance in olive processing. This is especially true if one considers 
that even today, in some olive-growing countries of the Mediterranean basin, presses 
very similar to these are still used, as shown in Fig. 3.5.

With the fall of the Roman Empire and the barbarian (in Italy) and Arab invasions 
(in Spain), olive cultivation declined because of the destruction inevitably caused by 
war. Nevertheless, in the late Middle Ages, olive culture recovered either in Spain, 
under Arab rule, or in Italy, mainly with the efforts of religious communities. During a 
long period, for many centuries until the late nineteenth century, the innovations in 
olive  processing were basically the following: the use of the cylindrical millstones as 
olive crushers (dating back to the Byzantine period); the use of animals (donkeys, 
horses, cows) to rotate the heavy cylindrical stone mill; the use of a press with a wooden 
or metallic screw (Fig. 3.6) to exert pressure on mats containing the olive paste, as 
shown in Fig. 3.6.

From the Middle Ages to the late 1800s, olive cultivation spread in the regions of 
central Italy and more to the south, in the Puglia region, where many old under-
ground oil mills dug into the rock remain, as shown in Fig. 3.7.

Fig. 3.3 A wooden press 
with beam (rebuilt) present  
in the ruins of Volubilis 
(Morocco)
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Fig. 3.5 A wooden press with beam (Reproduced with permission of MuTAC - Picciano, Italy)

Fig. 3.4 A trapetum, one of the first millstone crushers (Reproduced with permission of Schäfer- 
Schuchardt 1988)
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Fig. 3.6 A wooden press 
with screw (Reproduced with 
permission of MuTAC - 
Picciano, Italy)

Fig. 3.7 Old and underground oil mill (Puglia region) (Reproduced with permission of APROL – 
Associazione Produttori di Olive della Provincia di Lecce, Italy)
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During the 1900s other possibilities presented themselves for mechanically 
extracting oil as a result of studies on percolation and centrifugation systems. These 
innovative systems materialised in 1951 with the Buendía patent for a percolation 
system, afterwards built in Italy under the name Sinolea, and towards the end of the 
1960s with the introduction of the Centriolive plant, the first industrial decanter 
based on the continuous centrifugation of olive paste.

The pressing system underwent continuous improvement with the increasing 
application of electrically driven hydraulic pumps, the introduction of cage presses 
and column presses and, finally, with the arrival of the modern open monoblock 
superpresses that can reach pressures of 350–450 atm.

3.2  Olive Transport and Storage

After olive fruits are picked in olive groves, they need to be transported to oil mills 
as soon as possible. This operation is generally carried out using a tractor or a car 
having a tipping body possibly covered by a tarpaulin (or waterproof canvas), as is 
the general practice in Spain, Italy or other countries. Another good way to transport 
olives is through the use of small plastic cases (crates) with a capacity of 20–25 kg, 
as is often done in many countries, or using large crates (bins), with a capacity of 
250–300 kg, as is sometimes done in Italy. To avoid the risk of reducing the quality 
of olives through squashing, the depth of the layers of olives and the time of trans-
port must be limited. These conditions are generally respected using the means 
mentioned previously because the crates have special holes that allow air circulation 
and help to disperse heat from the fruit caused by their catabolic activity.

In contrast, the use of jute or plastic sacks to transport olives is not very rational 
since the drupes might be squashed, and then damaged, especially if they are very 
ripe. This method of transport could alter the oil quality by initiating biological 
processes caused by endogenous and exogenous microflora.

Olives must be processed in oil mills as soon as possible, especially if they are 
very ripe. If this is not possible, due to the reduced processing capacity of the mill, 
then the olives obviously must be stored. The duration of the storage should be as 
short as possible and must be carried out in such a way that the product quality is 
always protected. The method adopted to store olives can be different according to 
the modalities by which the oil mill works: (1) the oil mill offers to process olives 
for farmers and thus processes each batch for individual owners separately, as gen-
erally happens in Italy; (2) the oil mill is dedicated to its own land and can therefore 
process all the olives together, or the oil mill is a cooperative where all the olives are 
processed together without separation of the different fruits from individual farmers 
but on the basis of the quality of the olives, as often happens in Spain.

In the first case, the best way to store olives is by using large crates (bins) with holes, 
which has the advantages of ensuring the separation of the olives from  various farmers, 
ensuring air circulation, avoiding thick layers of drupes, easily displacing the olives by 
electric forklift, and requiring a small surface (1.5–1.8 t/m2), as shown in Fig. 3.8.
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It is also a good idea to use small crates to store olives, but in this case it is not 
possible to employ forklifts, and so the fruits must be moved by hand, which 
increases expenses. Generally, small crates are used in small oil mills equipped with 
a pressure system, as happens in Italy.

In the second case, the oil mill is large and can process olives all together, and 
the best way to store olives and preserve their quality is to arrange thin layers  
(30–40 cm) of drupes and place them in an open but covered warehouse room, as 
often happens in Italy. Sometimes, the olives are stored outdoors, with or without a 
canopy, but this runs the risk of exposing the olives to harsh weather elements, par-
ticularly snow and frost, which are more frequent in the regions of central and 
northern Italy. Another method to store olives that makes it possible to process them 
all together is through the use of large hoppers where the drupes are stored follow-
ing leaf removal and washing, as happens in Spain. This method, adopted by large 
oil mills having a capacity of greater than 200–300 t/day (and more), can have the 
disadvantage of exposing the drupes to squeezing when the layer is more than 
40–50 cm thick because of the absence of leaves and the presence of water used for 
washing. In some cases, the hoppers at the large oil mills have a capacity of 30–40 t 
of olives, and therefore the drupes will be stored in very thick layers (2–3 m). 
Of course, if the olives are very ripe, the risk of squeezing is significant with impli-
cations for the quality of oil. Today, however, almost all the cooperatives process 
clean olives within 24–36 h of being harvested, avoiding the risk to reduce the qual-
ity of VOO.

Some studies have been carried out on the possible use of inert gases to store 
olives for long periods in controlled atmospheres (Castellano et al. 1993), but that 
solution has never been used because the current trend in the olive oil industry is to 
reduce the time of storage by increasing the capacity of mills through the use of 
larger centrifugal decanters, as is already done in Spain.

Fig. 3.8 Storage of olive 
using bins in an Italian olive 
oil mill
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3.3  Leaf Removal and Washing

Leaf-removal and washing operations are necessary to remove all foreign matter 
from the olives, whether vegetable or non-vegetable, that could be harmful to the 
machinery or contaminate the product. These operations are carried out by machinery 
equipped with a powerful aspirator, which removes leaves and sprigs, and a washing 
tank, with forced water circulation in which olives are washed. In addition, the 
machinery can be equipped with a special magnet to remove any iron objects that 
could be harmful to the metal crushers.

Leaf removal by fans and washing operations should always be done because 
clean olives enhance the quality of the oil. Many oil mills using a pressing system and 
crushing by millstones, however, do not perform these operations on olives picked 
from trees because they are not considered to present a significant risk to the protec-
tion of the machinery or to the quality of the oil. In some cases, the oil mill removes 
the leaves only, in particular when the olives are green and not ripe. When the olives 
are gathered from the ground, foreign matter must be removed by special equipment, 
such as vibrating screens.

If a mill uses a continuous centrifugation system (decanter) and the olives are ground 
with a metal crusher, leaf removal and olive washing operations should be performed to 
avoid negative consequences for olive oil sensory characteristics and damage to the 
rotating parts of the machinery. The presence of leaves will intensify the green-leaf taste 
organoleptic characteristic of oil that consumers find distasteful when it is excessive, in 
particular in regions or countries where olive trees are not cultivated. Table 3.1 shows the 
results obtained in a specific study (Di Giovacchino et al. 1996) indicating that very ripe 

Table 3.1 Effects of added leaves to ripe olives on some qualitative characteristics of virgin olive 
oil obtained by centrifugation of olive paste prepared by a fixed hammer metallic crusher

Determination Control

Added leaves (%)

1 2 3

Free fatty acids (%) 0.54 0.63 0.61 0.58
Peroxide value (meq/kg) 4.2 4.8 4.6 4.9
K232 1.43 1.51 1.53 1.57
K270 0.07 0.09 0.09 0.10
Organoleptic assessment (score)a 6.3 6.6 6.7 7.2
Total phenols (mg/kg) 69 66 68 68
Induction time (h) 8.0 8.2 8.2 8.7
Chlorophyll pigments (mg/kg) 3.4 5.5 6.6 8.4
(E)-2-Hexenal (mg/kg) 131 203 242 288
Green fruity (score)b – 0.8 1.3 1.6

Data from Di Giovacchino et al. (1996)
aScore between 1 and 9
bScore between 1 and 5
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olives supplemented with olive tree leaves increase the content of (E)-2-hexenal that 
(according to the panellists) intensifies the organoleptic perception of the green fruity 
odour of the oil and can improve its organoleptic assessment without varying the values 
of the total phenol content and other qualitative parameters.

The washing operation is useful for removing metal or mineral matter that can be 
harmful to the fast-moving mechanical parts of the crusher and decanter. In particu-
lar, the possible presence of sandy material (silica) with olives can cause dangerous 
abrasion on the body of the decanter, which rotates at a high speed and could become 
unbalanced. Moreover, the wash water helps to eliminate the residues of the plant 
protection products, or their metabolites, which can remain on the drupes, thereby 
reducing the risk that they will contaminate the oil. Figure 3.9 shows a small 
machine for leaf removal and washing olives in an Italian oil mill equipped with a 
centrifugal decanter.

3.4  Olive Processing

The object of processing olives is to obtain VOO as defined by the International 
Olive Council (IOC).

The mechanical extraction of oil from olives entails releasing it from the fruit 
tissues in such a way that the droplets can merge into larger drops until they form a 

Fig. 3.9 Small machine  
for leaf removal and olive 
washing
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continuous liquid phase. Olive oil is mainly located inside the vacuoles of the mesocarp 
cells but is also somewhat scattered inside the colloidal system of the cytoplasm 
and, in small amounts, in the epicarp and endosperm.

Oil enclosed inside the vacuoles can be released by mechanical means, although 
oil dispersed inside the cytoplasm is quite difficult to extract and is generally lost 
with the pomace or vegetation water. Moreover, when olive paste is prepared by 
crushing and malaxation operations, an emulsion may sometimes form, which 
 hinders the subsequent separation of the oil. This is in part due to the droplets of 
emulsified oil being surrounded by lipoproteins, which prevent them from 
coalescing.

Olive paste intended for mechanical oil extraction must therefore be prepared to 
obtain two results: the complete break-up of oil-containing mesocarp cells by the 
olive-crushing operation and the prevention or restriction of olive paste emulsion 
formation by malaxation (or mixing). These operations, common to all systems 
employed in processing olive fruits with oil mills, increase the amount of mechanically 
extractable oil and have two objectives: to preserve olive oil quality and to facilitate 
its release when separating the solid and liquid phases.

Until now, olive fruits for olive oil extraction were processed in mills by the 
 following mechanical systems only: pressure, percolation, centrifugation.

3.5  Pressing Method

This extraction process, which has been the sole means of obtaining VOO for many 
centuries, is governed by various mechanical principles depending on the kind of 
pressing method.

Pressure is exerted on the olive paste and, under appropriate conditions, causes the 
separation of the liquid phases (VOO and vegetation water) from solids (pomace).  
A working diagram of the pressing system is shown in Fig. 3.10.

After leaf removal, the olive paste from which oil is extracted is prepared. To 
obtain high oil yields, it is necessary to release the greatest part of the oil content 
from the vacuoles of the olive mesocarp cells, and to that end, the olives are crushed.

Crushing is continually carried out by a stone mill when a pressing system is 
used. Modern stone mills have two or three (and sometimes even four or six) granite 
millstones that are cylindrical and have a diameter of 100–140 cm. In Spain these 
granite millstones have a conical or truncated-conical shape.

The crushing operation, carried out with granite millstones, has its pros and cons. 
The millstone makes it possible to establish the most appropriate crushing time 
 (20–30 min) for each batch of olives and provides a partial mixing of the olive paste 
that helps the droplets of oil to merge into large drops. In addition, it is a very gentle 
operation, producing only a small increase in the olive paste temperature (3–5 °C), 
and its low rotation speed (12–15 rpm) avoids the formation of emulsions and, 
hence, increases the extraction yield. The millstone, however, has its disadvantages. 
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It is very cumbersome and expensive, the whole process is slow and discontinuous 
and it has a low load capacity.

The olive paste obtained after crushing needs to be mixed to achieve maximum 
oil yields. The mixing operation consists of a slow and continuous stirring of the 
olive paste, which increases the percentage of ʻfree oil’ by helping the droplets of 
oil to merge into large drops (Martinez Moreno et al. 1957a) and by breaking up the 
oil/water emulsion. During malaxation, the olive paste is heated by hot water circu-
lating inside a heating jacket. The mixing time is limited to 20–30 min and the 
 temperature of the paste should not exceed 22–25 °C. Modern mixers automatically 
spread the olive paste onto mats (filtering diaphragms of nylon fibre), which are 
then stacked for pressing.

To extract olive oil by the pressing method, pressure is applied to a large stack of 
mats spread with olive paste placed on a trolley with a central spike. Generally, 3-5 
mats with olive paste are continually placed between two metallic discs. The perfo-
rations in the central spike have been a decisive factor in improving the separation 
of oily must (olive oil + vegetation water) from pomace as they allow the liquid 
phases to flow out from the middle of the stack. The large stack of mats and discs 
is placed under the press formed by an open monoblock scaffolding and a piston 
(35–40 cm diameter) that pushes the pile from the bottom (Fig. 3.11).

The oily must leaving the pile under the press is collected in a draining well 
(Fig. 3.11), and the speed of the flow depends on the olive characteristics and the 

Virgin olive oil Vegetation water

Oily must Pomace

Liquid separation
(vertical centrifuge)

Pressing

Mixing
(ambient tempertaure)

Pressing method

Washing

Crushing

Leaf removal

Olives

Fig. 3.10 Diagram of olive oil extraction by the pressing method?
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crushing and mixing operations. The oily must is then sent to a vertical centrifuge, rotat-
ing at 6,500 rpm, to separate the VOO from the aqueous phase (the vegetation water).

Many factors affect oil extraction yields during pressing, in particular the 
 maximum level of pressure reached by the press. Super presses, with pistons 35 or 
40 cm in diameter, reach a maximum pressure of between 350 and 400 kg/cm2, 
 corresponding to a specific pressure on the olive paste of 120–200 kg/cm2. The high 
pressure reached and the huge force exerted on the olive paste allow extraction of a 
high percentage (82–86 %) of the oil present in the olives, as reported in some 
papers (De Felice et al. 1979; Di Giovacchino et al. 1994a).

Pressing systems have the following advantages (IOC 1990): (a) limited invest-
ment is needed; (b) simple and reliable machinery is used; (c) little electrical power 
is required and so energy consumption is low; (d) pomace is less wet; and (e) a small 
amount of vegetable water is produced and it contains little oil.

However, pressing systems also have disadvantages: (a) the machinery is 
 cumbersome; (b) they require more labour; (c) the filtering mats could become 
 contaminated; (d) the process is discontinuous; and (e) the working capacity is low.

With reference to olive oil quality, a pressing system can yield good results if the 
machinery and factory are clean, healthy olives are processed and the work is continu-
ous, as reported in some papers (Di Giovacchino et al. 1994b; Di Giovacchino 1996; 
Boskou 1996).

Fig. 3.11 Oily must 
(oil + vegetation water) is 
collected in a draining well
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At present, pressing systems are still viable in only small oil mills, which are 
common in Italy, where approximately 1,500–1,600 oil mills use such a system. In 
other countries, the number of oil mills equipped with a pressing system is rapidly 
decreasing, and in Spain such systems have almost disappeared entirely.

3.6  Percolation Method

Olive oil extraction from olives by the percolation method is based on the difference in 
the surface tension between oil and vegetation water. This difference allows a steel 
blade to be preferably coated with oil when it is plunged into olive paste. When the 
steel blade is withdrawn, olive oil drips off and separates from other phases, creating a 
flow of oily must. This is due to the fact that in the presence of olive paste solids, olive 
oil has an interfacial tension less than vegetation water in relation to the steel blade.

The first studies involving the percolation method date back to 1911, when the 
Acapulco method appeared. The industrial machinery was later modified (1929–1930) 
to become the Acapulco-Quintanilla method. The first machinery utilised olive paste 
without stones (kernels) and had some drawbacks which were later eliminated by 
Francisco Buendía, who built the Alfin prototype in 1951, which has been known as 
Sinolea since the 1950s (Fig. 3.12).

The Sinolea consists of a stainless steel semi-cylindrical grating with many small 
blades moving through slits in the grating. The movement of the blades is slow, and 
therefore, when they plunge into the olive paste, as it is continuously renewed, they 
are coated with oil. The oil drips off the blades when they are withdrawn.

The first Sinolea machinery had a loading capacity of 300–350 kg of olive paste 
and 5,120 small blades spread over a total surface of 1.18 m2 (Martinez Moreno 
et al. 1965). A mechanical system, rotating at 7.5 rpm, moves the small blades and 
a scraper pushes the olive paste uniformly and continuously towards the grating 
plates. The Sinolea plant is able to extract up to 70–75 % of the oil contained in 
olives. It was used directly with a pressing method (Petruccioli 1965), but this com-
bination had the drawbacks of the latter method – high labour costs and filtering 
diaphragms. Nowadays, a Sinolea plant is used in combination with a centrifugal 
decanter, thus reducing labour costs and obtaining higher oil yields. In this case, the 
machinery is fitted with fewer blades (4,608 over 1.06 m2) because of the incorpora-
tion of a screw at the bottom to unload the partially de-oiled olive paste.

The theoretic equation (Martinez Moreno et al. 1968) to calculate the oily flow 
leaving the machinery is as follows:

 
Q Q e bt= −( )−

0 1 ,
 

where Q is the amount of oil extracted in time t, and Q0 is the amount of free oil that 
could be extracted in an infinite period of time.
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This equation was later modified (Setti 1973; Petruccioli et al. 1973) for practical 
reasons:
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where Qr is the residual oil in the olive paste at a specific time t, Q0 is the olive oil 
contained in the initial paste, determined by Soxhlet apparatus, and h and H are 
kinetic constants of the process.

Percolation is the most natural process (Fig. 3.13) because it takes place at  ambient 
temperatures, without the addition of diluting water and without employing mats, 
thereby avoiding any possibility of contamination due to the decomposition of organic 
vegetable matter on uncleaned mats. The characteristics of oil obtained by the percola-
tion method in comparison with other extraction methods are shown in Table 3.8.

Oil yields obtained by the percolation method depend greatly on the rheological 
properties of olive paste and, particularly, on the percentages of water and hydro-
philic solids. Figure 3.14 shows that increasing water content within olive paste 
(diminishing oil/water ratio) leads to a diminished oil yield (Di Giovacchino 1986), 
but increasing the hydrophilic solid content increases oil yield (Di Giovacchino and 
Mascolo 1988).

The percolation method is an automated process that requires a small workforce 
and uses a limited amount of energy but does not give high oil yields, especially 
when olives are difficult to process. Moreover, the produced  pomace has a high 
water content (50–65 %) and a medium-high oil content (8–12 %). This last 

Fig. 3.12 Sinolea machinery, 
used to extract olive oil by 
the percolation method?
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drawback is overcome by combining the percolation method with centrifugation, 
thereby obtaining a semi-continuous process with all the advantages of automation. 
Less labour is needed, and because of the double extraction, the oil yields are simi-
lar to or higher than those obtained with the pressing method (Mascolo et al. 1980). 
In any case, at the present time the number of oil mills equipped with the percola-
tion system is not very high and is decreasing as it is being replaced by the centrifu-
gation system, using three- and two-phase decanters.

Virgin olive oil Vegetation water

Oily must Pomace
(olive paste 

partially de-oiled)Vertical centrifuge

Percolation

Mixing
(25-30ºC)

Percolation method

Washing

Crushing
(usually by metallic crusher)

Leaf removal

Olives

Fig. 3.13 Diagram of olive oil extraction by the percolation method?

Fig. 3.14 Oil yields obtained at different times by percolation method, when olives with different 
oil/water ratios (0.38–0.59 and 0.36–0.78) are processed (Source: Di Giovacchino (1986), with 
permission of Rivista Italiana delle Sostanze Grasse)
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3.7  Centrifugation Method

The first centrifugal decanter was employed in an olive oil mill in the late 1960s. 
The machinery was the result of many years of research and represented the first 
step in olive mill automation with the consequent reduction of labour costs. The 
centrifugation method is a continuous or on-line process that is able to separate 
VOO from the other phases of the olive paste, either liquid (vegetation water) or 
solid (pomace), by means of centrifugal force. Stokes’s modified law governs the 
speed at which a solid and a liquid are separated under centrifugal force:
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where V is the speed of separation, D is the diameter of the solid particles, d1 is the 
specific weight of the liquid, d2 is the specific weight of the solid, ω is the angular 
speed, r is the distance to the rotating arms, and η is the viscosity of the liquid.

Amirante and Catalano (1993) have formulated the relationship between the 
physical properties of olive paste and the decanter characteristics:
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where μ is the viscosity of the liquid phase, ρl is the specific weight of the liquid 
phase, ρs is the specific weight of the solid phase, Dp is the mean diameter of the 
solid particles, Kc is the correction factor depending on the concentration of the 
solid particles in the liquid, R1 and R2 are respectively the minimum and maximum 
radii of the ring of liquid being centrifuged, ω is the angular velocity of the centrifuge, 
and ts is the particle sedimentation time.

This equation shows that the separation of the solid particles is more complete 
when the retention time is greater. The retention time is the ratio between the  
volume of the decanter and the volume of the olive paste plus the water added per 
minute. Figure 3.15 shows a basic diagram of VOO extraction by centrifugation 
systems.

The diagram in Fig. 3.15 is relative to a three-phase centrifugation system, a 
system which was widespread during the 1970s and 1980s and is still used at the 
present. However, it has been partially replaced by two-phase centrifugal decant-
ers, especially in some countries like Spain. The difference between the two types 
of decanter is that it is possible to avoid, or reduce, the addition of water to the 
olive paste when the two-phase decanter is used to separate oil from other phases, 
liquid and solid, of the malaxed pastes. That interesting innovation led to some 
changes in olive oil quality as well as the work capacity of the decanter, as will be 
described below.
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Leaf removal and olive washing are important and necessary operations when a 
centrifugation system is employed. When they are performed, it is possible to avoid 
damage to the mechanical parts rotating at high speeds. In addition, the sensory 
effect of leaves on VOO is also avoided.

3.7.1  Olive Crushing

When a centrifugal decanter is employed, olive crushing can be carried out by a 
range of different metallic crushers, including hammers, toothed discs, and cylindrical 
or roller crushers. Basically, these machines consist of a metallic body, of various 
shapes, which rotates at high speed and throws the olives against a fixed or mobile 
metal grating. The result is olive paste. The kind of metallic crusher used and the 
violence of the crushing action affect the size of the stone fragments, the extraction 
yields and the organoleptic properties of VOO.

A centrifugation system, with a hammer metal crusher and a grating with small 
holes (violent crushing), produces high extraction yields (Muñoz Aranda and Alba 
1980), and the VOO contains high amounts of phenolic substances. Comparative 
studies between granite millstones and metal crushers pointed out that the latter 
produces VOOs with a higher content of total phenols (Angerosa and Di Giacinto 
1995; Alloggio et al. 1996) that are more stable and with a more bitter taste 
(Angerosa and Di Giacinto 1995). Table 3.2 shows the effects of the different crushing 
methods on the characteristics of VOO.

Centrifugation method 

Virgin olive oil Vegetation water

Mixing
(25-30ºC)

Washing

Crushing
(usually by metallic crusher)

Lukewarm  water
(25-30ºC)

Oily must Pomace

Vertical centrifuge

Horizontal centrifuge

Leaf removal

Olives

Fig. 3.15 Diagram of olive oil extraction by a centrifugation method with three-phase decanter
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Metallic crushers, with fixed hammers or discs, are the most common machines 
used by farmers, and they have the main advantages that they are not very bulky or 
expensive, work continuously, and have a high hourly capacity. They have drawbacks, 
however: they can produce emulsions because of their rapid and violent operation, 
even though the olive paste temperature does not increase by more than 6–10 °C over 
the ambient temperature; they can increase the organoleptic characteristics of VOO, 
e.g. bitter and pungent taste; and the metallic parts rotating at high speed can suffer 
wear and tear.

For these reasons, some olive oil mills equipped with centrifugal decanters have 
replaced metallic crushers with millstones, both for historic image and for the 
organoleptic quality of oils. In these cases, oil extraction yields should be less than 
those obtained with metallic hammer crushers.

3.7.2  Olive Paste Mixing

As was previously mentioned, the mixing operation (also called malaxation) 
 consists of a slow stirring of the olive paste with the aim of promoting contact 
between oil droplets to obtain larger drops, which then separate in a continuous oily 
phase. That operation is particularly important when the olives are crushed using 
violent metallic crushers, which can cause emulsions with negative effects on 
extraction yields. The mixing operation reduces or removes the aforementioned 
emulsions of olive paste by causing the droplets to coalesce, thereby increasing the 
free oil quantity and, therefore, oil extraction yields. Moreover, the mixing opera-
tion helps to increase the extractable oil by promoting the breaking up of unbroken 
cells containing oil for mechanical and enzymatic action.

Continuous centrifugal plants have two or three mixing units consisting of semi- 
cylindrical, large-capacity vats fitted with a horizontal shaft and an outer chamber 
for heated water circulation (Fig. 3.16).

The mixing of olive paste can be carried out for different times and at different 
temperatures, but in general, the mixing time varies between 30 and 60 min, and the 

Table 3.2 Effect of different crushing methods on some qualitative characteristics of virgin olive 
oils obtained by three-phase centrifugal decanter

Determination

Olive cv Provenzalea Olive cv Ogliarolab

Millstone
Metallic crusher  
at discs Millstone

Metallic crusher 
at hammer

Free fatty acids (%)   0.23  0.23  0.41  0.37
Peroxide value (meq/kg)  11.5  11.8  6.2  5.1
K232   1.87  1.90  1.18  1.19
Total phenols (mg/kg) 133 246 186 435
Induction time (h)   7.8  10.6  9.4  12.7
aAngerosa and Di Giacinto (1995)
bAlloggio et al. (1996)
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temperature varies between 25 °C and 32 °C. The effects of time and temperature in 
olive paste mixing are shown in Table 3.3 (Di Giovacchino et al. 2002a; Inarejos- 
Garcia et al. 2009).

The data show that the adopted time and temperature used to mix olive paste do 
not influence the commercial characteristics of VOO. In particular, only a mixing 
temperature of 40 °C determines a small, insignificant increase in the peroxide 
value and K232 of oil, whereas the same temperature value causes a significant 
increase in total phenol content and induction time of oil, as confirmed by 
Stefanoudaki et al. (2011). In contrast, an increase in the mixing time causes a 
small, insignificant reduction in the total phenol content and the correlated values of 
induction time, but only when the operation lasts 90 min.

During olive paste mixing, the oil is protected from oxidation by two important 
phenomena: (1) the large quantity of phenolic substances present in the paste and 
their reaction with oxygen, whose quantity is reduced; (2) the consumption of the 

Fig. 3.16 Machine for olive paste mixing (capacity 500–600 kg)

Table 3.3 Effect of time and temperature of olive paste mixing on some characteristics of virgin 
olive oil obtained by two-phase centrifugal decanter

Determination

Olive cv Leccino Olive cv Cornicabra

Mixing time (minutes)a Mixing temperature (°C)b

30 60 90 20 28 40

Free fatty acids (%)  0.31  0.28 0.30  0.21  0.21  0.25
Peroxide value (meq/kg)  4.5  4.1 4.0  5.9  6.2  6.8
K232  1.49  1.50 1.51  1.60  1.67  1.70
Total phenols (mg/kg) 285 306 265 450 649 788
Induction time (h)  14.6  14.6 13.6  14.7  21.8  24.7
aDi Giovacchino et al. (2002a)
bInarejos-Garcia et al. (2009)
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oxygen, due to cellular respiration, and the consequent formation of CO2. As dem-
onstrated in some papers (Parenti et al. 2005, 2006), the mixing operation of olive 
paste carried out in a closed mixer causes a strong reduction in the oxygen con-
tained in the olive paste and in the atmosphere, because of cellular respiration, and 
the formation of the corresponding quantity of carbon dioxide, the percentage of 
which can reach 25 % of the gas present in the headspace.

In the past, mixers (two or three) were placed in series, either horizontally or 
vertically, whereas currently mixers are independent because they are placed in 
 parallel. Moreover, modern mixers (Fig. 3.17) are tightly closed as a result of laws 
on industrial safety and the HACCP (Hazard Analysis Critical Control Point) regu-
lations for olive oil mills.

Even though the mixing operation does not promote oil oxidation, some construc-
tors have suggested, and built, mixer machines that make it possible to modify the 
gaseous atmosphere by replacing air with an inert gas like nitrogen. The purpose is to 
avoid, or reduce, any decrease in the content of phenolic substances in the oil due to 
the mixing operation when it is carried out for a long time. The results obtained in 
some studies, carried out using an industrial scale machine (Servili et al. 2008) or 
small laboratory machines (Romano et al. 2010; Ridolfi et al. 2010), indicated that the 
use of nitrogen to modify and control the atmosphere during the mixing operation 
helped to obtain oils with a higher content of total phenols and o-diphenols, compared 
to the content of the same substances in oils obtained under normal conditions.

3.7.3  Olive Paste Centrifugation (Three- and Two-Phase 
Decanters)

The separation of oil from other liquid and solid phases of olive paste is produced by a 
horizontal centrifuge (Fig. 3.18). The centrifuge, rotating at high speed (in general at 
3,500–3,600 rpm), accentuates the difference between the specific weights of the non-
miscible liquids (oil and water) and the solid matter (pomace). In this way, olive oil and 
vegetation water are separated by nozzles from olive  pomace, which is pushed to one 

Fig. 3.17 Modern mixers placed in parallel, closed and equipped with a window
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end of the centrifuge. Centrifugation, therefore, permits extraction of olive oil in a con-
tinuous operation, whereas the pressing and percolation methods are discontinuous.

The decanters have a theoretical hourly load capacity of olive paste depending 
largely on their size. Decanters, in relation to the length, diameter and angular speed 
of the rotating body, yield the best quantitative results when the feed flow of the 
olive paste is 70–90 % of the theoretical load capacity, depending on the olive char-
acteristics. If the flow of the olive paste is too high, oil yields drop because of the 
increasing oil content in the pomace and vegetation water.

When a three-phase centrifugal decanter is used, the mixed olive paste is pumped 
through to the decanter by the addition of lukewarm water to raise the fluidity of the 
mixture and to promote the separation of the liquid and solid phases by centrifugation. 
The quantity of water added to the olive paste affects the extraction yield and the 
phenol content. Generally, oil extraction yields decrease when the amount of water 
added to dilute the paste is very low or very high; the best results correspond to olive 
paste/water (w/w) ratios of between 1:0.4 and 1:0.7.

Phenols are important constituents of VOO (Tsimidou et al. 1992), and their 
content is also affected by the quantity of water added to the olive paste because 
phenolic substances are more soluble in water than in oil. An increase in the amount 
of diluting water diminishes the phenol content and, hence, the stability of VOO 
during storage. Table 3.4 shows the results obtained in olive processing using pres-
sure and three-phase centrifugation systems (Di Giovacchino et al. 1994a).

Moreover, the different extraction systems affect the composition of the volatile 
substances present in the headspace of oil, as shown in Table 3.5.

Fig. 3.18 Centrifugal decanter in medium-size to large Italian oil mill (Reproduced with permis-
sion of OL.MA.- Braccagni, Italy)
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The data, as reported in the original paper (Di Giovacchino and Serraiocco 1995), 
indicate that the oils extracted by pressure and centrifugation systems have the same 
content of hexanal and (E)-2-hexenal, because it depends on the olive cultivar and 
its ripening degree, whereas oil obtained by a pressure system has a higher content 
of n-octane, isobutyl and isoamyl alcohols, with an undesirable aroma (Aparicio 
et al. 1996). These substances are especially present in oils obtained by a pressure 
system because of the prolonged use of filtering diaphragms, or mats; the vegetable 
organic matter remains on the mats for many days and can therefore ferment and 
decompose. Use of a centrifugation system instead makes it easy to remove the 
olive paste from the machinery by short and quick washing with lukewarm water.

One of the classic drawbacks of the continuous three-phase centrifugation method 
is the production of a considerable volume of vegetation water that varies between 60 

Table 3.4 Characteristics of oil, pomace and vegetable water obtained in olive 
processing by pressing and 3-phase centrifugation systems

Determinations

Olive processing system

Pressing 3-phase centrifugation

Characteristics of oil
Free fatty acids (%)  0.35  0.29
Peroxide value (meq/kg)  4.8  5.7
K232  1.91  1.96
Total phenols (mg/L) 155 114
Induction time (h)  12.0  9.5

Characteristics of pomace
Oil content (% of fresh matter)  7.7  4.0
Moisture (%)  27.9  51.2

Characteristics of vegetation water
Oil content (g/L)  6.7  12.5
Dry matter (%)  16.4  9.0

Data from Di Giovacchino et al. (1994a)

Table 3.5 Average content of some volatile substances of oils obtained in olive 
processing by pressing and 3-phase centrifugation systems (good-quality olives)

Determinations

Olive processing system

Pressing 3-phase centrifugation

n-Octane  24.3  7.1
Ethyl acetate  13.5  6.8
Hexanal  41.3  36.1
Isobutyl alcohol  20.1  4.0
Isoamyl alcohol  78.6  10.9
(E)-2-Hexenal 425.5 435.4
Hexanol 107.3  35.6
(E)-2-Hexenol  97.5  39.9
Acetic acid  6.0  1.7

Data from Di Giovacchino and Serraiocco (1995)
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and 100 L per 100 kg olives. To reduce the amount of wastewater, it has been sug-
gested that the vegetation water could be recycled, partially replacing the total need 
for lukewarm mains water (Amirante et al. 1993). This process has the following 
advantages: (1) increased oil extraction yields; (2) increase (20–25 %) in phenolic 
content of oil; and (3) reduction (30–40 %) in the volume of vegetation water.

The continuous centrifugal method (either three or two phases) is the most com-
mon in all of the olive-producing countries. This method is now used in 96–98 % of 
Spanish olive oil mills, 80 % or more of Greek olive oil mills, 60–70 % of Italian olive 
oil mills, and a similar percentage in other Mediterranean countries, such as Tunisia, 
Turkey, Syria and Morocco. The success of this method is due to the facts that the 
machinery does not require much space, all operations are automated, operating costs 
have been drastically reduced because of automation, and pomace contains low 
amounts of olive oil (3–5 %). The continuous centrifugal method, however, has draw-
backs: the machinery requires large outlays because it is built with stainless steel, the 
consumption of thermal energy is a limiting factor, the pomace is wetter than that 
produced by the pressing method, and the aforementioned high volume of vegetation 
water has a medium-high content of oil, which varies between 5 and 15 g/L (when 
three-phase decanters are used).

In the late 1980s, to avoid some of the drawbacks of the three-phase decanter, the 
industries in the sector launched a new decanter, the so-called two-phase decanter, 
which allowed the olive paste to be centrifuged without adding water in order to 
separate the oil and the pomace only, avoiding the production of vegetation water. 
The results obtained in olive processing by the two types of decanter indicated that 
the oil yields were similar, whereas the pomace was wetter (moisture of approxi-
mately 65–72 %) when the two-phase decanter was used (Hermoso Fernandez et al. 
1995; Amirante et al. 1993; Di Giovacchino 1994; Di Giovacchino et al. 1994c; 
Koutsaftakis and Stefanoudaki 1996; Stefanoudaki et al. 2011). With reference to 
the quality of oil, Table 3.6 shows the results obtained in olive processing by two- and 
three-phase decanters (Di Giovacchino et al. 2002b).

The data indicate that the two types of decanter do not influence the values of 
parameters correlated with the qualitative characteristics of oils, such as the percentage 
of free fatty acids, peroxide value, values of K232 and K270 and the score of the organo-
leptic assessment because they largely depend on the qualitative characteristics of 
olive fruits and their ripeness degree. The total phenol content and the value of the oil 
induction time can differ simply because of the addition of water to the olive paste 
when a three-phase centrifugal decanter is used. The dilution of olive paste by lukewarm 
water allows a reduction in the concentration of phenols of the liquid and solid phases 
and, therefore, of the oil as well.

Thanks to its characteristics and to the large water savings, this technology 
promises to expand throughout the Mediterranean basin, a geographical area with 
limited water supply. At present, the two-phase decanter is now used in 95 % of 
Spanish olive oil mills because it dramatically reduces the production of vegetation 
water. This fact is particularly important because in Spain, the disposal of this liquid 
by-product of oil mills is a big environmental problem. Moreover, the use of the 
two-phase centrifugal decanter, especially in large oil mills, allows for the adoption 
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of a particular programme for olive processing that is based on the recovery of a 
small quantity of oil and a large quantity of stones from the wet pomace, as described 
in the following sections.

At the end of this section, the pros and cons of the use of the two types of decanter 
are given (Table 3.7).

3.8  New Trends in Olive Processing and Olive Oil Quality

The quality of VOO is defined by certain analytical parameters, as established by 
European law and the documents of the IOC. These institutions establish the limit 
values of the qualitative parameters for classifying VOOs in various categories.

The various mechanical methods used to extract oil from olives affect VOO qual-
ity and the content of some chemical compounds like phenolic substances, pigments 

Table 3.6 Average values of some parameters determined in oils obtained by two- or 
three-phase centrifugal decanter

Determinations

Centrifugal decanter

Two-phases Three-phases

Free fatty acids (%) 0.34 0.32
Peroxide value (meq/kg) 4.3 4.7
K232 1.56 1.50
K270 0.11 0.10
Organoleptic assessment (score)a 7.2 7.2
Total phenols (mg/L) 292 197
Induction time (h) 14.2 11.0
Chlorophyll pigments (mg/kg) 6.9 7.5
Hexanal (mg/kg) 32.5 32.8
(E)-2-Hexenal (mg/kg) 275.0 253.0
Hexanol (mg/kg) 19.0 17.1
(E)-2-Hexenol (mg/kg) 26.5 29.1

Data from Di Giovacchino et al. (2002b)
aScore between 1 and 9

Table 3.7 Advantages and disadvantages of the two types of decanters

Type of decanter Advantage Disadvantage

Two-phases Oil has higher phenol content Pomace is very wet
Oil is more stable Lower working capacity
Lower water consumption Oil can be more bitter
Lower energy consumption Oil can be more pungent
No production of vegetation water

Three-phases Higher working capacity Oil has lower phenol content
Pomace has normal moisture content Oil is less stable

Production of vegetable water
More consumption of water
More consumption of energy
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and volatile substances. Table 3.8, based on the results reported by Di Giovacchino 
et al. (1994a), shows the data obtained in olive processing by various systems in 
industrial oil mills.

The results indicate that all systems yielded extra VOOs when good-quality 
olives were processed. However, the centrifugation system produced oils with a 
lower content of total phenols and a lower value for induction time because of the 
addition of lukewarm water to the olive paste. Moreover, olive processing systems 
can affect the content of some volatile substances that characterise the aroma of 
VOOs, as shown in Table 3.5. At present, the general and most important aim of 
olive growers and olive oil producers is to obtain a good, or very good, VOO (extra 
virgin) by adopting the best conditions during all phases of the process, from culti-
vation to extraction, including storage and bottling. When the olives are sound and 
of appropriate ripeness, the quality of the oil must be very good, of course, if the 
adopted system for processing olives helps to avoid any deterioration of the oil due 
to pollution from dirty machinery on which some vegetable residues can remain for 
a long time. It is possible to avoid that drawback when the oil mill is equipped with 
a centrifugal decanter and other machinery built with stainless steel, which is very 
easy to clean using water to remove residues. Regarding this problem, in a pressing 
system, in particular, it may be difficult to clean the mats on which some vegetable 
and oily residues inevitably remain and which are broken down further because of 
the activity of micro-organisms. The same problem may be encountered in a perco-
lation system if the machinery is rarely cleaned.

Today, the chances of obtaining an oil of good quality have been improved by the 
introduction of the two-phase centrifugal decanter, which helps to avoid the use of 
water added to the olive paste. This produces an oil that has a higher content of 
phenolic substances and, thus, with higher nutritional properties, is more bitter and 
pungent and more stable during storage, as shown in Table 3.6.

In regions where there is high production of olives, another important aim is to 
extract VOO at the lowest possible cost. This goal is reached through the use of 
large centrifugal decanters with a theoretical capacity of 10–15 t of olives/h that in 
general operate in two phases in large oil mills having a theoretical capacity to 

Table 3.8 Average results of qualitative characteristics of oils obtained in olive processing by 
different mechanical systems

Determination

Olive processing system

Pressing Percolation 3-phase centrifugation

Free fatty acids (%) 0.23 0.23 0.22
Peroxide value (meq/kg) 4.0 4.6 4.9
K232 1.93 2.03 2.01
K270 0.12 0.12 0.13
Organoleptic assessment (score) 6.9 7.0 7.0
Total phenols (mg/L) 158 157 121
Induction time (h) 11.7 11.2 8.9
Chlorophyll pigments (mg/kg) 5.0 8.9 9.1

Data from Di Giovacchino et al. (1994a)
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 process 1,000–1,500 t of olives/24 h. In Spain, many oil mills have the aforemen-
tioned capacity, whereas a small number of oil mills in Italy or other countries of the 
Mediterranean basin have a theoretical capacity of 500–800 t of olives/24 h.

When a two-phase centrifugal decanter is used, the wet pomace obtained (par-
tially de-oiled olive paste) contains all the oil not extracted. Thus, it seems useful 
to recover part of that oil by a second centrifugation of the pomace in another 
decanter that can operate in two or three phases (Di Giovacchino and Costantini 
1991; Alba Mendoza et al. 1996). From the second extraction, the quantity of the 
recovered oil is very small, varying between 0.3 and 0.6 kg/100 kg of olives, and 
the oil may have different qualitative characteristics, as shown in Table 3.9, 
(Di Giovacchino et al. 2002c).

The data show that the oils of the second extraction were very green because of 
the high content of the chlorophyll pigments and had an irregular composition 
because of the percentage of erythrodiol and uvaol and the content of waxes. 
European law establishes that a VOO must have a percentage of erythrodiol + uvaol 
no higher than 4.5 % and a waxes content no higher than 250 mg/kg. If the  preceding 
values are higher than the established limits, the oil must  be classified as pomace oil.

Double extraction of olive oil is a common practice in Spain (Alba Mendoza 
et al. 1996), although it is also done in other producing countries, e.g. in a small 
number of the large oil mills of Italy.

Moreover, the wet pomace obtained by two-phase centrifugal decanters is not 
used in the industry for solvent extraction of oil because of the high percentage of 
moisture (65–72 %), which gives rise to high costs because of its drying by heating. 
For that reason, many oil mills, operating with two-phase centrifugation, in order to 
generate income from the solid by-product, have introduced stages in olive process-
ing that use a specific machine able to separate the fragments of stone from the fibre 
of the pomace. The stones of the pomace are useful as fuel because of their  
high heating power and other interesting characteristics, as will be described subse-
quently in Sect. 3.11.

Table 3.9 Qualitative characteristics of oils obtained by double centrifugation of olive paste of 
good and poor quality

Determinations

Olives cv Coratina  
(good quality)

Olives cv Cima  
(poor quality)

First extract Second extract First extract Second extract

Free fatty acids (%) 0.56 0.80 2.1 2.6
Peroxide value (meq/kg) 7.6 10.4 10.9 11.1
Total phenols (mg/L) 308 416 156 174
Erythrodiol+Uvaol (%) 3.9 9.1 2.3 7.0
Waxes (mg/kg) 45 87 154 726
Aliphatic alcohols (mg/kg) 103 342 253 1,407
Total triterpene alcohols (mg/kg) 1,128 1,321 1,709 1,669

Data from Di Giovacchino et al. (2002c)
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3.9  Use of Co-adjuvants for Olive Oil Extraction

The rheological characteristics of olive pastes influence oil extraction yields with 
every mechanical method employed during processing. Oil yields generally vary 
between 80 % and 85 % of oil contained in olives as determined by the Soxhlet 
extractor. If the olive paste is difficult to work (a so-called hard paste), the oil yield 
can diminish to 70–75 %. The reason for this is the high quantity of oil trapped in 
the colloidal tissues of cytoplasm or emulsified with vegetation water, the so-called 
non-free olive oil.

It is possible to improve oil yields using certain co-adjuvants that are able to 
increase the quantity of free oil of olive paste. In the past, the first co-adjuvants utilised 
were lyophilised enzymes with pectolytic and cellulosolytic activity (De Soroa y 
Pineda 1952; Martinez Moreno et al. 1957b; Montedoro and Petruccioli 1973; 
Montedoro and Petruccioli 1978). After the 1980s, liquid enzymatic products having 
more specific pectolytic activity were employed (Alba Mendoza et al. 1987; Siniscalco 
and Montedoro 1988), and their influence on oil yield is shown in Table 3.10.

Data derived from Hermoso Fernández et al. (1991) indicate that the use of 
enzymes helps to improve oil yield, which rises, on average, from 20.0 kg/100 kg 
olives to 21.1 kg/100 kg olives and, in consequence, increases the overall extracted 
oil from 81.2 % to 85.8 % of the maximum oil contained in olive fruits and deter-
mined by the Soxhlet extractor.

With reference to the quality of olive oil extracted from olive paste containing 
added enzymes, the results reported in several papers (Alba Mendoza et al. 1987;  
Di Giovacchino 1991, 1993) indicated that the use of co-adjuvants did not influence 
the basic quality characteristics of oils, such as the percentage of free fatty acids, the 
peroxide value and other parameters correlated with the commercial quality of 
VOO. However, in some cases a small increase (not statistically significant) in the 
total phenolic content was found (Di Giovacchino 1993). Of course, the quantitative 
contents of fatty acids, sterols, aliphatic and triterpenic alcohols, triterpenic dialco-
hols and others were not obviously influenced by the use of enzymatic products.

In general, the use of enzymes, when olive pastes are difficult to process, gives 
good results either in terms of increasing the oil yield or improving the efficiency of 
the centrifugal decanter. However, some international institutions have worried 
about the image of VOO, which has always been considered a natural product 
obtained only by mechanical and physical means. The use of a biochemical product 
could change that image, and for that reason the European Community wanted to 

Table 3.10 Average results obtained in olive processing by three-phase centrifugation of olive 
pastes with enzymes added

Oil content of olives 
(kg/100 kg olives)

Olive paste – control Olive paste – with enzymes

Industrial yield 
(kg/100 kg olives)

Theoretical 
yield (%)

Industrial yield 
(kg/100 kg olives)

Theoretical 
yield (%)

24.6 20.0 81.2 21.1 85.8

Data from Hermoso Fernández et al. (1991)
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revise the definition of VOO, and with Regulation 1513 of 2001, it was established 
that the use of any substance with chemical or biochemical activity was forbidden 
during olive processing in oil mills.

Another co-adjuvant used to increase oil yields is the micronised mineral talc, 
mainly used, and still used, in Spain (Martinez Suarez et al. 1975; Muñoz Aranda 
et al. 1979). The results of experiments carried out using talc to process difficult 
olives (or hard pastes) by centrifugation methods indicate that higher yields are 
obtained when the water content of olive paste is above 50 % and the talc added at 
2–4 %, as shown in Table 3.11, which reports data from Di Giovacchino (1988).

Talc has lipophilic properties and its positive action is due to the reduction in the 
emulsion oil/water and to the consequent increase in free oil. This positive effect is 
more evident in the significant reduction in olive oil lost with the vegetation water. 
Moreover, the talc, because of its high specific weight (2.8 g/cm3), flows into the 
pomace and compacts it, thereby helping to better separate the solid phase from the 
liquid phases inside the decanter. This effect improves the efficiency of the decanter 
and increases the feed flow of olive paste. This is the most important reason for the 
common use of talc in large-capacity Spanish oil mills.

Of course, the use of talc does not affect the sensory or other qualitative 
 characteristics or the chemical composition of the saponifiable and unsaponifiable 
fractions of VOO (Di Giovacchino 1988).

3.10  Storage of Virgin Olive Oil

VOO, obtained by various extraction systems, is cloudy because it contains a small 
quantity of vegetable water and, in some cases, small vegetable fragments. The oil 
needs to be cleaned by centrifugation in a vertical centrifuge rotating at high speed 
(6,500–7,000 rpm). In this way, the oil is separated from most impurities but remains 
cloudy because of the unavoidable emulsion between the oil and a very small quan-
tity of water, dispersed as microdroplets. In that condition, VOO should be properly 
stored in large containers while it awaits bottling and marketing.

The best and most common system to store VOOs is to utilise large metallic 
tanks made of stainless steel and kept under cover inside buildings. In some cases, 
large underground vats, with walls coated with inert material, i.e. stainless steel, are 
also still used to store VOO.

Table 3.11 Average results obtained in olive processing by three-phase 
centrifugation of olive paste added with different percentages of mineral 
talc added

Added talc  
(%)

Oil yield  
(%)

Oil lost in by-products  
(kg/100 kg olives)

– 78.3 4.1
2 80.5 3.7
4 84.4 3.0
6 83.1 3.2

Data from Di Giovacchino (1988)
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The storage premises must be free of all aromas pleasant or unpleasant. Moreover, 
during storage the oil should not come into contact with unsuitable materials, which 
may cause spoilage, such as plastic or reactive metallic surfaces.

During storage, the quality of VOO may deteriorate because it can undergo both 
biological and chemical processes due to the following reactions:

 – Hydrolysis of triglycerides caused by enzymes;
 – Chemical oxidation of fatty acids, promoted by the presence of oxygen and free 

radicals.

Alteration of oil due to hydrolysis is possible when enzymes and water are  present, 
as commonly happens with cloudy oils that are freshly obtained in oil mills. Under these 
conditions, the aqueous phase, consisting of a small quantity (approximately 0.5 %) of 
vegetation water, contains enzymes and, in particular, lipase, which is able to hydrolyse 
triglycerides to release free fatty acids and, as a consequence, increases the acidity of the 
oil. That reaction is promoted by storage temperatures higher than 18–20 °C.

Moreover, the small droplets of emulsified water that is present in the oil slowly 
settle on the bottom of the container, forming a layer of sediment containing sugars, 
proteins and enzymes. It can ferment under certain temperature conditions and then 
produces some substances (e.g. short-chain fatty acids) that give a typical defect. If 
VOO is left in contact with the aqueous layer for a long time, it may acquire the 
organoleptic defects of muddy sediment or putrid. In order to avoid this type of oil 
spoilage, VOO should be separated from the sediment as quickly as possible, either 
by pouring or by filtering it through hydrophilic materials. In general, the oil stored 
in a container is poured into another container after 20–30 days. If there is a need to 
bottle the oil, separation of the aqueous emulsion is carried out by a suitable filtra-
tion using a filter- press equipped with cellulose paperboard.

Another important process, particularly dangerous for VOO quality, is chemical 
oxidation, also called autoxidation. The oxidative deterioration of VOO can be 
delayed by employing suitable methods, but oxidation cannot be avoided. The 
autoxidation of the oil depends on the following factors: the composition of the fatty 
acids and the content of phenols, the material of the container, exposure to light, the 
storage temperature, and any contact with air (oxygen).

All oils and fats deteriorate by oxidative processes, but the process is relatively slow 
for VOO because of its fatty acid composition and phenolic content. Polyunsaturated 
fatty acids are oxidised faster than monounsaturated ones. In general, VOO contains a 
high percentage (60–80 %) of oleic acid (monounsaturated), a medium content 
 (12–18 %) of palmitic and stearic acids (saturated) and a low percentage of polyunsatu-
rated fatty acids, like linoleic acid (5–13 %) and linolenic acid (less than 1 %). This 
explains the higher stability of VOO in comparison with many other vegetable oils, 
such as seed oils, which can have a percentage of polyunsaturated fatty acids higher 
than 30–40 %.

Moreover, VOO is the only vegetable oil that contains significant natural antioxi-
dants like phenolic substances (in particular the secoiridoid compounds).

With reference to the material of VOO containers, they must not transfer foreign sub-
stances to the oil, as may happen when the container is made of plastic or reactive metals.
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Another risk factor for VOO stability is light (natural or artificial), which may 
stimulate some photosensitisers able to generate singlet oxygen (1O2), which can 
rapidly cause polyunsaturated fatty acid oxidation. VOO, in comparison to other 
vegetable oils, may suffer that type of oxidation because it contains significant 
quantities of pigments (like chlorophyll and pheophytin), photosensitisers that are 
able to activate singlet oxygen. To avoid that risk, VOO should be stored in opaque 
containers or in the dark.

Temperature is also a risk factor for VOO stability when stored in either large or 
small containers. It is advisable to store oil at temperatures varying only between 
13 °C and 18 °C, avoiding lower or higher values. A temperature lower than 7–8 °C 
makes the oil solid and hinders other operations, like filtration or bottling. A tem-
perature higher than 20–22 °C, on the other hand, is dangerous because it can 
increase the risk of oil auto-oxidation. The speed of the oxidation of fatty acids in 
the oil, in fact, depends on the storage temperature, which must be controlled 
between the aforementioned values (13–18 °C).

The most dangerous risk factor for oxidation of VOO is contact with air. During 
storage, in the presence of oxygen, the oil can be oxidised because of the activity of the 
lipoxidase enzymes or by a chain reaction due to free radicals. Enzymatic oxidation is 
possible only if water is present in the oil; thus, it is possible to avoid this risk by 
 suitable filtration. More difficult is avoiding the risk of oxidation due to the strong 
reactivity of free radicals that form for many reasons, as explained in Chap. 13.

To avoid, or reduce, the speed of oil oxidation, it is recommended that oil be stored 
in a fully filled container (the volume of air must be no more than 3–5 % of the total 
volume), well closed, in the dark and at a temperature between 13 °C and 18 °C, as 
stated earlier. The risk of oxidation is greater when the oil occupies only a small part of 
the container, thus favouring continued solubilisation of oxygen in the oil and, there-
fore, reactions with fatty acid radicals and the formation of hydroperoxides. In these 
cases, there is a need to control the atmosphere in contact with oil by replacing air by 
an inert gas, like nitrogen, as indicated in Table 3.12.

Data derived from Di Giovacchino et al. (2002d) indicate that the peroxide value 
and the value of K232 of extra VOO stored in bottles not completely full (with the oil 
occupying only 60 % of the total volume) and conditioned with air increased, after 

Table 3.12 Variation in peroxide value and K232 of oils stored at 12–20 °C, in closed bottles, in the 
dark and under different conditioner gases

Determinations
Storage time 
(months)

Conditioner gas: air Conditioner gas: nitrogen

Volume of  
oil (98 %)

Volume  
of oil (60 %)

Volume  
of oil (98 %)

Volume  
of oil (60 %)

Peroxide value  0 9.2 9.2 9.2 9.2
(meq/kg) 10 8.4 17.4 8.2 10.9

24 18.7 36.2 15.0 15.0
 0 1.75 1.75 1.75 1.75

K232 10 1.72 2.50 1.72 1.75
24 1.74 2.55 1.70 1.73

Data from Di Giovacchino et al. (2002c)

L. Di Giovacchino
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10 months, up to the limit values established for these oils and exceeded them after 
24 months of storage, forming an oil known as lampante. By contrast, when the 
headspace was filled with nitrogen, the quality parameters remained within the limits 
established for the extra virgin category.

To conclude this section, it would be useful to summarise sound practices for 
storing VOO:

 – VOO must be stored as soon as it is produced in the mill.
 – The storage container must be made of inert material, like stainless steel or glass 

for small containers, to avoid transfer of polluting substances to the oil.
 – Oil must be protected from light and stored at controlled temperatures (13–18 °C).
 – Oil must be stored in a completely full container (with air accounting for no more 

than 3–4 % of the total volume).
 – If the container is not completely filled with oil, the air should be replaced with 

an inert gas, like nitrogen.

3.11  By-Products of Olive Processing

When olives are mechanically processed into oil, pomace and vegetation water 
 by- products are obtained.

Pomace, a solid by-product, is a source of income for oil mills since it is sold to 
industrial factories where the residual oil (olive-pomace oil) is extracted by solvent 
(hexane). The characteristics of olive pomace (Table 3.13) indicate that the pomace 
obtained by pressing is richer in oil content, while pomace obtained by centrifugation 
is wetter.

Olive pomace should be delivered directly to the pomace factory (on the same 
day it is produced) for drying in order to avoid any increases in acidity in the olive- 
pomace oil. Drying reduces the activity of enzymes. The dried pomace is then 
extracted by hexane to yield raw olive-pomace oil, which must be refined to become 
edible. The edible product sold as olive-pomace oil is refined olive-pomace oil 
blended with a small quantity of VOO (approximately 5 %).

After oil extraction, the solid by-product, de-oiled pomace, is used mainly as a low-
grade fuel, with a heating power variable between 3,200 and 3,600 Kcal/kg. Another 
alternative is the careful separation of the stone fragments from the de- oiled pulp frac-
tion. The de-oiled pulp could then be used in animal foodstuffs while the stone 

Table 3.13 Characteristics of olive pomace obtained in olive processing by different systems

Determination

Extraction system

Pressing
Three-phase 
centrifugation

Two-phase 
centrifugation

Quantity (kg/100 kg olives) 25–35 45–55 80–85
Moisture (%) 22–35 45–55 65–75
Oil (%) 6–8 3.5–5.0 3.0–4.0
Stones (%) 30–45 20–28 12–18
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fragments could be used as a fuel since they have a higher heating power than the whole 
dried pomace, or they could be used in the manufacture of furfural or active carbon.

At present, Italian factories prefer pomace obtained from pressing methods to 
extract the residual oil by solvent and, therefore, pomace obtained in oil mills 
equipped with a centrifugal decanter (especially those of two phases) has a low 
value because of its high water content and low oil content. For that reason, many 
oil mills have adopted a suitable procedure to process olive pomace using a machine 
capable of separating the fragments of stones from the fibre, as shown in the scheme 
(Fig. 3.19).

The diagram shows that the recovery of stones can be carried out in two ways:

 (A) The olive pomace obtained from a centrifugal decanter is sent to a suitable machine 
(separator) that can separate the stones from the fibre. The fibre is malaxed (at a 
temperature of 40–45 °C) and still centrifuged to extract a small quantity of oil 
(about 0.3–0.5 kg/100 kg olives), with the characteristics in Table 3.9.

 (B) The olive pomace is malaxed (at a temperature of 40–45 °C) and sent to another 
centrifugal decanter to obtain a small quantity of oil (0.4–0.6 kg/100 kg olives), 
very green in colour and with the characteristics described in Table 3.9, and the 
pomace, which is then sent to the separator machine to obtain stone fragments 
and fibre.

The stone fragments are used as fuel because of their high calorie power (4,000–
4,200 kcal/kg); moreover, their combustion produces a very low quantity of ash and 
smoke with a negligible quantity of gas containing sulphur and nitrogen. The wet 
fibre can be mixed with other vegetable residues to prepare a compost useful as a 
fertiliser in agriculture.

Two-phase centrifugation decanter

Pomace (B)(A) Oil

Malaxation

Malaxation 

Oil Fibre

Centrifugal decanter

Oil Pomace

Centrifugal decanter

Separator

Stones Fibre

Separator

Stones Fibre

Fig. 3.19 Diagram of olive-pomace processing to separate stone fragments and to obtain second 
extraction oil
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The vegetation water is a liquid by-product obtained from mechanical olive 
 processing in olive oil mills. The volume and characteristics of this by-product 
depend on the extraction method employed, as shown in Table 3.14.

The data in Table 3.14 (from Di Giovacchino and Preziuso 2006) show that 
 vegetation water is mainly a wastewater due to its high content of organic matter, but it 
also contains mineral elements, e.g. potassium, that are potentially of interest for 
 further utilisation. Because of the high pollutant properties of oil mill waste, many 
countries prohibit its discharge into water courses or urban sewage networks. In some 
olive-producing countries around the Mediterranean, the disposal of vegetation water 
is possible by industrial purification or by controlled spreading on agricultural land.  
In particular, Spanish oil mills have partially solved the problem by changing olive-
processing technology through the adoption of a two-phase centrifugation system, 
thereby avoiding the production of vegetation water. In any case, in Spain, the water 
used to wash olives and to wash oil (in the vertical centrifuge) must be collected in a 
suitably protected evaporation pond. In Greece, vegetation water from an oil mill can 
be evaporated naturally in a protected lagoon or it can be treated to reduce its pollutant 
power and, therefore, may be spread on soil. A similar law regulates the disposal of 
vegetation water in Portugal. In Italy, in contrast, the law permits but regulates the 
controlled spread of vegetation water on agricultural land.

The different solutions to the problem are due to the fact that the purification of 
vegetation water by industrial plants is a difficult operation due to the water’s high 
content of organic matter. Many industrial methods have been proposed to purify 
 vegetation water, but only two have been used: (1) concentration by solvent evaporation 
and (2) concentration by membrane filtration (reverse osmosis and ultra-filtration).

The concentration of vegetation water by evaporation of water (an expensive 
process requiring energy and fuel) does not solve the problem because it produces a 
concentrate (similar to jam) that is not usable. Also, disposing of the concentrate is 
difficult. The concentration of vegetation water by membrane filtration is an expen-
sive process that has some drawbacks, such as the frequent occlusion of membranes. 

Table 3.14 Characteristics of olive mill wastewater obtained in olive processing by different 
systems

Determination

Extraction system

Pressing
Three-phase 
centrifugation

Two-phase 
centrifugation

Quantity (L/100 kg olives) 40–50 50–80 10–20a

pH 4.5–5.7 4.5–6.0 4.5–5.0
Dry matter (%) 8–20 4–15 3
Oil content (%) 0.2–0.8 0.6–2.0 0.1
Phenols 2–10 2–8 0.5–1.6
C.O.D. (g O2/kg) 60–200 50–170 10
Nitrogen (%) 0.10–0.15 0.05–0.10 –
Phosphorous (%) 0.05–0.10 0.02–0.06 –
Potassium (%) 0.2–0.4 0.1–0.2 –

Data from Di Giovacchino and Preziuso (2006)
aWater used to wash olive oil in vertical centrifuge
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A few Italian olive oil mills were equipped in the past with industrial plants for 
vegetation water purification. Today in Italy, almost all vegetation water is used in 
controlled spreading on agricultural land.

A more rational method to dispose of and utilise vegetation water is its controlled 
spreading on agricultural land, as is permitted by Italian law (50 or 80 m3/ha, 
depending on the extraction system used, pressing or centrifugation). The aim of 
this practice is to give back to the land the residue of organic substances produced 
from the land itself, which can have positive effects on vegetation and crops, as 
reported in several papers (Lombardo et al. 1990; Bonari et al. 1993; Di Giovacchino 
et al. 2001; Di Giovacchino 2005). The best way to utilise vegetation water from oil 
mills is to spread it on soil cultivated with olive trees, as a natural supply of organic 
and mineral substances to the land from which they came. Table 3.15 shows results 
obtained for olive trees cultivated on soil treated with vegetation water.

Data from Di Giovacchino and Preziuso (2006) demonstrated that the olive crop 
and its characteristics, the quality of VOO and the characteristics of the soil did not 
change when olive vegetation water was spread in large quantities on the soil and 
regular fertilisers were not used or only partially used. This is due to the important 
quantity of organic matter, nitrogen, phosphorous and potassium supplied to the 
cultivated soil, in particular when large quantities of vegetation water were applied. 
The simple and complex organic and mineral substances are slowly utilised and 
transformed by soil micro-organisms as well as being absorbed by the roots. Results 
reported in other papers confirm that the spreading of oil mill vegetation water on 
cultivated soil helps to improve the chemical (Levi Minzi et al. 1992) and micro- 
biological (Picci and Pera 1993) characteristics of the land. Finally, the recycling of 
oil mill wastewater to the soil fits in with the principle of sustainable organic farm-
ing and reduces the consumption of fuel and other energy sources, thereby avoiding 
the production of CO2 as well.

Table 3.15 Average results obtained in olive tree cultivation for soils treated with olive vegetation 
wastewater

Determinations Control

Quantity of oil mill wastewater

5 L/m2 10 L/m2 30 L/m2

Olive production (kg/tree) 4.3 4.6 5.4 5.2
Moisture of olive fruits (%) 51.8 52.0 52.0 52.6
Oil of olive fruits (%) 17.3 17.2 16.6 17.4

Oil characteristics
Free fatty acids (%) 0.50 0.50 0.50 0.54
Peroxide value (meq/kg) 8.1 6.3 7.9 7.3
Organoleptic assessment (score) 7.1 7.0 7.1 7.1

Soil characteristics
pH 7.15 7.20 7.32 7.27
Organic matter (%) 1.97 2.02 2.04 2.08
Organic nitrogen (%) 0.12 0.12 0.13 0.13
Reducing substances (mg/100 g) 0.24 0.38 0.39 0.48

Data from Di Giovacchino and Preziuso (2006)

L. Di Giovacchino



93

3.12  Sound Control Practices

This chapter has pointed out that olive oil extraction is a complex process that 
requires considerable attention from the people involved in it. Each person should 
master the tasks to be carried out in addition to the appropriate time frame for doing 
so. A list of good control practices (Aparicio et al. 1994; IOC 2006) follows.

 1. Olive Reception

 1.1. Olives must be cleaned of impurities using a leaf-removal and washing 
machine.

 1.2. Olives should be processed within 24–48 h after harvesting, but if that is 
impossible, then they should be stored under controlled conditions.

 2. Olive Processing

 2.1. Crushing time should be as short as possible to prevent negative effects on 
aroma, oxidative processes and emulsion formation.

 2.2. Malaxation should be controlled with regard to two aspects: temperature 
and time.

 2.3. Malaxation time is generally 60 min; but this can be higher (90 min) or 
lower (30 min) depending on the rheological properties of the olive paste.

 2.4. The temperature of the olive paste should be maintained between 28°C and 
30 °C to obtain good olive oil. Temperatures higher than 35–40 °C have a 
negative effect on oil quality.

 2.5. Mixers with two, three or more independent chambers are recommended.
 2.6. Extraction aids, like natural micronised talc, can be used to prevent an 

excess of colloids in the paste if the rheological characteristics of the olive 
paste requires it.

 3. Separation of Phases by Centrifugation

 3.1. The total time of the process should be as short as possible.
 3.2. Water should be added at a temperature between 25 °C and 30 °C and must 

be potable and of high quality. However, newer systems do not add water 
for the centrifugation process.

 3.3. The olive oil temperature should not be above 30 °C.

 4. Olive Oil Storage

 4.1. Olive oil should be stored in stainless steel tanks or in large underground 
vats.

 4.2. The temperature should be kept in the neighbourhood of 13–18 °C.
 4.3. The maximum capacity of every tank should be no more than 10 % of factory 

production, and the olive oils should be classified in different levels and 
hence stored in different tanks.
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4.1            Introduction 

 The olive fruit, classifi ed as a drupe from a botanical perspective, accumulates lipids 
in the form of different molecular species of triacylglycerols (TAGs). Hence, to 
understand the biosynthesis of olive oil, one must consider the source of carbon 
skeletons, de novo fatty acid synthesis, and their assembly into complex lipids. 
Indeed, the relative importance of both biosynthetic pathways in olive (fatty acid 
synthesis and lipid assembly) has been studied in olive tissue cultures by applying 
top-down (metabolic) control analysis (TDCA) (Ramli et al.  2002a ,  b ). Results 
showed that fatty acid formation exerted a somewhat higher control than lipid 
assembly, with fl ux control coeffi cients of 0.57 and 0.43, respectively.  

4.2     Source of Carbon for Oil Synthesis 

 In contrast to most seeds, developing fruits contain active chloroplasts, which 
enables them to fi x CO 2  under photosynthetic conditions. Therefore, developing 
fruits possess two sources of reduced carbon. First, as a sink organ, they import 
photosynthate from the leaves, in the same way as seeds do. Second, owing to their 
photosynthetic capability, developing fruits can fi x CO 2 . 

4.2.1     Export of Photoassimilates from Leaves 

 In higher plants, CO 2  is photosynthetically fi xed in the leaf chloroplasts to yield  triose 
phosphate, which is exported to the cytosol to form sucrose. Sucrose is then exported 
via the phloem to the rest of the plant to supply reduced carbon and  metabolic energy 
necessary for the growth and development of nonphotosynthetic sink organs, such as 
developing seeds. This is the universal pathway of photosynthetic CO 2  fi xation and 
distribution of photoassimilates, but a number of plant  families, such as the  Apiaceae , 
also possess the capability of forming sugar alcohols (mainly mannitol and sorbitol) 
from triose phosphates in the cytosol of the leaf cell, and these can be translocated, 
together with sucrose, to the rest of the plant. Other plant species, such as legumes, can 
synthesize oligosaccharides (commonly raffi nose and stachyose) from sucrose, and 
these carbohydrates are exported to the rest of the plant. The metabolic capability of 
synthesizing either sugar alcohols or oligosaccharides is characteristic of certain plant 
genera or families, and usually the presence of one pathway excludes the other 
(Zimmermann and Ziegler  1975 ). The olive tree, belonging to the family  Oleaceae , is 
exceptional, among other things, for its ability to form both mannitol and oligosac-
charides of the raffi nose family. Thus, sucrose, mannitol, raffi nose, and stachyose 
have been detected in exudates from olive leaves (Flora and Madore  1993 ), indicating 
that they are all translocated through the phloem from the leaves to the sink tissues, 
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including developing fruits. The catabolic  pathways involved in the utilization of 
mannitol and stachyose in nonphotosynthetic tissues have been described in a number 
of plant species (Stoop et al.  1996 ; Kandler and Hopf  1982 ). 

 Very little is known about these pathways in olives. In vivo experiments carried 
out with tissue slices from developing olives fed with  14 C-labeled sucrose or mannitol 
resulted in very poor incorporation of the label into glycerolipids in comparison with 
that obtained with either  14 C-acetate or  14 C-pyruvate (del Cuvillo  1994 ). These results 
might refl ect a slow rate of uptake of the carbohydrate precursors rather than a low 
activity of the biochemical pathways responsible for their utilization. Interestingly, 
high α-galactosidase (the enzyme that catalyzes the hydrolysis of the galactosyl 
 moiety of stachyose and raffi nose) activity has been detected in cell- free extracts 
from the pulp of developing olives (Fernández-Bolaños et al.  1995 ), indicating that 
they are able of degrading stachyose imported from the leaves to form sucrose. 
Furthermore, cell suspension cultures were able to use sucrose, glucose, galactose, 
fructose, and mannitol as the sole carbon and energy sources, confi rming the role of 
this polyol as an important photoassimilate in olive (Oliveira et al.  2002 ). More 
recently, mannitol transport mechanisms operating in olive heterotrophic-suspension- 
cultured cells have been investigated in detail (Conde et al.  2007 ).  

4.2.2     Fruit Photosynthesis in Developing Olives 

 Olives remain green for a considerable period and retain active chloroplasts even 
when they change color as they approach maturity. While chlorophyll is localized 
mostly in the exocarp, the mesocarp contains signifi cant amounts of phosphoenol-
pyruvate carboxylase (Sánchez  1994 ), the CO 2  fi xation enzyme of the CAM and C4 
 photosynthetic pathways. Because photosynthesis in fruits displays  certain character-
istics, different from those observed in either C3 or C4/CAM plants, it has been 
 suggested this synthesis should be considered as a new type, and the term  fruit 
 photosynthesis  has been proposed (Blanke and Lenz  1989 ). According to this concept, 
fruits are considered strong sink organs. During the developmental period, and due to 
both mitochondrial respiration of photoassimilates imported from the leaves and the 
impermeability of the fruit cuticle, CO 2  accumulates in the cell-free space of the fruit 
in high concentrations. Then, after CO 2 /HCO 3  −  equilibration,  phosphoenolpyruvate 
carboxylase, present in the cytosol, catalyzes the fi xation of bicarbonate into oxaloac-
etate, which is converted into malate by malate dehydrogenase. In due course, malate 
can be decarboxylated to yield pyruvate (which is the precursor of fatty acid synthesis) 
and CO 2 . The latter is photosynthetically fi xed into triose phosphate in the fruit chlo-
roplasts. Fruit photosynthesis, therefore, should play an important role in refi xing the 
CO 2  produced by mitochondrial respiration of photoassimilates imported from leaves 
(Sánchez and Harwood  2002 ). 

 Indeed, developing olives have been observed to accumulate levels of CO 2  of 
up to 2 % in the intercellular space, whereas alkaline extraction of the pulp tissue 
yielded amounts of CO 2 /HCO 3  −  in the range of 50–60 μmol/g of fresh tissue. Such 
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olives were also capable of photosynthetic  14 CO 2  fi xation (Sánchez  1994 ). When 
fruits were exposed to  14 CO 2  in the light, the label from the precursor was actively 
incorporated into glycerolipids, carbohydrates, and organic acids, whereas in the 
dark total incorporation was severely reduced and most of the label was associated 
with organic acids    (Sánchez and Salas  1997 ).  

4.2.3     Contribution of Fruit Photosynthesis to Oil Biogenesis 

 Because photosynthesis in fruits, measured by CO 2  exchange (infrared gas 
 analysis), rarely reaches the compensation point, it has been suggested that the 
contribution to the carbon economy of the organ is rather modest (Blanke and 
Lenz  1989 ). However, gas exchange measurements give information about the 
overall balance of CO 2  exchange of the plant organ, which is the algebraic sum of 
photosynthesis, respiration, and photorespiration, and provides no information 
about the extent of CO 2  refi xation carried out in the fruit through the phospho-
enolpyruvate carboxylase pathway described earlier. Therefore, a fi eld experi-
ment was designed to assess the relative contribution of fruit photosynthesis to 
olive oil biogenesis (Sánchez  1995 ). Complete defoliation of certain branches 
was carried out some 12 weeks after anthesis (WAA), at a time when lignifi cation 
of the fruit endocarp takes place. Fruits grew on these branches under autotrophic 
conditions because they were deprived of a supply of photoassimilates from adja-
cent leaves. In parallel, selected fruits growing on other branches not submitted 
to defoliation were enclosed in dark cages to develop under heterotrophic condi-
tions, i.e., in the absence of fruit photosynthesis. Fruits were harvested at the 
cherry stage of ripening, the beginning of the ripening period (28 WAA), when 
the accumulation of storage TAGs reached its plateau and the color of the fruits 
changed from green to purple. Clear differences were observed in the size and oil 
content of fruits submitted to the two growing regimes (Sánchez and Harwood 
 2002 ). Olives developed in the dark (heterotrophic) reached a size close to that of 
the controls but were etiolated, and their oil content was signifi cantly reduced. 
On the other hand, fruits growing on defoliated branches (autotrophic) were 
 signifi cantly smaller than the controls, but their oil content, expressed as a per-
centage of fresh weight, was higher than that of the controls. These results show 
that both fruit photosynthesis and import of photoassimilates contribute to the 
 biosynthesis of TAGs in olives. Indeed the oil content per fruit was equally 
reduced in heterotrophic and autotrophic olives as compared to the controls, i.e., 
one-third in both cases (Sánchez  1995 ). These results strongly suggest that fruit 
photosynthesis contributes to the carbon economy of developing olives and hence 
to olive oil  biogenesis. Indeed, Proietti et al. ( 1999 ) reported that during daylight, 
for a large part of the fruit-growing period, CO 2  intake by an olive fruit permitted 
the reassimilation of a large part (40–80 %) of the CO 2  produced by the dark 
respiration rate.   
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4.3     Fatty Acid Biosynthesis 

 The crucial precursor for de novo fatty acid biosynthesis is acetyl-CoA. Biosynthesis 
of the latter can be achieved in a number of ways, of which three main pathways 
have been identifi ed (Nikolau et al.  2000 ). First, pyruvate is formed from carbohydrates 
via glycolysis, and then the oxidative decarboxylation of pyruvate inside the plastid 
by the pyruvate dehydrogenase complex produces CO 2  and acetyl-CoA. Another 
route for the synthesis of plastidial pyruvate (and thence acetyl-CoA) is through the 
decarboxylation of imported malate by the plastidial NADP-dependent malic 
enzyme. In the third pathway, acetyl-CoA is formed from pyruvate in the mitochon-
dria and is hydrolyzed to acetate, which leaves the mitochondria to reach the plastid 
where it is activated to acetyl-CoA by the acetyl-CoA synthetase (Weselake et al.  2009 ). 
The relative contribution of these pathways to fatty acid biosynthesis has not been 
studied so far in olive. However, labeling experiments carried out using tissue slices 
from developing olives showed that both acetate and pyruvate were effi ciently 
incorporated into acyl lipids (Salas et al.  2000 ), suggesting that both pathways could 
be operative in the olive pulp. 

 De novo fatty acid biosynthesis is a process that occurs in plant plastids and 
needs the combined activity of two multienzyme complexes, acetyl-CoA carboxylase 
and fatty acid synthase. 

4.3.1     Acetyl-CoA Carboxylase 

 Acetyl-CoA carboxylase (ACCase, EC 6.4.1.2) catalyzes the formation of  malonyl- CoA 
from acetyl-CoA, the fi rst committed reaction in the biosynthesis of fatty acids, and 
is considered to be an important regulatory enzyme for fatty acid synthesis in 
many tissues (Alban et al.  2000 ; Harwood  1996 ; Sasaki and Nagano  2004 ). This 
 reaction, which uses bicarbonate as substrate, involves the participation of biotin and is 
driven by the hydrolysis of ATP    (Harwood  1988 ). The reaction takes place in two 
steps: biotin is carboxylated by biotin carboxylase and carbon dioxide is transferred to 
acetyl-CoA by carboxyl transferase (Fig.  4.1 ). Therefore, the enzyme is a complex 
consisting of at least three separated proteins or domains on a multifunctional protein: 
the previously cited biotin carboxylase and carboxyl transferase, and the biotin 

  Fig. 4.1    Acetyl-CoA carboxylase reaction       
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carboxyl carrier protein (BCCP), which contains biotin linked to a lysine residue. In 
higher plants, there are two isoenzymes located in the cytosol and the plastid. In dicot-
yledons, such as olive, the cytosolic isoform consists of a single multifunctional poly-
peptide, and all three domains are part of a single polypeptide. This is called the 
eukaryotic form because it is a type of complex present in animals and yeast. In con-
trast, the plastidial isoform is a multienzyme complex, consisting of four separate pro-
teins: biotin carboxylase, BCCP, and carboxyl transferase, which is a heterodimer 
(α- and β   -subunits). Since this multienzyme complex is similar to that in bacteria or 
cyanobacteria, it is called a prokaryotic form (Harwood  1996 ). On the other hand, in 
monocotyledons, both are multifunctional enzymes. Three of the genes for the plas-
tidial prokaryotic form of ACCase (biotin carboxylase, BCCP, and α-subunit of 
 carboxyl transferase) are nuclear-encoded. The fourth gene coding for the β-subunit of 
carboxyl transferase is plastid-located (Harwood  2005 ).

   As shown in Fig.  4.1 , in the fi rst step, a carboxybiotin intermediate is formed at 
the expense of one ATP. Biotin is carboxylated by biotin carboxylase that binds 
bicarbonate to nitrogen in the biotin ring of BCCP. The fl exible biotin arm of BCCP 
carries the activated CO 2  from the biotin carboxylase active site to the carboxyl 
transferase site. The carboxyl transferase    transfers the activated CO 2  from biotin to 
acetyl-CoA, yielding malonyl-CoA (Knowles  1989 ; Sánchez and Harwood  2002 ). 
Biochemical evidence indicates that plastid ACCase is responsible for providing 
most, if not all, the malonyl-CoA required for de novo biosynthesis of fatty acids 
(Sasaki and Nagano  2004 ).  

4.3.2     Fatty Acid Synthase 

 Fatty acids are synthesized from malonyl-ACP (acyl carrier protein), which is 
formed from the malonyl-CoA generated by ACCase, in a reaction catalyzed 
by malonyl-CoA:ACP transacylase (MCAT, EC.2.3.1.39). Fatty acids are subse-
quently produced by an easily dissociable multisubunit complex consisting of 
monofunctional enzymes and referred to as fatty acid synthase (FAS). As shown in 
Fig.  4.2 , the enzymatic complex includes six enzymes as well as the ACP, which 
binds the intermediate acyl chains (Harwood  1996 ): β   -ketoacyl-ACP synthases I, II, 
and III (KAS I, EC.2.3.1.41; KASII, EC.2.3.1.179; and KASIII EC.2.3.1.180 
respectively), β-ketoacyl-ACP reductase (KAR, EC.1.1.1.100), β-hydroxyacyl-ACP 
dehydrase (DH, EC.4.2.1.-) and enoyl-ACP reductase (ENR, EC.1.3.1.9).

   The cycle of elongation starts with the condensation of malonyl-ACP with 
acetyl- CoA by the action of KAS III to produce acetoacetyl-ACP. This compound 
is subsequently reduced by KAR, an enzyme usually dependent on NADPH, to 
yield the β-hydroxyacyl derivative (Harwood  1988 ). The latter compound is then 
dehydrated by DH and fi nally reduced by ENR, resulting in a four-carbon (butyryl) 
acyl-ACP derivative, which can be submitted to a further chain elongation cycle 
(Fig.  4.2 ). The next condensations are catalyzed by KAS I, which, unlike KAS III, 
uses acyl-ACPs as the primer substrates instead of acetyl-CoA. This enzyme is 
involved in most of the condensations necessary to produce the acyl-chains, so that 
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the fi nal product of the cycles in which it takes part is palmitoyl-ACP (Stumpf 
 1987 ). Finally, this compound can be elongated to stearoyl-ACP in a further cycle 
involving the participation of the last condensing enzyme, KAS II (Fig.  4.2 ). This 
step is especially relevant because it will determine the C16/C18 ratio of the result-
ing pool of fatty acids. 

 Although the individual enzymes of the olive fatty acid synthase complex have 
not been separated and characterized so far, its overall activity has been studied in 
soluble fractions from the pulp of developing olives using radiolabeled malonyl- CoA 
as the precursor (Sánchez and Harwood  1992 ). As in other species, total activity 

  Fig. 4.2     De novo  fatty acid biosynthesis in plants. Abbreviations:  ACP  acyl carrier protein, 
 ACCase  acetyl-CoA carboxylase,  MCAT  malonyl-CoA:ACP transacylase,  KAS  ß-ketoacyl-ACP 
synthase,  KAR  ß-ketoacyl-ACP reductase,  DH  ß-hydroxyacyl-ACP dehydrase,  ENR  enoyl-ACP 
reductase,  SAD  stearoyl-ACP desaturase ( Source : Authors)       
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was found to be stimulated by the addition of ACP and inhibited by the antifungal 
antibiotic cerulenin, which specifi cally inhibits KAS I and to a lesser extent KAS II. 
The activity showed a strong dependence on the presence of reduced pyridine nucle-
otides (NADH and, in particular, NADPH) and thiol reagents (2-mercaptoethanol). 
Peculiar to this enzyme system were the high proportions of medium-chain fatty 
acids, ranging from C8 to C14, found among the products synthesized in vitro 
(Sánchez and Harwood  1992 ; Sánchez et al.  1992 ; Salas et al.  2000 ). 

 Though some of the enzymes catalyzing the partial reactions of fatty acid synthesis 
have been purifi ed from plant species and genes coding for them have been isolated 
and sequenced, in olive only the enoyl-ACP reductase gene has been cloned and its 
temporal and transient expression during fl ower and fruit development studied 
(Hatzopoulos et al.  2002 ; Poghosyan et al.  2005 ). 

 The process of de novo fatty acid synthesis fi nishes with the release of the acyl 
moieties from the ACP derivatives by the action of plastid thioesterases or their 
transfer into complex lipids by acyltransferases inside the plastid. Most species, 
including oil fruits, have two types of acyl-ACP thioesterases showing different 
substrate specifi cities for C16 and C18 acyl-ACPs: the FATA type preferentially 
hydrolyzes oleoyl-ACP, whereas the FATB type has the highest activity with satu-
rated acyl-ACPs (Jones et al.  1995 ; Harwood  1996 ).  

4.3.3     Fatty Acid Modifi cation 

 Although the fi nal products of FAS are mainly C16 or C18 saturated acyl-ACPs, 
olive oil and most vegetable oils are enriched in unsaturated fatty acids, like oleic 
(C18:1), linoleic (C18:2), or α-linolenic (C18:3) acids. The formation of oleic acid, 
the most abundant constituent of olive oil, takes place by desaturation of stearoyl- ACP, 
a reaction catalyzed by stearoyl-ACP Δ9-desaturase (SAD, EC 1.14.99.6), which is 
also present in the plastid stroma and is responsible for the formation of oleoyl-ACP 
(Fig.  4.2 ). This is, in general, a very active enzyme, thus explaining why, except for 
a few cases such as cocoa, stearate does not accumulate, but oleate is the main prod-
uct of fatty acid synthesis in plastids. The enzyme has been isolated from several 
plant species, purifi ed to homogeneity and eventually crystallized (Shanklin and 
Cahoon  1998 ). The gene coding for this protein has been cloned and sequenced 
from various plant species, including olive (Baldoni et al.  1996 ; Angiolillo et al. 
 1997 ; Haralampidis et al.  1998 ). 

 The formation of linoleic acid, the most abundant polyunsaturated fatty acid in 
vegetable oils, mainly occurs outside the plastid. Thus, it is produced in the endo-
plasmic reticulum (ER) by a reaction catalyzed by an oleate desaturase (Δ12 fatty 
acid desaturase, EC 1.3.1.35). In this case, the substrate oleoyl moiety is esteri-
fi ed in a membrane phospholipid, generally phosphatidylcholine (Harwood  1996 ; 
Sperling and Heinz  2001 ). The reaction has been extensively studied in oil seeds, 
and the genes encoding for the enzyme of several plant species have been cloned 
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and sequenced (Harwood  1996 ). Two different genes encoding microsomal Δ12 
oleate desaturase, FAD2-1 and FAD2-2, with a 73 % identity, have been cloned 
and sequenced from olive (Hatzopoulos et al.  2002 ; Banilas et al.  2005 ; Hernández 
et al.  2005 ). Expression analysis of FAD2 genes suggests a  differential physio-
logical role for the two olive genes, with FAD2-1 involved in the desaturation of 
storage lipids in the young seed and FAD2-2 being mostly responsible for reserve 
lipid desaturation in the mature seed and the mesocarp (Hernández et al.  2005 ,  2009 ). 
On the other hand, attempts to detect oleate  desaturase activity in membrane 
preparations from developing olives have been unsuccessful so far. 

 Further desaturation producing α-linolenic acid may occur by the action of a 
microsomal linoleate desaturase (Δ15 fatty acid desaturase, EC 1.14.99.-). Olive oil 
is characterized by low amounts (0.6–0.8 %) of α-linolenic acid, relative to the other 
major unsaturated fatty acids, i.e., oleic acid (55–85 %) and linoleic acid (7–19 %). 
The olive gene encoding for linoleate desaturase activity in the ER, FAD3, has been 
sequenced and its expression patterns in different seed tissues and mesocarps studied 
during olive fruit development, showing that its contribution, as expected from the 
olive oil fatty acid composition, to olive oil biosynthesis and modifi cation is minimal 
(Hatzopoulos et al.  2002 ; Banilas et al.  2007 ). 

 Very long-chain fatty acids, which are found in small amounts in olive oil 
 [arachidic (C20:0), behenic (C22:0) and lignoceric acids (C24:0)], are released 
from the ER as acyl-CoAs after sequential addition of two-carbon units at the 
 carboxyl end of preexisting long-chain acyl-CoAs. This reaction is catalyzed by the 
fatty acid elongase (FAE) complexes (Cassagne et al.  1994 ), which are membrane-
bound multienzyme complexes located in the ER. Cycles of fatty acid elongation in 
the ER are analogous to intraplastidial de novo fatty acid biosynthesis and 
involve four enzymatic reactions catalyzed by 3-ketoacyl-CoA synthase (FAE1), 
3-ketoacyl- CoA reductase, 3-hydroxyacyl-CoA dehydrase, and enoyl-CoA reductase 
(Lessire et al.  1998 ; Barrett and Harwood  1998 ; Domergue et al.  2000 ).   

4.4     Complex Lipid Synthesis: Formation of Triacylglycerols 

 The assembly of complex lipids from glycerol-3-phosphate and the fatty acids 
formed initially in the plastids proceeds in the ER initially by the Kornberg–Pricer 
acylation reactions and completed by the Kennedy pathway, which were named 
after their discoverers (Fig.  4.3 ). This simple pathway must be modifi ed by  additional 
reactions such as the phospholipid:diacylglycerol acyltransferase (PDAT) reaction 
as well as “acyl editing” (Bates et al.  2009 ). Nevertheless, it is very important to 
bear in mind that the additional ancillary reactions have not been evaluated in olive 
in vivo. Moreover, when PDAT and diacylglycerol: diacylglycerol acyltransferase 
were assayed in vitro only small (less than 10 % of total), activities were detected 
(Ramli et al.  2009 ). The general topic of triacylglycerol synthesis and its regulation 
in oil crops has been summarized recently (Weselake et al.  2009 ).
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   The Kennedy pathway consists of a series of four reactions, three of them being 
acylations of the glycerol backbone catalyzed by acyl-CoA-dependent acyltransfer-
ases, which yield TAGs as end products. In the fi rst step, a glycerol 3-phosphate 
acyltransferase (GPAT; EC 2.3.1.15) catalyzes the acylation in the  sn -1 position 
of the glycerol 3-phosphate to form lysophosphatidic acid (LPA). Secondly, a lyso-
phosphatidate acyltransferase (LPAAT; EC 2.3.1.51) transfers a fatty acid to the 
 sn -2 position, generating phosphatidate (PA). This is a branch point for the synthesis 
of anionic phospholipids (phosphatidylglycerol, PG; phosphatidylinositol, PI; 
phosphatidylserine, PS). The third enzyme of this pathway is the phosphatidate 
phosphatase (PP; EC 3.1.3.4), which hydrolyzes phosphatidic acid to yield diacylg-
lycerol (DAG), a substrate for zwitterionic phospholipid (phosphatidylcholine, PC; 
phosphatidylethanolamine, PE) and glycosylglyceride (monogalactosyldiacylglyc-
erol, MGDG; digalactosyldiacylglycerol, DGDG; sulphoquinovosyldiacylglycerol, 
SQDG) synthesis. Finally, in the only step specifi c to TAG synthesis, diacylglycerol 
is acylated at the  sn -3 position by a diacylglycerol acyltransferase (DGAT; 2.3.1.20) 
(Harwood  1996 ). As stated earlier, other pathways have been described for TAG 
formation (Fig.  4.3 ), one of them, the transfer of acyl groups from phospholipids to 
diacylglycerols, an acyl-CoA-independent reaction catalyzed by the enzyme PDAT, 
must be mentioned because it has been recently established in vivo that PDAT and 
DGAT have overlapping functions that are essential for normal pollen and seed 
development of  Arabidopsis  (Zhang et al.  2009 ). 

 In olives, the whole pathway of TAG synthesis has been studied in microsomal 
fractions, both from the pulp tissue of developing olives using radiolabeled acyl- CoAs 

  Fig. 4.3    Assembly of fatty acids onto glycerol backbone. Abbreviations:  GPDH  glycerol 
3- phosphate dehydrogenase,  GPAT  glycerol 3-phosphate acyltransferase,  LPAAT  lysophosphatidate 
acyltransferase,  PP  phosphatidate phosphohydrolase,  DGAT  diacylglycerol acyltransferase,  PDAT  
phospholipid; diacylglycerol acyltransferase,  LPCAT  lysophosphatidylcholine acyltransferase, 
 DHAP  dihydroxyacetone phosphate,  G3P  glycerol 3-phosphate,  LPA  lysophosphatidate,  PA  phos-
phatidate,  DAG  diacylglycerol,  TAG  triacylglycerol,  PG  phosphatidylglycerol,  PS  phosphatidyl-
serine,  PI  phosphatidylinositol,  PC  phosphatidylcholine,  PE  phosphatidylethanolamine,  MGDG  
monogalactosyldiacylglycerol,  DGDG  digalactosyldiacylglycerol,  lysoPC  lysophosphatidylcholine 
( Source : Authors)       
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as substrates (Sánchez et al.  1992 ) and from tissue cultures using radiolabeled 
 glycerol 3-phosphate (Rutter et al.  1997 ). The incorporation of acyl-CoAs into 
TAGs by microsomes from developing olives seemed to involve their initial incor-
poration into PC; further incorporation into TAGs was stimulated at pH 8 and by 
addition of Mg2+ and glycerol 3-phosphate. Oleoyl-CoA was found to be a better 
substrate than palmitoyl-CoA, which agrees with analytical data for the fatty acid 
composition of olive oils (Sánchez et al.  1992 ). Further studies with olive callus 
cultures using radiolabeled acyl-CoAs as substrates have shown that lysophosphati-
dylcholine acyltransferase (LPCAT) is important for the entry of unsaturated fatty 
acids (oleate and linoleate) into olive callus lipid metabolism, and PDAT may also 
be involved in TAG biosynthesis (Hernández et al.  2008 ). 

 The specifi cities of the three acyltransferases involved in the  Kennedy  pathway 
dictate the molecular species of the resulting TAGs and, hence, the quality and phys-
icochemical properties of a particular vegetable oil. Several studies of the selectivity 
of the enzymes involved in TAG synthesis have been carried out with olive cell 
cultures or deduced from studies with other plant species (Sánchez and Harwood 
 2002 ; Williams et al.  1993 ; Rutter et al.  1997 ). Although not all the specifi cities of 
the acyltransferases involved in the Kennedy pathway have been examined in olive 
fruits, the results from stereospecifi c analysis of olive oil TAG can indicate the selec-
tivity of these enzymes for different fatty acids (Santinelli et al.  1992 ; Sacchi et al. 
 1992 ; Gallina-Toschi et al.  1993 ; Damiani et al.  1994 ,  1997 ; Gabrielli-Favretto et al. 
 1999 ; Vichi et al.  2007 ). These analyses have shown that (1) unsaturated fatty acids 
are preferentially esterifi ed at    the  sn -2 position, which is consistent with previous 
fi ndings indicating that LPAAT has a strong selectivity for oleoyl-CoA in most 
plants (Sánchez and Harwood  2002 ); (2) the ratio of the saturated fatty acids 16:0, 
18:0, and 20:0 between positions  sn -1 and  sn -3 decrease as the chain length becomes 
longer, indicating the preference of GPAT for palmitoyl- CoA among saturated fatty 
acids, although it can also accept oleoyl-CoA, especially if this is present in high 
proportions in the pool of acyl-CoAs available for the enzyme; (3) the  sn -1 position 
of TAG is enriched in linoleate, which suggests that linoleoyl-CoA is also an 
 effective substrate for olive GPAT; and (4) it seems likely that fatty acids esterifi ed 
at the  sn -3 position of glycerol refl ect the composition of the acyl-CoA pool, sug-
gesting that DGAT is an enzyme with a broad selectivity and specifi city (Harwood 
and Page  1994 ). 

 Although the enzymatic properties of DGAT enzymes from olive [in plants there 
are generally two DGATs; see Weselake et al. ( 2009 )] have not been studied in 
detail, in vivo labeling experiments using  14 C-acetate and tissue slices from devel-
oping olive pulp have shown that TAG formation is strongly reduced at tempera-
tures above 40 °C (Sánchez et al.  1990 ). Similarly, the formation of TAGs from 
[ 14 C]-glycerol-3-phosphate by microsomal fractions from developing olives was 
reduced when the incubation temperature was increased from 30 °Cto 40 °C, with a 
commensurate rise in the relative labeling of DAG (Rutter et al.  1997 ). These results 
were indicative of the limiting activity of olive DGAT at higher temperatures, which 
suggests that this reaction might exert signifi cant fl ux control in the biogenesis of 
olive oil under climatic conditions during the ripening season and in typical regions 
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of olive growing. In fact, the conclusion that DGAT activity could be important for 
lipid accumulation in olive has been confi rmed by metabolic control analysis using 
callus cultures (Ramli et al.  2002a ). Furthermore, additional experiments applying 
metabolic control analysis to the Kennedy pathway for triacylglycerol formation in 
olive tissue cultures using 2-bromooctanoate as a specifi c inhibitor of DGAT showed 
that this enzyme had a fl ux control coeffi cient in the Kennedy pathway (under the 
experimental conditions) of 0.74 (Ramli et al.  2005 ). This indicates that most of the 
control is at the fi nal step (DGAT) of the pathway and is in contrast to other oil 
crops, such as oil palm (Ramli et al.  2005 ). Two major unrelated gene families have 
been shown to encode DGAT in plants, DGAT1 (type-1) and DGAT2 (type-2), both 
of which are ER-localized. DGAT1 and DGAT2 genes have been cloned from sev-
eral plant species, including olive (Giannoulia et al.  2000 ; Hatzopoulos et al.  2002 ; 
Banilas et al.  2011 ). Comparative transcriptional analysis revealed that DGAT1 and 
DGAT2 are developmentally regulated and share an overall overlapping but distinct 
transcription pattern: DGAT1 appears to contribute for most of the TAG deposition 
in seeds, whereas in the mesocarp, both DGAT1 and DGAT2 share an overlapping 
expression pattern.  

4.5     Storage of Triacylglycerols in Olive Fruits 

 In oil seeds, the storage and packaging of the TAGs synthesized in the ER involves the 
formation of oil bodies through a well-known process in which oleosin proteins 
 participate (Murphy  2001 ). However, in fruits like olive the majority of the oil accumu-
lates in the fl eshy pericarp, which, unlike seeds, does not possess proper oil bodies. 
Ultrastructural studies have shown that, in olive, TAGs tend to fuse to produce oil 
droplets that develop with fruit maturation to a size of approximately 30 μm (Rangel 
et al.  1997 ). This process probably takes place because oleosins (as has been demon-
strated by immunoblotting and transcriptional analysis) are absent from olive pulp 
(Ross et al.  1993 ; Giannoulia et al.  2007 ), so there is no constraint on oil coalescence, 
and this also explains why olive oil can be easily extracted from olive pulp 
by mild mechanical methods. Moreover, any other role that oleosins may play, for 
example by acting as an anchor for lipase activity, is superfl uous in olive pulp since the 
latter’s TAGs are not reused by the plant to feed the olive embryo, and the function of 
the fruit is merely to aid dispersal of seeds, often by providing an attractive nutritious 
meal for an animal (Murphy  2001 ).  

4.6     Biosynthesis of Virgin Olive Oil aroma 

 Virgin olive oil (VOO) differs from other vegetable oils in that it is prepared from 
fresh fruits and is retailed and consumed without any refi ning because it is a natural 
product that possesses a pleasing taste and aroma. Olive oil aroma is strongly related 
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to its minor volatile components, which were extensively characterized in previous 
studies using dynamic headspace sampling (Morales et al.  1994 ). These studies 
revealed that olive oil contains volatile aldehydes, alcohols, ketones, hydrocarbons, 
and esters, among which aldehydes, alcohols, and esters of alcohols of fi ve and six 
carbon atoms typically synthesized through the lipoxygenase (LOX) pathway are 
especially abundant (accounting for 60–80 % of the total volatile fraction). The 
impact of these compounds for the aroma of olive oil and other food products has 
also been investigated using techniques of sniffi ng, indicating that they are respon-
sible for the fresh green fruity notes valued by consumers (Morales et al.  1995 ; 
Angerosa  2002 ). During the process of olive oil processing the LOX pathway is 
triggered    by olive crushing and proceeds during the malaxation step. The volatile 
compounds formed during these operations are incorporated into the oil, giving rise 
to the aroma. Thus, the aroma of a given oil is determined by the relative activity of 
the enzymes involved in the pathway, which can vary depending on many factors 
like the variety and degree of maturation of olives used or the conditions used during 
the extraction process.  

4.7     Lipoxygenase Pathway 

 The LOX pathway consists of a cascade of oxidative reactions that give rise to a 
 variety of metabolites with different functions from polyunsaturated fatty acids (either 
linoleic or linolenic acids as the initial substrates) (Feussner and Wasternack  2002 ). 
These compounds have received the generic name oxylipins. Among its  different parts 
   the branch of the LOX pathway directly related to aroma biosynthesis (Fig.  4.4 ) 
involves the oxygenation of PUFAs by the action of the enzyme LOX, which intro-
duces a hydroperoxide function in the carbons adjacent to the 1,4-pentadiene group of 
the fatty acid substrate (Grechkin  1998 ; Brash  1999 ). The resulting hydroperoxide is 
quickly cleaved to two carbonyl moieties through a reaction catalyzed by the hydro-
peroxide lyase (Matsui  1998 ). This enzyme produces C6 aldehydes and C12 oxoacids 
from 13-hydroperoxides and two C9 moieties from 9-hydroperoxides. This step is 
very important from the point of view of the aroma notes arising from the food product 
because, unlike C6 carbonyl compounds that give rise to green fruity notes, C9 
 carbonyls are responsible for cucumber- and melon-like notes (Matsui et al.  1991 , 
 2000 ). Moreover, depending on the initial  substrate, the aldehydes produced by this 
enzyme will be saturated (hydroperoxides from linoleic acid) or unsaturated (hydro-
peroxides from α-linolenic acid). The breakage of hydroperoxides can also occur in 
absence of HPL by homolytic lysis catalyzed by LOX. Unlike the main branch of the 
pathway, this reaction yields C5 alcohols and enals and C13 aldehydes (Salch et al. 
 1995 ). These C-5 volatile compounds are also components of the olive oil aroma pro-
ducing important positive attributes like fruity and sweet notes (Morales et al.  1995 ). 
Furthermore, C6 alcohols can be produced by the reduction of aldehydes generated by 
HPL through a reaction catalyzed by alcohol dehydrogenases (Yamashita et al.  1976 ; 
Olías et al.  1993 ). Finally, alcohols can be esterifi ed to acyl moieties by the enzyme 

4 Lipid Metabolism in Olive…



110

alcohol acyltransferase to produce esters responsible for fruity notes appreciated by 
consumers (Pérez et al.  1993 ). The fi nal aroma of a given oil will be a function of the 
activity and specifi city of all these enzymes and will be determined by biochemical 
and molecular factors inherent to the fruits, environmental factors affecting olive fruit 
development, and operation parameters during processing like the temperature and pH 
of the olive pulp paste.

  Fig. 4.4    Scheme of reactions that take place in synthesis of volatile compounds present in virgin 
olive oil through lipoxygenase pathway. Abbreviations:  AH  acyl hydrolase,  LOX  lipoxygenase,  HPL  
hydroperoxide lyase,  ADH  alcohol dehydrogenase,  AAT  alcohol acyltransferase ( Source : Authors)       
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4.8        Release of Fatty Acid Substrates for Lox Pathway 

 Although several LOX forms acting on fatty acids esterifi ed to glycerolipids have been 
reported (Pérez-Gilabert et al.  1998 ; Feussner et al.  2001 ), there is extensive experimen-
tal evidence indicating that the synthesis of volatile compounds in plants takes place 
from unesterifi ed PUFAs and is dependent on their previous hydrolysis from complex 
lipids by the action of acyl hydrolases    (Hatanaka and Harada  1973 ). Thus, studies on 
homogenates from different plant tissues showed that a rapid hydrolysis of membrane 
lipids and catabolism of the released fatty acid moieties take place simultaneously with 
volatile formation (Hatanaka et al.  1976 ; Galliard et al.  1976 ). In the case of olive pulp 
no direct evidence yet exists on how free fatty acids are released from disrupted tissues 
(to give rise eventually to volatile compounds). Following an examination of typical 
VOO volatile composition, one can conclude that the majority of components (up to 
80 %) originate from the degradation of α-linolenic acid. In this regard, some studies 
indicated that the synthesis of aroma in olive pulp is largely dependent on the levels of 
α-linolenic acid, and not so much on those of the major polyunsaturated fatty acid lin-
oleic acid, suggesting that there may be a limiting role for the hydrolysis of the latter 
fatty acid in this process (Sánchez-Ortiz et al.  2007 ). The most abundant lipids in devel-
oping olive fruits are, by far, the TAGs of the oil. However, olive TAGs contain only very 
low amounts of α-linolenic acid, which is not degraded to a signifi cant extent during 
olive crushing, indicating that these lipids are not the main source of PUFAs involved in 
VOO aroma biosynthesis, and this would exclude a signifi cant role of TAG lipases in 
the process. This point was confi rmed by the different acyl composition of the unesteri-
fi ed fatty acid fraction compared to the oil TAGs (Sánchez-Ortiz et al.  2007 ). In this 
regard, systematic analysis of the acyl composition of the different polar lipids species 
from olive pulp indicated that those containing the highest proportion of α-linolenic acid 
are galactolipids, which in olives (as in other green tissues) contained 70–85 % 
α-linolenic acid in their acyl moieties (Vioque and De la Maza  1973 ). Thus, these lipids 
are promising candidates for being the source of substrates for the LOX pathway during 
olive oil elaboration, mediating their hydrolysis by the action of specifi c enzymes. 
In this regard, recent studies reported that the synthesis of jasmonic acid (JA) (which is 
also formed via LOX activity) in Arabidopsis    leaves was dependent on the expression 
of the  DLG  gene, encoding for a chloroplast- targeted galactolipase (Hyun et al.  2008 ). 
Hence, both the basal levels of JA in this plant and the burst in the synthesis of this 
 hormone after wounding are strongly dependent on this enzyme. Since JA and aldehyde 
biosynthesis share the initial steps within the LOX pathway, it would be expected that 
galactolipases of the DGL type are involved in the regulation of both branches of the 
pathway. As of today no galactolipases have been described in olive, so this represents 
an interesting fi eld for future research.  

4.9     Olive Lipoxygenase 

 Lipoxygenase (LOX) is a dioxygenase that catalyzes the oxidation of polyunsaturated 
fatty acids such as linoleic and α-linolenic acid, which contain a 1(Z), 4(Z)-pentadiene 
sequence, yielding a fatty acid hydroperoxide. The oxygen molecule can be introduced 
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into any of the double bonds in the pentadiene sequence to form a    hydroperoxide group, 
while the double bond is changed to an E-confi guration and migrates one  carbon toward 
the other double bond to become conjugated (Siedow  1991 ). 

 LOX also catalyzes the anaerobic cleavage of n-6(S)-hydroperoxylinolenic acid to 
yield a C13-oxoacid (13-oxo-12,9-tridecadienoic acid) and a C5 alcohol (Z-2-pentenol 
or 1-penten-3-ol) (Salch et al.  1995 ) (Fig.  4.4 ), which are present in appreciable 
amounts in the aroma of VOO (Morales et al.  1995 ;    Angerosa et al.  2002 ). 

 Plant LOXs have been classifi ed into two gene subfamilies (type 1 and type 2) 
in relation to their primary structures (Feussner and Wasternack  2002 ). Type 1 
LOXs are soluble proteins with a cytosolic location. These LOX forms can display 
different product specifi cities and show a preference to produce either 13- or 
9- hydroperoxides. Type 2 LOXs are chloroplast-targeted proteins that are found 
in the particulate fraction of plant tissues and yield almost exclusively 
13- hydroperoxides. Several forms of LOXs are often expressed simultaneously in a 
given plant tissue, which probably means that there is a specialization for each 
 isoform. These enzymes are involved in the regulation of plant growth and the acti-
vation of responses induced by stress (Feussner and Wasternack  2002 ). Thus, in 
general, the production of volatile aldehydes is related to wound-induced gene 
expression and interaction of plants with insects, parasites, or pathogens (Porta and 
Rocha-Sosa  2002 ). 

4.9.1     Olive Pulp Lipoxygenase 

 LOX activity has been characterized in the developing tissues of olive pulp. 
This activity is bound to the particulate fraction of olive tissues, mainly to high-
density membranes, typically isolated from plastids or chloroplast or from 
 low-density microsomal fractions (Salas et al.  1999 ) (Table  4.1 ). Despite the fact 
that a high proportion of olive LOX is located in high-density membranes, there was 
no more activity associated with fractions containing higher levels of chlorophyll. 
Thus, activity was regularly distributed along the whole pulp tissue, so that the 
green epicarp of the fruit had approximately the same LOX activity level as the 
nongreen mesocarp (Table  4.1 ). The level of activity varied during fruit develop-
ment, ranging from 20 nkat/g fresh weight at the beginning of the period of oil 
accumulation to 2.5 nkat/g fresh weight in mature olives. Olive LOX displayed an 
acidic optimal pH value (pH 5.5). With regard to its substrate specifi city this activity 
showed a clear preference for the oxidation of α-linolenic acid in its unsterifi ed 
form, which was oxidized at a rate double that of linoleic acid and approximately 
100-fold higher than linoleic acid esterifi ed to phosphatidylcholine (Table  4.2 ). 
Furthermore, analysis of the hydroperoxide products resulting from the enzyme 
reaction revealed that the LOX activity in olive pulp yielded mainly 13-hydroperoxides 
from both α-linolenic and linoleic acids and only minor amounts of 9-hydroperoxides 
(Table  4.3 ).
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     Developing olive pulp tissues are a complex biological system in which it is 
expected that a variety of LOX forms could be expressed at a given time. 
Nevertheless, based on results obtained from olive tissues, it can be concluded that 
LOX forms predominating during the processes of olive oil biosynthesis and fruit 
maturation are of type 2, displaying an acidic optimum pH, membrane location, and 
preference for the production of 13-hydroperoxides. The levels of LOX activity in 
olive pulp are easily suffi cient to produce the amount of volatile compounds found 
in olive oil, and its substrate and product specifi cities are the most straightforward 
for explaining the effi cient production of 13-ZEZ-hydroperoxy linolenic acid, the 
main precursor of the most abundant volatile compounds found in VOO: E(2)-
hexenal and Z(3)-hexenal. Moreover, characterization of this activity revealed that 
hydrolysis of fatty acid precursors is really necessary because activity with esteri-
fi ed fatty acids was almost negligible. Results also pointed to high levels of LOX 

    Table 4.1    Distribution of lipoxygenase activity among different tissues and membrane fractions 
from olive fruit pulp   

 Fraction 

 Epicarp 

 Chlorophyll 

 Mesocarp 

 Chlorophyll  LOX  LOX 

 (nkat)  (%)  (mg)  (%)  (nkat)  (%)  (mg)  (%) 

 3K  1.61 ± 0.01  12.4  0.06  24  1.14 ± 0.04  8.9  0.02   8 
 15K  2.4 ± 0.2  18.7  0.06  24  2.1 ± 0.3  16.4  0.02   8 
 40K  0.91 ± 0.05  7  0.05  20  0.50 ± 0.2  3.9  0.01   4 
 150K  1.8 ± 0.3  14  0.02   8  2.4 ± 0.4  18.7  0.01   4 
 Total  6.7  52.1  0.19  76  6.1  47.9  0.06  24 

  Data from Salas et al. ( 1999 ). Activity is given as the mean and the standard deviation of three 
determinations  

   Table 4.2    Substrate specifi city of lipoxygenase from crude fractions extracted 
from olive fruit pulp  

 Substrate 

 LOX 

 (nkat/mg prot)  % 

 Linoleic acid  1.67 ± 0.06  100 
 α-linolenic acid  0.77 ± 0.04   46 
 Dilinoleyl-phosphatidyl choline  0.01 ± 0.00   1 

  Data from Salas et al. ( 1999 ). Activity is given as the mean and the standard devia-
tion of three determinations  

   Table 4.3    Product specifi city of lipoxygenase from crude fractions extracted 
from olive fruit pulp   

 Substrate 

 Hydroperoxide isomer 

 13-ZE(Z)  13-EE(Z)  9-EZ(Z)  9-EE(Z) 

 Linoleic acid  67  11  17  7 
 α-linolenic acid  73  15  12  nd 

  Data from Salas et al. ( 1999 ) and expressed as percentage of total isomers 
  nd  not detected  

4 Lipid Metabolism in Olive…



114

activity bound to plastids, which are organs typically containing linolenate-enriched 
galactolipids. This was further evidence to support the hypothesis of a role for a 
galactolipid hydrolase within this pathway (or acyl hydrolases that typically have 
high activity with galactolipids) (Burns et al.  1979 ).  

4.9.2     Functional Characterization of Lipoxygenase Genes 
from Olive Pulp 

 Characterization of LOX from olive pulp was completed in recent years with the 
cloning and characterization of LOX genes expressed in the fruit during the period 
of maximal olive oil biosynthesis. Plant tissues usually express different forms of 
LOX with distinct functions and regulation. In the case of olive pulp three genes 
coding for LOX, called OeLOX1, Oep1LOX2, and Oep2LOX2, have been reported 
(Lorenzi et al.  2006 ; Padilla et al.  2009 ). They coded for proteins of    around 900 
amino acids, with molecular weights of approximately 100 KDa (Table  4.4 ). The 
OeLOX1 was a soluble protein displaying high homology with other LOXs of type 
1 from hazelnut, tobacco, and almond. The other two proteins contained an 
N-terminal chloroplast transit peptide and displayed sequences typical for type 2 
LOXs like those from tobacco and tea leaves. The number of copies of homologous 
genes in the olive genome was also investigated by restriction plus transference 
studies and showed the presence of a single copy of OeLOX1, three copies of 
Oep1LOX2, and one copy of Oep2LOX2. The functional characterization of these 
LOXs was completed by their overexpression in  E. coli  followed by purifi cation by 
affi nity chromatography. The purifi ed enzymes were kinetically characterized using 
both linoleic and α-linolenic fatty acids. The kinetic parameters of these enzymes 
are shown in Table  4.5 . The type 1 LOX displayed similar parameters for both sub-
strates, with higher affi nity (lower K m  value) for linoleic acid. With regard to the 
membrane-bound LOX forms, both displayed their higher V max  values for α-linolenic 
acid, with activity values that were about tenfold higher than those found for lin-
oleic acid. Moreover, these enzymes displayed important differences in their affi n-
ity for substrates. Thus, Oep1LOX2 showed higher affi nity and catalytic effi ciencies 

    Table 4.4    General characteristics of gene coding from lipoxygenases and hydroperoxide lyase 
cloned from olive fruit pulp tissues   

 Gene  Gene bank accession 

 Gene size  Protein size 

 PI  Copies  bp  aa  KDa 

 Oe LOX1 a   EU678670  2,592  864   98.4  6.0  1 
 Oep1LOX2 b   EU513352  2,898  913  103.4  7.2  3 
 Oep2LOX2 b   EU513353  2,821  901  101.7  5.9  1 
 OePHPL c   EUS13350  1,641  491   55.0  7.4  1 

   a Lorenzi et al. ( 2006 ) 
  b Padilla et al. ( 2009 ) 
  c Padilla et al. ( 2010 )  
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than Oep2LOX2, which displayed K m  values one order of magnitude higher. The 
product specifi city of these enzymes was also characterized by analyzing the hydro-
peroxide isomers produced by each isomer. OeLOX1 produced 9- 
and 13-hydroperoxides in a 2:1 ratio, whereas both type 2 LOXs produced 
13- hydroperoxides as the main product, displaying profi les similar to ones found 
in crude fractions from olive mesocarp and LOX purifi ed from these tissues. 
When considering the localization and specifi city it seemed clear that type 2 LOXs 
are those that could take part in the process of volatile biosynthesis in olive pulp. 
The contribution of these enzymes to VOO aroma biosynthesis was further investi-
gated by studying their temporal expression in different tissues. Thus, Oep2LOX1 
was expressed at low levels in olive pulp but had high levels of expression in leaf 
tissues. In contrast, the other form, Oep2LOX2, was expressed in olive pulp at much 
higher levels, displaying homology with other LOX forms involved in volatile bio-
synthesis for plant tissues such as tomato or potato leaf. Moreover, this was 
expressed at the maximum level at a time when VOO is extracted from fruits.

    Another interesting aspect of olive LOX research has been the level of activity or 
expression of these enzymes in different olive cultivars and their contribution to the 
differences found among them. Thus, Padilla et al. ( 2009 ) demonstrated different 
expression profi les for type 2 LOXs in the cultivars  Arbequina  and  Picual . 
Furthermore, Ridolfi  et al. ( 2002 ) reported a correlation between the level of LOX 
activity and the fi nal amount of volatile compounds of the oil from three different 
Italian and Greek cultivars.   

4.10     Olive Hydroperoxide Lyase 

 Hydroperoxide lyase (HPL) catalyzes the cleavage of fatty acid hydroperoxides at 
the bond situated between the carbon atom carrying the hydroperoxide group and 
the adjacent E-double bond, thus yielding a volatile aldehyde of 6 or 9 carbon atoms 

   Table 4.5    Kinetic parameters from different lipoxygenase enzymes cloned from olive pulp fruits 
and expressed in  E. coli    

 K m   V max  

 K m /V max  

 Optimum values 

 Temperature a  

 (μM)  (nmol/min −1 )  pH  (°C) 

 OeLOX1 b   α-linolenic acid  174.94  105.0  0.28  6.0  nd 
 Linoleic acid  343.66  103.2  0.14 

 Oep1LOX2 c   α-linolenic acid   28.0  210.5  7.52  6.75  45 
 Linoleic acid   14.6   23.1  1.58 

 Oep2LOX2 c   α-linolenic acid  138.9  166.6  1.20  6.25  35 
 Linoleic acid  129.8   10.3  0.08 

   nd  not detected 
  a On basis of initial activity 
  b Lorenzi et al. ( 2006 ) 
  c Padilla et al. ( 2009 )  

4 Lipid Metabolism in Olive…



116

and an oxoacid of 9 or 12 carbon atoms, depending on the substrate used (Fig.  4.4 ). 
This enzyme was fi rst isolated from watermelon seedlings (Vick and Zimmerman 
 1976 ) and since then has been described in a number of plant species and tissues, 
and it is considered a ubiquitous enzyme within the plant kingdom. The gene coding 
for this enzyme was fi rst cloned and sequenced from pepper by Matsui et al. ( 1996 ). 
The later molecular characterization of HPLs revealed that these enzymes belong to 
a novel family of cytochrome P450 proteins that was given the name     CYP74. 
Enzymes within this family do not require molecular oxygen or reducing equiva-
lents and are closely connected to the synthesis of oxylipins (Noordermeer et al. 
 2001 ). Furthermore, all were targeted to plastids by transit peptides in the N-terminal 
side of their sequences, as in the case of type 2 LOXs. 

 The most common plant HPL enzymes display strict specifi city toward 
13- hydroperoxides and, thus, produce C6-aldehydes (Vick and Zimmerman  1976 ; 
Matsui et al.  1991 ). However, there are other types of HPLs that are less common, 
showing specifi city toward 9-hydroperoxides (Kim and Grosh  1981 ) or even HPLs 
unspecifi c for both positional isomers (Noordermeer et al.  1999 ). The aldehydes 
produced by these enzymes are involved in plant resistance to pests and could also 
be used to attract insect predators. In the case of olive, the C6-aldehydes produced 
by the LOX pathway have been demonstrated to be repellent to the olive fruit fl y, 
one of the most important pests of this crop (Scarpati et al.  1993 ). 

4.10.1     Hydroperoxide Lyase in Olive Fruit Pulp 

 Olive pulp HPL is bound to the particulate fraction of the tissues, displaying a 
 distribution similar to that found for crude olive LOX (Salas and Sánchez  1999a ). 
Thus, this enzyme is found in a higher proportion in high-density membranes 
 typically from chloroplasts (Table  4.6 ). However, the distribution of activity did not 
correlate with the content of chlorophyll and was found equally in both pericarp and 
mesocarp, indicating that this enzyme is probably present in both green chloroplasts 

   Table 4.6    Distribution of hydroperoxide lyase activity among different tissues and membrane 
fractions from olive fruit pulp   

 Fraction 

 Epicarp 

 Chlorophyll 

 Mesocarp 

 Chlorophyll  HPL  HPL 

 (nkat)  (%)  (mg)  (%)  (nkat)  (%)  (mg)  (%) 

 3K  13 ± 1  14.7  0.06  24  9.9 ± 0.2  11.2  0.02   8 
 15K  16.6 ± 0.8  18.7  0.06  24  13.6 ± 0.1  15.3  0.02   8 
 40K  9.0 ± 0.2  10.2  0.05  20  8.2 ± 0.2   9.3  0.01   4 
 150K  8.8 ± 0.1   9.9  0.02   8  9.5 ± 0.4  10.7  0.01   4 
 Total  47.7  53.5  0.19  76  41.2  46.5  0.06  24 

  Data from Salas and Sánchez ( 1999a ) 
 Activity is given as the mean and the standard deviation of three determinations  
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and nongreen plastids. This result showed that the LOX and HPL have a similar 
location in organelles typically rich in the PUFAs that are the substrates of the 
pathway.

   HPL from olive pulp was solubilized from membranes using Triton X-100 and 
purifi ed by ion exchange and hydroxyl apatite chromatography (Salas and Sánchez 
 1999a ). Two peaks of activity were obtained from the second column (HPL I and 
HPL II), corresponding to enzymes with identical properties, which probably indi-
cated that they are indeed the same enzyme that has been modifi ed after translation 
(Table  4.7 ). Olive pulp HPL displayed strict specifi city toward 13-ZEZ- 
hydroperoxides from both linoleic and α-linolenic acid and displayed no activity 
toward 9-hydroperoxides or 13-EE-hydroperoxides. This substrate specifi city 
explains the fact that no C9-aldehydes are present in olive oil aroma, although olive 
LOX was able to produce a small amount of 9-hydroperoxides. These enzymes 
were also kinetically characterized and had K m  values on the micromolar order. 
They also displayed higher affi nity and, in the case of HPL I, higher V max  for the 
13-ZEZ-hydroperoxylinolenic acid, which was again in good agreement with the 
volatile composition of VOO, due to this compound being the precursor of its major 
products, 3(Z)-hexenal and E(2)-hexenal. HPL from olive pulp displayed an acidic 
optimum pH and showed thermal lability in the conditions in which it was assayed, 
with stability around 15 °C. The activity of this enzyme in olive pulp  tissues was 
approximately 20 nkat/g fresh weight (13-ZEZ-hydroperoxylinolenic acid substrate), 
which was higher than LOX activity and enough to account for the volatile  aldehydes 
produced by olive pulp during olive oil processing.

4.10.2        Functional Characterization of Hydroperoxide Lyase 
from Olive Pulp 

 One gene of HPL has been amplifi ed from cDNA from olive pulp tissues (OepHPL). 
This gene had a size of 1,641 bp, coding for a protein of 491 amino acids (Table  4.4 ) 
with a PI of 7.4 (Padilla et al.  2010 ). The OepHPL gene displayed a high degree of 

    Table 4.7    Kinetic parameters from olive hydroperoxide lyase. HPL I and HPL II correspond to 
enzymes purifi ed from olive pulp. OepHPL corresponds to recombinant enzyme expressed in  E. coli    

 Hydroperoxide substrate 

 K m   V max  

 K m /V max  

 Optimum 

 (μM)  (nkat/mg prot)  pH 

 HPL I a   13-ZEZ-HP-18:3  9.6  58.0  – 
 13-ZE-HP-18:2  17.1  23.1  –  6 

 HPL II a   13-ZEZ-HP-18:3   9.7  34.1  – 
 13-ZE-HP-18:2  78.3  32.1  –  6 

 (nmol/min −1 ) 
 OepHPL b   13-ZEZ-HP-18:3  55.7  29.6  0.53  8–9 

 13-ZE-HP-18:2  47.7  11.6  0.25 

   a Salas and Sánchez ( 1999a ) 
  b Padilla et al. ( 2010 )  

4 Lipid Metabolism in Olive…



118

homology with other HPLs cloned from plants, clustering in the group of the 
13-HPLs from dicotyledon plants. Furthermore, the OepHPL sequence displayed 
an N-terminal extension that probably was a chloroplast transit peptide, which 
 reinforced data suggesting a plastidial localization of this enzyme. Further studies 
on the genomic organization of the gene pointed to the existence of a single copy of 
it in the olive genome. The HPL from olive pulp was heterologously expressed in 
 E. coli  and the resulting protein purifi ed by affi nity chromatography. The kinetic 
parameters of the purifi ed enzyme were similar to those reported for HPL I from 
olive pulp, with K m  values on the micromolar order and the highest V max  for 13-ZEZ- 
hydroperoxide linolenic acid (Table  4.7 ). Some differences, however, were found 
with regard to the optimum pH and temperature stability. Thus the optimum pH was 
found to be acidic for the enzyme purifi ed from pulp tissues and alkaline in the case 
of the recombinant enzyme. The divergence with regard to temperature stability was 
also high. Thus, the recombinant OepHPL was found to give maximal activity at 
45 °C, under the assay conditions that contrasted with the 15 °C reported for HPL 
purifi ed from olive tissues. These differences could be due to methodological 
aspects such as the solubilization necessary for purifi cation of the enzyme from 
pulp tissues. 

 Interesting results were also obtained in studies of the expression of the HPL 
gene in different tissues of the olive tree (Padilla et al.  2010 ). This gene displayed 
high levels of expression in leaf and mesocarp tissues, with barely detectable levels 
of the transcript in the seed kernel. The higher levels of expression in the pulp of 
fruit tissues were similar to those of LOX, with a peak around 28 weeks after fl ow-
ering. This period was coincident with the onset of fruit maturation and is well 
known to be a time in which the oils produced display higher amounts of volatile 
compounds and an especially intense aroma. Moreover, the levels of expression of 
this enzyme were studied in two olive varieties:  Picual  and  Arbequina . This study 
demonstrated that different cultivars also displayed different levels of expression, 
although there was no correlation between the amount of HPL transcripts expressed 
and the fi nal concentration of aldehydes in the oil, which could mean that the bio-
synthetic capacity of this pathway may be affected by other factors such as the fi nal 
content of phenols in the fruit.   

4.11     Modifi cation of Aldehydes: Isomerization, Reduction, 
and Further Esterifi cation of Alcohols 

 The sequential action of LOX and HPL on α-linolenic acid results in the production of 
3(Z)-enals of either six or nine carbon atoms, depending on the specifi city of the former 
enzymes. In the aroma of olive oil, however, the most prominent volatile is a 2(E)-enal, 
2(E)-hexenal, which accounts for more than 50 % of the total amount of volatile 
 compounds detected by headspace analysis (Morales et al.  1995 ). This prevalence of 
2(E)-enals over 3(Z)-enals is also common in the aroma composition of other species, 
indicating the presence of isomerase enzymes or chemical isomerization factors 
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(Phillips et al.  1979 ; Hatanaka et al.  1989 ; Noordermeer et al.  1999 ). These catalytic 
activities have been described in cucumber fruit, soybean seeds, and tea leaves, although 
no data about them have been reported in olives to date. The high degree of conversion 
of 3(Z) to 2(E)-enals that is observed in VOO indicated the existence of a very active 
isomerization mechanism during the processing of this oil. 

 Reduction of the aldehydes produced by the LOX pathway to alcohols is 
 catalyzed by alcohol dehydrogenases (ADHs) through a reversible reaction depen-
dent on reducing equivalents in the form of pyridine nucleotides (Fig.  4.4 ). These 
enzymes are widely distributed in plants, where they are involved in the resistance 
to anoxia (Sachs et al.  1980 ) and the synthesis of cinnamic alcohol (Davies et al. 
 1973 ). Olive fruit ADHs have been characterized in soluble fractions prepared from 
pulp acetone powders (Salas and Sánchez  1998 ). Crude olive-soluble fractions    
 displayed ADH activity dependent on both NAD and NADP. In these preparations 
the NADP-ADH activity was found to be 20-fold higher than the NAD-dependent 
one. Purifi cation of these activities by means of ion exchange and affi nity chroma-
tography revealed that these activities were due to three enzymes, NAD-ADH, 
NADP- ADH I, and NADP-ADH II. These enzymes were characterized by their 
kinetic parameters and substrate specifi city, which revealed a very different range 
of affi nities and specifi cities of these enzymes for the reduction of aliphatic 
 aldehydes. Thus, NAD-ADH displayed preferences for short- and medium-chain 
saturated aldehydes, with a K m  value for hexanal on the millimolar order. The 
enzyme NADP- ADH I displayed preference for long-chain aldehydes and low 
affi nity for hexanal, whereas the NADP-ADH II displayed both high activities and 
affi nities for the C6-aldehydes produced by the combined action of LOX and HPL 
from olive fruit (Table  4.8 ). Thus, it was concluded that the latter enzyme was the 
one contributing, to a large extent, to the synthesis of the C6-alcohols present in this 
oil. The NADP- ADH activity was assayed in olives harvested at different stages of 
development, and it was found to reach a peak at about 25 weeks after fl owering, 
just before the beginning of the ripening process, and declined after this point. This 
observation fi tted well with the analytical data reported in previous studies.

   Together with the volatile aldehydes and alcohols described previously, volatile 
esters of alcohols with acetate or butyrate are important constituents of the aroma of 
many fruits. These compounds are formed by esterifi cation of alcohols and carboxylic 
acids in the form of acyl-CoA derivatives in a reaction catalyzed by alcohol 

   Table 4.8    Kinetic parameters from different alcohol dehydrogenases purifi ed from olive pulp   

 NAD-ADH  NADP-ADH I  NADP-ADH II 

 Km  Vmax  Km  Vmax  Km  Vmax 

 Propyl-aldehyde  –  –  –  –  4.4  190 
 Hexanal  2.1  320  1.9  280  0.04  740 
 E-2-hexenal  –  –  –  –  0.012  520 
 Nonanal  –  –  –  –  0.03  560 
 NADPH  –  –  –  –  0.006  660 

  Data from Salas and Sánchez ( 1998 )  
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 acyltransferase (Pérez et al.  1993 ). Studies on olive tissue slices reported synthesis 
of hexyl acetate upon incubation with hexanol and acetic acid (Olías et al.  1993 ). 
This activity was later characterized in crude extracts prepared from acetone 
 powders obtained from developing olives using hexanol and acetyl-CoA as the sub-
strates (Salas  2004 ). Low activity values were found, together with low affi nities for 
both acetyl-CoA (2 mM) and hexanol (20 mM). These low levels of enzyme activity 
might be the reason why volatile esters, which are important constituents of the 
aroma of many fruits, are minor constituents of the aroma of olive oil. The substrate 
specifi city of the olive enzyme has been studied using alcohols from one to six carbons 
with acetyl-CoA as the second substrate. n-Hexanol and 3(Z)-hexenol were the best 
substrates among those alcohols tested, which would agree with the presence of low 
amounts of hexyl acetate and 3(Z)-hexenyl acetate, as detected in the headspace 
analysis of certain olive oil samples (Salas  2004 ).  

4.12     Improvement of Aroma of Olive Oil: Effect 
of Temperature on Volatile Production 

 Research on the molecular and biochemical mechanisms involved in the synthesis 
of olive oil volatile compounds could be useful for future improvements to the 
 quality of VOOs by impacting on the production process. In this regard, previous 
research using green leaves from potato plants demonstrated that it was possible to 
alter the aroma of crushed leaves by altering the activities of different enzymes in 
the LOX pathway (Salas et al.  2005 ). Thus, leaves depleted in the expression of the 
LOX-H1 gene displayed very low amounts of volatiles and, in consequence, hardly 
any aroma, which indicated that this form of LOX controlled the total amount of 
volatile compounds. Furthermore, leaves with HPL activity reduced by means of 
antisense RNA technology displayed reduced levels of C6 aldehydes, but this was 
compensated by an increase in the C5-alcohols produced by the lysis of hydroper-
oxides mediated by LOX. These modifi cations in volatile composition induced 
important changes in the nature of the aroma of leaves that were evaluated to be 
sweeter and fruitier. These results were reproduced in Arabidopsis    plants (Salas 
et al.  2006 ), where the leaves from a HPL-KO plant displayed similar alterations in 
the aroma resulting from its leaves. All these results show that it is possible to alter 
the aroma of plant food products by manipulating the LOX/HPL system. 

 VOO is considered a natural product extracted by physical means from fresh 
fruits. Therefore, any change made to its processing conditions in order to improve 
the aroma should concern only physical parameters. In this regard, several studies 
have focused on the infl uence of malaxation temperature for the aroma of the fi nal 
oil and its impact on the LOX/HPL system from olive pulp. Olive oil elaboration 
consists of three main steps involving fruit grinding, malaxation of the resulting 
paste, and phase separation by centrifugation. It is well known that the conditions 
used in the malaxation step have an impact on the aroma of the fi nal oil. Thus, 
high malaxation temperatures (40–45 °C) give higher oil yields at the expense of 
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lower amounts of volatile compounds and poorer organoleptic scores (Stefanoudaki 
et al.  2011 ). The causes of this effect were fi rst investigated by studying the impact 
of temperature on the enzymes LOX and HPL from olive pulp. The fi rst approach 
involved in vitro determination of both the whole system and of individual 
enzymes (Salas and Sánchez  1999b ). These studies pointed to the thermal lability 
of HPL as the main cause of the decrease in the amount of volatile compounds at 
high malaxation temperatures. However, later studies on thermal inactivation on 
recombinant Oep1LOX2, Oep2LOX2, and OepHPL enzymes pointed to the for-
mer enzymes as those displaying higher lability, with important inactivation rates 
at temperatures higher than 30 °C, whereas OepHPL was fairly stable at tempera-
tures around 45 °C (Padilla  2009 ). These data indicated that the changes in the 
aroma could be  produced by a decrease in the ratio of LOX/HPL activities during 
the elaboration of the oil. The divergence between these two studies could be 
caused by the different methodologies used in them. Nevertheless, further studies 
on the stability of LOX and HPL in crude enzymatic preparations confi rmed the 
pattern of thermal inactivation of these activities in olive pulp, which fi tted well 
with the existence of two LOX forms showing different thermostability and a HPL 
that displayed higher stability than the LOXs (Luaces et al.  2007 ). These results 
fi tted well with studies on the inactivation of the recombinant enzymes and were 
completed with a study on the variation in the volatile composition of oils obtained 
at different malaxation temperatures. Thus, malaxation at higher temperatures 
induced a signifi cant decrease in the total amount of volatile compounds as well 
as important decreases in the ratio between C5/C6 volatiles. This was compatible 
with inactivation of LOX and prevalence of HPL at high temperatures. Thus, 
lower levels of LOX give rise to reduced amounts of total volatile compounds and 
lower rates of homolytic cleavage of hydroperoxides, which yield C5 volatile 
compounds (in agreement with Salas et al.  2005 ). The decrease in total volatile 
compounds and the lower content of C5 alcohols and enals resulted in a less 
intense aroma and a loss of sweet and fruity notes that are  conferred by the latter 
compounds.  

4.13     Conclusions and Perspectives 

 The main enzymes responsible for the biosynthesis of olive oil aroma, which are 
LOX and HPL, have been characterized at both the biochemical and molecular levels. 
The kinetic parameters and specifi city of these enzymes broadly explain the volatile 
composition of VOO, and their profi les for thermal inactivation are able to explain 
the changes that take place in the aroma of virgin oils when different temperatures 
of malaxation are applied. The biochemical or molecular characterization of other 
steps involved in aroma biosynthesis is still pending and will be the subject of inter-
esting research in the future. This research should indicate the initial steps of lipid 
hydrolysis, modifi cation of enals by isomerization, aldehyde reduction, and esterifi -
cation of alcohols. 
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 Such studies should also provide a biochemical basis for the selection of olive 
varieties and lines with better potential to yield oils with improved aroma. Thus, it 
would be possible to screen lines of olives with levels of transcripts adequate for 
individual genes that could be backcrossed to yield oils with improved aromas. 
In this regard, results in model systems showed that higher levels of LOX activity in 
combination with low HPL cleaving rates would yield oils with a more intense 
aroma, in which sweet and fruity notes would be enhanced (Salas et al.  2005 ). These 
approaches will always be limited by the diffi culties inherent in breeding olive trees, 
such as the long times of growth and development of this species. In this regard, 
modern techniques of tissue culture transformation and regeneration have opened 
the possibility of easier genetic modifi cation of the olive tree, which would allow 
the modifi cation of levels of activity of the LOX pathway enzymes to alter oils in 
shorter periods of time. Thus, at present there are some studies on this direction. 
However, a large-scale planting of transgenic olive trees has yet to take place due to 
consumer concerns about GMO organisms and the recognition of olive oil as a 
healthy traditional food. 

 Other fi elds of interest could be the interaction of the LOX pathway enzymes 
with minor components of olive fruit like the phenols. Such compounds, which can 
vary considerably in different olive cultivars, can alter the rates of lipid peroxidation. 
Therefore, the phenolics have a strong infl uence on the amount of volatile  compounds 
in the resulting oil. Results in this area have been achieved for olives of  Arbequina  
and  Picual , where the higher contents of volatile compounds of the latter cannot be 
predicted simply by the levels of enzyme activity (Padilla et al.  2010 ).     
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5.1            Introduction 

 What makes olive oil exceptional? To borrow a phrase from Oscar Wilde, the pure 
and simple answer here is neither pure nor simple. To fully address this question, we 
need primarily to better understand various aspects of olive molecular physiology, 
genomics, and genetics. Combined with the wealth of knowledge from biochemical 
analyses, we may then explain why olive oil has such a unique chemical  composition, 
characterized by a well-balanced fatty acid content along with desired pigments and 
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a plethora of aroma and phenolic compounds. Most importantly, however, this 
knowledge is fundamental to our understanding of what factors might infl uence, and 
the extent to which they might infl uence, oil composition and yield and why olive oil 
quality may vary considerably among cultivars or orchards. Nevertheless, we should 
not underestimate the environment, an important factor that interplays with genetic 
information to shape oil quality. Such information will help breeders to develop 
agronomically favorable genotypes and growers to select proper cultivars or to 
achieve better cultivation management in optimal geographical regions and environ-
ments. Insofar as environmental conditions are predetermined, we need to address 
questions about the genetic information and stress our investigation into olive genetic 
variability. Due to the intrinsic handicaps of olive genetic crosses and progeny out-
comes, an alternative route was necessary that borrowed tools from molecular-based 
approaches, thus resulting in an increasing interest in the steadily growing area of 
olive molecular biology. As new knowledge from olive biotechnology and  holistic 
“omics” approaches accumulates, it is of immediate importance for breeders and 
professionals to become more familiar with those research fi elds in order to 
 maximize benefi ts, bringing innovation back to the traditional oleoculture. This is 
actually one of the challenges in modern agriculture: to combine traditional 
 quality with  biotechnology tools via high-throughput strategies without adversely 
affecting the quality of the product or crop production. Today, to meet current 
consumer demand, it is advisable not to address questions on genetic transforma-
tion of olive crop for resistance or other improved traits. Nevertheless, scientists 
should have these basic methodologies at their disposal for possible use in the 
future, when genetically modifi ed foods become more acceptable. Here we 
attempt to present the state of the art in olive molecular biology and genetics 
and to highlight recent advances and “omics” approaches, possible drawbacks, 
and future perspectives. 

 Most molecular biology research on olives so far has been mainly concentrated 
on two major disciplines: genome and genetic diversity studies or gene character-
ization and functional genomics. Given the increasing global interest in olive oil 
and its importance to the economy of many countries, especially those of the 
Mediterranean basin, it is not surprising that a major part of olive molecular 
 biology and biochemistry studies has concentrated on the elucidation of regulatory 
points and controlling events in lipid biosynthesis and triacylglycerol (TAG) 
 storage pathways. During the last decade, signifi cant progress has been made in 
the isolation and characterization of key genes in the metabolic pathways of lipid 
synthesis, modifi cation, and accumulation. The resulting knowledge has contrib-
uted to a thorough view of the complex molecular network governing olive oil 
production. 

 The geographical locations of early olive domestication and later genotype 
 diffusion have been extensively studied using a number of molecular marker tech-
niques. Biodiversity hotspots were also investigated as being of great importance 
for the  sustainability of oleoculture as they constitute natural reservoirs for breeding 
programs. The developing high-throughput DNA technologies, like single nucleo-
tide polymorphism (SNP) genotyping platforms, are quite promising for a thorough 
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characterization of the existing germplasm that could improve the detection of 
genotype- phenotype associations and the development of quantitative trait loci 
(QTL) markers. Molecular-marker-assisted developments paved the way for the 
authentication of olive oil, a  procedure that is almost impossible using advanced 
analytical chemistry approaches. Functional genome sequence analysis may also 
lead to the elucidation of molecular mechanisms of olive tolerance to abiotic or 
biotic stress and to the isolation of key regulatory sequences or structural genes 
involved in important agronomical traits. These high-throughput approaches will 
also reveal key components in the biosynthesis of bioactive molecules and antioxi-
dants, crucial constituents of exceptional olive oil quality products, and could be 
used to improve olive cultivation.  

5.2     Olive Genetic Diversity Studies 

 Olive ( Olea europaea  L.) is a sclerophyllous evergreen species characteristic of 
Mediterranean fl ora, with a chromosome number of 2n = 46 (Breviglieri and 
Battaglia  1954 ). The wild variety,  O. europaea  var.  oleaster  (Hoffmanns & Link), 
or oleaster, is believed to be indigenous to the Mediterranean basin (Green  2002 ). 
Oleasters are similar to the cultivated forms (var.  europaea ), although they differ 
from the cultivated varieties in that they have spinescent juvenile shoots, smaller 
fruits with a higher stone/mesocarp ratio, and relatively low oil content and are 
characterized by a longer juvenile stage (Zohary and Spiegel-Roy  1975 ; Lumaret 
et al.  2004 ). Propagation of most cultivated varieties is achieved by grafting on spe-
cifi c rootstocks. This is necessary since olive trees grown from seeds usually show 
similar morphological traits specifi c to oleasters. This has caused much uncertainty 
in the discrimination between the two forms. The confusion has been even greater 
due to the high heterozygosity and genotypic diversity of genuine oleasters, which 
often overlap with those of cultivated olives or feral forms (clones that escaped from 
cultivation) (Banilas et al.  2009 , and references therein). Allozyme polymorphism 
and the utilization of the fi rst-generation molecular markers, including restriction 
fragment length polymorphisms (RFLPs), amplifi ed fragment length polymor-
phisms (AFLPs), and random amplifi ed polymorphic DNA (RAPDs), have signifi -
cantly improved our knowledge of the nuclear or mitochondrial genetic variation of 
oleasters. When oleasters from throughout the Mediterranean basin were analyzed, 
a clear genetic divergence between populations originating from eastern or western 
parts was observed (Besnard et al.  2001a ,  b ; Lumaret and Ouazzani  2001 ; Bronzini 
de Caraffa et al.  2002 ; Lumaret et al.  2004 ). Oleasters from ancestors that thrived    in 
the western Mediterranean refugium share the MOM and MCK mitotypes and the 
COM and CCK chlorotypes that are absent in oleasters from the ancestral popula-
tions occupying the eastern refugia. Oleasters in the Eastern Mediterranean share 
the ME1 and ME2 mitotypes and the CE1 chlorotype (Rugini et al.  2011 ). 

 The progenitor of domesticated olive is believed to be indigenous wild oleasters. 
The exact origin in time and space of olive domestication and diffusion across the 
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Mediterranean is not clear. According to archaeological and botanical data, early 
domestication most likely took place in the Middle East during the Early Bronze 
Age, in about the second half of the fi fth millennium B.C. (Zohary and Spiegel-Roy 
 1975 ; Neef  1990 ; Liphschitz et al.  1991 ; Zohary and Hopf  1994 ). The domestica-
tion process is likely to have involved the selection of genotypes with desirable 
agronomic traits, mainly toward larger fruit size and a higher mesocarp/stone ratio 
or higher oil content. Domesticated olive gradually diffused from east to west 
(Terral et al.  2004 ), largely because of its multiple uses (e.g., oil, fruits, wood and in 
practical medicine). However, recent genetic analysis based on molecular markers 
suggests that independent domestication events (transiently or temporally) occurred 
in the western Mediterranean basin, further contributing to the richness and hetero-
geneity of the cultivated germplasm (Besnard et al.  2002a ,  b ; Terral et al.  2004 ). 
Nowadays, more than 1,250 cultivar names have been reported around the world 
(Bartolini et al.  1998 ), although the exact number of distinct cultivars may be 
smaller due to the existence of synonyms (same clones with different denomina-
tions). For the purpose of better germplasm management, conservation, and sustain-
able use, numerous studies have been undertaken to determine more accurately the 
extent of existing genetic diversity in the cultivated and wild olive germplasms, to 
decipher true cultivars, and to unravel their intravarietal diversity and their 
characteristics. 

 The development of biochemical and polymerase chain reaction (PCR)-based 
molecular marker techniques has improved olive cultivar discrimination (Trujillo 
et al.  1995 ; Belaj et al.  2003 ). Ouazzani et al. ( 1993 ) used isozyme polymorphisms 
to analyze olive germplasm variability and to differentiate between wild plants and 
cultivars. RAPD and AFLP technologies have been extensively used for genotype 
fi ngerprinting and for the estimation of genetic similarities between or within olive 
cultivars from throughout the olive-producing countries. Both those molecular 
markers have been proven very useful because they do not require previous knowl-
edge of the genome sequence, there is no need for marker or probe development, 
and they are not technically demanding procedures. They allow rapid analysis of 
genotypes with relatively low operational costs. Another advantage of using RAPDs 
in the analysis of olive germplasm variability and cultivar discrimination is the high 
level of polymorphism they generate probably due to the high degree of olive 
genetic variability (Belaj et al.  2003 ). RAPD-PCR is a size-based method utilizing 
a single oligomer (usually 10-mer) primer of arbitrary sequence in a PCR. It has 
been used to assess genomic DNA alterations including insertions, deletions, substi-
tutions, and inversions. Wiesman et al. (    1998 ) found that 14 RAPD primers were 
adequate to distinguish among 8 closely related variants of the Nabali    cv., Mekuria 
et al. ( 1999 ) used only 6 primers to discriminate among 39 accessions, while 19 
primers were required to discriminate 41 genotypes, mostly of Greek origin 
(Nikoloudakis et al.  2003 ). 

 Binary data from RAPD or AFLP analysis (band presence/absence) may be used 
to estimate genetic similarities or distances between genotypes and to construct 
informative dendrograms using appropriate algorithms, such as UPGMA cluster-
ing. However, they may not be applied to estimate phylogenetic relatedness since 
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they are dominant markers. Nevertheless, in a pioneering work using RAPDs in 
olives, Fabbri et al. ( 1995 ) showed that the cultivated germplasm is highly variable. 
Screening 17 cultivars from throughout the Mediterranean area, they also showed 
that most genotypes are clustered into groups according to their fruit size or usage, 
either small drupes for oil production or large ones for edible purposes. Interestingly, 
no apparent clustering according to geographic origin was detected. Similar results 
were obtained even when cultivars from a restricted area of the Mediterranean basin 
were analyzed (Nikoloudakis et al.  2003 ). There was a high degree of elite Greek 
cultivar clustering according to olive drupe usage. These results point to an exten-
sive dispersal of elite clones in the past to different geographic areas and strong 
selection toward desired agronomic traits like oil content or fruit size. Belaj et al. 
( 2004 ) also applied RAPDs to assess    genetic similarities/differences and to study 
patterns of genetic variation among 82 Spanish olive cultivars. The dendrogram 
generated clustered most cultivars into two major groups from the southern and 
central parts of Spain, while clustering of genotypes from the Levante zone was also 
apparent. 

 RAPDs have also been successfully applied to assess the level of intravarietal 
genetic variability and discriminate among clones or genotypes within a variety. 
Gemas et al. ( 2000 ) used 20 RAPD primers to distinguish among genotypes of three 
cultivars grown in Portugal and found that there could have been genetic divergence 
among accessions according to their geographic location of origin. The same marker 
technology also uncovered a high degree of genetic diversity among selection 
clones of Ladolia, the main Cypriot cultivar, which was in agreement with the high 
degree of morphological and agronomic variation, suggesting that Ladolia likely 
originated from genetically distant land races (Banilas et al.  2003 ). 

 AFLPs have proven quite successful in olive genetic diversity studies and also 
equally or even more effi cient in intravarietal genotype discrimination (Belaj et al. 
 2003 ). AFLPs allow for simultaneous sampling of multiple loci distributed 
throughout a genome. Angiolillo et al. ( 1999 ) introduced AFLP analysis in olive 
to study genetic variations within and among populations of cultivated olives from 
the most distant locations of the Mediterranean basin, including    oleasters or other 
species of the genus  Olea . They showed a clear structure between the cultivated 
and wild germplasms, which were separated into two distinct groups. Interestingly, 
similar levels of genetic variability were observed within each group. Except for 
the cultivars from Sicily, which showed high similarity and clustered together, the 
other varieties did not show any particular affi nity based on their area of cultiva-
tion. More recently, Owen et al. ( 2005 ) applied a nonradioactive detection method 
in AFLP analysis of the cultivated olive germplasm in the eastern Mediterranean 
basin. The high discriminating capacity of AFLP markers allowed for the detec-
tion of a signifi cant genetic distance between Greek and Turkish cultivars, while a 
close similarity between Turkish cultivars from those originating from the Middle 
East was also apparent. The group composed of the Greek cultivars also included 
those originating from the western Mediterranean. Recently, Albertini et al. 
( 2011 ), using AFLP markers, showed that most relevant and old varieties 
 cultivated in the Abruzzo region (central Italy) are clustered into seven groups   . 
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Most importantly, their data point to the hypothesis that some ancestral population 
spread in central Italy through seed propagation and traditional varieties were 
selected as superior clones. 

 The isolation of simple sequence repeats (SSRs) or microsatellite markers in 
olive (Katsiotis et al.  1998 ; Cipriani et al.  2002 ) marked a new era in genetic diver-
sity studies. Over the last decade, SSRs have dominated the fi eld of olive genetic 
diversity because they provide several advantages over other size-based molecular 
markers for characterizing olive germplasms and for establishing genetic relation-
ships in olives. Microsatellites are 1–6 nucleotide units repeated in tandem and ran-
domly spread in most eukaryotic genomes. Unlike most RAPD and AFLP markers, 
microsatellites are codominant markers, allowing the identifi cation of many alleles 
at a single locus. Therefore, they may be applied to study evolutionary relationships. 
In addition, they require a small amount of DNA, they are highly reproducible 
within and among laboratories, and the analysis can be semiautomated. The devel-
oped SSRs have been proven quite successful in cultivar identifi cation and genetic 
diversity studies. Carriero et al. ( 2002 ) developed 10 primer pairs that are quite 
informative for the genetic characterization of 20 accessions belonging to 16 dis-
tinct olive varieties. Cipriani et al. ( 2002 ), after screening 30 primer pairs in a panel 
of cultivars, found that most of them yielded polymorphic SSRs. Most importantly, 
they detected frequent intracultivar polymorphisms by screening relatively few 
markers. De la Rosa et al. ( 2002 ) developed seven SSRs suitable for identifi cation 
studies of olive germplasms, mapping, and paternity testing. These could also be 
useful in other oleaceous genera. The high discriminating power of SSRs in olive 
germplasms was shown by the fact that only 3 selected SSRs were adequate to dif-
ferentiate among 118 cultivars from different countries around the Mediterranean 
basin (Sarri et al.  2006 ). More recently, Roubos et al. ( 2010 ) used SSR markers to 
analyze the genetic diversity of Greek olive germplasms. Although they did not 
detect any particular clustering of genotypes according to olive fruit size or usage, 
their dendrogram presented similarities with the dendrogram reported based on an 
AFLP-based study (Owen et al.  2005 ). 

 Belaj et al. ( 2003 ) compared the information provided by    RAPDs, AFLPs, and 
SSRs    in olive genetic diversity studies. They demonstrated that SSR markers produced 
the highest polymorphism resulting in high, but nevertheless expected, heterozygosity, 
while their discriminating capacity was at an intermediate level. Recently, 37 SSR loci 
were analyzed on a set of 21 olive cultivars resulting in a list of recommended markers 
and protocols for olive genotyping (Baldoni et al.  2009 ). Although this set of selected 
SSRs was unable to detect polymorphisms at the intracultivar level, it could be useful 
for the creation of a universal molecular database of olive cultivars. 

 Some researchers have used mitochondrial DNA (mtDNA)    RFLPs to describe 
intraspecifi c diversity among important olive cultivars in Italy. The results also pro-
vided insights into the maternal lineages involved in the evolution of olives. More 
precisely, mtDNA RFLPs could assign 37 Italian cultivars to 3 distinct mitotypes: 
MIT1, MIT2, and MIT3, with MIT1 being the most common mitotype comprising 
elite cultivars grown for oil, edible fruits, or both (Rugini et al.  2011 , and references 
therein). 

G. Banilas and P. Hatzopoulos



135

 In recent years, SNPs have become a popular genetic marker system. SNPs are 
the most abundant type of DNA sequence polymorphisms. A SNP is defi ned as a 
nucleotide site for which substitutions occur among individuals within a population. 
SNPs are usually highly abundant and, when combined with high-throughput plat-
forms of allelic discrimination, they may be ideal markers for genotyping or other 
genetic analyses. However, the development of SNP markers requires deep knowl-
edge of an organism’s genome sequence, which is currently not the case for olive. 
As a result, a rather small number of SNPs have been reported in olive (Bracci et al. 
 2011 ). Most of them have been developed using a sequence-based approach of cod-
ing sequences that are available in the GenBank database (Reale et al.  2006 ; Muleo 
et al.  2009 ; Hakim et al.  2010 ). 

 All molecular marker techniques have verifi ed that there is high heterozygosity 
and genotypic diversity within intra- and intervarietal cultivated olive trees. It is 
anticipated that the availability of the next generation of sequencing technologies 
will have a signifi cant impact on the development of a large number of SNPs or 
other informative markers on olive that will make it possible to perform a genome-
wide analysis of genetic variation. Nevertheless, it is of crucial importance for the 
scientifi c community to set a reference olive tree cultivar in order to identify SSRs, 
SNPs, or other molecular markers for olive cultivar discrimination, clustering, and 
genotype divergence.  

5.3     Genetic Markers for Olive Oil Traceability 

 Marketable olive oils may have quite different organoleptic characteristics and qual-
ity depending on their varietal or geographical origin, as well as extraction tech-
niques and practices that infl uence the quality and taste of the oil. This could result 
in price differences and varying market or consumer demands within a particular 
olive oil product category. Thus, the appearance of denominations and protected 
indications of origin have promoted labeling of oils according to those criteria. In 
order to protect agricultural products and foodstuffs originating from certain geo-
graphical areas, the European Council Regulations (EEC) Nos. 2081/92 and 
510/2006 (EC  1992 ,  2006 ) have created systems of regional designation of origin 
covered by certifi cation labels of protected designation of origin (PDO) or protected 
geographical indication (PGI). However, a major proportion of marketed virgin 
olive oil (VOO) is composed of blends of olive oils originating from different areas. 
This is to guarantee a particular quality of the product with typical organoleptic 
characteristics expected by the market or to lower the cost. However, the quality and 
price of a typical olive oil brand depend on the cultivar from which it originated. 
Although in such cases consumers must be informed about the origin of the product 
and whether it originates entirely from the zone covered by PDO or PGI, great 
variations in prices may lead consumers to doubt the originality and authenticity of 
different commercialized olive oil brands. Therefore, a dependable and creditable 
checking system that allows for monitoring of the traceability of olive oils 
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(geographical and botanical origin) is required to protect consumers against fraud 
and misdescription. 

 Advanced analytical chemical approaches are not yet able to discriminate culti-
vars and monitor olive oil traceability. This is because the oil or bioactive constitu-
ent contents are a result of the interplay between the genotype (cultivar) and 
environment (place of growth and particular biotic and abiotic parameters during 
seasonal growth). Recently, molecular markers capable of discriminating between 
cultivars have ameliorated such traceability systems for olive oil, especially in terms 
of investigating the botanical origin (Montealegre et al.  2010 ). They are becoming 
markers of choice to solve traceability- and provenance-related issues of olive oil 
since they are stable and not infl uenced by environmental or other factors, like 
chemical compositional markers often are. The most critical step in food genomics 
studies is the isolation of high-quality DNA from foodstuffs. The amount of DNA 
extracted, whatever technique was used to crush the olives to produce olive oil, is 
usually suffi cient for PCR-based molecular marker techniques, but the major prob-
lem is the presence of high amounts of phenolic compounds that might inhibit PCR. 
Traditionally, the hexadecyltrimethylammonium bromide (CTAB)    DNA extraction 
method (Murray and Thomson  1980 ) has been widely used with good success. The 
availability of commercial DNA extraction kits and published protocols that com-
bine kits with other methods, like the phenol-chloroform or the hexane method, has 
made it possible to recover DNA of acceptable quality and quantity from olive oil 
that is adequate for PCR analysis (Spaniolas et al.  2008 ; Montealegre et al.  2010 ). 

 All the molecular markers that have been used to differentiate among cultivars 
have also been applied to ‘olive oil fi ngerprinting’. The idea is to use a data set of 
molecular marker profi les obtained from olive oil samples and to compare them with 
those obtained from the leaf DNA of the respective cultivars. Martins-Lopes et al. 
( 2008 ) showed that RAPDs were less informative than the intersimple sequence 
repeats (ISSR) marker system for certifi cation purposes in olive oil. However, most of 
the studies on olive oil traceability are based on microsatellite markers (SSRs). 
Pasqualone et al. ( 2004 ) evaluated SSRs to identify oil obtained from ten cultivars. Of 
the seven primer pairs used, six yielded amplifi ed fragments of different lengths for 
each oil type considered that were capable of distinguishing among them. However, 
Breton et al. ( 2004 ), by analyzing the effi ciency of SSR markers in order to distin-
guish and, ultimately, to identify olive oil of different origins in oil blends (mixed oils 
from different varieties), were partly successful. They showed that in controlled mix-
tures of oil samples from different cultivars, distinction and identifi cation of the major 
olive variety used to elaborate an olive oil type was possible, but not of the minor ones. 
Extensive comparisons of SSR profi les of leaves versus oils for several varieties and 
markers conducted in three laboratories (Alba et al.  2009 ; Ayed et al.  2009 ; Vietina 
et al.  2011 ) revealed that a complete correspondence between SSRs of olive leaves 
and oils was only at 45 %, although the majority of alleles (approximately 70 %) was 
found both in oils and leaves. Such a discrepancy was mostly related to differences in 
allele sizes and to the presence of extra alleles or allele dropout (absence) in oil DNA. 
It seems likely that differences in allele sizes or numbers may be due to the lower 
quality of DNA extracted from olive oil as compared to leaves, while extra alleles are 
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probably due to accidental contamination with other oils present in the milling pro-
cess. Since the pollinator contributes to the genetic constitution of seeds, the presence 
of unexpected alleles may also be caused by the seed oil that is often liberated during 
the crushing process    (Agrimonti et al.  2011 ). 

 AFLPs have proven to be a reliable and reproducible means for olive genotyping. 
Therefore, they were among the fi rst molecular markers tested in fi ngerprinting 
assays of olive oil. Busconi et al. ( 2003 ) reported that DNA extracted from monova-
rietal oil may be used for AFLP analysis, yielding banding profi les of high corre-
spondence with the profi les obtained from DNA extracted from leaves of the 
respective cultivars. When the DNA extracted from oil is of adequate quality and 
free of inhibitors of restriction enzymes and DNA polymerase, a high correspon-
dence between oil and plant AFLP markers (approximately 70 %) may be achieved 
(Pafundo et al.  2005 ). AFLP profi les obtained from the oil of single Italian olive 
varieties (monovarietal olive oil) were highly reproducible with all primer pairs 
tested and capable of detecting the varietal origin of the olive oil, although the bands 
were rather less intense than those obtained with the DNA extracted from leaves of 
the corresponding cultivars (Montemurro et al.  2008 ). To overcome diffi culties 
encountered with degraded or contaminated oil DNA in AFLP technology, AFLP 
profi les of olive oil have been utilized in the development of sequence characterized 
amplifi ed region (SCAR) markers. These markers have been used to determine the 
varietal composition of oil samples. Starting from AFLP profi les, Pafundo et al. 
( 2007 ) developed SCARs to identify monovarietal olive oils derived from olive cul-
tivars from throughout the Mediterranean basin. A single SCAR marker (CP-rpl16T) 
was able to divide 59 varieties into four groups; however, a marker alone is not 
discriminating enough to identify all varieties. Nevertheless, SCARs constitute a 
very promising marker system for identifi cation and authenticity assays of olive 
oils, providing several advantages over AFLPs and SSRs, including simplicity, 
reproducibility, and easy scoring through ethidium bromide staining of agarose 
gels. This methodology could also be applied to multiplexed real-time PCR assays 
and microarray platforms. High-throughput technologies with next-generation 
sequencing platforms could be one of the best discriminating methods for authenti-
cation purposes. Once again, it should be stressed that the availability of decent 
quality DNA obtained from oils and the clarity of information obtained from mills 
or companies concerning olive oil products per se are important.  

5.4     Molecular Biology of Olive Oil Biosynthesis 

 Olive oil has a well-balanced fatty acid (FA) composition, ideal for human con-
sumption. It is characterized by low amounts of α-linolenic acid (ALA) (approxi-
mately 1 %) relative to its major unsaturated FAs, i.e., oleic acid (60–80 %) and 
linoleic acid (10–20 %). Over the last decade, signifi cant progress has been made 
on the isolation and characterization of key genes/enzymes in FA modifi cation and 
TAG storage in olives. Nevertheless, the molecular basis of lipid biosynthesis in 
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olive fruits has not been explored adequately. Most of our knowledge on the 
respective metabolic pathways comes from the model plant Arabidopsis    or other 
oilseed crops. Briefl y, FA biosynthesis mainly occurs in plastids, where acetyl-
CoA carboxylase (ACCase) catalyzes the conversion of acetyl-CoA into malonyl-
CoA. The pathway proceeds with condensation between acetyl-CoA and 
malonyl-ACP by β-ketoacyl-ACP synthase (KAS) III to form a 4-carbon unit 
called acetoacetyl-ACP, which is further reduced and dehydrated, resulting in the 
production of Δ2-trans- enoyl-ACP. This unsaturated intermediate molecule is then 
reduced again by enoyl- ACP reductase (ENR) to produce butyryl-ACP. Butyryl-
ACP in turn reacts with malonyl-ACP in a second condensation reaction that is 
catalyzed by KAS I. The process is sequentially repeated by adding two carbons in 
every circle, until the growing chain reaches 16 carbons, i.e., palmitoyl-ACP. 
Further elongation of palmitoyl- ACP to produce stearoyl-ACP (C18) is catalyzed 
by KAS II (Harwood  1996 ) (Chap.   4    ). 

 Those FAs may be further modifi ed, elongated, or desaturated. In vegetable oils, 
the level of desaturation is related to the C16/C18 FA ratio initially produced since 
the palmitate is the prevalent saturated FA (C16:0), while the C18 FAs are almost 
totally unsaturated. Stearoyl-ACP Δ9-desaturase is a very active enzyme in plastids 
and catalyzes the desaturation of stearic acid (C18:0) to produce the monounsatu-
rated oleic acid (C18:1), the major FA in olives. TAGs are quantitatively the most 
signifi cant storage lipids and the major component of olive oil. In both yeast and 
plants, TAGs may be produced via the acyl-CoA–independent transfer of FAs from 
phospholipids to the sn-3 position of diacylglycerol (DAG), catalyzed by the 
enzyme phospholipid: diacylglycerol acyltransferase (PDAT). Principally, however, 
it involves the sequential incorporation of FAs onto the glycerol backbone, a process 
commonly known as the glycerol-3-phosphate or Kennedy pathway. The fi rst step 
in the process involves the acylation by GP acyltransferase (GPAT) of glycerol-3- 
phosphate (GP) at the sn-1 position to produce lysophosphatidic acid (LPA). LPA is 
further acylated at the sn-2 position by LPA acyltransferase (LPAT), resulting in the 
formation of the central metabolite phosphatidic acid (PA). The synthesis of PA is 
known to occur both in plastids and the endoplasmic reticulum (ER) via the so- 
called prokaryotic and eukaryotic pathways, respectively. Within the plastids, PAs 
may be further converted into glycerolipids or sulfolipids, whereas in the ER they 
are converted into phospholipids. In storage tissues, like maturing seeds, PA is pre-
dominantly dephosphorylated to produce DAG, which is further acylated by diacyl-
glycerol acyltransferase (DGAT) to produce TAG. Subsequently, FAs incorporated 
into the glycerolipids are further modifi ed by FA desaturases (FADs) localized 
either in the plastids or the ER membranes. The monounsaturated oleic acid may be 
further modifi ed by the membrane-bound ω-6 (Δ12) FADs to produce linoleic acid 
(C18:2). Dienoic fatty acids may be converted into trienoic fatty acids, like ALA 
(C18:3), by the plastidial or the ER-localized ω-3 FAD (Chap.   4    ). 

 The ER and the plastidial counterpart enzymes are encoded by distinct genes, 
which generally produce highly similar polypeptides. However, the main enzymes 
involved in the last step of TAG formation are encoded by two sequence-unrelated 
genes: DGAT1 (type 1) and DGAT2 (type 2). The deduced DGAT polypeptides 
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encoded by the two genes are highly unrelated. In seeds of both olive and oilseed 
crops, TAGs accumulate within discrete subcellular particles called oil bodies or 
oleosomes (Murphy  1993 ; Hsieh and Huang  2004 ). Oil bodies are surrounded by a 
monolayer of phospholipids, in which structural proteins, principally oleosins, are 
embedded. However, oil droplets in the fl eshy olive mesocarp are devoid of 
oleosins. 

 Olive fruit is a typical drupe consisting of an exocarp, a fl eshy mesocarp, and a 
stony endocarp that surrounds the seed. In olive fruit, TAGs are formed and stored 
both in the mesocarp and the seed, two drupe compartments of distinct origin, 
physiological functions, and roles that also display differences in the mode of TAG 
accumulation. Storage TAGs in seeds (endosperm and embryo) provide energy-
rich molecules to the embryo during the initial stages of germination, whereas in 
the mesocarp they are believed to attract animals for seed dissemination. 
Lignifi cation of the endocarp takes place at approximately 11 weeks after fl ower-
ing (WAF) and marks the launch of massive TAG synthesis and deposition in both 
the seed and the mesocarp. TAG accumulation in the mesocarp and seeds follows a 
typical sigmoid curve (Sánchez  1994 ). Accumulation of oil in seeds is relatively 
fast compared to the mesocarp, reaching a plateau at approximately 22 WAF. This 
could also be attributed to seed desiccation and senescence, vital biological pro-
cesses controlled by different plant hormones such as abscisic acid (ABA) and 
ethylene, crucial for the survival of the embryo and species propagation. In the 
mesocarp, a signifi cant proportion of oil starts to accumulate at around 16–19 
WAF, depending on the environmental conditions and the cultivar, and oil biogen-
esis reaches a plateau during ripening (change in color) at approximately 28 WAF. 
Oil biosynthesis proceeds till very late in ripened drupes. The time of initial 
 accumulation till the end of oil biosynthesis and accumulation depends on the 
 cultivar and the environment (Sánchez and Harwood  2002 ; Alagna et al.  2009 ; 
Matteucci et al.  2011 ). The major genes implicated in fatty acid biosynthesis, 
 modifi cation, and TAG accumulation have been isolated, and their spatiotemporal 
expression during fruit development has been studied (Hatzopoulos et al.  2002  and 
references therein; Banilas et al.  2005 ,  2007 ,  2011 ; Poghosyan et al.  1999 ,  2005 ; 
Hernández et al.  2005 ; Giannoulia et al.  2007 ; Matteucci et al.  2011 ). 

5.4.1     Fatty Acid Synthesis 

 The conversion of Δ2-trans-enoyl-ACP into butyryl-ACP by the enzyme enoyl- 
ACP reductase (ENR) completes the fi rst sequence of reactions in FA synthesis. 
Since this enzymatic activity represents a distinct step in the integral cycle begun by 
KAS III and a subunit of a multicomplex enzyme, the study of a single component 
may give important insights into the regulation of the whole system at the gene- 
expression level. In order to study these early stages of FA synthesis in olive, 
Poghosyan et al. ( 2005 ) isolated a cDNA corresponding to a plastidial ENR gene 
from an olive drupe cDNA library, and its transcriptional regulation was monitored 
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in young drupes (5 WAF) and during fruit development till ripening (28 WAF). The 
ENR gene was upregulated at very early stages of drupe development, when the 
embryo is at the globular (5 WAF) or heart (7 WAF) stage. Thereafter, transcripts 
started to decline, reaching down to almost undetectable levels at 11 WAF, at the 
time of endocarp lignifi cation. Following that stage, differences in the pattern of 
transcript accumulation between mesocarp and seed tissues were observed. In 
seeds, ENR gene expression was relatively high at the early-torpedo-stage embryo, 
and the corresponding endosperm (13 WAF), peaked at 16 WAF (early to mid-tor-
pedo embryos), and thereafter sharply declined to almost undetectable levels during 
the seed maturation and desiccation phases. In contrast, in the mesocarp, ENR 
 transcripts gradually and constantly increased    from 13 to 19 WAF and presumably 
remained high till 28 WAF (Fig.  5.1 ). It is likely that the relatively high levels of 
ENR transcripts in young drupes (5–7 WAF) are correlated with high demand for de 
novo lipid synthesis to furnish thylakoid membrane biogenesis in highly proliferat-
ing cells at those stages. In contrast, the sharp upregulation of ENR in the mesocarp 
at 19 WAF, or in seed at 16 WAF, is to provide FAs for lipid deposition. This was 
also supported by a similar pattern of stearoyl-ACP Δ9-desaturase transcript accu-
mulation (Haralampidis et al.  1998 ), the enzyme that catalyzes the production of 
oleic acid (Fig.  5.2 ), and by lipid accumulation data (Sánchez  1995 ).

5.4.2         Fatty Acid Desaturation 

 The stearoyl-ACP Δ9-desaturase (Δ9-des) has a central role in the FA desaturation 
process, catalyzing the desaturation of stearic acid to produce the monounsaturated 
oleic acid, the most abundant FA in olive oil. The Δ9-des gene has been isolated and 

  Fig. 5.1    Initial steps in FA synthesis. Relative expression of olive enoyl-ACP reductase (ENR) 
gene during fruit growth and in different drupe compartments, based on data presented previously 
(Poghosyan et al.  2005 ). Values are in arbitrary units in relative proportion to highest gene expres-
sion signal recorded       

 

G. Banilas and P. Hatzopoulos



141

its expression characteristics during olive drupe development assessed (Haralampidis 
et al.  1998 ). At the early stages of drupe development (5 WAF) the gene is highly 
expressed, preferentially in embryos, but transcripts sharply decline soon after 7 
WAF to almost undetectable levels at 9 or 11 WAF. ENR and Δ9-des genes    share a 
similar transcript profi le at those early stages of drupe growth, indicating an orches-
trated regulation of lipid synthesis and initial steps of desaturation. Following endo-
carp lignifi cation (11 WAF), when separation of the major oil accumulating drupe 
tissues from each other without injury becomes possible, embryo, endosperm, and 
mesocarp tissues were studied    individually. This allowed Haralampidis et al. ( 1998 ) 
to detect that the expression of  Δ9-des     in embryo tissues at 13 WAF was at extreme 
high levels, while as the embryo developed further through the early-mid torpedo    
(16 WAF), mid-torpedo (19 WAF) toward the late torpedo stage (22 WAF), the 
transcript accumulation declined gradually to almost undetectable levels. As 
opposed to seed tissues, at the early stages of mesocarp growth (13–16 WAF), the 
respective expression was relatively low (Fig.  5.2 ). Those results suggest that the 
diminishing transcripts encountered at 9–11 WAF in intact drupes could be attrib-
uted rather to the high mesocarp/seed RNA ratio at those stages. Although a similar 
profi le of transcript accumulation was detected in endosperms, the ratio of  Δ9-des  
mRNA to total RNA was lower compared to embryos, and accumulation remained 
at high levels from 13 to 16 WAF. Thereafter, mRNA accumulation declined gradu-
ally to undetectable levels, as observed in embryos. Interestingly, the pattern of 
 Δ9-des  mRNA accumulation in mesocarp was quite distinct and showed expression 
for a longer time compared to seed tissues. The low level of transcription observed 
from 13 to 16 WAF was substituted by rapid mRNA levels that peaked at 19–22 
WAF, coinciding with the time of massive oil accumulation in mesocarps    (Sánchez 

  Fig. 5.2    Production of oleic acid through relative expression of olive stearoyl-ACP Δ9 desaturase 
gene during fruit development and in embryos, endosperms, and mesocarps, based on data pre-
sented previously (Haralampidis et al.  1998 ). Values are in arbitrary units in relative proportion to 
highest signal recorded       
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 1994 ). This mRNA accumulation remained at high rates thereafter through fruit 
maturity (28 WAF). Transcript accumulation of  ENR  had a similar pattern in meso-
carps or seed tissues to that observed for  Δ9-des  showing a coordinating type of 
developmentally regulated gene expression. Therefore, both the time and the level 
of  Δ9-des  mRNA accumulation in different compartments of the olive drupe during 
development coincide well with FA production and oil accumulation in the respec-
tive tissues. Haralampidis et al. ( 1998 ) also showed that ABA may regulate  Δ9-des  
gene expression since exogenous application of ABA increased transcript levels in 
embryos but not in the respective endosperms when the exogenous application was 
for a short time period. However, prolonged exposure of immature embryos to ABA 
reduced transcript accumulation, suggesting a dose effect of ABA on the transient 
and temporal regulation of the  Δ9-des  gene. The initial low ABA content during 
embryo development could induce  Δ9-des  gene expression    in embryos, while higher 
ABA content in the later stages of embryo growth, which signals the desiccation 
process, suppresses the  Δ9-des  gene, as was observed in in vitro cultivated embryos. 

 Oleic acid is incorporated into glycerolipids, either in plastids or in ER mem-
branes, before being further modifi ed by membrane-bound ω-6 (Δ12) desaturases, 
the enzymes responsible for the conversion of oleic acid into linoleic acid. There are 
two genes in Arabidopsis, FAD2 and FAD6   , that encode for the ER (microsomal) 
and the plastidial ω-6 desaturases, respectively. The two desaturases have different 
electron donor systems, i.e., NAD(P)H, ferredoxin: NAD(P) reductase, and ferre-
doxin for FAD6, and NADH, NADH:cytochrome b5 reductase, and cytochrome b5 
for FAD2. By using degenerate primers two respective genes encoding OeFAD2 and 
OeFAD6    were isolated from the olive cultivar Koroneiki (Banilas et al.  2005 ), while 
Hernández et al. ( 2005 ) identifi ed two different olive FAD2 genes, designated 
OepFAD2-1 and OepFAD2-2   , in the genome of the Picual cultivar. Transcriptional 
analysis of the ER OeFAD2 gene revealed that it is constitutively regulated in very 
young drupes (5–11 WAF) and in endosperm and embryo throughout seed develop-
ment, refl ecting its major role in desaturation for the biosynthesis of ER membrane 
lipids. Relatively higher transcript levels were detected in mesocarp as compared to 
seed tissues during fruit growth (13–28 WAF). Given that strong transcript upregu-
lation of stearoyl-ACP Δ9-desaturase starts at 16 WAF, the relatively high transcript 
levels of OeFAD2 in the mesocarps between 13 and 16 WAF could be attributed to 
the high demand for membrane biosynthesis rather than to the storage lipid desatu-
ration. Supporting this, a high level of OepFAD2-1 gene expression was detected in 
leaves, whereas OepFAD2-2 was mostly expressed in the mature seed and the meso-
carp, particularly at 31 WAF (Hernández et al.  2005 ). Besides its critical role in the 
production of linoleic acid in olive oil, the constitutive type of OeFAD2 expression 
during the later stages of mesocarp growth (22–28 WAF) supports the notion that 
membrane biosynthesis/turnover is still required during that period, in which some 
mesocarpic cells are still photosynthetically active. 

 Similar to OepFAD2-2, but unlike OepFAD2-1 and OeFAD2, OeFAD6 is upregu-
lated both in endosperms and embryos during fruit growth, showing a similar 
 pattern of accumulation (Fig.  5.3 ). Although the expression is scarcely detectable at 
13 WAF, upregulation starts at 16 WAF and gradually increases up to 22 WAF. 
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These results together with the downregulation of Δ9-des in seed tissues from 13 up 
to 22 WAF show that the process of lipid poly-unsaturation, within the plastids of 
embryo or endosperm tissues does not parallel the process of oleic acid production. 
Nevertheless, the higher constitutive expression in mesocarps compared to seed tis-
sues, of the plastidial OeFAD6 from the very early developmental stages through 28 
WAF is linked to the biosynthesis of photosynthetic membranous systems in the 
green drupes and mesocarps besides the modifi cation of accumulated FAs. 
Developing olives contain active chloroplasts until approximately 28 WAF and 
olive fruit photosynthesis contributes to the carbon economy of developing olives 
and hence to oil biosynthesis (Sánchez  1995 ; Sánchez and Harwood  2002 ). The 
relatively higher level of OeFAD6 mRNA accumulation in the endosperm at 22 
WAF was comparable to the expression levels detected in mesocarps. Those results 
point to higher demand for linoleic acid production in endosperm rather than in 
embryo at the late stages of seed maturation, highlighting the implication of poly-
unsaturated FAs in lipid catabolism during germination and seedling development. 
This notion is supported by the fact that a linoleate 13-lipoxygenase purifi ed from 
oil bodies of olive endosperms can mainly oxygenate linoleic acid (Georgalaki et al. 
 1998 ). Even though the relative expression of OeFAD2 and OeFAD6 is at similar 
levels in mesocarps, showing that both are implicated in linoleic acid content, it has 
been indicated (Hernández et al.  2009 )    that OepFAD2-2 seems to be the main gene 
responsible for the linoleic acid content in olive fruit mesocarp tissue.

   OeFAD2 transcript accumulation in young drupes of Koroneiki cv. was lower as 
compared to mesocarp at later stages of drupe growth, while relatively high levels 
of OeFAD6 expression was detected in young drupes and late mesocarpic tissues, 
suggesting that polyunsaturated FAs at the early stages of mesocarp development 

  Fig. 5.3    Mid-stages of desaturation. Relative expression patterns of olive FAD2 and FAD6 genes 
during fruit growth and during embryo development, and endosperm and mesocarp growth, 
extracted from data presented previously (Banilas et al.  2005 ). Values are in arbitrary units with 
respect to highest signal detected for each gene individually. Thus, only expression patterns of 
individual genes may be compared and not their relative values to each other       
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(5–11 WAF) result mainly from OeFAD6 activity (Fig.  5.3 ). Detailed analysis of 
Arabidopsis mutants have contributed to the unraveling of reversible exchange of 
FAs between plastidial and ER membranes. Polyunsaturated FAs produced by 
FAD6 enzyme activity may be exported and subsequently incorporated into ER lip-
ids and TAGs (Miquel and Browse  1998 ; Stoutjesdijk et al.  2002 ). The exocarp 
tissue surrounding the mesocarp consists of cells with a large number of photosyn-
thetically active chloroplasts. The high level of OeFAD6 transcript accumulation in 
young drupes could also be attributed to the presence of this high number of chlo-
roplasts. Correa et al. ( 2002 ) showed that the olive exocarp is rich in lipids, specifi -
cally at the early stages of fruit growth, while the polyunsaturated linoleic acid 
accounts for a relatively high proportion (12 %) of the total FAs (Milosevic et al. 
 2002 ). Accumulated data show that developmental or hormonal signals could 
upregulate the expression of FAD6 in embryos and endosperms, while these signals 
are unlikely to regulate the constitutive FAD2 expression in a similar manner. The 
ER and the plastidial ω-6 desaturases were also abundantly expressed in other veg-
etative tissues and high transcript levels were detected in actively developing organs, 
like expanding leaves and shoot tips, most likely to furnish the requirement of poly-
unsaturated FAs in membrane biogenesis. By applying in situ hybridization, a 
strong signal for both genes was detected in olive reproductive tissues, which are 
not associated with membrane or storage lipid biosynthesis. This refl ects the crucial 
role of the FA polyunsaturation pathway to meet the demands for fl ower develop-
ment such as the production of linoleic acid as precursor to jasmonic acid (JA) and 
oxylipin biosynthesis for proper pollen development (McConn and Browse  1996 ; 
McConn et al.  1997 ). Recent results showed that low temperature affected the 
expression of oleate desaturase genes in a cultivar-specifi c manner. High tempera-
ture and dark decreased the expression levels of olive OeFAD2 and OeFAD6. The 
expression of the OeFAD2 gene was affected in response to wounding of olive fruit 
mesocarp (Hernández et al.  2011 ), implicating its potential role in jasmonate bio-
synthesis, a key regulatory molecule in plant defense against wounding or insects. 

 The ω-3 FA desaturases (FADs) are responsible for further desaturation of die-
noic FAs to trienoic FAs, like ALA. Those enzymes are localized either in the chlo-
roplast envelope membranes or the ER. Although olive oil is characterized by low 
amounts of ALA, its precise concentration infl uences its organoleptic properties 
and shapes the quality. Detailed analysis of Arabidopsis mutants contributed con-
siderably to the understanding of the regulation of ω-3 desaturase function. The 
plastidial enzyme (FAD7) can catalyze either Cl6 or the Cl8 ω-3 trienoic fatty acids 
from their respective dienoic acid precursors, whereas its counterpart, ER-bound 
(FAD3), converts the Cl8 linoleic acid into ALA (Miquel and Browse  1998 ). 

 The plastidial (OeFAD7) and the ER-bound (OeFAD3) ω-3 FAD genes were iso-
lated and characterized in order to determine the mechanisms that regulate and infl u-
ence the ALA content in olive oil (Poghosyan et al.  1999 ; Banilas et al.  2007 ). 
Northern blot hybridization analysis showed that the OeFAD7 gene is highly 
expressed in very young drupes (5 WAF), while transcript accumulation declines dur-
ing further fruit growth till approximately 11 WAF, the stage at which lignifi cation 
of the endocarp is apparent. The OeFAD3 gene was also highly expressed in very 

G. Banilas and P. Hatzopoulos



145

young drupes and declined during further drupe growth, in a similar pattern to that 
observed for OeFAD7. At 13 WAF, only the ER OeFAD3 gene was highly expressed 
in embryos (early torpedo stage). Thereafter, transcripts declined till embryo desicca-
tion (22 WAF). However, the expression of OeFAD3 in endosperms was steadily low 
from as early as 13 WAF till 22 WAF. The respective transcripts for OeFAD7 were 
very low in both embryo and endosperm throughout seed development. The high 
levels of both gene transcripts in very young drupes could refl ect the high demands in 
lipid biosynthesis for membrane biosynthesis in the drupe (embryo-endosperm-
mesocarp). The decline of both gene transcripts thereafter and the high levels of 
OeFAD3 transcripts in early to mid-torpedo stages indicate the crucial role of this 
gene in the biosynthesis of ALA for membrane biogenesis during the development of 
embryos via the ER-bound enzyme. These results are consistent with accumulating 
data suggesting that the ER-type desaturase is correlated with active membrane bio-
genesis in different organs where intensive cell division occurs (Matsuda et al.  2001 ; 
Banilas et al.  2007 ). These expression characteristics are in accordance with the low 
ALA content in olive seeds (Hernández et al.  2005 ). The pattern of expression of the 
ω-3 desaturase genes in young drupes resembles the one detected for other olive 
genes involved in lipid biosynthesis, such as CYTb5, ENR, or Δ9-des but very differ-
ent from that of the ω-6 desaturase genes (Haralampidis et al.  1998 ; Martsinkovskaya 
et al.  1999 ; Poghosyan et al.  1999 ,  2005 ). 

 During mesocarp growth (13–28 WAF), the expression of OeFAD7 followed a 
bell-shaped pattern, showing a peak at 19 WAF and drastically declining thereafter. 
In contrast, the OeFAD3 gene was expressed at very low levels in mesocarps through-
out development (Fig.  5.4 ). The results show that there was a high demand for FAD7 
activity transiently and at a narrow time window of mesocarp growth, particularly 

  Fig. 5.4    Last stages of desaturation in olive oil. Relative expression patterns of olive FAD3 and 
FAD7 genes during fruit development and in different drupe compartments, gathered from data 
presented previously (Poghosyan et al.  1999 ; Banilas et al.  2007 ). Values are in arbitrary units with 
respect to highest signal detected for each gene individually. Thus, only expression patterns of 
individual genes may be compared and not their relative values to each other       
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between 16 and 22 WAF, when the drupes were still green and photosynthetically 
active (Poghosyan et al.  1999 ; Banilas et al.  2007 ). It is unknown whether such a 
demand is linked to specifi c physiological changes during fruit growth leading into 
maturation and ripening or whether the rapid and transient increase in transcript 
accumulation is a response to hormonal signal optima. Both ER FAD2 and FAD3 
genes had an almost constitutive type of expression in both mesocarps and endo-
sperms (constituting most mass in drupes); the relative proportion of dienoic and 
trienoic acids in both tissues are expected to be similar. This was corroborated by 
data showing a similar proportion of trienoic acids in both seed and mesocarp tis-
sues. Since FAD3 had a similar pattern of mRNA levels when compared to Δ9-des in 
embryos, it is anticipated that FAD3 may also be regulated transiently by ABA. 
Irrespective of the signal(s) inducing the expression of ω-3 desaturase genes, FAD7 
showed a complex transcript accumulation opposite to that of FAD3 in embryos and 
mesocarps, indicating that the genes are differentially regulated.

   Besides the important contribution of ω-3 desaturases in the modifi cation of stor-
age lipids, they also have crucial roles in plant development. To elucidate such roles 
for the OeFAD3 and OeFAD7 genes, their spatiotemporal regulation was also stud-
ied in various vegetative or reproductive tissues of the olive tree (Poghosyan et al. 
 1999 ; Banilas et al.  2007 ). The ER-type OeFAD3 was profoundly expressed in 
mitotically active vegetative tissues, such as young expanding leaves and shoot tips, 
whereas the respective expression of the plastidial type OeFAD7 was rather low. In 
situ hybridization analysis showed that the sites of OeFAD3 expression overlap per-
fectly with those of a mitotic-specifi c gene, an olive B-type cyclin, which has a 
prominent cell-cycle regulation of expression (Dewitte and Murray  2003 ). 
Therefore, it is suspected that in these cells, the demand of lipids for membrane 
biogenesis is furnished by OeFAD3. The sites of the plastidial-type expression were 
rather restricted in the apical meristem cells, the procambium, and the young leaf 
primordial. These results imply that OeFAD7 expression furnishes thylakoid mem-
brane lipid demands in those tissues/organs during the extensive proplastidial divi-
sions in meristematically active cells such as leaf primordial, among others. The 
same type of analysis also showed that the ER-type OeFAD3, unlike OeFAD7, is 
highly expressed in pistils of fl oral buds close to anthesis, especially in vascular 
bundles and ovules, pointing to a role of the ER-type desaturase in ALA production 
in fl owers. It is reasonable to accept that ALA serves as a precursor for JA biosyn-
thesis (Creelman and Mullet  1995 ; Matsuda et al.  2001 ). The α-linolenate precursor 
for JA biosynthesis in Arabidopsis is particularly important for anther and pollen 
development. Arabidopsis fad3 fad7 fad8 mutant    containing negligible levels of 
trienoic fatty acids showed impaired anther development leading to male sterility, 
and no seeds were produced under normal conditions (McConn and Browse  1996 ). 
Vegetative growth and development were unaffected. Based on the accumulated 
data from the preceding results, from JA-defi cient mutants in tomato (Li et al.  2001 , 
 2004 ) and from JA-biosynthetic enzymes in fl ower organs, we assume a crucial role 
of OeFAD3 in the development of reproductive tissues of olive, particularly the 
male gametophyte (Banilas et al.  2007 ).  
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5.4.3     Accumulation and Storage of Triacylglycerols 

 Olive oil is primarily composed of TAGs but also includes other quantitatively 
minor constituents like polyphenols, chlorophyll, tocopherols, and sterols. FA com-
position of TAGs in vegetable oils is strongly infl uenced by the GPAT, LPAT, and 
DGAT enzymes, three major classes of acyltransferases in the Kennedy pathway 
(Sánchez and Harwood  2002 ). Each enzymeʼs abundance and activity in a given 
stage of growth, along with substrate specifi cities and the available pool of acyl- 
CoAs, greatly infl uence the quality of the fi nal product. Even though GPAT enzymes 
from different plant species usually prefer palmitoyl-CoA or oleoyl-CoA, in olives 
linoleic acid is preferentially found at the sn-1 position of TAGs (Santinelli et al. 
 1992 ). This is possibly due to the relatively high and constitutive expression of 
OeFAD2 and OeFAD6 genes in mesocarp, from the very early stages of growth till 
maturation (Banilas et al.  2005 ; Matteucci et al.  2011 ). LPAT has high enzyme spec-
ifi city for unsaturated acyl-CoAs substrates, such as oleoyl-CoA or linoleoyl- CoA. 
Hence, saturated FAs are excluded from the sn-2 position (Sánchez and Harwood 
 2002 ), while in olive oil, oleic acid is the major FA at the sn-2 position. 

 DGAT enzyme activities catalyze the acylation of diacylglycerol at the sn-3 
position, the last and most critical step in TAG biosynthesis of the Kennedy path-
way (Ohlrogge and Browse  1995 ), a step marking the onset of lipid deposition and 
storage. This enzyme has broad substrate specifi city. Therefore, the relative abun-
dance of FA species in the acyl-CoA pool greatly infl uences FA composition at the 
sn-3 position (Harwood  1997 ). However, TAGs may also be produced via the 
transfer of acyl groups from phospholipids to diacylglycerols, an acyl-CoA- 
independent reaction catalyzed by PDAT (Dahlqvist et al.  2000 ; Stahl et al.  2004 ; 
Zhang et al.  2009 ). 

 In Arabidopsis there are at least three different LPAT genes. AtLPAT1 encodes the 
plastid isoform essential for embryo development, and AtLPAT2 encodes a ubiqui-
tously distributed ER-localized enzyme (   Kim and Huang  2004 ). The third gene, 
AtLPAT3, is predominantly expressed in pollen. Two other putative LPAT genes 
have been isolated from Arabidopsis (Kim et al.  2005 ). Recently, a cDNA has been 
isolated from olive mesocarp that shows strong homology to the LPAT2 from 
Arabidopsis and  Brassica napus , suggesting that this gene is probably an ER-type 
class of LPATs (H   atzopoulos, unpublished data). Expression analyses showed that 
the olive LPAT gene was detected in various organs/tissues, and it is predominantly 
expressed in expanding leaves and fl ower buds. It is also highly expressed in meso-
carps at the time of Δ9-des upregulation (19–22 WAF). However, later on its expres-
sion declines rapidly, while Δ9-des upregulation, and thus oleic acid production, 
remains high till fruit maturation (28 WAF) (Fig.  5.5 ). Those results suggest that 
most of the oleic acid incorporation at the sn-2 position of TAGs should take place 
at 19–22 WAF, while oleoyl-CoA produced at the later stages    of mesocarp growth-
maturation should also be incorporated at the sn-3 position by DGAT activity. It also 
implies that by 28 WAF most DAGs have been synthesized de novo by the Kennedy 
pathway in the olive drupe.
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   DGAT1 and DGAT2 represent the main types of genes encoding DGAT  activities, 
both of which are ER-localized (Cases et al.  1998 ; Lardizabal et al.  2001 ). They 
have very low sequence similarity to each other, even though they possess similar 
enzymatic properties. Several type 1 DGAT genes have been isolated and character-
ized from various plant species. However, the physiological functions of type 2 
DGATs have been much less determined as of yet (Shockey et al.  2006 ). Research 
so far on oilseed crops that contain unusual FAs shows a prominent role of DGAT2 
in developing seeds of epoxy and hydroxy FA accumulating plants rather than in 
soybeans or Arabidopsis (Li et al.  2010 ). Both DGAT1 and DGAT2 genes have been 
isolated from olive (Koroneiki cv.) and their organ- and tissue-specifi c expression 
patterns investigated (Giannoulia et al.  2000 ; Banilas et al.  2011 ). Results suggest 
that DGAT1 and DGAT2 are developmentally regulated and share an overall over-
lapping but distinct transcription pattern in various tissues during vegetative growth. 
DGAT1 gene expression was relatively high during seed development, both in 
embryo and endosperm tissues, while the respective transcript levels of DGAT2 
were negligible (Fig.  5.6 ). Both genes were expressed at low levels in the early 
stages of drupe growth, 5–11 WAF. Olive is among a few exceptions of commer-
cially important oil-producing crops characterized by the production of its oil in 
mesocarpic cells before the onset of ripening, when the drupe is still photosyntheti-
cally competent. As mentioned earlier, oil accumulation during drupe growth 
 follows a typical sigmoid curve (Sánchez  1994 ). The major proportion of oil accu-
mulation starts at approximately 16–19 WAF and reaches a plateau around 28 WAF; 
thereafter oil accumulation is still active. Olive DGAT presumably exerts signifi cant 
fl ux control when the rate of TAG biosynthesis is high (Ramli et al.  2005 ). 
Transcriptional analysis suggests that both DGATs are implicated in TAG accumula-
tion at the early stages (16–19 WAF) of mesocarp growth. However, and most 
importantly for oil accumulation, a more prominent role of DGAT2 was apparent at 

  Fig. 5.5    Relative expression of olive LPAT gene during fruit growth and in different drupe 
 compartments, based on unpublished data of Hatzopoulos et al. ( 2002 ). Values are in arbitrary 
units in relative proportion to highest signal detected       
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the time of the onset of ripening. While both DGAT1 and DGAT2 genes are upregu-
lated at 19–22 WAF, thereafter DGAT1 expression declines, whereas DGAT2 mRNA 
accumulates further till 28 WAF, following a sigmoid-type expression pattern in 
mesocarps (Fig.  5.6 ). It is not yet clear how the upregulation of DGAT2 at the later 
stages of olive fruit maturation might determine FA composition or deposition of 
TAGs. It is well known that the increase in oil droplet size in olive mesocarpic cells 
is facilitated by the coalescence of smaller lipid droplets. During the later ripening 
drupe stages the cellular milieu starts to be depleted of water and steadily increases 
toward a lipidic (hydrophobic) environment. The enzymatic stability of the DGAT2 
and, most importantly, its substrate specifi city and activity should be assessed in this 
peculiar cellular environment. However, it has also been proposed that during olive 
ripening oil biosynthesis may continue, together with an increase in dry matter, 
albeit at a slower rate than in previous phases (Conde et al.  2008 ). Thus, it is sus-
pected that olive DGAT2 may have a role in lipid droplet enlargement or TAG syn-
thesis in mesocarpic cells during olive maturation. Matteucci et al. ( 2011 ) proposed 
an interesting alternative scenario, in which the olive DGAT2 may be active within 
senescing chloroplasts, as DGAT is in Arabidopsis chloroplasts, where it plays a 
role by sequestering FAs de-esterifi ed from galactolipids into TAGs. Next, plasto-
globuli exuded from chloroplasts and chromoplasts might provide oil droplets with 
TAGs in the cytoplasm at mesocarp maturation stages. In agreement with this, 
Banilas et al. ( 2011 ) showed that DGAT2, but not DGAT1, is strongly expressed in 
senescing organs, such as cotyledons, mature leaves, and fl owers. Irrespective of the 
FA composition of TAGs, total DGAT gene transcription activity remains high from 

  Fig. 5.6    Accumulation of TAGs monitored by relative expression patterns of olive DGAT1 and 
DGAT2 genes. During early fruit development expression is minimal, but nevertheless, the genes 
are highly expressed during embryo development and endosperm and mesocarp growth as deter-
mined by data presented previously (Banilas et al.  2011 ). Values are in arbitrary units with respect 
to highest signal detected for each gene individually. Thus, only expression patterns of individual 
genes may be compared and not their relative values to each other       
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19 WAF till maturity, pointing to the fact that the most important step in modulating 
enzymatic activity in TAG synthesis is at the transcriptional level.

   The maturation process at the latest stages of development of the olive drupe has 
a limited effect on the FA profi le of olive oil, in which the linoleic acid (C18:2) 
increases slightly (Gutiérrez et al.  1999 ; Ayton et al.  2001 ). This can be explained 
by the fact that both the Δ-9 des gene, the enzyme for oleic acid (C18:1), and ω-6 
desaturase genes, the enzymes converting the former into linoleic acid, are expressed 
highly through 28 WAF in mesocarp (Haralampidis et al.  1998 ; Banilas et al.  2005 ). 
The contents of the other major fatty acids, palmitoleic acid (C16:1), stearic acid 
(C18:0), and linolenic acid (C18:3), remain relatively stable and low during the 
normal commercial harvesting period. 

 Even though we cannot compare the band intensities (mRNA levels) detected on 
different northerns or semiquantitative RT-PCRs using respective probes/primers of 
a particular gene, the signal detected using Δ9-des probe or primers was the most 
intense. We imagine that the vast accumulation of Δ9-des mRNAs is the key factor 
in the high levels of oleic acid in olive oil. However, mRNA levels do not always 
agree with enzyme activity. This should be further justifi ed by measuring the respec-
tive enzyme activity. 

 TAGs in olives, as in other oleogenic seed crops, accumulate in embryo- and 
endosperm-located subcellular spherical entities called oilbodies or oleosomes 
(Murphy  1993 ; Hsieh and Huang  2004 ). Oilbodies are surrounded by a monolayer 
of phospholipids in which structural proteins are embedded, most of them termed 
oleosins. They completely cover the surface of the oleosomes. Oleosins are small 
(15–26 kDa) basic proteins characterized by a unique, highly conserved, and 
uncommonly long central hydrophobic domain. This central domain contains a 
relatively hydrophilic proline knot motif that plays a crucial role in targeting the 
protein into oilbodies and giving the structural conformation and folding of this 
domain (Abell et al.  1997 ). Based on a highly conserved sequence similarity of 
oleosins, oligonucleotide primers were designed and used in RACE-PCR reactions 
to amplify an olive oleosin cDNA, referred to as OeOLE (Giannoulia et al.  2007 ). 
Like other oleosins isolated from different plant species, OeOLE exhibits a very 
long central hydrophobic domain, surrounded by N- and C-terminal amphipathic 
domains. Trancriptional analysis revealed that the OeOLE is spatiotemporally 
expressed in seed tissues but not in mesocarpic cells. Embryos and endosperms 
share a similar bell-shaped expression profi le during seed development. Transcription 
starts in young drupes at 11 WAF; nevertheless, this signal derives from the embryo 
or endosperm tissues. Upregulation of transcription starts at 13 WAF, peaks at 
16–19 WAF in both seed tissues, and thereafter transcript accumulation decreases 
gradually (Fig.  5.7 ). This shows that the oleosin gene is under a strictly regulated 
expression in olive seed tissues. These results strongly suggest that oleosin protein 
synthesis is regulated at the transcriptional level, coinciding with oil accumulation 
in seed tissues. Interestingly, the onset of oleosin gene expression coincides well 
with the upregulation of ENR, Δ9-des, and DGAT1, supporting the notion of an 
orchestrated type of FA synthesis, modifi cation, and storage in seed tissues regu-
lated at the transcriptional level. Even though lipid biosynthesis, modifi cation, and 
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deposition in olive fruits follow a similar pathway, mesocarp tissues do not contain 
detectable oleosins, indicating that the accumulated TAGs in oilbodies or oil drop-
lets serve different purposes.

5.5         Molecular Biology of Olive Oil Aroma 

 The quality of olive oil is greatly dependent on its fl avor and aroma compounds 
(Chaps.   8     and   9    ). It is well known that different cultivars yield oils of signifi cantly 
different aroma profi les due to differences in their genomes. However, the effect of 
geography, geology, and climate of the growing region, collectively known as the 
terroir effect, may also affect the array of aroma compounds and eventually shape 
the typical character of olive oil (Chap.   12    ). Those environmental variables may 
alter oil organoleptic properties due to changes in gene expression. Therefore, it is 
important to study the molecular basis of olive oil aroma biosynthesis in combina-
tion with the repertoire of terroir. 

 The most important volatile compounds in olive oil are the C6 unsaturated alde-
hydes, both quantitatively and qualitatively, for shaping the aroma profi le of VOO 
(Aparicio et al.  1996 ; Morales et al.  1999 ; Salas et al.  2000 ; Angerosa et al.  2000 ; 
Sánchez and Harwood  2002 ), particularly through adding “green notes” to its sen-
sory characteristics (Olías et al.  1993 ; Morales et al.  1996 : Aparicio and Morales 
 1998 ) (Chap.   8    ). These volatile compounds are produced through the lipoxygenase 
(LOX) pathway (Morales et al.  1996 ; Salas et al.  2000 ) (Chaps.   4     and   8    ). This meta-
bolic pathway involves a series of enzymatic degradations of the polyunsaturated 
fatty acids (PUFAs) linoleic and ALAs into C6 or C9 carbonyl fragments, which 

  Fig. 5.7    Storage of TAGs in oil bodies. Relative expression of olive oleosin gene during embryo 
and endosperm development is apparent but absent in young drupe and mesocarpic tissues, as 
determined by data presented previously (Giannoulia et al.  2007 ). Values are in arbitrary units in 
relative proportion to highest signal recorded       
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may be further modifi ed to produce an array of aroma compounds. The aroma  profi le 
in a given olive oil is thus strongly infl uenced by the activity and characteristics of 
the key genes/enzymes in the LOX pathway. These enzymes include LOXs, which 
catalyze the dioxygenation of PUFAs into FA hydroperoxides, and hydroperoxide 
lyase (HPL), which catalyzes the cleavage of FA hydroperoxides to produce volatile 
aldehydes and oxoacids. It is important to mention that the enzymatic actions in the 
LOX pathway are initiated in the presence of oxygen, after the olives are crushed 
during the oil extraction process (Morales et al.  1999 ) (Chap.   8    ). 

 Recently, Palmieri-Thiers et al. ( 2009 ) isolated an olive LOX gene from meso-
carp RNA of 30 WAF ripen Leccino olives. It was classifi ed as a type 1 LOX (LOX1), 
due to the absence of chloroplast transit peptides, and was shown to have dual 
9-LOX and 13-LOX positional specifi cities toward linoleic acid. Both gene expres-
sion and activity were induced at the veraison (when the drupe started to change 
color from green to purple) stage (approximately 22 WAF) and reached maximum 
levels at the black stage (30 WAF). Padilla et al. ( 2009 ) isolated two different olive 
LOXs by utilizing RNA from Picual cv.    mesocarp at 13 or 28 WAF. Both enzymes 
were classifi ed as type 2 LOXs (chloroplastic) and exhibited 13-LOX activity, as do 
all members of the type 2 subfamily (   Feussner and Wasternack  2002 ). LOX2-1 gene 
expression was highest in young drupes and leaves, while during fruit development 
till ripening it was rather constitutively expressed. In contrast, LOX2-2 was upregu-
lated at approximately 24 WAF, both in Picual    and Arbequina cvs., reaching maxi-
mal levels of expression at 28 WAF. Based on these results, it is plausible to suggest 
a prominent role of the olive LOX2-2 in the production of VOO aroma 
compounds. 

 Padilla et al. ( 2010 ) also isolated and characterized an HPL gene from olive. In 
plants there are three HPL classes: the 13- or 9-HPLs, which cleave exclusively 
either the 13- or the 9-hydroperoxides, and the 9/13-HPLs that cleave both 9- and 
13-hydroperoxides (Mita et al.  2005 ; Matsui  2006 ). The recombinant olive HPL 
was specifi c for 13-hydroperoxide derivatives of α-linolenic and linoleic acids. 
Transcriptional analysis showed that the gene was highly expressed in ripening 
Picual mesocarp (28 WAF)   , suggesting a possible implication of this gene in the 
shaping of the aroma profi le of olive oils.  

5.6     Large-Scale Transcriptomics of Olive Fruit 

 Recently, steps toward understanding gene networks controlling major metabolic 
pathways during olive fruit development and ripening have been initiated. Next- 
generation sequencing technology (454 pyrosequencing) was carried out to defi ne 
the transcriptome of olive drupes. The aim was the identifi cation of expressed 
sequence tags (ESTs) involved in phenolic and lipid metabolism during fruit devel-
opment (Alagna et al.  2009 ). Four cDNA libraries from epi-mesocarp tissues from 
two olive cultivars (Coratina and Tendellone) were constructed. Two developmental 
stages were analyzed and compared: completed fruit sets at approximately 6–7 
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WAF and mesocarp at approximately 19 WAF, the veraison stage. Coratina is 
 characterized by high oleuropein (a main terpene secoiridoid) content, while 
Tendellone is an oleuropein-lacking natural variant. A total of 22,904 clusters of 
ESTs were produced and assembled into tentative consensus sequences (TCS   ). 
Approximately 13,000 TCS showed signifi cant similarities to proteins. The major-
ity of the enzyme- related uniquenes encode for transferases (3,982), followed by 
hydrolases (2,628) and oxidoreductases (1,895), while approximately 1,000 TCS 
were found to be involved in lipid biosynthesis (mainly in the biosynthesis of ste-
roids, glycerolipid, or FA metabolism) and 761 TCS in the biosynthesis of second-
ary metabolites (mainly in alkaloid, phenylpropanoid, terpenoid, or fl avonoid 
biosynthesis). However, it should be noted that the same enzymatic function may be 
redundantly encoded by several unigenes, while different TCS may cover non-
matching fragments of the same gene (Alagna et al.  2009 ). In both genotypes, the 
majority of transcripts expressed at higher levels at the early stage of fruit develop-
ment as compared to the veraison stage correspond to genes that are involved in 
photosynthesis or steroid synthesis or that encode for structural proteins. In con-
trast, most transcripts that are upregulated at the veraison stage include genes 
engaged in lipid and vitamin biosynthesis and carbohydrate metabolism. 
Unfortunately, our current knowledge of polyphenol or triterpenoid metabolism and 
oleuropein biosynthesis is very limited (Galla et al.  2009 ). 

 Another study used suppression subtractive hybridization (SSH) libraries from 
pericarp mRNA of Leccino fruits at three developmental stages: approximately 4 
WAF (fruit set), 13 WAF (completed pit hardening), and 19 WAF (veraison) (Galla 
et al.  2009 ). This resulted in a great contribution to the available olive ESTs, which 
currently total approximately 4,000 sequences. By using the Blast2GO software 
(Conesa et al.  2005 ; Aparicio et al.  2006 ), a tool for functional annotation of (novel) 
sequences and the analysis of annotation data, annotation of ESTs was accomplished 
according to terms of the Gene Ontology (GO) project (Genome Group of the Gene 
Ontology Consortium  2009 ). A total of 1,132 genes, of which 642 were unique 
sequences, were differentially expressed during olive fruit development. Among 
them, it is worth mentioning the upregulation during early fruit development of genes 
involved in starch and sucrose metabolism, the pentose phosphate pathway, glycoly-
sis, gluconeogenesis, or the synthesis of pyruvate. Genes encoding key enzymes in 
the synthesis of short chain FAs were upregulated at the early fruit development, 
while gene expression levels of precursors of palmitoleic or oleic acid synthesis 
increased later in development, which agreed with previous results (Haralampidis 
et al.  1998 ; Poghosyan et al.  2005 ). Interestingly, a number of genes involved in FA 
metabolism were signifi cantly upregulated at the veraison stage. Key genes control-
ling fl avones, fl avonol, or anthocyanin biosynthesis were also upregulated following 
the completion of pit hardening, suggesting an increased accumulation of related 
metabolites late in fruit development. Two key genes in ABA synthesis were upregu-
lated throughout fruit development, while genes involved in auxin biosynthesis and 
metabolism were downregulated during the course of development. Interestingly, 
following veraison, genes involved in jasmonate metabolism and brassinosteroid 
biosynthesis were up- and downregulated, respectively, suggesting possible roles of 
these newer hormone classes in the olive maturation process (Galla et al.  2009 ).  
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5.7     Future Trends and Challenges 

 Worldwide olive oil demand has witnessed a continual increase in the past decade 
(García-González and Aparicio  2010 ). To meet current needs, oleoculture is cur-
rently expanding to new regions, like Latin America, South Africa, Australia, and 
China. As cultivation expands to diverse environments and given the ongoing cli-
mate changes, like global warming, further emphasis should be placed on stress- 
tolerant and insect-/disease-resistant genotypes using genome selection approaches. 
In this respect, the magnitude of genetic variability, as uncovered through extensive 
genetic analysis over the last decades, may constitute promising plant material for 
exploration and exploitation in breeding programs. However, the respective studies 
are incomplete in that they are mostly restricted to accessions from germplasm col-
lections or to major cultivars. Further exploration, description, and agronomic eval-
uation of olive germplasm are needed, including more accessions and minor or 
underutilized domestic varieties and oleasters (genuine wild olives). Molecular 
biology tools used in agricultural biotechnology, such as marker-aided genetic anal-
ysis and marker-assisted selection, will help to evaluate in great detail the extent of 
existing genetic diversity. In addition, they will help to identify genes and other loci 
or developmental circuits, important parameters in exploring elite traits and neces-
sary functions, and, thus, to explain phenotypic plasticity. This knowledge is funda-
mental for direct improvement or selection strategies. There is a remarkable genetic 
variation that could be utilized through nontransgenic breeding methods if method-
ologies are developed for selecting superior genotypes more rapidly and effi ciently, 
thereby improving the decision-making process. For purposes of conservation and 
sustainable use, it is important to determine more accurately the extent of existing 
genetic diversity in cultivated and wild germplasms, to estimate intravarietal diver-
sity, and to better depict genotype characteristics. The developing next-generation 
DNA technologies, like SNP genotyping platforms, are quite promising for deeper 
characterization of existing germplasms that will ameliorate the detection of 
genotype- phenotype associations and the development of QTL markers. Functional 
genome sequence analysis, coupled with genetics, is needed to better elucidate the 
molecular mechanisms of olive tolerance to abiotic and biotic stresses and to char-
acterize genes or molecular mechanisms and key regulatory components involved in 
important biological and agronomical traits. 

 In view of the lack of knowledge about the detailed control of olive oil synthesis, 
we propose the sequencing of DNA from two distinct varieties that have high com-
mercial value, one used for table consumption and the other for oil production. Both 
should be cultivated widely throughout the Mediterranean basin and have excellent 
characteristics and high quality. Such reference genomes are required in identifying 
key regulatory DNA elements, present or absent in different cultivars, providing the 
necessary means to understand the regulation of valuable constituents of oil synthe-
sis and characteristics of the exceptional quality of olive oil. Similarly, in grapes two 
different genomes of a single highly used cultivar (Pinot Noir) were chosen for 
sequencing a red wine grape variety, which confer that varietyʼ   s organoleptic 
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characters and fl avors to both Burgundy and Champagne wines (Jaillon et al.  2007 ; 
Velasco et al.  2007 ). 

 Further functional genomics research may uncover roles for genes likely to be 
involved in important metabolic pathways and, most importantly, may help to 
understand how key genes might control quality traits in olive fruits, such as 
enzymes catalyzing bioactive or antioxidant molecule biosynthesis. It is interesting 
to note that additional “omics” strategies are required in order to acquire a clear 
picture of the perplexing events leading to drupe growth and development. Gene- 
chip and Illumina sequencing approaches will verify the transcriptional regulation 
of most of the genes induced/suppressed during this process. Proteomics will defi ne 
the level of protein/enzyme availability at certain developmental stages. The neces-
sity of having different tissues, e.g., mesocarp versus seed tissues, may be instru-
mental    in shedding light on the complexity of the proteome. This will also determine 
whether regulation occurs at the transcriptional or at the translational level or at 
both. Finally, the functionality of proteins/enzymes should be determined using 
metabolomics. It is anticipated that such holistic and multidiscipline approaches 
may require transnational collaborations. Since such approaches are within the pur-
view of the scientists working in the fi eld of olive biochemistry and molecular biol-
ogy, and many of these technologies are at present relatively low cost, it is of 
immediate importance for the future sustainability of olive agriculture to set up such 
international collaboration networks.     
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6.1             Introduction 

 Olive oil, like other oils and fats, is made up of a high number of compounds, which 
results in a highly complex matrix. Thus, numerous analytical methods have been 
proposed to characterize olive oil. Analytical chemists have found, however, a pow-
erful tool in chromatographic techniques, which have been mainly used for the indi-
vidual quantifi cation of olive oil compounds. In current regulations (IOC  2010a ; EC 
 2011 ), most of the methods applied to the analysis of olive oil, with the aim of its 
authentication and characterization, are actually based on liquid or gas chromato-
graphic techniques. 

 Because the components of olive oil are so many, the number of analytical meth-
ods employed is also large. Thus, to organize the analysis of such a heterogeneous 
group of compounds, in this chapter, the chemical composition of olive oil has been 
clustered into major and minor compounds when describing them. The group of 
major compounds is primarily made up of triacylglycerols (TAGs) or glycerol esters 
of fatty acids (FAs), which are formed by FAs of 16–24 carbon atoms, though only 
6 are major compounds: palmitic (6.30–20.93 %), palmitoleic (0.32–3.52 %), stea-
ric (0.32–5.33 %), oleic (55.23–86.64 %), linoleic (2.7–20.24 %), and linolenic 
(0.11–1.52 %). In fact, fatty acids contribute 94–96 % of the total weight of TAGs 
and follow a pattern whereby those in the 2-position are unsaturated, with linolenic 
acid being favored more than oleic and linoleic acids. Twenty TAGs have been iden-
tifi ed and independently quantifi ed, but only fi ve are present in signifi cant propor-
tions: OOO (27.53–59.34 %), POO + SOL (12.42–30.57 %), OOL + LnPP 
(4.14–17.46 %), POL + SLL (2.69–12.31 %), and SOO + OLA (3.17–8.39 %). The 
wide ranges of TAG and FA contents show the broad variability of the olive oil 
chemical composition that is largely dependent on cultivar and geographical origin 
and, to a certain extent, on olive ripeness and extraction system. In the case of 
unsaturated FAs, the  cis  geometric confi guration appears naturally, although the 
 trans  form occasionally appears as a result of certain manipulations (León-Camacho 
 1997 ). Other compounds are partial glycerides, mainly diacylglycerols. An incom-
plete TAG biosynthesis and hydrolytic reactions in olives are the reasons of the 
presence of diacylglycerols (DAGs) in the virgin olive oil polar fraction (1–3 %). 
They are found as 1,2- and 1,3-isomers. 1,2-DAGs are attributed to the incomplete 
biosynthesis of TAGs (Kennedy pathway), whereas 1,3-DAGs are attributed to TAG 
hydrolysis (Pérez-Camino et al.  1996 ); in fact, the amount of 1,3-TAGs is higher in 
cloudy VOOs. Other compounds are free nonesterifi ed FAs and monoacylglycerols 
(MAGs) that are present in lower quantities (≤0.25 %), and their major constituents 
are glycerol oleate, linoleate, and palmitate. 

 The broad and heterogeneous set of minor compounds includes several series of 
chemical compounds. Compounds with a lipid structure (e.g., phospholipids, esters 
of FAs with saturated fatty alcohols of linear chains, known as waxes), compounds 
that are not related to lipids from a chemical-structure point of view (e.g., pigments, 
volatiles) (described in Chaps.   7    –  9)    , and compounds that have the common 
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characteristic of being obtained from unsaponifi able matter. By unsaponifi able mat-
ter we mean the set of natural or accidental constituents that fail to react with NaOH 
or KOH to produce soaps while remaining soluble in classic fat solvents (hexane, 
ether) after saponifi cation. These compounds rarely represent more than 2 % of total 
olive oil composition but include many substances of a very different nature and 
chemical structure, up to the point where it is thought to be the olive oil fi ngerprint. 
Thus, it is very useful in olive oil authentication, characterization of varietal virgin 
olive oils (VOOs), identifi cation of olive oil geographical origin, and so forth, as 
described in Chaps.   12     and   16    . The main constituents of this fraction, by increasing 
order of polarity, are as follows:

    1.    Hydrocarbons, squalene being the main one (approximately 4,000–5,000 ppm); 
linear chain saturated hydrocarbons, predominantly those with odd chains; 
hydrocarbons with terpenic structure; hydrocarbons with steroid structure, 
formed by the dehydration of certain sterols upon refi ning and oil 
manipulation;   

   2.    4,4-dimethylesterols, or triterpenic alcohols; cycloartenol and 24-methylene- 
cycloartanol are present at higher concentrations;   

   3.    4-monomethylsterols; obtusifoliol and gramisterol are the most representative;   
   4.    4-demethylsterols; β-sitosterol and Δ 5 -avenasterol are the main ones;   
   5.    Triterpenic dialcohols; erythrodiol and uvaol are most typical.    

  Therefore, the methodologies used to analyze these compounds are described in 
the preceding order. The methods include not only those described in various 
national and international regulations but those that might be useful to the analyst to 
further the study and knowledge of such a unique product as olive oil. Tables     6.1  
and  6.2  summarize the sample preparation and the main chromatographic character-
istics of the most common methods used in the analysis of the aforementioned 
series of chemical compounds.

6.2         Major Compounds 

6.2.1     Fatty Acids 

 The knowledge of the composition, both in quantity and quality, of olive oil FAs has 
always been one of the main issues because of its importance in the description and 
determination of possible olive oil adulterants. The ways of isolating and deriving 
these compounds and the selection of the most appropriate techniques for their 
determination have been discussed in many classic books. This chapter will focus 
on gas chromatographic analyses of these compounds and how they should be pre-
pared for such analyses .  

6 Chromatographic Methodologies: Compounds for Olive Oil Traceability Issues
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 Fatty acids, with a few rare exceptions, are the main components of any oil or fat. 
Most of the time, however, they are not as free fatty acids (FFAs); when they are, 
they occur only in small amounts. They usually form esters, most often with glyc-
erol, to produce glycerides (mono-, di-, and triacylglycerols) and phospholipids. 
They can also form esters with aliphatic alcohols with a linear structure (waxes) or 
terpenic structure (terpene and sterol esters). 

 Gas liquid chromatography (GLC) of FFAs is an unusual technique that does not 
yield good results, and these compounds must be analyzed as volatile derivatives. 

6.2.1.1     Derivatization of Fatty Acids 

 The usual way to derivatize FAs is by forming their methyl esters since they are 
more volatile and nonpolar than free acids, and this makes them easier to elute 
through chromatographic columns. The reaction that takes place can be expressed 
as follows:

     

    This interesterifi cation reaction involves slow kinetics. The presence of water 
slows down the reaction ratio and diminishes the output (Ulberth and Henninger 
 1992 ). The reaction must be accelerated by means of catalysis or by increasing the 
temperature to be effi cient. The most usual methods for preparing the FA methyl 
esters FAMEs are in methanolic medium with alkaline catalysis, with acid catalysis, 
with alkaline and acid catalysis, or with diazomethane (IOC  2001a ; Christie  2011a ). 

   Methylation in a Methanolic Medium with Alkaline Catalysis 

 Methylation with sodium methylate is the most widely used method. A solution of 
sodium methylate in methanol, prepared by direct reaction of metallic sodium with 
methyl alcohol, is added to the olive oil sample. Refl ux heating, for a certain amount 
of time, will clean and homogenize the solution, dissolving the methyl esters in the 
reaction medium. They are then extracted by adding a solvent such as hexane or 
diethyl ether and an aqueous solution of 10 % sodium chloride to separate both 
phases without their emulsionizing. This method presents some drawbacks. Even 
though the reaction takes place with high yield, there is always the danger that the 
sodium salts of FAs (soaps) might form in the alkaline medium. In addition to this, 
FFAs do not methylate properly when this procedure is used. 
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 To overcome this disadvantage, the fatty matter can be treated with sodium meth-
ylate, in a methanol solution inside a closed tube and heated. Because of the 
increased pressure inside the tube, the temperature rises above the boiling point of 
methanol up to 85–90 °C. This increases the reaction yield. The heating must take 
place for a period of no less than 2 h. 

 Another procedure that yields good results is methylation with potassium 
hydroxide. It consists of treating a hexane solution of olive oil with a KOH 2N 
methanol solution, shaking it, and letting it decant. It is rapid and has the advantage 
of not needing heating, which entails the elimination of the volatilization losses of 
acids of chains lower than C12 (IUPAC  1987a ). This method is widely used to avoid 
isomerization of unsaturated FAs, but free acids do not derivatize well when this 
technique is applied; therefore, its use is not advisable for high-acidity olive oils.  

   Methylation in a Methanolic Medium with Acid Catalysis 

 Transesterifi cation with methanol can also be catalyzed in an acidic medium. 
A common procedure consists in making olive oil react with hydrochloric acid solu-
tion in methanol in a proportion of 2–3 %. The acid must have been previously dried 
in a closed tube at 100 °C for about an hour. Also with this procedure, it has been 
observed that the reaction is not complete. The esters are extracted with hexane 
before being injected (EC  1991 ; IOC  2001a ). 

 A variation of the method consists in adding a sulfuric acid solution in methanol 
and hexane and then subsequently heating by refl ux for 90 min. This method increases 
the output of the reaction thanks to the dehydrating action of the sulfuric acid, thereby 
shortening the time used in preparing the sample (EC  1991 ; IOC  2001a ). 

 Lewis’s acidic catalysis is another procedure that effi ciently uses methylation 
with methanol that has been catalyzed with boron trifl uoride (IUPAC  1987a ). The 
sample is refl ux-heated with a methanolic solution of sodium hydroxide until it is 
homogenized (complete formation of soaps). Next, a methanolic solution of boron 
trifl uoride is added and the heating continues for a few moments. The esters are 
extracted by adding a saline solution with heptane. The saponifi cation process is not 
necessary for FAs.  

   Methylation in a Methanolic Medium with Alkaline and Acid Catalysis 

 As noted earlier, methylation in an alkaline medium, besides being incomplete, has 
the disadvantage that olive oil can produce soaps (to saponify), and free acids do not 
methylate well in an alkaline medium. On the other hand, glycerides do not methyl-
ate properly in an acidic medium. Thus, a widespread method to improve the yield 
of the methylation reaction consists in combining both catalyses. 

 Usually, the sample undergoes a fi rst alkaline methylation with refl ux heating. 
The medium is then neutralized and then acidifi ed by means of the methanolic solu-
tion of sulfuric acid before being reheated by refl ux. This process guarantees the 
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hydrolysis of the soaps that might have formed at the fi rst step and the esterifi cation 
of the free acids. 

 Another procedure consists in fi rst treating the sample with a methanolic solu-
tion of potassium hydroxide, heated by refl ux. Then dimethyl sulfate is added and 
the solution is shaken and heated again. The reaction is monitored using bromocre-
sol green as an indicator. When the reaction is complete, the indicator changes from 
blue to yellow. Finally, a methanolic solution of sulfuric acid is added to separate 
the phases. The extract of the methyl esters can be injected after purifi cation with 
alumina (EC  1991 ).  

   Methylation with Diazomethane 

 The apparently fast procedure of methylation with diazomethane has been used for 
free acids (Christie  2011a ). The sample, after being solved in methanol, is treated 
with an ethereal solution of diazomethane, which is prepared at the very moment of 
the reaction and under a nitrogen stream. The process is fast but requires the advance 
preparation of the diazomethane from N-methyl-N-nitroso-p-toluene-sulfonamide 
(Diazal M , Aldrich Chemical, Milwaukee, WI, USA) and 2-(2-ethoxyethoxy) etha-
nol in an alkaline medium. Diazomethane is toxic and explosive; therefore, some 
safety measures must be taken.  

   Formation of Methyl Esters Without Previous Extraction of the Fat 

 In some cases, the analyst might be in trouble when undertaking the study of the 
composition of FAs, either because the amount of available oily material is mini-
mal or because of extraction selectivity. Another factor to be considered is the 
possibility that the olive oil alteration during the study itself can induce the analyst 
to make serious mistakes in his or her conclusions. Some techniques have been 
developed to carry out the interesterifi cation of some oily materials without having 
to extract the fat (Garcés and Mancha  1993 ). Even though this method can also be 
useful for olive oil transmethylation, its main advantage lies in the fact that it can 
be directly applied to fresh tissues containing a considerable amount of water, such 
as olives, without the need for them to be previously dried as in the aforementioned 
methods. In this method, both methylation with methanol and acid catalysis are 
carried out in a dissolving phase. The following reactive mixtures have been suc-
cessfully used:

    1.    Methanol:heptane:benzene:2,2-dimethoxypropane:sulfuric acid (37:36:20:5:2, 
by volume);   

   2.    Methanol:heptane:toluene:2,2-dimethoxypropane:sulfuric acid (39:34:20:5:2, 
by volume);   

   3.    Methanol:heptane:tetrahydrofurane:2,2-dimethoxypropane:sulfuric acid 
(31:42:20:5:2, by volume).    
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  The working temperature is 80 °C and the process takes place in a closed tube. 
Both extraction and transmethylation are carried out in a single phase because the 
working temperature is the same for both. After the reaction takes place, the sample 
is cooled at room temperature and two different phases occur. The organic (upper) 
phase containing the methyl esters is now ready for chromatographic analysis. This 
method is extremely interesting and allows for many possibilities, such as system 
automation when there are many samples to be analyzed.   

6.2.1.2     GLC Analysis of Methyl Esters of Fatty Acids 

 Once FAMEs have been obtained by means of any of the aforementioned methods, 
gas chromatography (GC) analysis can be undertaken with different aims. The fi rst 
focus, however, is on a study of the different types of chromatographic columns and 
an analysis of the results that can be obtained using each of them. 

 The material used to prepare packed columns is the main factor in the nature of 
the separations that can be achieved. Liquid phases, such as SE-30, OV-1, JXR, or 
OF-1, separate FAs by their molecular weight; when the amount in the stationary 
phase is low, however, FAs can also be separated by  their unsaturation degree. Such 
phases as Apiezón-L separate by unsaturation for the same chain length, with prior 
elution of the unsaturated components. 

 The polyester liquid phases are quite appropriate as they allow for separation of 
esters of the same chain length from 0 to 6 double bonds, eluting the unsaturated 
components after their corresponding saturated compound. These phases can be 
classifi ed into three groups:

    1.    High-polarity phases, such as polymers of ethylene glycol succinate (EGS), 
diethylene glycol succinate (DEGS), copolymers of the former with a 
 methylsilicone (EGSS-X), CP-Sil 84, and CP-Sil 88;   

   2.    Medium-polarity phases, such as polyethylene glycol adipate, polybutanediol 
succinate, and EGS copolymers with a high proportion of methylsilicone 
(EGSS-Y);   

   3.    Low-polarity phases, such as polyneopenthylglycol succinate, EGS with a 
phenyl- silicone (EGSP-Z), Carbowax 20M, and Silar 5CP.     

 EGSS-X, EGSS-Y, and newer phases of equivalent polarity are widely accepted 
as the most useful representatives of the fi rst and second groups respectively because 
of their relatively high thermal stability, particularly in work with packed columns. 
The phases from the group of highest polarity are stable at temperatures above those 
possible with EGSS-X and they run to excellent separations of polyunsaturated 
FAs. Figure  6.1  shows the analysis using columns of 15 % of EGSS-Y in a 100–120 
mesh silanized and acid-washed support.

   The low-polarity phases are mainly utilized in wall-coated open tubular (WCOT) 
and support-coated open tubular (SCOT) capillary columns because the saturated 
and monoenoic compounds of the same chain length are separated rather poorly 
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when these phases are used in packed columns; at the same time, the quality and 
nature of the separations are related to the quantity applied to the stationary phase 
support. For example, low polyester levels are advisable to elute the methylesters of 
long-chain polyunsaturated FAs at low temperatures. The relative retention time of 
FA esters (generally 16:0 or 18:0) tends to shorten as the amount of liquid phase in 
the support decreases as well. Unfortunately, variation of retention times for the 
esters of FAs is inevitable when the column ages with use as the stationary phase 
polymerizes further from the column. 

 The nature of the support also infl uences the quality of the separations. Silanized 
and acid-washed materials are inert, and the separations are controlled only by 
means of the liquid phase. A minute particle size (160–120 mesh) is the best for 
analytical columns. 

 Some losses of esters of polyunsaturated acids partly respond to the use of very 
active supports or aged columns and to the transesterifi cation by polyester liquid 
phase, which is caused by the remnants of the catalyzer used in the fabrication of the 
polyester. 

  Fig. 6.1    Chromatogram showing fatty acid methyl esters of an olive oil sample. Packed column: 
15 % de EGSS-X 100–120 mesh silanyzed and acid-washed support.  1 : palmitic;  2 : palmitoleic;  3 : 
margaric;  4 : margaroleic;  5 : stearic;  6 : oleic;  7 : linoleic;  8 : α-linolenic;  9 : arachidic;  10 : gadoleic; 
 11 : behenic;  12 : lignoceric (Source: Authors)       
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  Fig. 6.2    Chromatogram showing fatty acid methyl esters of an olive oil sample. Capillary column 
SP-2380, 60 m, 0.25 mm i.d., 0.25 μm fi lm thickness.  1 : palmitic;  2 : palmitoleic;  3 : margaric;  4 : 
margaroleic;  5 : stearic;  6 : elaidic;  7 : oleic;  8 : 18:2(9t, 12t);  9 : 18:2(9c, 12t);  10 : 18:2(9t, 12c);  11 : 
linoleic;  12 : arachidic;  13 : 18:3(9t, 12c, 15t);  14 : 18:3(9c, 12c, 15t);  15 : 18:3(9c, 12t, 15c);  16 : 
18:3(9t, 12c, 15c);  17 : α-linolenic;  18 : gadoleic;  19 : behenic (Camacho and Cert (1994), with 
permission of Grasas y Aceites)       

 The use of WCOT columns of fused silica introduced remarkable improvements 
in separations with higher resolution, higher precision in analysis both in quality 
and quantity, higher sensitivity, a shortening in analysis time, reduction in the prepa-
ration of analysis procedures, etc. Polyglycol phases based on Carbowax 20M, 
FFAP, Supelcowax-10, and SP-1000 seem to have been the most utilized in recent 
years. Figure  6.2  shows a chromatogram of olive oil FAs carried out in an SP-2380 
capillary column (60 m, 0.25 mm, i.d. 0.25 μm fi lm thickness).

   Stationary phases are the same as those used in packed columns; the only differ-
ence is that, instead of impregnating a support, they wet the interior wall of the 
capillary tube. Most phases are now chemically bonded to tube walls, which 
decreases loss in the column and, in turn, increases duration and temperature resis-
tance and improves the resolution. Table  6.3  shows the basic characteristics of 
packed and capillary columns.

6.2.1.3        Determination of  Trans- Fatty Acids 

  Trans -fatty acid (TFA) isomers should be almost completely absent in VOOs (maxi-
mum 0.05 %) (Table   16.6    ) because they are formed during technological treatments 
such as partial catalytic hydrogenation; the content and distribution of the  trans  
isomers depend on the hydrogenation parameters (i.e., temperature, hydrogen 
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pressure, and kind of catalyst). Thus, TFA quantifi cation is of great relevance for 
olive oil authentication. 

 TFA determination has been carried out by infrared spectroscopy (IR) (Chap. 
  10    ). However, today the use of (GC   ) with great-length capillary  columns allows 
the analyst to determine the percentage of TFAs (as with IR) and to separate indi-
vidual FA esters of a given chain length that differ by degree of unsaturation and 
in the positions of the double bonds (e.g., two isomers of 18:1 and of 18:3 are 
separated). In the analysis of the methyl esters of polyunsaturated FAs in olive oil 
it is important to note that the shorter the distance between the last double bond 
and the end of the molecule, the longer the retention time of the isomer. A good 
correlation exists between the data supplied by GC and infrared instruments (Tena 
et al.  2009 ). 

 To carry out TFA determination by GC, FAMEs    should be prepared by means of 
any procedure mentioned above; however, it has been observed that, for samples 
with low  trans  isomer contents, methylation methods using heating produce an 
increase in those isomers. Therefore, for this determination, cold methylation with 
methanolic potassium hydroxide or diazomethane is recommended. Also, different 
injection temperatures have been studied (León-Camacho  1997 ) because there is 
always the possibility that  cis  FA isomerization might appear in the chromato-
graphic injector. An analysis of a VOO with low  trans  isomer content (Table  6.4 ) 

   Table 6.4    Effect of injection temperature and methylation method on C18:1(9t) and C18:2(9c, 
12t) acid content of a virgin olive oil   

 Method A  Method B  Method C 

 Injection T (°C)  200  300  200  300  200  300 
 C18:1(9t) (%)  0.026  0.042  0.017  0.030  0.016  0.024 
 C18:2(9c, 12t) (%)  0.012  0.090  0.012  0.013  0.015  0.013 

   Note : Method A: methylation in a methanolic medium with alkaline and acid catalysis; method B: 
methylation with sodium methylate; method C: methylation with potassium hydroxide, with per-
mission of Grasas y Aceites)  

   Table 6.3    Basic differences between packed and capillary columns   

   Column 

 Characteristics  Packed  Capillary 

 Length (m)  0.5–4  5–200 
 Internal diameter (mm)  2–4  0.2–0.7 
 Specifi c permeability  1–10  10–10,000 
 Flow rate (ml/min)  10–60  0.5–15 
 Pressure (psi)  10–40  3–40 
 Effi ciency (plates/m)  2,000  2,000 
 Total effi ciency (TPN)  4,000  100,000 
 Film thickness (μm)  1–10  0.1–1 
 Charge capacity (ng)  10,000  50 
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showed that results are similar for methods B and C, whereas method A yields 
results that are slightly higher in elaidic acid (18:1t), which is in agreement with a 
preference for isomerization in an acidic medium. On the other hand, a remarkable 
increase in elaidic acid as the injection temperature increases has been observed 
as well.

   After numerous injections, the analyst might also observe an increase in the 
amount of elaidic acid that results from the catalytic action of the residues accumu-
lated in the injector. In contrast, the cleaner the injector, the lower the amount of 
acid that will result; consequently, cold methylation, with a solution of potassium 
hydroxide (KOH) in methanol at a temperature no higher than 225 °C and cleanli-
ness control, by means of injecting a previously contrasted VOO (with a minimum 
oleic acid content of 60 % and certifi ed of free of TFAs), is recommended (IOC 
 2001c ). 

 Regarding GC analysis, the methods indicate that the amount of injected sample 
must be such that it might yield a peak of arachidic acid (C20:0) so as to represent 
over 20 % of the full scale (EC  1992a ), although it must not be greater than 50 %. It 
has been proved that overlapping between the peaks corresponding to both elaidic 
and oleic acid and a quantitative distortion, either through discrimination or saturation 
of the detector, can occur (Table  6.5 ).

   The columns to be used by GC analysis do have a chromatographic profi le simi-
lar to that presented in Fig.  6.3a , with the linolenic acid at a slightly lower retention 
time than the eicosenoic acid. The use of columns of lesser polarity produces the 
appearance of peaks that interfere in the determination of  trans  isomers of linolenic 
acid. These peaks can be compounds such as ethyl or other esters (Fig.  6.3b ). The 
position of the  trans  isomers therefore must be precisely determined by analyzing a 
refi ned oil sample deodorized at high temperature (260 °C) for 5–8 h, as shown in 
Fig.  6.3 , or by analyzing an oil sample spiked with a hydrogenated soybean oil 
(Grandgirard et al.  1984 ).

   Table 6.5    Effect of mass discrimination on fatty acid 
methyl esters of a virgin olive oil as affected by amount of 
sample injected   

 No. 1  No. 2 

 C16:1  0.24  0.24 
 C18:0  3.60  3.69 
 C18:1(ω9)  76.00  76.85 
 C18:2 (ω9, ω12)  10.44  10.44 
 C18:3 (ω9, ω12, ω15)  0.73  0.73 

   Note : No. 1 arachidic acid peak up to full scale; No. 2 
arachidic acid peak between 20 % and 50 % full scale. 
Values expressed in percentages of total fraction of fatty 
acid methyl esters. (Camacho and Cert (1994), with 
 permission of Grasas y Aceites)  
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   An HP-88 capillary column – coated with 88 % cyanopropyl aryl siloxane 
(100 m × 0.2 mm i.d. × 0.2 μm fi lm thickness) – or a Varian Chrompack CP-Sil 88 
column – coated with cyanopropyl polysiloxane (100 m × 0.25 mm i.d. × 0.2 μm fi lm 
thickness) – can provide an accurate quantitation of TFA isomers previously deriva-
tized as methylesters. Better peak resolution is obtained if the carrier gas is hydro-
gen instead of helium. Furthermore, no silver-ion prefractionation of TFA (by TLC, 
SPE, or HPLC) is required prior to the GC analysis (Nimal Ratnayake et al.  2006 ).   

6.2.2     Triacylglycerols 

 Nearly all the commercially important oils of plant origin consist almost exclusively 
of the simple lipid class triacylglycerols (TAGs), named triglycerides in the older 
literature. Synthesized by enzyme systems, they consist of a glycerol moiety with 
each hydroxyl group esterifi ed to a FA. Thus, the determination of those FAs that 
esterify the different positions of glycerol has been established as a measurement of 
olive oil purity (Chap.   16    ). This is so because of the specifi city of the TAG composi-
tions to different types of oils and fats (Aparicio and McIntyre  1998 ). 

 The determination of TAGs is quite arduous but of the utmost importance for 
olive oil fraud control. The procedure is as follows: (1) chemical hydrolysis to 
determine the percentage of every FA (referred to the total FAs); (2) enzymatic 

  Fig. 6.3    Comparison of chromatographic profi les of fatty acid methyl esters: ( a ) higher polarity 
column: linolenic acid appears at Rt slightly lower than eicosenoic acid. ( b ) Lower polarity 
 column: Rt of linolenic and arachidic acid are inversed; peaks of zone i interfere with  trans -linolenic 
acid determination. Note:  E : eicosanoic acid;  Ar : arachidic acid;  Ln : linolenic acid (Camacho and 
Cert (1994), with permission of Grasas y Aceites)       
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hydrolysis using pancreatic lipase to estimate the percentage of the β-position FAs 
in TAGs; (3) enzymatic hydrolysis using phospholipase to distinguish the FAs in 
the fi rst and third positions of TAGs. Furthermore, and exclusively from an ana-
lytical viewpoint, the recovery of TAGs, and thus their correction factors, depends 
on several chromatographic parameters of the GLC and HPLC techniques, e.g., 
injection procedure, column quality, carrier gas fl ow rate, or the stationary and 
mobile phases and the elution time, among many others. On the other hand, the 
optimization of operational parameters must take into account not only the com-
promise between resolution and analysis time but also the delicate balance between 
separation effi ciency and recovery. 

6.2.2.1     High-Performance Liquid Chromatography Analysis 

 High-performance liquid chromatography (HPLC) was started as an alternative 
method to FA GLC. Thus far, chemists or biochemists have found few advantages 
from using this technique instead of GLC, although great progress has been made in 
developing HPLC. The situation is completely different, however, when it comes to 
determining the TAG composition. In this case, not until later was GLC able to 
solve the problem because no phases resisted the high temperatures (approximately 
350 °C) needed to volatilize TAGs (Kalo and Kemppinen  2012 ). This made it neces-
sary to resort to the hydrolysis mentioned previously. Different HPLC methods have 
been developed in recent decades, thanks to the work of chemists and biochemists 
specialized in fats. TAGs are separated according to the number of carbon atoms 
and to their unsaturation by different sample preparation procedures and a wide 
variety of stationary and mobile phases, columns, and detectors. All these parame-
ters can be grouped into two categories:

    1.    Partition chromatography to separate TAGs (if incompletely);   
   2.    Distribution chromatography in nonaqueous reverse phase, which uses chemi-

cally bound C-18 hydrocarbon columns.    

  Because good resolution of TAGs has been possible by reversed-phase high- 
performance liquid chromatography (RP-HPLC) for many years, few papers have 
been published using GLC. Table   16.12     summarizes the RP-HPLC conditions (col-
umn dimension, stationary and mobile phases, kind of detector, and fl ow rate) used 
for the determination of an olive oil TAG profi le. 

   Columns 

 The number of stationary phases that can be used is limited. Phases of the octadecy-
lsilyl type are among the most universally used, although columns with a high- 
carbon loading seem to be better. This is so because a stationary phase similar in 
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chain length to fatty acyl chains increases the interactions and, as a consequence, 
produces the maximum effi ciency. 

 The fi ve most frequently used columns and their micron packing are μBondapak 
C18 (10 μm), RP-18 (4 μm), Zorbax-ODS (6 μm), ODS2 C18 (5 μm), and silicagel    
columns soaked in silver ion. 

 RP-18 is, however, the most commonly used, whatever the edible oil, because 
it shows the greatest resolution of TAG homologous series. The resolving potential 
of this column with regard to particle diameter is well known. For this purpose, the 
habitual column of 250 × 4.6 mm × 5 μm packing, which is used with an acetoni-
trile 1:1 acetone mobile phase and a refraction index (RI) detector, is being cur-
rently replaced by 100 × 3 mm × 3 μm packing with no loss of resolution and 
savings of time and solvents. In fact, an increase in the olive oil TAG resolution 
has been observed as the particle size diminishes. ECN42 triacylglycerides, which 
are of interest in olive oil, are the fi rst ones to elute from the column, and hence the 
use of columns with a smaller particle size minimizes potential problems in the 
integration and quantifi cation of the chromatographic peaks. Today, excellent 
results – in terms of speed, resolution, and accuracy – are attained with methods 
based on ultraperformance liquid chromatography-evaporative light scattering 
detection (UPLC-ELSD), which uses columns of 100 × 2.1 mm × 1.7 μm packing 
(Ross et al .   2011 ). 

 Column temperature is another parameter that affects the separation of TAGs. 
Thus, analyses under ambient temperature are not suggested as it varies over the 
course of a year, and retention times will vary as well. A thermostated oven for the 
column is recommended because it allows reproducible retention times. The optimum 
oven temperature must be determined by empirical studies.  

   Mobile Phases 

 Acetonitrile is the main component of the most used mobile phases, with a further 
solvent added to modify its elution properties with the objective of improving the 
solubility of TAGs in the mobile phase and hence to optimize the separation of the 
chromatographic peaks. The four most frequently used mobile phases are (1) 
acetonitrile:acetone, (2) acetonitrile:isopropanol, (3) acetonitrile:dichloromethane, 
and (4) acetonitrile:ethanol:hexane. Depending on the type of detection used and on 
the degree of separation required, any one of these phases can be used, although 
acetonitrile:acetone mixtures give good results analyzing the TAGs of olive oil. 
Recently, however, propionitrile (HPLC grade) has been suggested as mobile phase 
(Fig.  6.4 ) for a method focused on the detection of the presence of hazelnut oil in 
olive oil (García-González et al.  2007 ). Although it is expensive, and highly toxic, 
its results are better for the cited application than the methods based on an 
acetonitrile:acetone mixture as mobile phase as it reduces dramatically the baseline 
drift due to the low volatility of the solvent (Aparicio  2004 ).
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   The elution methods of the mobile phase are isocratic, if the mobile phase 
remains constant throughout the analysis, and gradient, if the mobile phase does not 
remain constant. The latter elution method can be subdivided into fl ow gradient and 
elution gradient. 

 Isocratic elution methods, for example, are used in those detectors where the 
variation of the composition of the mobile phase affects the resulting signal, as in 
the case of refractive index (RI) detectors. Although RI detectors can theoretically 
be used with a gradient elution method, by having a reference column in parallel 
with the main one, it is very diffi cult to get a stable baseline. Christie ( 1992 ) sug-
gests equating detector response directly with the mass of components because 
accuracy improves if careful calibration and calculation of response factors are 
carefully carried out.  

   Detectors 

 Detectors are the accessories of the HPLC instrument that help in identifi cation and 
quantifi cation of compounds of the sample injected. Detectors work according to 
many different scientifi c principles, but all of them have been designed to work with 
certain properties like:

    1.    To be inert to the samples injected and the mobile phases passing through;   
   2.    To be preferably nondestructive to the sample;   
   3.    To produce quantitative responses as well as uniform, reliable, and reproducible 

analytical data;   
   4.    To have good sensitivity because the sample quantity may be low enough.     
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  Fig. 6.4    HPLC chromatogram of triacylglycerold using propionitrile as mobile phase. Note:  1 :    
LLL;  2 : OLLn + PoLL;  3 : PLLn;  4 : OLL;  5 : OOLn + PoOL;  6 : PLL + PoPoO;  7 : POLn + PPoPo + PPoL; 
 8 : OOL + LnPP;  9 : PoOO;  10 : SLL + PLO;  11 : PoOP + SPoL + SOLn + SPoPo;  12 : PLP;  13 : 
OOO + PoPP;  14 : SOL;  15 : POO;  16 : POP;  17 : SOO;  18 : POS + SLS ( Source : Authors)       
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 Despite those properties, one of the major problems of the HPLC technique is the 
lack of a simple and universal detector that shows a wide range of linearity. The 
three most common detectors used for quantifying olive oil TAGs are RI, ultraviolet 
(UV), and evaporative light-scattering detectors (ELSDs). 

 The RI detector, which is nearly universal, is based on the measure of the RI dif-
ference between the eluent and the thermolabile phase in a continuous way. This 
detector is greatly affected by temperature and by the composition of the mobile 
phase. Therefore, it is suggested to work with thermostated systems and isocratic 
elution. Although it also has the drawbacks of low sensitivity and of different 
responses toward saturated and highly unsaturated TAGs, it seems to be the most 
appropriate detector for quantitative analysis of olive oil TAGs. 

 With respect to practical aspects, RI detectors should not be placed near sunlit 
windows, and the analyst should take care of possible gas bubbles in solvents, leaks 
in the system, back pressure, and pulsations of HPLC pumps as they affect the 
 baseline stability (Christie  1992 ). In the case of olive oil and olive-pomace oil analy-
ses, the International Olive Council (IOC) has adopted a method to determine TAGs 
by means of HPLC that uses a column of 250 mm length × 4.5 mm internal diameter 
packed with 5 μm diameter particles of silica with 22–23 % carbon in the form of 
octadecylsilane (e.g., Lichrosorb RP-18 and Lichrosphere 100 CH18  columns), an 
isocratic elution system with two possible mobile phases  (acetone +  acetonitrile 
or propionitrile) and a RI detector (IOC  2010b ). In  determining raw olive-pomace 
oils, it suggests passing the presolved acetone sample through a 0.2 μm pore size 
fi lter to remove possible precipitates that might shorten the effective life of the 
 chromatographic column. 

 To eliminate oxidized compounds that interfere in the trilinolein (LLL) determi-
nation, samples can be purifi ed by using aluminum oxide columns or by means of a 
silicagel SEP-PAD (EC  1992b ). By using both procedures, selective triglyceride 
retention according to polarity is possible; however, this implies checking the com-
position of the FAs in the oil after its purifi cation in a long, tedious process during 
which mistakes can be made. It has been proven that the technique described for the 
analysis of polar components in oils (IUPAC  1987b ) is very useful for oil purifi ca-
tion. Therefore, the fl owing of oil through a silicagel column, eluting with 
hexane:diethyl ether 87:13 (v/v), makes it possible to obtain the purifi ed triglycer-
ides. Further elution of the column with diethyl ether leads to the isolation of the 
polar fraction where the interfering compounds appear (Fig.  6.5 ).

   The UV detector has not been very widely used because it presents problems 
with isomerization and conjugation of double bonds. However, it has a good sensi-
tivity and allows the use of elution gradients that improve the resolution. Different 
wavelengths have been tried, though those between 200 and 230 nm have been 
reported to give good quantitative data because that range includes the region where 
the ester chromophore absorbs. The wavelength at 220 nm is generally accepted to 
avoid interferences from unsaturated TAGs. Another problem is that some solvents 
such as acetone and chloroform cannot be used because they absorb in that range of 
wavelength and, hence, overlap with the detection region of TAGs. Also, quantifi ca-
tion may present a problem because the response is linear in a range of 50–250 μg. 

M. León-Camacho et al.



183

Thus, the analyst should estimate the TAG response factors before proceeding with 
the analysis. 

 Although the bromination of TAGs, prior to their separation, allows for a better 
separation of certain TAGs with a UV detector, the alternative is the use of ELSDs. 
An ELSD is both simple and universal, and in these detectors the eluent of the col-
umn is transported by means of an air current in a nebulizer. Later on, the aerosol 
heats up, and this produces the evaporation of the solvent. Only the tiny solute drops 
remain, which go through a light beam that is refl ected and refracted. The amount 
of light is measured and related to the concentration of the eluted component. ELSD 
is compatible with gradient elution, and no baseline drift for nonaqueous volatile 
solvents has been detected (Carelli and Cert  1993 ), although the response tends to 
decrease as peaks widen because of the nature of the detection system. Although 
apparently the result should not be infl uenced by the chemical nature of the com-
pound, it has been proven that some infl uences actually occur. In fact, the  sample 
must be less volatile than the solvent, and the lack of linearity of the response at 
very low and high concentrations may represent a problem in quantitative studies. 
The viscosity, density, and fl ow rate of the mobile phase and the design of the nebu-
lizer seem to be the cause of its poor linearity. Newer designs, however, seem to 
have been ameliorated (Cuhna and Oliveira  2006 ).  

   Mass Spectrometry 

 Analysis of TAG composition of oil samples by HPLC mass spectrometry (MS) is 
a widespread method because MS supplies identifi cation of non- or partially 

  Fig. 6.5    HPLC chromatograms of olive-pomace oil triglycerides. C-18 column, 4 μm particle 
size, 1.15 ml/min acetone-acetonitrile 50:50 ( a ) oil sample without purifi cation; ( b ) oil sample 
purifi ed through silicagel column; ( c ) polar fraction retained on silicagel (Camacho and Cert 
(1994), with permission of Grasas y Aceites)       
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resolved HPLC peaks (Cozzolino and De Giulio  2011 ). In fact, MS provides detailed 
information about the FA composition of TAG molecules, though only a few ioniza-
tion techniques are suitable for coupling with HPLC. Thus, electrospray ionization 
(ESI) is an excellent technique because it enables the identifi cation of the individual 
acyls without the need for authentic reference standards, while APCI coupled to 
HPLC is very effective because it allows for identifying the positional isomers 
(Holčapek et al.  2003 ), and in addition to the peaks corresponding to the molecular 
mass of the TAGs, there are other signals at lower masses related to DAG fragments 
(Jakab et al.  2002 ). Studies based on results from a HPLC APCI-MS have allowed 
the identifi cation of TAGs that are not present in olive oils but are suspected of hav-
ing been adulterated (Fasciotti and Netto  2010 ). 

 Recently, matrix-assisted laser desorption ionization time-of-fl ight mass spec-
trometry (MALDI-TOF MS) is being used for a rapid differentiation of edible oils 
based on the molecular weight and FA composition of TAGs. The main advantage 
of this technique is the fast and rapid sample preparation and the absence of analyte 
purifi cation, chemical modifi cation, or derivatization. More recently, a new approach 
based on laser desorption ionization (LDI) coupled TOF MS has been used with 
success for the detection of adulteration of olive oil with sunfl ower oil (Calvano 
et al.  2005 ). 

 Although these techniques cannot be applied in routine analyses, advances in 
HPLC MS instrumentations have allowed the development of rapid analytical 
approaches that at present show excellent sensitivity and accuracy.   

6.2.2.2     Gas–Liquid Chromatography Analysis 

 GLC offers attractive possibilities for the analysis of complex compound mixtures 
with a wide range of molecular weight, as in the case of acylglycerols. The develop-
ment of the technique, since 1962 when the fi rst analysis of TAGs by GLC was 
published (Kuksis and McCarthy  1962 ) till today, has allowed improving on separa-
tion effi ciency, quantitative recovery, reproducibility, analysis time, and lifetime of 
chemically bonded stationary phases, among other parameters up to the point that at 
present it competes with success with HPLC technique. GLC technique, however, is 
not exempted from problems such as, for example, the injection system and the 
column deterioration. 

   Sample Preparation 

 An olive oil sample is extracted with hexane, then fi ltered, and later centrifuged to 
clarify the solution. Chloroform-methanol mixtures are used when extraction is car-
ried out from olives. The sample does not require either a complex advance prepara-
tion or derivatization unless a structural study is to be undertaken or the analyst 
attempts to resolve the lipids with free OH groups, such as silanized mono- and 
diglycerides (Pérez-Camino et al.  1996 ).  
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   Columns 

 The chemical nature of the stationary phase determines the selectivity in the GLC 
technique. Packed columns with thermostable nonpolar stationary phases of the 
dimethyl polysiloxane type (OV-1, OV-3, SE-52, SE-54, SP-2100) were employed 
in early works because they can endure temperatures above 370 °C for long periods 
of time. The selectivity of columns packed with silicone stationary phases is condi-
tioned solely on differences in vapor pressure so that the chromatogram shows the 
peaks according to the molecular masses of the compounds. However, the rapid 
progress of capillary column technology has meant that GLC packed columns are 
rarely used now. 

 The elution sequence in capillary columns coated with methyl silicone is FAs, 
monoglycerides, diterpenes, sterols, diglycerides, diterpene esters, sterol esters, and 
triglycerides, separated by carbon atom number (Geeraert  1987 ) (Fig.  6.6 ). However, 
columns coated with polar stationary phases, such as cyanopropyl silicone, are 
capable of resolving triglyceride mixtures better than nonpolar phases (Fig.  6.7 ). 
This kind of column does not reach temperatures over 300 °C, but there are stable 
polymeric polar phases that are able to reach temperatures far from 400 °C.

    The stationary phases that have been most successfully used in the separation of 
TAGs are the polarizable phenyl-methyl-silicone phases, capable of enduring tem-
peratures of approximately 360–370° for a long time. These phases, which are cur-
rently used, separate triglycerides both by carbon atom number and by unsaturation 
(Geeraert and Sandra  1985 ,  1987 ) (Fig.  6.8 ).

  Fig. 6.6    Triglyceride profi les of oils from raw coffee beans and from fully hydrogenated palm 
kernel oils. (A) methyl-silicone column. Notes:  1 : free fatty acids;  2 : diterpenes;  3 : campesterol;  4 : 
stigmasterol;  5 : β-sistosterol;  6 : diterpene esters;  7 : sterol esters; T CN , triacylglycerol; CN, Carbon 
number (Source: Geeraert (1987), with permission of Elsevier)       
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  Fig. 6.7    Triglyceride profi les of oils from raw coffee beans obtained by gas–liquid chromatography. 
(B) Cyanopropyl-silicone column. Notes:  La : lauric acid;  M : miristic acid;  P : palmitic acid;  S : 
stearic acid; TCN, triacylglycerol; CN, Carbon number (Source: Geeraert ( 1987 ), with permission 
of Elsevier)       

  Fig. 6.8    Triglyceride profi le of olive oil obtained by gas–liquid chromatography with a phenyl-
methyl-silicone column. Note:  P : palmitic acid;  O : oleic acid;  L : linoleic acid;  Po : palmitoleic 
acid;  S : stearic acid;  A : arachidic acid;  Ga : gadoleic acid (Source: Authors)       
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   The resolution for these columns, under certain effi ciency conditions, is as fol-
lows. Each peak corresponding to a given carbon number using polar columns is 
now split into various peaks. For CN 48–56, this splitting is given by the number of 
unsaturated FAs (NUFA). For example, for CN 54, four peaks can be obtained in 
the following order: UUU, SUU, SUS, and SSS, where U and S are the monoun-
saturate and the saturate, respectively, for a FA with 18 carbon atoms. Positional 
isomers, such as SUS and SSU, cannot be separated by means of this technique; 
instead, derivatization must be carried out in advance. Ozonolysis, followed by a 
reduction, is the most widely used procedure (Geeraert and Schepper  1982 ). Prior 
to injecting the sample, the latter undergoes ozonolysis according to the following 
diagram:

     

    For this purpose, O 3  is passed through the sample, which has been dissolved in 
isooctane, at room temperature for a few minutes. O 3  excess is eliminated with 
nitrogen at 120 °C for a few seconds, and the sample is reduced with trimethylphos-
phine at 120 °C for 20 min, then concentrated and injected. 

 As stated earlier, a good separation, together with a high resolution, can be 
obtained only using capillary columns. The columns are made of silicagel and their 
length varies between 5 and 30 m depending on the type of sample and the desired 
level of resolution. Columns of 5 m have been successfully used to separate TAG 
mixtures formed by low molecular weight FAs. 

 To obtain high effi ciency and increase the column theoretical plate number 
(TPN), columns with 250 μm internal diameter are used. To obtain resolution in a 
satisfactory period of time and at a reasonable temperature, fi lm thickness is nor-
mally between 0.1 and 0.12 μm because of the scantiness of the stationary phase; 
although it is not chemically bonded, the column presents little bleed. The columns 
are frequently covered with polyamide; however, as the columns are exposed to 
high temperatures, the polymer deteriorates and the columns become brittle. 
This problem is avoided by using aluminum or stainless-steel-coated columns 
because they are more durable.  

   Injection Systems 

 All existing studies of GLC analysis of olive oil TAGs suggest the use of cold-on- 
column injection to reduce or eliminate thermal decomposition, mass discrimina-
tion, and other undesirable effects associated with classical split/splitless injection. 
The reason can be the wide range of molecular weights and volatility differences 
among triglycerides. 
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 This technique allows injecting the sample directly into the capillary column; to 
do this, the injector temperature must be lower than the solvent boiling point. 
Afterwards, the sample is heated at oven temperature since all the components vola-
tilize without suffering any loss. There are several cold-on-column systems, all of 
them having the aim of fast heating of the injector and a fast and effi cient cooling 
system. Because of these conditions, the injection system has two disadvantages: 
(1) analysis takes longer, and retention times are not reproduced as easily as in the 
split-injection system; (2) the time that TAGs are inside the column is considerably 
increased, which, as retention time increases, results in both resolution loss and 
peak widening. The system, however, avoids mass discrimination problems and the 
pyrolysis of the most unsaturated TAGs in the injector. 

 The development of split/splitless injectors in which the sample path is longer 
and more tortuous and minimizes mass discrimination loss. As a result, it is possible 
to apply this technique to TAG analysis with results identical to those obtained by 
using cold-on-column injection.  

   Detectors 

 Detection is carried out by using a fl ame ionization detector (FID), and the response 
factors depend to a certain extent on the ratio of the carrier gas; when hydrogen is 
used, the varying fl ow rate during the temperature-programmed operation may 
affect FID response factors. 

 Standard solution analysis with split injection produces different relative 
response factors, according to results yielded by the use of a cold-on-column 
injector and a column with phenyl-methyl-silicon phase. Results are shown in 
Table  6.6 .

   Table 6.6    Triolein relative response factors 
(r f ) of various triacylglycerols (TAGs)   

 TAG  r f   μg/ml 

 PPP  533  0.53 ± 0.02 
 PoPoPo  582  0.64 ± 0.02 
 POP  421  0.59 ± 0.02 
 POO  206  0.77 ± 0.04 
 SSS  510  0.87 ± 0.02 
 OOO  557  1 
 LLL  551  1.34 ± 0.07 
 NNN  495  1.27 ± 0.09 

  Abbreviations:  L  linoleic acid,  O  oleic acid, 
 P  palmitic acid,  Po  palmitoleic acid,  S  stea-
ric acid (Camacho and Cert (1994), with 
permission of Grasas y Aceites)  
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   Except for LLL, the obtained factor shows a linear relation with TAG retention 
times with a variation coeffi cient of 0.99. This decrease in the response with elution 
time has been attributed to quenching, which is due to the level of loss of the station-
ary phase used. In our experiments, however, we have observed that there may be a 
contribution of the mass discrimination effect. The low LLL response corresponds 
to the loss of highly unsaturated TAGs described in the literature, which suggests an 
alteration of the compounds during analysis (Carelli and Cert  1993 ).     

6.3     Minor Components 

 As stated previously, TAGs represent the main lipid fraction of foods, whereas the 
set of minor components (MCs) is constituted by compounds that can derive from 
TAGs and by other liposoluble compounds. The group clusters are as follows   : diac-
ylglycerols (DAGs), monoacylglycerols (MAGs), free fatty acids (FFAs), oxygen-
ated fatty acids (OFAs), cyclic fatty acids, nonlinear FAs (branched FAs), dimeric 
FAs, and a set of compounds derived from the unsaponifi able matter in addition to 
phenols, pigments, and volatiles. The total of these components, though, can be 
present in relatively high quantities does not exceed, in general, 2–5 % of the total 
lipid composition. The analytical methods for determining pigments, volatiles, and 
phenols are described in Chaps.   7    –  9    . 

6.3.1     Diacylglycerols and Monoacylglycerols 

 Diacylglycerols (DAGs) are present in a range of 1–3 % in VOOs and are found 
as 1,2- and 1,3-isomers. The 1,2-isomers are attributed to the incomplete biosyn-
thesis of TAGs, which are the main lipids inside the drupe vacuole of olives, 
whereas the 1,3-isomers are attributed to enzymatic or chemical hydrolysis of 
TAGs occurring before or during the oil extraction process. Thus, a VOO freshly 
made from sound olive fruits contains almost exclusively 1,2-DAGs, while virgin 
olive oils from poor-quality fruits contain high quantities of 1,3-isomers. Also, 
VOOs stored for a long time show a decrease in 1,2-DAGs and an increase in 1,3-
DAGs that some authors ascribe to the isomerization of the former toward the 
latter. Thus, the 1,3-/1,2-DAG isomer ratio has been suggested for assessing the 
genuineness of VOOs with low acidities during the early stages of storage (Pérez-
Camino et al.  2001 ). Some authors have also suggested this ratio as a parameter 
for determining VOO quality (Gertz and Fiebig  2006 ) despite the fact that its 
relationship with sensory quality is merely casual with the appearance of a causal 
relation in the case of VOO defects resulting from hydrolytic processes (e.g., 
fusty, vinegary). 
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 The method for determining the composition and content of DAGs by capillary 
gas chromatography in vegetable oils, with lauric acid content below 1 %, is 
described in an IOC method (IOC  2011 ). The internal standard (dinonadecanoine) 
and silylating reagent is added to olive oil sample and the mixture is solved in a 
suitable reagent and directly injected in the gas chromatograph (capillary column of 
8–12 m length × 0.25–0.32 mm i.d. coated with SE52 or SE54). DAGs are separated 
by their carbon atom number; a peak of 1,2-DAGs (saturated and unsaturated) 
appears before 1,3-DAGs. 

 In the analysis of DAGs, it is advisable to extract and purify them (by column 
chromatography or SPE) and to add a suitable internal standard (e.g., 1,3- dipalmitoyl 
rac-glycerol, dinonadecanoine) prior to the purifi cation step. The German Joint 
Committee for the Analysis of Fats, Oils, Fatty Products, Related Products and 
Raw Materials (GA Fett) has developed a method for the determination of isomeric 
DAGs in VOOs (Gertz and Fiebig  2006 ), while it is also the method already 
described for the determination of the composition and content of DAGs by GC 
with a lauric acid content below 1 %. The main differences concern the analytical 
procedure used for the separation of the fraction containing nonpolar lipids. Pérez- 
Camino et al. ( 2001 ), however, propose to charge the silica solid-phase extraction 
(SPE) cartridge with an aliquot of 500 μL of the dehydrated olive oil solution in 
hexane (0.2 mg/mL) and 200 μL of the internal standard. With this method, the 
purifi caction comprises two steps. The fi rst is carried out by passing a solution of 
hexane/methylene chloride/diethyl ether (89:10:1) through the column, which is 
discarded. The fraction of the second step, which is obtained by passing a solution 
of chloroform/methanol (2:1), is evaporated until dryness in a rotary evaporator 
under reduced pressure, and the residue is derivatized to the corresponding trimeth-
ylsilyl (TMS) derivatives of 1,2-DAGs and 1,3-DAGs by treating the residue with 
a silylating reagent (e.g., 9 mL of anhydrous pyridine, 3 mL of hexamethyldisila-
zane, and 1 mL of trimethylchlorosilane) for a few minutes. 1 mL of the solution is 
subjected to GC analysis so that the pairing of the FAs in each DAG can be deter-
mined. The GC instrument should be equipped with a FID and thermostable GC 
columns coated with medium polarity (e.g., 65 % phenyl- and 35 % dimethyl-
polysiloxane) (Frega et al.  1993 ) or with 65 % methyl phenylsilicone (Pérez-
Camino et al.  2001 ). 

 Monoacylglycerols (MAGs) are present at trace levels in olive oils, and their 
analytical determination is carried out with a procedure similar to that used with 
DAGs, TMS derivatization and FID-GC analysis with nonpolar capillary columns.  

6.3.2     Free Fatty Acids 

 Free fatty acids (FFAs) are usually determined by titration, although determination 
can also be carried out by GC as FA methyl esters (FAMEs). FFA methyl esters are 
prepared by derivatization with trimethylsilyldiazomethane because methylation 
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enhances the volatility and reduces activity of FFAs, although it can be omitted if a 
highly polar capillary column (e.g., coated with 88 % cyanopropyl-aryl-siloxane or 
100 % cyanopropyl polysiloxane) is used. The procedure also requires the addition 
of an internal standard (e.g., tridecanoic or nonadecanoic FAs) and a purifi cation 
step by SPE fi lled with NH 2 . Medium-polarity thermostable columns (e.g., coated 
65 % phenyl-35 % dimethyl-polysiloxane) have been used with success.  

6.3.3     Fatty Acid Alkyl Esters 

 Fatty acid alkyl esters (FAAEs) present in olive oil are formed by esterifi cation of 
FFAs with low molecular weight alcohols. In fact, alkyl esters are made up of 
methyl and ethyl esters of FAs previously present in their free form. Inappropriate 
practices in the harvesting and storing of the olives prior to olive oil extraction can 
result in the rupture of the olive drupe and its contact with microorganisms (yeasts) 
and lipolytic and pectolytic enzymes. 

 Quantifi cation can be done by isolation with a silicagel SPE cartridge (1,000 mg) 
previously conditioned with hexane (Pérez-Camino et al.  2008 ). The cartridge is 
fi rstly eluted with a solvent mixture of hexane/toluene (85:15) and rejected, while 
the second fraction, resulting from passing 10 mL of the same mixture at a fl ow rate 
of 1 mL/min, is collected and then evaporated in a rotary evaporator. The residue is 
dissolved in n-heptane and an aliquot of the solution injected into GC    equipped with 
a programmed temperature vaporizer (PTV) injector using a polar capillary column 
(30 m × 0.25 mm i.d. coated with 35 % dimethyl-65 % diphenylpolysiloxane). 
Figure  6.9  shows the chromatogram of FAAEs from an olive oil sample.
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  Fig. 6.9    Chromatogram of methyl and ethyl esters. Note:  1 : methyl ester C16:0;  2 : ethyl ester 
C16:0;  3 : ethyl ester C17:0 (IS);  4 : methyl ester c18:1;  5 : methyl ester C18:2;  6 : ethyl ester C18:1; 
 7 : ethyl ester C18:2 (Courtesy of Dr. Pérez-Camino; Instituto de la Grasa-CSIC, Sevilla, Spain)       
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   The standard method proposed by IOC (IOC  2010c ) allows the simultaneous 
determination of alkyl esters and waxes. The method consists of separation by col-
umn chromatography and gas chromatographic analysis. In the fi rst step, 500 mg of 
sample is weighted and the internal standard, which depends on the category, is 
added   , e.g., 0.1 mg of lauryl arachidate in the case of olive oil and 0.25–0.50 mg in 
the case of olive-pomace oil. The resulting mixture is transferred to the chromato-
graphic column with the aid of two 2-mL portions of n-hexane. The method sug-
gests allowing the solvent to fl ow to 1 mm above the upper level of the absorbent 
and then to add n-hexane/diethyl ether (99:1) and collect 220 ml at a fl ow of about 
15 drops every 10 s. An aliquot of 10 mL of the solution is injected on-column into 
a gas chromatograph (8–12 m length × 0.25–0.32 mm i.d. coated with SE52 or 
SE54). The method describes the operating conditions that can be slightly modifi ed 
to obtain satisfactory peak separations of alkyl esters.  

6.3.4     Waxes 

 The term wax has been used by analysts for an large variety of plant products 
containing several kinds of fatty materials. The biosynthesis pathways of wax 
components can be an acyl reduction, which yields primary alcohols and wax 
esters, or a decarbonylation pathway that synthesizes secondary alcohols, alde-
hydes, alkanes, and ketones. Wax esters are, however, the most common form of 
waxes and consist of FAs esterifi ed to long-chain alcohols with similar chain 
lengths (Christie  2011b ). 

 Because waxes are synthesized in the epidermal cells of olives from saturated 
very-long-chain FAs, their presence in olive oil is of interest because their concen-
tration differs among the olive oil categories, and information about its presence can 
be used as an indicator of both quality and purity. The main waxes found in olive 
oils are esters of an even number of carbon atoms from C36 to C46. IOC trade stan-
dards (IOC  2010a ) and EU directives (EC  2011 ) have regulated the maximum 
amount of waxes (C40 + C42 + C44 + C46) in the different olive oil categories (Table 
  16.6    ), although, as described in Chap.   16    , differences in the content of waxes cannot 
be used as a unique criterion to detect the presence of olive-pomace oil in olive oil 
but together with the amount of erythrodiol and uvaol. The reasons for this can be 
found in the fact that researchers have proven that changes in the wax concentration 
in olive oil occur naturally because in processes where triglyceride hydrolysis is 
produced, an increase in FFAs takes place, and this provokes an increase in the 
esterifi cation reaction rate. Thus, the increase in wax content takes place in VOO 
samples in storage. Such an increase depends on both reactive species concentration 
and storage conditions (Mariani and Venturini  1996 ). 

 The content of waxes also seems to help the characterization of VOOs because 
the content of C36 and C38 waxes are usually higher than C40, C42, C44, and C46 
waxes in this designation, in contrast to the concentration of waxes in refi ned and 
olive-pomace oils. 
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 Basically, all the methods for the determination of waxes consist of a separation 
from other lipid constituents using silicagel chromatography and subsequent quan-
tifi cation using gas chromatography. The offi cial analytical method determines the 
waxes by separating them according to the number of carbon atoms. After the addi-
tion of the internal standard (lauryl arachidate), the fractionation step is carried out 
by chromatography on a hydrated silicagel column. The eluted fraction is recovered 
under the test conditions and then injected on-column in a GC capillary column. 
SE-54 or SE-52 semipolar columns are used, although greater resolution can be 
obtained with phenyl-methyl-silicone columns, which can endure higher tempera-
tures. It is advisable to condition the column when using it for the fi rst time by a 
gradual heating until a temperature of 350 °C is reached. 

 Although there is a specifi c method for the determination of waxes (IOC  2007 ), 
a new method that allows the simultaneous determination of waxes, FA methyl 
esters, and FA ethyl esters by capillary gas chromatography (IOC  2010c ) is widely 
applied in laboratories as it saves time when the objective is to determine the olive 
oil genuineness. Thus, this method is recommended for distinguishing between 
olive oil and olive-pomace oil, for the detection of the presence of lower-quality oils 
(ordinary, lampante) in extra VOOs, and for the detection of the fraudulent addition 
of some deodorized oils to extra virgin olive oils. Figure  6.10  shows a chromato-
gram of the wax fraction of an olive oil by the method COI/T.20/Doc. No 28/Rev.1 
(IOC  2010c ).

  Fig. 6.10    Gas chromatogram of wax fraction of an olive oil. Abbreviations:  1 : methyl C16;  2 : 
ethyl C16;  3 : methyl heptadecanoate (IS);  4 : methyl C18;  5 : ethyl C18;  6 : squalene;  7 : lauryl ara-
chidate (S);  8 : phytol ester;  9 : geranylgeraniol ester;  A1 : C40 esters;  A2 : C42 esters;  A3 : C44 
esters;  A4 : C46 esters;  B : Sterol esters and triterpene alcohols ( Source : Authors although based on 
IOC trade standards)       
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   SPE cartridges (1 g of silicagel) are replacing silicagel columns for sample puri-
fi cation because they require smaller amounts of sample and a reduced volume of 
elution solvent. Thus, Nota et al. ( 1999 ) proposed a method based on a purifi cation 
step by SPE silicagel cartridge, the use of carbon tetrachloride as eluent, and GC 
analysis with programmed temperature vaporizer injector and a 65 % phenyl-
methyl- silicone capillary column as an alternative to a former EC regulation (EC 
 1993 ). More recently, a new method based on the isolation of alkyl esters and waxes 
by SPE and analysis by capillary column (DB5; 5–12 m long) gas chromatography 
with on-column injector and FID detector has been proposed (Cert et al.  2011 ). The 
method is more rapid than current standards (IOC  2007 ,  2010c ) with lower con-
sumption of organic solvents, and no difference concerning the recovery factors, 
although there is no information about the precision and limits of quantifi cation yet. 

 Another analytical alternative is based on the use of a Through Oven Transfer 
Adsorption Desorption (TOTAD) interface (Aragón et al.  2011 ). The oil, with an 
internal standard (C32 wax ester) diluted in n-heptane, is injected directly with no 
sample pretreatment step other than fi ltration. Normal-phase liquid chromatography 
(NPLC) separates the wax ester fraction from the TAGs (Biedermann et al.  2008 ) 
and the TOTAD interface transfers it to the GC to be analyzed. The method allows 
an automatic analysis of different wax esters, and it is simpler and faster than IOC 
methods (IOC  2007 ,  2010c ), which are tedious and time-consuming, although its 
resolution is poorer. 

 Biedermann et al. ( 2008 ) also proposed that samples were prepared    by NPLC but 
the precolumn was attached to the inlet of the column in the GC × GC instrument by 
means of a press-fi t connector. The fi rst dimension is performed with a PS-255 col-
umn (20 m × 0.25 mm i.d.) and the second-dimension with a SOP-50 (50 % phenyl 
polysiloxane) (1.5 m × 0.15 mm i.d.).  

6.3.5     Other Minor Components: A Miscellany 

 Oxidation process at high temperatures (e.g., deep frying) gives rise to dimeric FAs, 
which exhibit a wide variety of structures with an oxygen atom (epoxy or keto or 
hydroxy derivatives) in their molecules (Márquez-Ruiz and Dobarganes  2006 ). 
Dimeric FAs can also be produced from TAG dimers, after the transesterifi cation or 
the saponifi cation treatments of the refi ning process (Chap.   19    ), and they are made 
up of the dimeric form with two FAs attached by a carbon-carbon bond in the cen-
tral part of the hydrocarbon chains. 

 GC-MS analysis with a nonpolar column (5 % phenyl-95 % dimethylpolysilox-
ane) is a good method for determining dimeric FAs, although high-performance size 
exclusion chromatography (HPSEC) coupled to a RI detector is preferred by ana-
lysts (Dobarganes and Márquez-Ruiz  2007 ; Tena  2010 ). 

 Olive-pomace oil contains several classes of oxygenated acids amounting to 
more than 10 % of the component FAs, with  trans-9:10-epoxyoctadecanoic  acid, 
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which constitutes approximately 2 % of the mixed acids of the oil, the major 
 component (Vioque et al.  1961 ). During the malaxation process, weak oxidation of 
unsaturated FAs can also take place that results in oxyacids, which are classifi ed as 
bioactive compounds such as antifungal agents (Heo et al.  2009 ). Today the deter-
mination is performed by reversed-phase HPLC coupled to a UV-diode array 
detector. 

 The concentration of phospholipids is low enough in olive oils. Thus, concentra-
tions in a range of 21–124 mg/kg have been reported in the literature (Koidis and 
Boskou  2006 ). Phosphatidylglycerol is the major phospholipid detected in olive oil 
samples by LC-MS (Boukhchina et al.  2004 ), although other phospholipids like 
phosphatidylcholine and phosphatidylinositol are also present in olive oils.   

6.4     Unsaponifi able Fraction 

 By unsaponifi able matter we mean the set of natural or accidental constituents that 
fail to react with soda and potassium hydroxide to produce soaps but remain soluble 
in classic solvents (e.g., hexane, petroleum ether) after saponifi cation. All fats con-
tain unsaponifi able matter in varying amounts. The amount is generally 1–2 %, 
although the percentage can rise as high 99 % in shark liver. 

 Because the composition of the unsaponifi able fraction of fats can be quite var-
ied, it is often used in the study of the characteristics and genuineness of an oil or 
fat. This section covers the most important analytical methods for the study of the 
unsaponifi able matter and of each of its previously mentioned components ( 6.1.  
Introduction). 

6.4.1     Determining Unsaponifi able Matter 

 The method for determining unsaponifi able matter involves olive oil saponifi cation 
and unsaponifi able matter separation by means of extraction with an appropriate 
solvent, such as diethyl or petroleum ether. The most satisfactory methods are based 
on extraction by a humid process (i.e., extraction of unsaponifi able matter from an 
aqueous or alcoholic solution of soap). The Balton–Renis method, sometimes men-
tioned as a dry extraction process, is based on the extraction of unsaponifi able sub-
stances from a solid soap. According to this method, the fat is saponifi ed with a 
solution of sodium hydroxide in 95 % alcohol, followed by alcohol evaporation 
until a doughy mass is obtained. The soap is then mixed with sand and sodium 
bicarbonate and the mixture is dry-heated. The desiccated mass is extracted with 
petroleum ether to separate the unsaponifi able matter (Mehlenbacher  1960 ). 

 Although the determination of unsaponifi able matter seems simple, this type of 
analysis still presents problems because of the lack of accuracy and precision in the 
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results. The general dissatisfaction with old methods has led to new proposals and 
modifi cations of established techniques. Essentially, all of the new proposals and 
modifi cations address variations in the amount of alkali and solvents used and, most 
especially, in operational details rather than in any signifi cant change in principle. 
The specifi c diffi culties previously met include the following:

•    Impossibility of extracting all of the unsaponifi able matter,  
•   Formation of emulsions that are hard to break down,  
•   Soap hydrolysis,  
•   Loss of unsaponifi able matter during solvent drying and evaporation, and  
•   Incomplete saponifi cation.    

 The impossibility of extracting all of the unsaponifi able matter is more likely to 
occur when petroleum ether is used as a solvent because its extraction rate is much 
slower than that of diethyl ether. This problem does not occur during studies of 
animal and vegetable fats and oils but appears during studies of sea animal oils and 
other fats that contain a relatively high quantity of unsaponifi able matter. Most of 
the methods used to determine unsaponifi able matter specify that between three and 
seven extractions are necessary, even though it is not unusual for seven extractions 
to be insuffi cient. This shortcoming cannot be foreseen; it can be discovered only by 
evaporating the solvent from the fi nal extraction and determining the residue gravi-
metrically. The amount of unsaponifi able matter obtained in the fi nal extraction 
should not exceed 1 mg. 

 Although diethyl ether is the preferred solvent, it has a number of limitations. 
Annoying emulsions are usually formed that are not easily separated. Soaps can 
pass into the solvent together with the unsaponifi able matter. In this case, it is wise 
to separate the soaps by washing the ether extract with an aqueous solution of 
sodium hydroxide, which can provoke soap hydrolysis and liberate acids. Therefore, 
the most appropriate method appears to be using distilled water and alternating it 
with an aqueous alkaline solution to carry along the free acids that remain in the 
ether extract. 

 After solvent evaporation, it is necessary to dry the unsaponifi able residue in 
order to ensure the elimination of any traces of solvent and water. Given the possible 
presence of volatile substances in the unsaponifi able fraction, measures must be 
taken to prevent extreme drying conditions. Water elimination is usually performed 
by treating the unsaponifi able extract with water-free sodium sulfate and then fi lter-
ing it. Some of the unsaponifi able matter can also be distilled during solvent evapo-
ration, but this can be prevented by evaporating at a low temperature and reduced 
pressure. Finally, any remaining moisture traces are eliminated by vacuum drying 
with acetone or benzene. 

 Incomplete saponifi cation will yield erroneous results because the saponifi able 
portion of triacylglycerols is    soluble in ether and hexane. No universally applicable 
saponifying method exists; however, if the steps prescribed in the normalized meth-
ods are carefully followed (Mehlenbacher  1960 ), there should be no serious diffi -
culties except for a few fats that resist saponifi cation. When incomplete saponifi cation 
is suspected, the unsaponifi able residue containing the nonsaponifi ed segment must 
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be resaponifi ed and reextracted in exactly the same way established for the initial 
saponifi cation and extraction.  

6.4.2     Unsaponifi able Separation 

 Although several procedures can directly determine some of the unsaponifi able 
components, they are usually separated in fractions. Fractionation of the unsaponifi -
able components into several groups of constituents (e.g., hydrocarbons, tocopher-
ols, and sterols) is an essential introduction to any thorough study of its composition. 
Separation of the unsaponifi able constituents can be carried out by innumerable 
procedures, most of them chromatographic, including column and thin-layer 
chromatography.

•     Column chromatography : This method is extremely long for complete separa-
tion of unsaponifi ables. For this reason, the current trend is to use it exclusively 
to study those constituents that are more readily eluted by absorption chromatog-
raphy or that appear at very low concentrations because a great quantity of mate-
rial is needed and thus the columns have a greater load capacity than do thin 
layers. A typical example is the analysis of the hydrocarbon fraction.  

•    Thin-layer chromatography : This is the method of choice for the complete frac-
tionation of unsaponifi ables. As in column chromatography, two different sup-
ports, alumina and silicagel   , can be used. The former is particularly convenient 
in the study of unsaponifi ables extracted from diethyl ether, even though it is not 
widely used; the latter is applicable to the fractionation of both petroleum and 
diethyl ether. Figure  6.11  shows unsaponifi ables extracted from diethyl ether and 

  Fig. 6.11    Olive oil 
unsaponifi able fraction 
purifi ed by thin-layer 
chromatography (Source: 
Authors)       
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purifi ed in a silicagel thin layer. This method can be applied to unsaponifi ables 
extracted from petroleum ether and containing FFAs, provided that great care is 
taken to utilize basic silicagel treated with diluted potassium hydroxide.

6.4.3           Hydrocarbons 

 In food matrices, most hydrocarbons have an odd number of carbon atoms, although 
there are also small amounts of ramifi ed compounds with both  iso-  and  anteiso- 
structure . In olive oils, there are small amounts of saturated, normal (C-15 to C-35), 
branching, terpenic, and even aromatic hydrocarbons; squalene (C 30 H 50 ), a linear 
triterpenic polymer of isoprene, is the most important unsaturated hydrocarbon. 

 The dehydration of sterols during the refi ning process of olive oils also results in 
the formation of steroidal hydrocarbons (sterenes or steradienes) with two double 
bonds in the ring system (Lanzón  1990 ), although other steroidal hydrocarbons, 
whose structures have three double bonds in the ring system, have been detected in 
the sterene fractions of refi ned vegetable oils more recently (Bortolomeazzi et al. 
 2000 ). The quantifi cation of stigmastadienes allows for the study of VOO genuine-
ness (Table   16.6    ). 

 Low levels of pollutants (e.g., pesticides, volatile organic compounds, chlori-
nated hydrocarbons, aromatic hydrocarbons) can be found in unrefi ned oils. Thus, 
small amounts of methyl and ethyl benzene, which can derive from environmental 
pollution, have been quantifi ed in VOOs using DHS-GC (Aparicio et al.  1997 ), 
while many other polycyclic aromatic hydrocarbons (PAHs) have been quantifi ed 
by SPME-GC in Italian VOOs (Vichi et al.  2007 ). However, the most common cur-
rent methods isolate PAHs from edible oils using SPE on silica cartridges, followed 
by HPLC with fl uorometric detection that has proven to successfully separate PAHs 
from other hydrocarbons (PAHs coelute with other hydrocarbons in silica TLC) 
with a good quantitative response (Moret and Conte  1998 ). 

6.4.3.1     Determination of Squalene 

 The determination of squalene in olive oil, which has a high content, can be carried 
out quickly. The method involves the preparation of a diluted solution of the oil in 
hexane with an added measuring standard, the most convenient being squalane, and 
elution in a silicagel column with mixtures of hexane/diethyl ether 95:5 (v/v). 
Squalene has an elution volume of approximately 85 ml; the eluted    is concentrated 
and analyzed by GC with SE-54 or SE-52 columns (Fig.  6.12 ). The analysis is com-
pleted in less than 10 min, and the estimated response factor of squalene with respect 
to squalane is 0.963.
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6.4.3.2        Determination of Stigmastadienes 

 Lanzón ( 1990 ) was the fi rst to observe that some hydrocarbons are not naturally 
found in VOO, even though they show up during refi ning processes because of ste-
rol dehydration; a typical case is the formation of stigmasta-3,5-diene from the 
dehydration of β-sitosterol. The consequence was the implementation of an 
 analytical method particularly suited to detecting the presence of refi ned vegetable 
oils (e.g., olive, olive-pomace, sunfl ower, soybean, palm) in VOO, once it was estab-
lished that refi ned oils contained stigmastadienes and virgin oils did not after ana-
lyzing thousands of samples inside the SEXIA project (Chap.   12    ). The method, 
based on the isolation of unsaponifi able matter, separation of steroidal hydrocarbon 
fractions by column chromatography on silicagel, and analysis by GC (capillary 
column of 25 m length coated with 5 % phenylmethylsilicone phase), has not been 
modifi ed essentially in the offi cial method    (IOC  2001d ). There are, however, pro-
posals to improve it by a slight modifi cation of the second separating step of the 
preparation of unsaponifi able matter. The use of less hexane and the elimination of 
the process of washing hexane extracts have been suggested, although no informa-
tion has been reported about whether the changes improve the percentage of the 
relative standard deviation in reproducibility – RSD R  > 6.2 % – of the offi cial method. 
Another proposal that uses a smaller amount of the sample (0.5 g of oil) is based on 
the purifi cation of the sample on a silicagel column (15 g) with hexane (110 ml) and 
the quantifi cation by GC (DB5 column of 25 m length) with an on- column injector 
and FID detector. RSD R  (%) is not, however, better than the  offi cial method.  

6.4.3.3     Determination of n-alkanes, n-alkenes, and Terpenic 
Hydrocarbons 

 Hydrocarbons are not only used for detecting the presence of any refi ned edible oil 
in VOOs but also for VOO geographical traceability by means of the individual 

  Fig. 6.12    Chromatogram 
showing virgin olive oil 
squalene eluted with SE-54 
column (Source: Authors)       
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concentration of n-alkanes, n-alkenes, and terpenic hydrocarbons (Chap.   12    ). The 
fi rst step in the analytical determination of these hydrocarbons (Aparicio and Alonso 
 1994 ) is the addition of 1 mL of n-iecosane to 20 g of olive oil before the saponifi ca-
tion of the mixture with potassium hydroxide in ethanol (10 % in 75 mL added) for 
90 min. The solution is passed to a 500 mL decanting    funnel, and 100 mL of dis-
tilled water is then added, and the resulting mixture is extracted twice with 100 mL 
of hexane. The resulting solution is then evaporated to dryness in a rotary evapora-
tor at 30 °C under reduced pressure. If an emulsion appears, then the solution should 
be left for a short time to allow it break up. 

 The compounds are separated from other compounds of the unsaponifi able mat-
ter by a chromatographic column of 1.5 cm i.d. and 50 cm long, fi lled with 15 g of 
silicagel slurried in hexane. The total unsaponifi able matter, dissolved hexane, is 
introduced onto the column head and eluted with hexane at a rate of 1 mL/min. Two 
fractions of 60 and 75 mL can be collected and concentrated to approximately 1 mL 
in a rotary evaporator at 30 °C under reduced pressure, but it is only the fi rst fraction 
that is of interest for the mentioned hydrocarbons. A gas chromatograph equipped 
with a capillary column (30 m × 0.75 mm, 1 μm fi lm thickness) coated with SPB-1 
(chemically bonded methylsilicone) was used to determine the hydrocarbons under 
a programmed oven temperature that begins at 110 °C for 6 min and then rises at a 
rate of 5 °C/min to 300 °C. Figure  6.13  shows the chromatogram of the compounds 
identifi ed and quantifi ed in a VOO  var.  Picual   .

  Fig. 6.13    Saturated linear hydrocarbon profi le of olive oil obtained by gas–liquid chromatogra-
phy. Notes:  1 : internal standard;  2 : C-21;  3 : C-22;  4 : C-23;  5 : C-24;  6 : C-25;  7 : C-26;  8 : C-27;  9 : 
C-28;  10 : C-29;  11 : C-30;  12 : C-31;  13 : C-32;  14 : C-33;  15 : C-35 (Source: Authors)       
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6.4.3.4        Determination of Pesticides and Polycyclic Aromatic 
Hydrocarbons 

 The use of pesticides to increase crop yields, by the control of pests and diseases, is 
an almost inevitable part of modern agricultural practices, and its usage is subject to 
strict regulations, especially as regards the maximum residual limits (MRLs) in 
olives and olive oils. Furthermore, researchers have reported the presence of poly-
cyclic aromatic hydrocarbons (PAHs) in edible oils and fats (van Stijn et al.  1996 ; 
Moret and Conte  2000 ), for example, benzo[a,e]pyrene, benzo[k]fl uoranthene, 
benzo[g,h,i]perylene. The trade standards of the IOC (IOC  2005 ) have set the MRL 
in olive-pomace oil, as benzo(a)pyrene by wet weight, at 2 μg/kg. 

 These compounds are present in olive and olive-pomace oils at very low concen-
trations, which has prompted the need to implement simple methods with suitable 
sensitivity, selectivity, and accuracy for routine analysis. However, the complexity 
of the oily matrix makes the analysis diffi cult for the direct determination of multi-
residues in oils, in addition to the low levels of the analytes and the variety of inter-
ferents potentially present. Thus, sample pretreatment is an essential part of the 
analytical process as the analyst must extract traces of analytes from the oil sample 
and avoid potential interferences by removing coextracted components from the 
matrix. Traditional sample preparation, however, relies on tedious, time-consuming 
procedures. It generally consists of an extraction step (e.g., saponifi cation with alco-
holic KOH and liquid–liquid partitioning) followed by one or more purifi cation 
procedures (column chromatography, TLC, SPE), ending with the analytical deter-
mination by HRGC coupled to FID or MS, or by HPLC with spectrofl uorometric 
detection. The laborious saponifi cation step is avoided by analysts by liquid–liquid 
partitioning between dimethyl formamide and an organic solvent (e.g., n-hexane, 
cyclohexane), followed by cleanup on silicagel (Moret and Conte  2000 ). The pre-
treatment for pesticides, however, involves partitioning between hexane or petro-
leum ether and acetonitrile, followed by cleanup by adsorption on alumina or 
silicagel (Hiskia et al.  1998 ). 

 Recently, researchers have been interested in the simultaneous determination of 
pesticides and PAHs in olive and olive-pomace oils. Ballesteros et al. ( 2006 ) have 
proposed an expeditious and robust method based on GC–MS/MS technique to 
identify and quantify mixtures of pesticides and PAHs in these types of samples. 
The authors optimized gel permeation chromatography, widely used in multiresidue 
methods, for cleanup of the fat matrix using a mixture of 2 mL of  n -hexane    and 
10 mL of acetonitrile and a shaking time of 30 min.   

6.4.4     Tocopherols and Tocotrienols 

 Tocopherols and tocotrienols, collectively known as tocols, are heteroacid com-
pounds, with high molecular weight, having vitamin E activity. They are lipid- 
soluble compounds easily oxidized in the presence of light, oxygen, alkaline pH, or 
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traces of transition metal ions. The term vitamin E is used to describe all tocol and 
tocotrienol derivatives that qualitatively exhibit the biological activity of 
α-tocopherol. Vitamin E is represented by a family of structurally related com-
pounds (vitamers), eight of which are known to occur in nature, having been iso-
lated from vegetable oils and other plant materials  ( Kamal-Eldin and Appelqvist 
 1996 ; Bramley et al .   2000 ). Vitamin E is the general term employed to designate 
tocopherols and tocotrienols, including α, β, γ, and δ species. The structure of toco-
trienols differs from tocopherols by the presence of three  trans  double bonds in the 
hydrocarbon tail, but both series contain a polar chromanol ring linked to an iso-
prenoid-derived hydrocarbon chain. Thus, α, β, γ, and δ species of both tocopherols 
and tocotrienols differ with regard to the number and position of methyl groups on 
the chromanol ring (Eitenmiller and Lee  2004 ; Sayago et al.  2007 ). Tocotrienols 
have not been detected in VOO, while only the fi rst three tocopherols have been 
quantifi ed in percentages that vary from 52–87 % for α-tocopherol to 15–20 % and 
7–23 % for β- and γ-tocopherols, respectively. 

 Tocopherols contribute to VOO antioxidant properties – they are the most effec-
tive group of lipophilic phenolic antioxidants – and give stability to VOOs. Their 
profi le and composition is often a criterion of purity. There are verifi able evidence 
of their role in the quality and authenticity of VOO as well as health (Sayago et al. 
 2007 ; García-González et al.  2009 ). 

 The total content of tocopherols has usually been measured by the Emmerie 
and Engels method, which is based on a colored reaction between ferrous ion and 
α,α- bipyridilum. The determination, simple and quick, is colorimetric at 520 nm 
by extrapolating from a calibrating line of α-tocopherol or hydroquinone. Other 
methods are available, but this one is considered the best, although color develop-
ment might be reduced. This effect can be attributed to the following causes: (a) 
substances other than tocopherol that reduce the ferric chloride; (b) substances 
that darken and obstruct color development; and (c) fat oxidation products. Among 
the different remedies proposed to eliminate these phenomena, the most widely 
used are (a) sample washing with sulfuric acid in petroleum ether, (b) saponifi ca-
tion in the presence of pyrogallol or ascorbic acid, and (c) purifi cation by 
chromatography. 

 Recently, luminescent methods have also been used for the determination of total 
tocopherols in VOO without prior separation (Escuderos et al.  2009 ). 

 GC procedures are also used for tocopherol analysis. The unsaponifi able matter   , 
obtained in the presence of pyrogallol, must be extracted in advance with diethyl 
ether or cyclohexane. The unsaponifi able fraction is dissolved in hexane, deposited 
on a silicon-dioxide gel plate, and developed with hexane/ether (70:30, v/v). The 
tocopherol band is recovered with heptane/absolute alcohol (2:1, v/v) and analyzed 
in capillary columns after silanization (IUPAC  1987c ) and once an internal standard 
is added. The elution order is δ-, γ-, and α-tocopherols (Slover et al.  1983 ). However, 
tocopherols coelute with epoxy squalenes in the preparative TLC fractionation of 
the unsaponifi able matter. These compounds derive from squalene oxidation and are 
precursors of steroid biosynthesis (i.e., cycloarthenol). The concentration of epoxy 
squalenes in olive oils depends on olive ripeness. 
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 To eliminate the effects of tocopherol deterioration, due to the high temperatures 
used in GLC, HPLC methods have been developed. Tocopherols in oils can be 
determined either by direct normal-phase HPLC or by reversed-phase after saponi-
fi cation. HPLC is usually coupled with UV (usually 292 nm) or fl uorescence detec-
tion at fi xed wavelengths or electrochemical detection at a fi xed oxidation/reduction 
potential (Cunha et al.  2006 ). 

 The method currently recommended by IUPAC ( 1987d ) for the determination of 
tocopherols in VOO employs the direct analysis of the oil sample using normal- 
phase HPLC and fl uorescence or UV detection. Tocopherols are directly analyzed 
through olive oil injection, dissolved in a hexane:isopropanol (99.8:0.2, v/v) mobile 
phase, in a Si-60 5 μm Lichrosorb column with a length of 250 mm and an internal 
diameter of 4 mm. The fl uorescence detector characteristics are λ ext  = 290 nm and 
λ em  = 330 nm (IUPAC  1987d ). 

 SPE has also been reported as an adequate procedure for sample preparation 
prior to HPLC analysis of tocopherols in VOO (Grigoriadou et al.  2007 ).  

6.4.5     Sterols 

 The sterolic fraction is the most studied unsaponifi able matter. Sterols make up an 
extensive series of compounds with an analogous molecular structure; more than 
200 have been reported in plants. They are made up of a tetracyclic cyclopenta[a]
phenanthrene ring and a long fl exible side chain at the C-17 carbon atom (Piironen 
et al .   2000 ). Based on the number of methyl groups at the C-4 position, sterols can 
be categorized into three groups, two (4,4-dimethyl), one (4-monomethyl), or none 
(4-desmethyl). 4,4-dimethylsterols and 4-monomethylsterols are metabolic inter-
mediates in the biosynthetic pathway leading to end-product 4-desmethyl phytoster-
ols, but they are usually present at low levels in most plant tissues (Moreau et al. 
 2002 ). 4-desmethylsterols, the most abundant class in olive oil, are commonly 
called phytosterols, while 4,4-dimethylsterols are called triterpenic alcohols, and 
4-monomethylsterols are named methylsterols. 

6.4.5.1     Phytosterols or 4-Desmethylsterols 

 The 4-desmethylsterols identifi ed in olive oil (Azadmard-Damirchi and Dutta  2006 ) 
are cholesterol, 24-methylenecholesterol, campesterol, campestanol, stigmasterol, 
β-sitosterol, Δ 7 -campesterol, Δ 5,23 -stigmastadienol, chlerosterol, sitostanol, Δ 5 - 
avenasterol, Δ 7 -avenasterol, Δ 5,24 -stigmastadienol, and Δ 7 -stigmastenol; the normal 
levels of some of them are specifi ed in various regulations (IOC  2010a ; EC  2011 ). 
However, some of them have not been quantifi ed in VOOs but appear in refi ned 
olive oils due to the refi ning process (e.g., Δ 5,23 -stigmastadienol), which makes it 
possible to distinguish ROOs from VOOs. Thus, Δ 5,24 -stigmastadienol increases its 
concentration during the oil-refi ning process, while the concentration of 
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Δ 5 - avenasterol decreases    (Amelotti  1985 ). Campesterol, stigmasterol, and 
β-sitosterol also suffer some degradation during refi ning (dehydration), although 
this cannot be directly observed in the chromatographic sterol profi le since the 
amount of sterols that dehydrate is small in relation to the initial levels. In order to 
observe dehydration, it is necessary to analyze the hydrocarbon fraction searching 
for sterenes by the method described above. 

 Because the composition of 4-desmethylsterols is also typical of each oil or fat, 
it is very widely and reliably used to detect fraudulent mixtures of olive oil with 
other oils and fats (Chap.   16    ); for example, free and esterifi ed sterols can detect the 
presence of refi ned hazelnut oil in olive oil (Mariani et al.  2006 ). When oils with a 
low sterol level (desterolized) are used to adulterate olive oil, even if determination 
of the sterols is diffi cult, confi rmation can be obtained by analyzing the dehydration 
byproducts of sterols, which increase spectacularly with this practice (IOC  1997 ). 
The concentration of 4-desmethylsterols also varies with the cultivars, allowing for 
the varietal olive oil characterization (García-González et al.  2009 ). 

 The classic procedure to determine sterols consists of a gravimetric analysis, pre-
cipitating them as insoluble digitonids in an alcoholic solution of the fat and after-
ward determining the free sterols based on the fact that sterol esters do not combine 
with digitonin. Therefore, to determine the total sterols, it is necessary to free the 
combined sterols, which is achieved by saponifi cation (Mehlenbacher  1960 ). Sterols 
that contain unsaturated bonds – such as cholesterol, ergosterol, and stigmasterol – 
can be determined by means of the Lieberman–Buchard colored reaction, color 
intensity being proportional to unsaturated sterol concentration. The reaction con-
sists in adding acetic anhydride and sulfuric acid until a pink color appears. 

 At the present time, however, chromatographic methods are the most widely 
used for determining the composition of phytosterols. For the quantitative and qual-
itative analysis of sterols by GC or GC-MS it is necessary to separate and precon-
centrate the different fractions of sterols. Such separation is necessary because some 
sterols of the various groups can overlap during GC analysis (Azadmard-Damirchi 
et al.  2005 ). Different methods are used to carry out the sample pretreatment; they 
are based on TLC, HPLC, and SPE. 

 Generally, the result of determination sterols determination comprising the sum 
of both possible forms (free and esterifi ed) as their trimethylsilyl (TMS) ethers or 
sterol acetates, which improves their peak shape, volatility, and response factor (IOC 
 2001b ; Cercaci et al.  2007 ). For their determination, it is necessary to isolate in 
advance the unsaponifi able fraction, preferably through the diethyl ether procedure, 
which guarantees total extraction of all sterols. Subsequently, the unsaponifi able 
material is purifi ed by TLC on silicagel    with different developing liquids, for exam-
ple, hexane/ethyl acetate (85:15, v/v) or hexane/diethyl ether (60:40 or 70:30, v/v). 
The plate can be impregnated with alcoholic KOH for the purpose of retaining the 
FFAs in the unsaponifi able fraction. Then the sterols are recovered from the plate by 
scraping it and extracted with isopropyl ether, chloroform, or diethyl ether. Three 
large bands appear in the TLC plate. The fi rst one contains triterpenic alcohols, 
some phytol, and aliphatic alcohols. The second is composed of the remaining 
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phytol, aliphatic alcohols, and methyl sterols, and the third band contains sterols, 
erythrodiol, and uvaol. 

 However, the individual separation of sterols is not exempt from diffi culties that 
can arise in determining components that appear at low concentrations. Such diffi -
culties are due to the incomplete separation of the sterol fraction in TLC on silica-
gel. The problem might be attributed to various causes resulting from an excess of 
the unsaponifi able matter deposited on the thin layer, an inadequate development of 
the plate, or defective scraping of the sterol band. 

 The optimum amount to deposit on the thin layer is 300 μL of a solution of the 
unsaponifi able fraction in chloroform. With such an amount, if the triterpenic alco-
hol content is high, an incomplete separation between these compounds and sterols 
usually takes place, causing small quantities of cycloarthenol and 24-methylene- 
cycloarthanol    to remain at the same r f  as the phytosterols. As the gas- chromatographic 
analysis of the sterol fraction is being carried out, the cycloarthenol overlaps with 
the Δ 7 -stigmastenol and the 24-methylene-cycloarthanol yields a peak at a retention 
time of 1.27 in relation to β-sitosterol (Fig.  6.14a ). Therefore, when there is a peak 
at a relative retention time of 1.27 in the chromatographic register of a sterol frac-
tion, it is likely that the value of the Δ 7 -stigmasterol will be increased by the cyclo-
arthenol, which can cause errors. Inasmuch as high-resolution GC is suffi ciently 
sensitive in this case, it is wise to deposit only about 200 μL of the unsaponifi able 
solution on the thin layer. In this way, interference is prevented (Fig.  6.14b ).

  Fig. 6.14    Chromatogram of olive oil sterols analyzed by high-resolution gas chromatography. ( a ) 
using 200 μl of unsaponifi able   ; ( b ) using 300 μl of unsaponifi able matter. Note:  1 : β-sitosterol;  2 : 
Δ 5,24 - Stigmastadienol ;  3 : Δ 7 -stigmastenol;  4 : Δ 7 -avenasterol;  5 : 24-methylene-cycloarthanol. 
(Camacho and Cert (1994), with permission of Grasas y Aceites)       
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   As far as the possible mobile phases for TLC are concerned, hexane/diethyl ether 
(65:35, v/v) yield excellent results in that case, with just one development being 
applied in both cases. Experience shows, however, that the plate must undergo two 
developments in order to obtain a satisfactory separation. 

 It has also been proved that in TLC, Δ 7 -sterols offer a slightly lower r f  than do the 
other sterols. As a result, if the sterol band is scraped too close to the lower edge, a 
signifi cant amount of the former sterols can be lost (Fig.  6.15 ).

   Because of the potential problems in using TLC to isolate the sterol fraction from 
the rest of the unsaponifi able material, as well as the high elution times needed, 
researchers have simplifi ed the analysis of this and other fractions of unsaponifi able 
matter by means of an HPLC-GLC combination (Grob et al.  1990 ). The online 
coupling of an HPLC column with the stationary phase of silicagel with GC involves 
either the analysis of the underivatized sterol fraction or unsaponifi able derivatiza-
tion before its injection onto the liquid chromatograph. An alternative method con-
sists in using columns of reversed-phase C-18 liquid to separate the free sterol 
fraction from an oil sample. The problem of the transfer of great amounts of water 
or similar solvents that are usually used in this kind of phase is solved by using GC 

  Fig. 6.15    Chromatogram of 
olive oil sterols showing loss 
of Δ 7 -sterols due to an 
incomplete recovery from 
thin-layer chromatography 
(Camacho and Cert (1994), 
with permission of Grasas y 
Aceites)       
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with a programmed temperature vaporizer (PTV) injector instead of on- column 
injection and solvent-elimination precolumns (Señoráns et al.  1995 ,  1996 ). 

 The most reliable and widely used technique is the off-line HPLC-GLC coupling 
(i.e., separation of the fractions of sterols or other unsaponifi able components by 
HPLC with a silicagel column, collection of the fraction, elimination of the solvent, 
further derivation, collection of the fraction, elimination of the solvent, further deri-
vation, and injection onto GC   ). This technique is identical to the traditional method 
except for the substitution of TLC purifi cation for HPLC, which involves consider-
able savings in both time and solvent. For example, for correct separation of the 
sterol fraction from total unsaponifi ables on a 20 × 20 cm thin layer with a 0.24 mm 
phase width, it is necessary to use approximately 100 mL of eluting mixture, with 
the developing time being approximately 1 h or more. When the separation is per-
formed in a 250 mm long HPLC silicagel column, with an internal diameter of 
4 mm and 5 μm particle size, it takes only 14 min, with the solvent consumption 
being approximately 15 mL. Table  6.7  shows data on the sterol content of various 
samples analyzed at the Instituto de la Grasa through purifi cation using    TLC 
and HPLC.

   It can be observed that Δ 7 -sterols give a higher value when sterols are purifi ed by 
means of HPLC, which might point to their loss following TLC because of scraping 
the sterol band too narrowly. 

 Sterol injection can be performed either directly or after derivation with a silaniz-
ing reactant. The sterols are then separated by GC in nonpolar capillary columns, 
such as SE-52 or SE-54 (Lercker et al.  1981 ). A common column phase used for 

   Table 6.7    Comparison of results from analysis of sterolic fraction of different samples purifi ed by 
HPLC and TLC   

 Sterols 

 Sample 1  Sample 2  Sample 3  Sample 4 

 HPLC  TLC  HPLC  TLC  HPLC  TLC  HPLC  TLC 

 24-methylenecholesterol  –  –  0.13  –  –  –  0.17  – 
 Campesterol  4.12  3.4  3.28  3.2  3.44  3.29  3.15  3.05 
 Campestanol  0.24  –  0.33  0.33  0.31  0.33  0.32  0.31 
 Stigmasterol  1.66  1.57  1.18  1.21  1.4  1.36  1.27  1.24 
 Δ 7 -campesterol  0.31  0.38  0.19  0.16  –  –  –  – 
 Δ 5,24 -stigmastadienol  –  –  1.37  1.31  –  –  –  1.46 
 Clerosterol  0.93  0.84  1.71  1.49  1.27  1.00  1.76  1.54 
 Β-sitosterol  83.74  84.56  82.73  83.59  83.45  83.78  84.41  83.89 
 Sitostanol  1.24  1.3  1.06  0.87  0.92  0.88  0.89  0.81 
 Δ 5 -avenasterol  5.83  6.1  4.42  4.2  7.25  7.45  4.25  4.03 
 Δ 5,23 -stigmastadienol  0.55  0.41  2.46  2.36  0.69  0.53  2.42  2.3 
 Δ 7 -stigmastenol  0.77  0.71  0.44  0.5  0.53  0.47  0.58  0.54 
 Δ 7 -avenasterol  0.44  0.51  0.58  0.63  0.56  0.59  0.65  0.69 
 Total sterols (mg/kg)  3,642  3,792  1,901  1,875  1,719  1,683  1,816  1,891 

   Note : Sample 1: olive-pomace oil spiked with sunfl ower oil; Samples 2–4: olive oil. Values in 
percentage except for total sterols  
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general phytosterol analysis is composed of 95 % dimethyl-5 % diphenyl- 
polysiloxane (DB-5, HP-5, PTE-5, RTX-5, SPB-5), but sitosterol and Δ 5 -
avenasterol overlap to some extent. Mid-polarity columns achieve good resolution 
of Δ 5 -sterols from Δ 7 -sterols. Thus, for example, DB-1701 column (14 % 
cyanopropyl-phenyl- methylpolysiloxane) has been suggested by Dutta and 
Normén ( 1998 ), while  thermostable GC columns with a stationary phase of 65 % 
phenyl-35 % dimethylpolysiloxane have been proven to separate effi ciently the 
TMS derivatives of compounds that have a higher boiling point than β-sitosterol 
(Rodriguez-Estrada et al.  2002 ). 

 Sterol quantifi cation is carried out by adding an internal standard, α-cholestanol 
(EC  1991 ), which presents a relative retention time to β-sitosterol similar to that of 
cholesterol. This method can present a disadvantage. As the chromatographic col-
umn ages and loses resolving potential (TPN), both sterols might coincide in reten-
tion time. 

 Some methodologies have been suggested the independent analysis of free ste-
rols by using liquid chromatography in columns with nonpolar absorbents and 
even HPLC systems attached to mass spectrometry (Amelotti  1985 ). The prevalent 
methodologies used for their isolation and determination were based on gas chro-
matography (Bortolomeazzi et al.  1990 ; Biedermann et al.  1993 ; Cercaci and 
Lercker  2000 ) although attention should be paid to the percentages of recovery 
that can be lower than 60–70 % because of the methodology used (Cercaci and 
Lercker  2000 ). However, it is possible an independent and adequate quantifi cation 
of the single fractions of free and esterifi ed sterols by a preparative method that 
involves the separation of the nonpolar fraction (containing esterifi ed sterols) from 
the polar fraction (containing free sterols) by silicagel column chromatography 
(Mariani et al.  2006 ). The proposed method has three steps: (i) the preparation of 
the silicagel chromatography column, (ii) the separation of the free and esterifi ed 
sterols, and (iii) the independent quantifi cation of free and esterifi ed sterols by 
GLC (IOC  2001b ). 

 Prior to the separation of the nonpolar–polar fractions, the silicagel chromatog-
raphy column, containing 25 g of silicagel and 80 ml of n-hexane, should be washed 
with n-hexane, opening the stopcock, and the solvent should be allowed to fl ow 
away until it reaches approximately 2 mm above the silicagel. Concerning the olive 
oil sample, 5 gm – to which 1 mL of an internal standard solution (100 mg of 
α-cholestanol and 50 mg cholesteryl stearate in 100 mL of n-hexane   ) was added – is 
dissolved with 20 mL of n-hexane. The resulting sample is passed through the chro-
matography column until the sample reaches about 2 mm above the silica surface. 
Then 150 mL of an  n -hexane/diethyl ether mixture (87:13 v/v) is passed (fl ow rate: 
2 ml/min). The eluate contains the nonpolar fraction (esterifi ed fraction), which is 
evaporated completely by means of a rotary evaporator. Immediately 150 mL of 
diethyl ether is passed through the column and the new eluate, which contains the 
polar fraction (free sterols), is also evaporated completely. The nonpolar fraction is 
saponifi ed with an ethanolic potassium hydroxide solution (IOC  2001b ) and the 
unsaponifi able matter is extracted with diethyl ether. The sterol fractions are sepa-
rated by TLC and analyzed by GC with a FID and a capillary column 
(25 m × 0.25 mm × 0.15 μm) coated with SE-52.  
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6.4.5.2     Triterpenic Alcohols or 4,4-Dimethylsterols 

 Triterpenic alcohols (4,4-dimethyl sterols), which are not present in many other 
edible oils, have an extra OH or COOH group in comparison with triterpenic dial-
cohols, such as erytrodiol and uvaol. 

 Triterpenic alcohols, as the total fraction of aliphatic alcohols   , are analyzed by 
saponifying olive oil with potassium hydroxide after the addition of an internal 
standard like C-20 or C-21 and by extracting the unsaponifi able matter    with diethyl 
ether and later purifying the unsaponifi able material on a plate. Triterpenic alcohols 
are more polar than tocopherols, which often leads to an insuffi cient separation in 
silica TLC. However, TLC isolation of linear and triterpenic alcohols is not compli-
cated, and their separation from each other can be achieved on a 20 × 40 silicagel 
plate with a thickness of 0.25 mm and elution with hexane/ethyl acetate (80:15, 
v/v), where the r f  are phytosterols = 0.24, linear alcohols = 0.38, triterpenic alcohols 
6 = 0.52. An SPE method was recently developed with stepwise elution by increas-
ing the polarity of solvent mixture ( n -hexane and diethyl ether) in order to separate 
olive oil sterol fractions (Azadmard-Damirchi and Dutta  2006 ) without the potential 
TLC problems. The SPE method is simpler and less time consuming than TLC and 
results in higher recoveries of 4,4-dimethylsterols. 

 No analytical problems, however, have been observed for their GC determination 
in a nonpolar column (100 % dimethylpolysiloxane or a 5 % phenyl-95 % dimeth-
ylpolysiloxane). Concerning authentication, isomerization of triterpenic alcohols in 
the refi ning steps (Ntsourankoua et al.  1994 ) might evince illegal admixtures of 
VOOs with refi ned ones.  

6.4.5.3     Methyl Sterols or 4-Monomethylsterols 

 Methyl sterols are intermediates of the biosynthesis of phytosterols from squalene 
and are present at relatively low levels in olive oils compared with other unsaponifi -
able components. Olive oil methyl sterols are separated by    TLC with a mobile phase 
of hexane/ethyl acetate (85:15, v/v) (Aparicio and Alonso  1994 ). 

 GC analysis of methyl sterols can be carried out under the same conditions as for 
phytosterols (EC  1991 ). These compounds can be quantifi ed together with linear 
alcohols in the same chromatogram (Aparicio and Alonso  1994 ).   

6.4.6     Sterol Oxidation Products 

 Phytosterols are unsaturated molecules that are prone to the formation of sterol 
oxidation products (SOP) as hydroxy, keto, epoxy, and triol derivatives; for exam-
ple, oxides of β-sitosterol, campesterol, and stigmasterol can be produced by 
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thermo-oxidation (7-hydroxy-, 7-keto-, and epoxy-derivatives) and chemical syn-
thesis (triol derivatives). 

 The fi rst step for determining SOPs is a cold saponifi cation to diminish the for-
mation of artifacts and the decomposition of keto and epoxy derivatives. The inter-
nal standard should be added to the sample beforehand to allow quantifi cation. 
19-hydroxycholesterol is the most common internal standard, although a double 
standard (7α-hydroxycholesterol and 7-ketocholesterol) is suggested for accurate 
quantifi cation of hydroxyl and keto derivatives of phytosterols in olive oils 
(Bortolomeazzi et al.  2003 ). 

 In a second step, sterol oxides are isolated and enriched by silica or NH 2  SPE. 
The SPE method, however, is not able to completely remove sterols from the sterol 
oxide fraction, so the remaining sterols can overlap with some SOPs during GC 
analysis. GC-FID or GC-MS are used for SOP quantifi cation (Johnsson and Dutta 
 2003 ; Apprich and Ulberth  2004 ). GC-MS is recommended for identifi cation pur-
poses due to overlaps, though LC-MS allows for the determination of SOPs without 
sample pretreatment and derivatization (Kemmo et al.  2007 ,  2008 ). Nonpolar col-
umns have been used for SOP separation (100 % dimethylpolysiloxane or a 5 % 
phenyl-95 % dimethylpolysiloxane), though thermostable polar columns also pro-
vide effi cient separations (Rodriguez-Estrada et al.  2002 ). A better determination 
has been achieved by combining two capillary columns of different polarities (mid-
polar and a nonpolar columns) (Johnsson and Dutta  2003 ).  

6.4.7     Linear Alcohols 

 Linear alcohols can be either of an even chain of carbon atoms, which is the case 
with olive oil alcohols, or of an odd chain, as in some seed oils; this criterion is used 
to identify mixtures of these seed oils with olive oil (Oborn and Ullman  1986 ). 
Olive oil linear alcohols    are composed of a homolog series of primary fatty alcohols 
having 20–32 carbon atoms; however, some of them, such as phytol, are artifacts 
generated by saponifi cation (Fig.  6.16 ). Phytol, which is present in VOOs at low 
concentrations, is generated from chlorophyll decomposition by alkaline treatment 
during saponifi cation.

   As with phytosterols, the free and esterifi ed alcohols in olive oil can be quanti-
fi ed. For the determination of free alcohols, the oil sample dissolved in hexane is 
deposited on a silicagel plate or in a column of the same material and eluted with 
hexane:diethyl ether (60:40 or 70:30, v/v). They can be directly chromatographed, 
while silanized derivatives can be used with an SE-30 or SE-54 or SE-52 nonpolar 
column (EC  1991 ). After acetylation, they can also be chromatographed on polar 
columns (diethylene glycol succinate). The use of capillary columns makes the 
analysis much easier because of their separating power. Initially, the cold-on- 
column injection procedure came into use because split injection produced dis-
crimination of the sample in relation to the alcohol chain length. At present, 
however, split injectors no longer present this handicap and can be used in the 
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analysis of this type of compound, which means a noticeable improvement over 
cold-on-column injection.  

6.4.8     Triterpenic Dialcohols 

 The presence of two pentacyclic triterpenic alcohols, erythrodiol and uvaol, has 
been observed in the unsaponifi able fraction of both olive-pomace oil and olive oil, 
their chemical structure having been revealed by GC-MS. Analytical determination 
of these two diols is put into practice, together with that of the sterol fraction 
(Fig.  6.17 ). Until now, their quantifi cation has been accomplished by referring them 
to the whole fraction of sterols plus triterpenic dialcohols (EC  1991 ). The resolution 
of these diols has improved a great deal with the use of capillary columns, and, 
although not habitually practiced, they can be quantifi ed using betulin as an internal 
standard. Betulin is used because it is an isomer of erythrodiol and, hence, its 

  Fig. 6.16    Chromatogram 
showing olive oil aliphatic 
alcohols and 4,4-methyl 
sterols using a capillary 
column with split injection. 
Notes:  1 : phytol;  2 : geranyl- 
geraniol;  3 : internal standard 
(C-21);  4 : C-22;  5 : C-24;  6 : 
C-26;  7 : C-28;  8 : methylene- 
cholesterol ( Source : Authors)       
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response factor is 1. In olive oil, this determination is carried out in order to eluci-
date the presence of olive-pomace oil in olive oil (Mariani et al.  1987 ), although it 
must be assessed together with the wax or aliphatic alcohol content to ascertain the 
presence of olive-pomace oil because the content of erythrodiol, like that other com-
pounds, also depends on olive variety.

6.5         Challenges and Perspectives 

 The panoply of analytical methods described in this chapter for quantifying chemi-
cal compounds present in olive oils and olive-pomace oils are not only due to the 
interest of researchers in a better knowledge of this edible oil but also because olive 
oil is one of the most strictly regulated food products. 

 Instrumental advances have led to great success in the identifi cation and quanti-
fi cation of chemical compounds with validated methodologies; most of them have 
been internationally accepted for trade standards. However, and despite the arsenal 
of analytical techniques available at the moment, a considerable investment in 
 perfecting techniques and developing new ones is still required to solve new authen-
ticity and traceability issues. Today, there is a clamor, from all actors involved in the 
olive oil world, for a rapid and universal method that can be used for all those issues, 
although today this vision remains a utopia. 

  Fig. 6.17    Chromatogram of 
olive-pomace oil showing 
triterpenic alcohols: 
erythrodiol and uvaol 
( Source : Authors)       
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 Meanwhile, certain objectives have been achieved that are related to the methodsʼ 
validation (Chap.   16    ) and the building of a large database that makes it possible to 
know the reproducibility and robustness with fi ne certainty factors   . Furthermore, 
offi cial methods should be open to techniques other than chromatography since they 
can offer rapid, robust, and precise analyses of many of the series of chemical com-
pounds analyzed in this chapter. Finally, although the perfecting of analytical meth-
ods is the main objective of the chemical analyst, this objective should not be limited 
exclusively to the improvement of columns, solvents, and so on but also used for the 
analysis of results obtained with chemometric tools.     
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7.1  Introduction

Color and appearance constitute the first contact we have with food. They determine 
our preferences and influence our choices. In the set of feelings that food gives us, 
their influence is such that they can even subjectively modify other sensations such 
as taste and odor. Experience shows that when we do not see color, we have prob-
lems identifying the flavor.

Concerning olive fruit, its color changes from deep green to yellow-green and 
then to purple and black as it grows, ripens, and matures. The green color of the 
 tissue is caused by chlorophyllic and carotenoid pigments, and their concentrations 
fall progressively during ripening, giving way to the synthesis of anthocyanin com-
pounds, which appear first as small reddish spots on the skin (turning color or 
 mottled fruit) that cover more and more of the fruitʼs surface in purple until it 
becomes black at full maturation. Finally, anthocyanin synthesis invades the interior 
of the pulp, pigmenting the whole fruit. Only chlorophylls and carotenoids, which 
are  fat- soluble, are transferred to the virgin olive oil, giving it its highly valued 
 natural color.

Virgin olive oil (VOO), as a natural food, has its own color, which can vary from 
deep green to gold, depending on the cultivar and olive ripeness. In terms of the total 
pigment content of the oil, the extraction process entails a loss of pigment, which 
affects the chlorophyll pigments (80%) more than the carotenoids (50%). Many fac-
tors, both agronomical and technological, can affect the pigment profile in VOO. 
Poor processing or storage conditions of olive oil can lead to a deterioration or 
destruction of its natural coloring compounds. In this case, artificial colorings are 
fraudulently added to the olive oil to retrieve the color expected by consumers. 
Although chlorophylls and carotenoids in food are mainly valued for this chromatic 
function, recent research has demonstrated that these compounds are more than just 
color in food technology. Besides their biological activity, their incidental transfor-
mations associated with the ripening or postharvest process, or those derived from 
the specific system of processing the food, make them quality indicators for the end 
product.

The aim of this chapter is to provide a basic understanding of the general aspects 
of these pigments such as distribution, location, structures, functions, biological 
activities, and, in particular, the spectroscopic and chemical properties that are nec-
essary to know to carry out their identification. We propose to provide a critical 
description of the available information on methodologies used for chromatographic 
analysis, including both those allowing the direct injection of diluted oil and those 
that require an enrichment step using liquid-phase extraction (LPE) or solid-phase 
extraction (SPE). We also summarize information on the presence of chlorophyll 
and carotenoid pigments in fruit and olive oil and their changes in profile and con-
centration associated with metabolism, processing, and storage conditions. Finally, 
recent researches related to the kinetics of pigments, prediction models of their 
evolution over time, and future trends in methods of pigment analysis are 
presented.
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7.2  General Aspects of Chlorophyll Pigments

7.2.1  Distribution, Location, and Structure

Chlorophyll pigments are widespread in the natural environment, the chlorophylls a 
and b being the most abundant and best known. Chlorophyll a is found in all photo-
synthetic organisms, except some groups of bacteria. Chlorophyll b is found in all 
vascular plants and in algae belonging to the Chlorophyta and Euglenophyta divi-
sions of green algae. Other types of chlorophylls (c and d) are found in algae, and 
bacteriochlorophyll only in photosynthesizing bacteria. Recently, a new chlorophyll 
was discovered, chlorophyll f (Chen et al. 2010), with a maximum absorption dis-
placed to the red region of the spectrum, 706 nm, as compared to chlorophyll a. 
Only chlorophylls a and b are found in vascular plants, with a dry weight content of 
0.6–1.2%. The ratio between both varies between 3 and 1, depending on genetic and 
environmental factors, mainly time and intensity of exposure to the sun.

In vascular plants, chlorophylls are found in a specific type of plastid. These are 
eukaryotic organelles responsible for the production and storage of important chem-
ical compounds and known as chloroplasts because of their photosynthetic capacity. 
This organelle has an internal medium, the stroma, and a lipid double-membrane 
system in the form of sacs known as thylakoids (Strasburger et al. 2004).

Chemically, chlorophylls are classified in the porphyrin group. They have a basic 
common structure, the porphin (Fig. 7.1), with four units of pyrrole linked at the 

Fig. 7.1 Structures of porphin (in black) and chlorophylls (in green). R=CH3 for chlorophyll a and 
R=CHO for chlorophyll b (Source: Authors)
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alpha positions by methylene bridges, in a planar aromatic system, which is highly 
stable and amenable to the formation of chelates with metal ions. In this basic struc-
ture, 11 conjugated double bonds form the chromophore group able to absorb radia-
tion in the visible spectrum. The color of a porphyrin compound depends both on 
the nature of the central atom and the porphyrin ring substituents. For the chloro-
phylls, the metal ion that forms the complex is Mg2+ and belongs to the most com-
mon group of reduced porphyrins, the dihydroporphyrins, in which the saturated 
carbon atoms are found on one of the pyrrolic rings. As additional substituents, it 
also contains a chain of modified propionic acid in the form of cyclic beta-ketoester 
(V- or isocyclic ring) and in the C-17, a chain of esterified propionic acid with a 
diterpenic alcohol of 20 carbon atoms, the phytol, which (Fig. 7.1) favors its inser-
tion in the lipid bilayer of the thylakoids. The difference between chlorophyll a and 
b lies in the substituent of the C-7; chlorophyll a has a methyl group while chloro-
phyll b has a formyl group.

7.2.2  Functions and Biological Activities

Chlorophylls are the most abundant pigments in nature, possibly thanks to the key role 
they play in photosynthesis. They are able to absorb radiant energy and transfer it 
directly to the photosynthetic reaction center for transformation into chemical energy. 
All photosynthetic cells also contain other accessory pigments such as carotenoid, 
phycocyanin, or phycoerythrin, which act as supplementary light receptors in parts of 
the visible spectrum not completely covered by chlorophyll. The photosynthetic appa-
ratus is organized into two large supramolecular complexes, with noncovalent pig-
ment-protein bonds. These are called photosystems (PSs) and are embedded in the 
structure of the lipid bilayer of the thylakoid. The PSII is responsible for the photooxi-
dation of water to oxygen and the supply of electrons, while the PSI catalyzes the 
energy transfer to the ferredoxin-NADP complex, thus producing intracellular energy 
for the assimilation of carbon dioxide (Salisbury and Ross 1992).

In vegetable foods, the primary feature of chlorophylls derived from their chro-
mophoric capacity, which is responsible for the highly valued green color that the 
consumer associates with somethingʼs being fresh or freshly prepared. Furthermore, 
these compounds exhibit a series of biological activities of interest to the scientific 
community with respect to improving health through eating habits and the develop-
ment of functional foods. In both in vitro tests and in vivo tests using animal mod-
els, chlorophyllic compounds have demonstrated antioxidant (Ferruzzi et al. 2002) 
and antimutagenic activities (Dashwood et al. 1998), modulating action of the xeno-
biotic enzymes (Fahey et al. 2005), and induction of apoptotic events in cancer cell 
lines (Chan et al. 2006), all of them related to the prevention of degenerative dis-
eases. However, although chlorophylls are found widely distributed in vegetables, 
very little is known about their bioavailability. Until recently, they were assumed to 
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have a physiological role exclusively limited to the interception of mutagenic com-
pounds in the gastrointestinal tract because it was assumed that they could not be 
absorbed by humans (Dashwood 1997). However, recent research has demonstrated 
their effective absorption in Caco-2 epithelial cell growths (Ferruzzi and Blakeslee 
2007; Gallardo-Guerrero et al. 2008; Gandul-Rojas et al. 2009) and by humans 
(Egner et al. 2000), opening up areas of research in this field.

7.2.3  Chemical Properties

The principal structural transformations that may occur to a chlorophyll molecule 
mainly affect the chelate, the phytol ester bond (C-173), the isocyclic ring (C-132), and 
the basic porphyrin structure (Fig. 7.2). Mg2+ is rapidly replaced in acid conditions by 
two hydrogens protons, generating pheophytins and modifying the properties of the 
chromophore. Chlorophyll a, a green-blue color, forms a gray- colored pheophytin a, 
and in the case of chlorophyll b, the green-yellow color turns brown and is called 
pheophytin b. The reinsertion of Mg2+ into the tetrapyrrolic ring is a difficult reaction; 
however, other divalent metals such as Zn and Cu are inserted more easily, recovering 
the green color and obtaining greater stability (Inoue et al. 1994). The deesterification 
in the C-173 is a specific reaction catalyzed by chlorophyllase and resulting in chloro-
phyllides and pheophorbides (Holden 1961). Loss of the phytol leads to a significant 
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increase in polarity but does not modify the properties of the chromophore. The non-
specific deesterification of the phytol occurs in highly acid or alkaline conditions, 
together with other collateral oxidative reactions (Hynninen 1991).

The isocyclic ring undergoes reactions of a very different nature. The mildest one 
is the epimerization of the C-132, which only involves a slight change in the polarity 
of the molecule. The oxidative substitution in the C-132 of the carbometoxy group 
(COOCH3) by hydrogen generates the pyroderivatives, with identical coloring and 
spectroscopic properties of its forerunners but with a lower polarity.

The oxidation of the isocyclic ring with triplet molecular oxygen 3O2 is generi-
cally referred to as allomerization and occurs due to a free-radical mechanism with 
the enolate anion as intermediate (Hynninen and Hyvärinen 2002). In an aqueous 
medium, the hydrogen of the C-132 is replaced by an OH-group, while in an alcohol 
solution, e.g., methanol, the substitution is a metoxyl group (MeO-) (Kuronen et al. 
1993). These modifications only involve a slight increase in polarity.

Reactions in a slightly alkaline medium and an inert atmosphere produce the 
solvolysis of the isocyclic ring, and the resulting compounds are of the chlorin e6 
and rhodin g7 types, according to whether they come from the a or b series, respec-
tively (Hynninen 1991), and if in addition C-132 oxidizes, the isocyclic ring results 
in purpurin 7 (Mínguez-Mosquera et al. 1996). A cyclic ester (lactone ring) may 
also be formed, leading to OH-lactone chlorophyll, and in more severe oxidation 
conditions, the formation of a cyclic anhydride occurs, resulting in a purpurin 18. In 
all these reactions, although the basic structure of the macrocycle remains, the spec-
trum of electronic absorption is modified significantly, as are the adsorption proper-
ties, because these are far more polar compounds (Kuronen et al. 1993).

Lastly, the most disruptive transformation of the chlorophyll molecule involves 
the opening of the macrocycle, in which the chlorophyll molecule loses its original 
chromophore properties, which results in colorless products. In physiological con-
ditions, the oxygenolitic breakdown starts between carbons four and five and is 
catalyzed by the pheophorbide a oxygenase enzyme (PaO), a monoxygenase located 
in the membrane of the chloroplasts. Another type of oxidation process that is 
developed via radicalary reactions also leads to the discoloration of the chlorophyl-
lic compounds (Matile et al. 1999).

7.2.4  Spectroscopic Properties

7.2.4.1  Ultraviolet-Visible Electron Absorption Spectrum

The conjugated double-bond system that constitutes the basic structure of porphyrin 
is responsible for the electronic absorption spectrum of chlorophyllic compounds. 
These are very characteristic spectra formed by a number of relatively pronounced 
bands, in the yellow, red, and near-infrared regions, and a band of high absorption in 
the violet or near-violet region, called the Soret band. The presence of the latter indi-
cates that the basic porphyrin structure has not been broken (Hoff and Amesz 1991).
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Although the spectra of all chlorophyllic derivatives have common characteris-
tics, there are differences in the location of the maxima and in the relation between 
the Soret band and the secondary absorption bands, which permit the use of the 
ultraviolet-visible (UV-vis) electronic absorption spectroscopy as a valuable tool for 
the preliminary identification of these compounds.

Structural modifications affecting the chelate are those that lead to the most strik-
ing changes in the absorption spectrum because they alter the properties of the chro-
mophore. Figure 7.3a, b compares chlorophyll a, pheophytin a, and Cu-pheophytin 
a spectra. The deesterification of the phytol does not affect the structure of the 
chromophore, and the electronic absorption spectrum remains unchanged. This also 
occurs with the epimerization or decarbomethoxylation in the C-132 and the pri-
mary allomerization reactions that lead to hydroxy- or methoxy- derivatives. On the 
other hand, the other oxidative reactions in the isocyclic ring that involve its opening 
(Fig. 7.3c), the formation of a lactone ring, or a cyclic anhydride as phytol-purpurin 
18 a (Fig. 7.3d) do result in significant modifications to the electronic absorption 
spectrum. In chlorophyllic derivatives from the b series, the structural changes pro-
duce similar changes in the corresponding electronic absorption spectra (Fig. 7.3e, f).

7.2.4.2  Fluorescence Spectrum

The conjugated structure of the tetrapyrrolic macrocycle is responsible for the fluo-
rescent nature of the chlorophyllic pigments. The fluorescence spectra are very 
similar to the light absorption spectra in the visible part, although chlorophyll a 
shows a greater intensity of fluorescence in comparison with chlorophyll b. 
Similarly, the pheophytin a and pheophytin b spectra are similar to those for the 
corresponding chlorophylls (Loftus and Carpente 1971). The fluorimetric methods, 
although far more selective and sensitive than the spectrophotometric methods, are 
not as widely used. It is possible to detect these compounds in quantities of pico-
moles using this technique (Hornero-Méndez et al. 2005). The majority of chloro-
phyllic compounds show a characteristic pink fluorescence when illuminated by 
ultraviolet light, permitting the use, since a long time ago, of this property for its 
detection in thin-layer chromatography (TLC) (Zonneveld et al. 1984). The excep-
tions include certain derivatives such as the metallochlorophylls of Cu and the pur-
purins 18 (Mínguez-Mosquera et al. 1996), which do not have this property, and in 
this case it becomes a very useful test for a preliminary identification.

7.2.4.3  Other Spectroscopic Properties

Nuclear magnetic resonance (NMR), infrared spectrometry (IR), and Raman reso-
nance have been valid tools for the structural elucidation of chlorophylls and deriva-
tives since their development (Abraham and Rowan 1991; Schick and Bocian 1987).

The application of mass spectrometry to the characterization and identification of 
chlorophylls and derivatives has only been possible since the development of desorp-
tion and ionization methods suitable for nonvolatile and thermolabile compounds. 
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Fig. 7.3 Comparison of electronic absorption spectra of chlorophyll compounds. (a) chlorophyll 
a (—) and pheophytin a (····); (b) pheophytin a (····) and Cu-pheophytin a (—); (c) chlorophyll a 
(····) and Mg-phytol-chlorin e6 (—); (d) 151-OH-lactone pheophytin a (····) and phytol-purpurin a 
18 (—); (e) chlorophyll b (—) and pheophytin b (····); (f) chlorophyll b (····) and Mg-phytol-
rhodin g7 (—) (Source: Authors)
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The combination of desorption techniques and tandem mass spectrometry (MS/MS) 
has also been applied to the characterization of chlorophylls and derivatives (Hunt 
and Michalski 1991; van Breemen et al. 1991). The latest applications in this field 
combine high-performance liquid chromatography (HPLC) with MS for the analysis 
of chlorophyllic compounds using either fast-atom bombardment as a source of ion-
ization (Kostiainen et al. 1995) or atmospheric pressure chemical ionization (APCI) 
(Hyvärinen and Hynninen 1999; Verzegnassi et al. 1999; Zissis et al. 1999).

7.2.5  Stability During Food Processing

The release of acids after the loss of cellular integrity is a common occurrence in 
vegetables in which the internal medium has a pH that may be as low as 5.5. The 
reaction of pheophytinization is therefore the most generalized transformation in 
the postharvesting and processing of vegetables, occurring with different reaction 
rates depending on the degree of acidity of the food. The loss of cellular integrity 
thus permits the contact of endogenous enzymatic systems with their substrates, 
giving rise to hydrolytic or oxidation reactions in the chlorophylls. In the case of 
materials with chlorophyllase enzyme activity, the chlorophylls partially convert 
into their dephytylated derivatives, chlorophyllides and pheophorbides.

During food conservation, chlorophyll degradation may continue until oxidation 
to colorless products, a process that may involve different oxidative enzymatic sys-
tems (Gross 1991; Holden 1965; Mínguez-Mosquera et al. 1990). The free radicals 
formed as intermediate products in the catalysis are directly responsible for the 
cooxidation of chlorophylls. In light conditions, the photooxidation of chlorophyll 
takes place. Given the capacity of chlorophylls to absorb light energy and transfer it 
to oxygen, converting it into the singlet oxygen reactive species, a series of radica-
lary reactions are unleashed that also lead to the destruction of the chlorophyll 
(Gutierrez-Rosales et al. 1992).

In vegetable oils, pheophytinization is again the most common reaction due to 
the general release of acids produced with the mechanical breakup of the plant tis-
sue. Pheophytin a is the main pigment in such oils, and its amount varies depending 
on whether the extraction of the oil is carried out by pressing, as is the case with 
olive oil (Mínguez-Mosquera et al. 1990, 1992; Rahmani and Csallany 1991), or by 
solvent extraction (Ward et al. 1994). Furthermore, the conditions of the process 
enhance the action of the chlorophyllase enzyme, and dephytylated chlorophyllic 
derivatives may be found in the oil, principally pheophorbide a (Gandul-Rojas and 
Mínguez-Mosquera 1996a, b). Oxidation reactions take place also while oil is 
stored, and pyropheophytins and allomerized chlorophyllic derivatives have been 
found in stored oil (Ward et al. 1994; Gandul-Rojas et al. 1999b; Roca et al. 2003). 
Concerning olive oil refining processes, pyropheophytinization is the most general 
reaction in a physical refining process with a deodorization step involving nitrogen 
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(Gandul-Rojas et al. 1999b), while in a chemical refining process, almost all the 
chlorophyllic compounds are eliminated through the adsorption process with 
bleaching earth or a deodorization step at high temperature (Didi et al. 2009; 
Manjula and Subramanian 2006).

7.3  General Aspects of Carotenoid Pigments

7.3.1  Distribution, Location, and Structure

Carotenoid pigments are widely found among living beings, although higher 
 concentrations and greater variety are found within the plant kingdom. In plants, 
carotenoids are found and accumulate in specialized subcellular organules known 
as plastids, specifically in chloroplasts and chromoplasts. Chloroplasts are present 
in photosynthetically active tissues, where almost all the carotenoids are found in 
the form of chlorophyll-carotenoid-protein complexes (photosystems PSI and PSII) 
located in the thylakoids. However, the organules specializing in the massive accu-
mulation of carotenoids are the chromoplasts present in flowers, some ripe fruit, and 
some roots and tubers.

Carotenoids are chemically classified as terpenoids and the majority has a central 
skeleton of 40 carbon atoms, formed of eight isoprenoid units (C5). The biosynthesis 
of this skeleton takes place from two molecules of an intermediate C20 (geranylgeranyl 
diphosphate), which produces phytoene, the generic precursor to the carotenoids. 
The phytoene undergoes a series of successive desaturations, up to four, increasing 
the conjugation and modifying the chromophore characteristic of these pigments. 
Subsequent modifications of the structure, such as cyclization to one or both ends of 
the chain, hydroxylation, or the introduction of other oxygenated functions, results 
in the huge variety of carotenoids found in nature. At present, more than 700 different 
carotenoids have been identified (Britton et al. 2004).

Carotenoids are divided into two main groups: the carotenes, which, strictly 
speaking, are hydrocarbons, and the xanthophylls, derived from the former and 
which contain oxygenated functions. Xanthophylls can be found esterified with 
fatty acids. Carotenoids may have an acyclic structure, or contain a ring of five or 
six carbons on one or both ends. Possible end groups that may be present in a carot-
enoid molecule are identified using the Greek letters β, ε, γ, κ, ϕ, χ, ψ. Figure 7.4 
shows the seven end groups that have been found in natural carotenoids, together 
with the structures and numbering system of the carotenoids, using lycopene and 
β-carotene as examples of acyclic and bicyclic carotenoids, respectively. The num-
bering considers the carotenoid structure as a dimer. First, the left side is numbered 
in a linear manner, starting with the carbon that is linked to two methyls and ending 
with the carbon 15 (the opposite end of the first monomer). Next, the methyls are 
numbered from left to right up to 20. The right half is numbered in an equivalent 
manner, from right to left with prime numbering. Figure 7.5 shows the structure of 
the xanthophylls that may be found in olive oil.
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7.3.2  Biological Functions

The main function of carotenoids in plants is to serve as accessory pigments to col-
lect light energy that is then transferred to the chlorophylls, which transduce it dur-
ing photosynthesis. In addition, carotenoids play a major role in protecting against 
oxidation damage, in particular the photoprotective effect on the chlorophylls and 
photosynthetic appliance as it cancels (quenching effect) highly reactive forms of 
triplet chlorophylls (3Chl) and singlet oxygen (1O2) formed during the process of 
capturing light energy. In addition, carotenoids have an antioxidant capacity with 
which they protect other systems sensitive to oxidizing damage from oxidant-free 
radicals. Furthermore, carotenoids have a principal function as precursors of vita-
min A and occupy at present an important place among food components of interest 
with respect to human health (Britton et al. 2008, 2009).

7.3.3  General Properties

Carotenoids are lipophilic compounds that are generally insoluble in water unless 
they contain a highly polar group. When they are isolated, whether dry or in solu-
tion, they are highly sensitive to light and heat, which can lead to cis-trans isomeri-
zation. Although the carotenoid structure is relatively resistant to extreme pH 
values, i.e., acids and alkalis, these agents may provoke certain transformations. In 
acidic conditions, isomerization of the xanthophylls with 5,6-epoxide groups takes 
place, and these are converted into 5,8-furanoids. Some xanthophylls, such as fuco-
xanthin and astaxanthin, are exceptionally unstable under alkaline conditions, 
which cause autooxidation of the 3-hydroxy-4-oxo terminal groups. The conjugated 
double- bond system makes the carotenoids particularly susceptible to oxidative dis-
coloration caused by oxygen in the air.

Interactions with other molecules in their microenvironment could modify the 
chemical and physical properties of carotenoids in vivo, and these would be very 
 different from those displayed by free carotenoids in organic solutions. These interac-
tions with molecules, especially proteins, may be critical for the operation or actions 
of carotenoid molecules in vivo, for example, in membranes (Britton et al. 1995a).

7.3.4  Spectroscopic Properties

Carotenoid pigments have a series of spectroscopic properties that permit the 
 application of different methods for the analysis and elucidation of their structure. 
This section summarizes the most general characteristics of the UV-vis light absorp-
tion spectroscopy, one of the most basic analytic methods that is widely used  
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in carotenoid research. Other physical techniques are generally more specialized 
(circular dichroism, IR spectroscopy, Raman resonance, NMR spectroscopy, mass 
spectroscopy, X-ray crystallography) and require a thorough knowledge of and 
experience in these techniques (Britton et al. 1995b).

Carotenoid pigments have a characteristic visible light absorption spectrum due 
to the conjugated double-bond system of their hydrocarbonate chain (polyene). 
For a given carotenoid the positions of the maximum light absorption bands 
(λmax) depend on the number of conjugated double bonds of the molecule 
(Fig. 7.6). Roman numerals (I, II, III) are preferred when referring to the absorption 
maxima. The fine structure of the spectrum of acyclic carotenoids usually is more 
defined than the corresponding to cyclic (monocyclic and bicyclic) carotenoids. 
This is related to the noncoplanarity of the terminal rings with the central polyenic 
chain. The first of the absorption maxima in carotenoids with two β-type rings, for 
example β-carotene, appears as a shoulder. In the majority of ketocarotenoids, such 
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Authors)
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as capsanthin, where the carbonyl group is conjugated with the polyene chain, the 
fine structure is lost, and only a principal broad band is observed with very weak 
inflections on one or the other side. Figure 7.6 compares the fine structure of the 
UV-vis spectra for various carotenoids. It is important to compare not only the 
positions of the absorption maxima but also the shape and fine structure (defined 
by % III/II).

7.3.5  Stability During Food Processing

Carotenoids are very stable in living tissue thanks to their association with proteins 
and membranes or their aggregation in microcrystals. However, when tissues break, 
for example in olive milling, the loss of cellular compartmentalization brings them 
into contact with substances that may structurally modify them or even cause their 
destruction. Furthermore, gentle heat treatments in the absence of air induce the 
trans-cis isomerization of certain double bonds and, as the number of cis double 
bonds increases, the strength of the color and the nutritional value of these compo-
nents decrease. As mentioned in Sect. 7.3.3, the presence of acids may cause the 
isomerization of xanthophylls with 5,6-epoxide groups to 5,8-furanoids, which will 
also affect the strength of the color. The main cause of deterioration in carotenoids 
is oxidation, a reaction catalyzed by light, lipoxidases, and lipid peroxides, which 
may result in their discoloration.

7.4  Analysis of Chlorophylls and Carotenoids in Olive Oil

Thin-layer chromatography (TLC) on silica gel provided the first study with 
 quantitative results of chlorophyllic pigments and carotenoids in olive oil (Mínguez- 
Mosquera et al. 1990). Chlorophylls a and b, and their corresponding derivatives 
free of magnesium-pheophytins a and b- were identified in the chlorophyllic 
 fraction. In the yellow pigment fraction, lutein and β-carotene were identified as the 
major carotenoids, with an epoxidated xanthophyll series that included neoxanthin, 
violaxanthin, antheraxanthin, and their respective furanoid isomers, neochrome, 
luteoxanthin, auroxanthin, and mutatoxanthin. At present, HPLC methodologies 
have replaced TLC in the analysis of these compounds, although the last named 
continue to be of great use in the isolation and purification of standards (Mínguez- 
Mosquera et al. 2007).

Methods that use normal phase chromatographic columns offer an advantageous 
reduction in the time needed to analyze these pigments in vegetable oils (Seppanen 
et al. 2003) as they permit a direct injection of the oil sample, after dilution to 5–8 % 
in the mobile phase, thereby avoiding any prior purification treatment of the sample. 
However, the oil dilution implies working with low sensitivity and do not permit the 
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determination of minor pigments such as oxidized chlorophyll derivatives or epoxi-
dated xanthophylls, which are compounds included in a proposal of new quality 
parameters and VOO varietal discrimination (Aparicio-Ruiz et al. 2009; Roca et al. 
2003; Gandul-Rojas et al. 2000).

In order to develop a more sensitive pigment analysis, different enrichment 
 techniques have been put forth to purify samples and remove the lipid compounds 
that interfere in the chromatographic separation of pigments. Among them, the usual 
method for extracting an unsaponifiable fraction cannot be generally implemented 
since the alkaline conditions of the saponification reaction provoke total chlorophyll 
transformation. Thus, less aggressive and specific purification methodologies have 
been worked out for the simultaneous analysis of chlorophyllic and carotenoid 
 pigments in olive oil. The first of these methods uses cellulose columns (Fraser and 
Frankl 1985) or so-called freezing-out techniques (Aitzetmuller 1989), but recover-
ies of only 60–70% were obtained. At present, both SPE systems and LPE method-
ologies are used to obtain recoveries of up to 94% (Cichelli and Pertesana 2004; 
Mateos and García-Mesa 2006; Mínguez-Mosquera et al. 1992).

7.4.1  Extraction and Purification Methodologies

7.4.1.1  Liquid-Phase Extraction

Liquid-liquid extraction methods permit the separation of compounds from a 
 complex matrix on the basis of their different solubilities in two immiscible solvents. 
The solvents N,N-dimethylformamide (DMF) and hexane have been successfully 
used for olive oil (Mínguez-Mosquera et al. 1992). Chlorophylls, chlorophyllic 
derivatives, and xanthophylls are retained in DMF because of their polarity, while 
interfering lipids, carotenes, and esterified xanthophylls are extracted in the hexane 
phase. The procedure involves dissolving the oil sample (10–15 g) directly in 
100 mL DMF, saturated with MgCO3, and extracting five times with a volume of 
50 mL hexane in a separation funnel. Pigments must be recovered from this polar 
phase by transferring them to an apolar solvent due to the high boiling point of 
DMF. For this purpose, the DMF phase is added to 400 mL of a 10% NaCl solution 
previously cooled to 4°C; it is shaken gently and then extracted with 100 mL of 
ethyl ether; a cool temperature is necessary because it is an exothermic reaction. 
After separation, the bottom aqueous phase is again extracted with ethyl ether 
(50 mL) to ensure quantitative recovery of pigments, and lastly it is rejected to 
eliminate polyphenols and other soluble compounds. The ethyl ether phases are 
combined and then filtered through a desiccant such as Na2SO4. The water-free 
solution is evaporated to dryness at temperatures below 30°C. The final residue is 
dissolved in an appropriate volume of acetone (1.5 mL) and stored in darkness at 
−20°C until the chromatographic analysis. Prior to the analysis, the solution should 
be centrifuged at 13,000 × g or filtered through 0.45 μm.
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The five successive hexane extractions are combined, desiccated with Na2SO4, 
and concentrated by evaporation to a final volume of 25 mL in a volumetric flask. 
The carotene concentration is determinated by spectrophotometric measurement at 
454 nm (ε454 = 139.2).

Based on this method, Maia et al. (2008) validated a micro method that reduces 
the size of the sample tenfold (1 g oil) as well as the solvent volumes. All the extraction 
procedures are performed in microvials, the separation of phases is carried out using 
centrifugation, and the evaporation of solvents is carried out with nitrogen stream. 
The procedure has only been applied to the determination of lutein and β-carotene 
in olive oil.

7.4.1.2  Solid-Phase Extraction

SPE is a simple, versatile, and low-cost technique. The bibliography on olive oil 
describes this purification technique with different absorbents such as C18, diol, and 
silica gel (Hornero-Méndez et al. 2005; Gertz and Fiebig 2006; Mateos and García- 
Mesa 2006) (Table 7.1). In general terms, and with respect to carotenoids, the reten-
tion levels of lutein and β-carotene are high enough with C18 and C30 phases, while 
the retention level of lutein is fine with diol and silica gel phases (Shen et al. 2009). 
With respect to chlorophyllic derivatives, the C18 phase does not permit total reten-
tion of pheophytin a.

The general procedure for olive oil starts with the activation of the cartridge with 
methanol, followed by its conditioning with hexane. Next, the oil sample (1 g) is 
 dissolved in hexane (4–6 mL) and applied to the column. The solvent is collected in a 
10 mL volumetric flask. The interfering lipid compounds are removed by washing the 
cartridge with hexane (3–5 mL) and collected in the same flask. Next, the analytes are 
eluted with acetone (3–5 mL) and the solvent evaporated to dryness at temperatures 
below 30°C. The final residue is dissolved in an appropriate volume of acetone 
 (0.2–0.3 mL) and stored in darkness at −20°C until chromatographic analysis. Prior to 
the analysis, the solution is centrifuged at 13,000 × g or filtered through 0.45 μm.

β-carotene and some quantities of pheophytin a and pyropheophytin a are not 
retained in cartridges with C18 phase after the washing step with hexane. Quantitative 
estimation of these analytes can be made using spectrophotometric measurements, 
after bring to 10 mL in the volumetric flask the hexane phase. Under these conditions, 
β-carotene is determined at 454 nm (ε454 = 139.2), and the sum of  pheophytin a and 
pyropheophytin a is measured at 660 nm (ε660 = 53.3). Two C18 cartridges in tandem 
avoid the losses since the percentage of recoveries of chlorophyllic derivatives is 
higher than 94%. Cartridges with a diol phase also permit a satisfactory retention of 
xanthophylls and chlorophyllic compounds with recoveries > 98%. Gertz and Fiebig 
(2006) proposed to use a silica gel phase and a petroleum ether (40–60°C)/ethyl ether 
(9:1) mixture as a purification solvent of lipid compounds, although no data are given 
about the retention percentages of the analytes.

B. Gandul-Rojas et al.
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7.4.1.3  Saponification for Carotenoids

Saponification is a generalized and widely used technique, which in addition to 
 removing lipids and chlorophyllic compounds results in the release of esterified 
 xanthophylls. In fact, some carotenoids have been described as alkali-sensitive,  
and significant losses of xanthophylls, especially of epoxy carotenoids, have been 
described in the saponification process (Khachik et al. 1986). Therefore, the  percentages 
of losses or transformation of carotenoids are directly related to the process harshness. 
Processes carried out at warm temperatures for short periods of time (5–10 min) cause 
significant transformations of carotenes and xanthophylls into oxidation products, 
while soft conditions (12–16 h at room temperature) minimize the loss of carotenes, 
though the degradation of the xanthophylls cannot be avoided. These transformations 
are greatly minimized if gentle saponification is carried out inside a nitrogen atmosphere 
or in the presence of an antioxidant (Kimura et al. 1990).

Stancher et al. (1987) used a standard gentle saponification for the determination 
of lutein and β-carotene in olive oils. Briefly, the procedure involves adding oil sample 
(10 g) to 100 mL of a mixture of ethanol/50% KOH aqueous solution (1:1) that 
 contains 0.5% ascorbic acid. The reaction is left stirring overnight at room temperature. 
The saponified mixture is extracted with 200 mL ethyl ether and the ether phase is 
then washed twice with 100 mL phosphate buffer solution (pH 7.4) and once with 
water. Finally, it is desiccated with Na2SO4 anhydride and the solvent evaporated.

An alternative saponification method has been used for the identification of  carotenes 
and esterified xanthophylls in Spanish varietial VOOs (Gandul-Rojas et al. 1999c).  
In this case, the oil sample is dissolved in ethyl ether (100 mL) and mixed with the same 
volume of KOH solution at 20% in methanol. After 1 h of reaction, the soaps are sepa-
rated with the addition of water, and the carotenoids move to the higher ether phase. The 
washing of the ether phase is repeated until reaching a neutral pH of 7, then it is desic-
cated by filtering through Na2SO4 anhydride, and finally the solvent is evaporated.

7.4.2  Methodologies by HPLC Analysis

The chromatographic techniques currently used for the analysis of pigments in olive 
oil can be classified into two groups, those that use systems in a normal stationary 
phase and those that use reverse-stationary-phase systems (Table 7.2).

Rahmani and Csallany (1985, 1991) were the first to apply an HPLC methodology 
in normal phase for the determination of chlorophylls, pheophytins, and β-carotene 
in olive oil using hexane/2-propanol (98.5:1.5 v/v) in isocratic conditions as the 
mobile phase. However, these conditions are not sufficiently polar to allow elution 
of lutein, a major carotenoid in VOO. Psomiadou and Tsimidou (1998) proposed a 
gradient elution system between n-Hexane/2-propanol (99:1, v/v) (A) and 5% 
2-propanol (B) to resolve this problem, thereby allowing the simultaneous determi-
nation of α-tocopherol, β-carotene, chlorophylls a and b, pheophytins a and b, and 
lutein within a reasonable time length (20 min). The separation was achieved on  

B. Gandul-Rojas et al.
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a 250 × 4 mm i.d. LiChrospher-Si 60, 5 μm column at a 1.2 mL/min flow rate.  
The authors suggested an injection volume of 20 μL.

The first quantitative method for simultaneous reverse-phase HPLC analysis of 
chlorophylls and carotenoids in olive oils was developed by Mínguez-Mosquera 
et al. (1992). Once a concentrated extract of olive oil pigments has been obtained, 
by LPE or SPE, they are chromatographically separated using C18 stationary-phase 
columns (e.g., Spherisorb ODS-2 and Mediterranean Sea), protected by precolumns 
(1 cm × 0.4 cm i.d.) packed with the same material. The flow rate varies depending 
on the size of the stationary-phase particle (2 mL/min for 5 μm particle size  
or 1.25 mL/min for 3 μm particle size). The suggested injection volume is 20 μL, 
and the elution system is a gradient between two mobile phases: A: water/ion pair 
reagents/methanol (1:1:8, v/v) and B: acetone-methanol (1:1, v/v). The ion pair 
reagent is a solution of tetrabutylammonium acetate (0.05 M) and ammonium 
 acetate (1 M) in water. This reagent can be replaced with water when the analysis of 
deesterified chlorophyllic derivatives is not required. After use, the column should 
be stored in acetone/methanol (1:1, v/v). The basic gradient system starts with 25% 
B and changes to 100% B along different gradient steps (Table 7.2). These elution 
conditions permit the separation of 19 compounds in 23 min (Gandul-Rojas and 
Minguez-Mosquera 1996a). Figure 7.7 shows typical chromatograms for VOO 
 pigment extracts from Arbequina and Hojiblanca cultivars.

The final gradient stage can be adjusted slightly to detect a fraudulent addition of 
colorant E-141i (copper compounds of chlorophylls) in olive oil (Roca et al. 2010). 
These compounds, with a lower polarity than the chlorophyllic derivatives of olive 
oil, are satisfactorily resolved by maintaining the final conditions at 100% B for 
15 min before returning to the initial conditions.

New chromatographic methodologies – based on the use of reverse-phase YMC 
C30 columns (25 cm × 0.4 cm i.d., 5 μm) with a binary gradient system with mixtures 
of methanol, methyl-tert-butyl ether (MTBE), water, and/or ammonium acetate – 
have been suggested recently for an effective separation of lutein, β-carotene, and 
pheophytin a with direct injection of the oil sample (10–20 mg) diluted at 33% in 
MTBE/methanol (1:1) (Puspitasari-Nienaber et al. 2002). Giuffrida et al. (2007) 
optimized a chromatographic separation system C30-RP-HPLC that was applied to 
concentrated extracts of olive oil pigments obtained by LPE. The method allows a 
good resolution of 19 pigments in 53 min. The use of the C30 stationary phase sig-
nificantly increases the chromatographic analysis time in comparison with the C18 
phase, although it permits a more efficient separation of cis-trans isomers, lutein, 
α-carotene, β-carotene, and lycopene. The method is useful in the analysis of highly 
pigmented vegetable oils such as palm oil (Puspitasari-Nienaber et al. 2002) but is 
not recommended for the analysis of less pigmented oils such as VOO.

The most generalized form of determining chlorophylls and carotenoids is based 
on the measurement of their absorbance with a photodiode detector.  
A wavelength of 430 nm is adequate for their simultaneous detection since it is 
between the  maximum absorbance of pheophytin a (410 nm) and that of chlorophyll 
b (466 nm); the absorbance maxima of the other pigments are in between. The pig-
ments are identified by cochromatography with their respective standards and from 
the characteristics of the UV-vis spectrum registered online from 350 to 800 nm with 

B. Gandul-Rojas et al.
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a photodiode detector. Table 7.3 lists the spectroscopic and  chromatographic charac-
teristics that enable their identification. The numbered compounds correspond to 
peaks identified in recently obtained VOO as shown in Fig. 7.7, and the unnumbered 
compounds correspond to peaks identified in VOOs after storage or adulteration 
whose characteristics are also included to facilitate their identification.

At the same time, chromatograms can be obtained at other wavelengths (410 nm, 
450 nm), thereby allowing lower detection limits (LOD) of certain pigments 
(Table 7.3). Other wavelengths such as 650 nm (Fig. 7.7) or 633 nm, at which carot-
enoid compounds do not absorb, are highly suited to detect the fraudulent addition 
of the already mentioned colorant E-141i (copper compounds of chlorophylls) in 
olive oil.

The calibration curves for quantification should be obtained from pure pigment 
standards. Duplicate injections should be made of five different volumes of each 
standard solution and the calibration equation obtained using linear regression 
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analysis (see Chap. 12 for more information). LODs can be calculated considering 
a signal-to-noise ratio of approximately 3. Usually, under analytical conditions in 
which 10 g VOO are concentrated by LPE into 1.5 mL acetone, 20 μL are injected 
into the chromatograph and analyzed under UV-visible detection, it permits 
LODs < 6.6 ppb.

The fluorescence detectors are more selective and have lower LODs concerning 
chlorophyllic compounds (Cichelli and Pertesana 2004; Hornero-Méndez et al. 
2005). The most suitable excitation and emission wavelengths for the simultaneous 
detection of all the chlorophyllic derivatives (Cichelli and Pertesana 2004) are 
λex = 440 nm and λem = 660 nm. The specific determination of pheophytin a and 
pyropheophytin a can be improved by using acetone/methanol mixture (1:1) in 
 isocratic conditions that permits a fine separation in less than 9 min (Table 7.2) and 
by adjusting λex to 410 nm and λem = 672 nm (Hornero-Méndez et al. 2005). The high 
levels of sensitivity and selectivity offered by electrochemical detectors (coulomet-
ric electrochemical array detector) have also been applied to vegetable oils 
(Puspitasari- Nienaber et al. 2002) for the simultaneous detection of tocopherols and 
pigments, with detection limits improved 1,000-, 25-, and 5-fold for carotenoids, 
tocopherols, and chlorophyllic derivatives, respectively.

7.5  Chlorophylls and Carotenoids in Virgin Olive Oils

7.5.1  Metabolism in Olive Fruits: Intervariety Differences

As mentioned earlier, chlorophylls and carotenoids play a central role in photosyn-
thesis, and it has been reported that the photosynthesis that takes place in the olive 
fruit contributes to the biosynthesis of olive oil (Sánchez and Harwood 2002; Conde 
et al. 2008). Therefore, due to the essential and universal role of chlorophylls and 
carotenoids, the pigment profile in vascular plant chloroplasts is almost uniform. 
Based on this premise, the total pigment content in the olive fruit permits differentia-
tion between varieties, where Hojiblanca and Picual stand out as varieties with high 
pigmentation, compared to others, such as Arbequina, Blanqueta, and Cornicabra, 
included in the low pigmentation varieties. Figure 7.8 shows the evolution in chloro-
phyll and carotenoid content in two extreme varieties (Hojiblanca and Arbequina) 
during the growth and ripening of their olives; the synthesis and stabilization of 
chlorophylls can be observed in the olive growth phase, while the catabolic phase 
takes place during the ripening phase. In general terms, the evolution profile of chlo-
rophylls a and b is relatively similar, with chlorophyll a  representing approximately 
80% and chlorophyll b 20% of the chlorophyllic fraction (Roca and Mínguez-
Mosquera 2001a). But in addition to these pigments, clearly the majority of the chro-
matographic profile shows a differential buildup of chlorophyllic catabolites between 
varieties. Thus, whereas Hojiblanca and Picual basically have chlorophylls a and b 
and traces of 132-OH-chlorophyll a, Arbequina also accumulates dephytylated 
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chlorophylls: 132-OH-chlorophyllide a, chlorophyllide a, pyrochlorophyllide a, and 
pheophorbide a (Fig. 7.2) (Roca and Mínguez-Mosquera 2003a).

This differential accumulation of dephytylated chlorophylls in some varieties of 
olives is due to the high levels of the chlorophyllase enzyme, the first enzyme 
involved in the degradation of chlorophylls. As an example, Fig. 7.8 shows the inter- 
variety differences of chlorophyllase activity measured between varieties (Roca and 
Mínguez-Mosquera 2003a). It can be seen how the levels may be 30–100 times 
higher in Arbequina than in Hojiblanca. But in addition to the dephytylated chloro-
phyllic derivatives,  oxidized chlorophylls have also been detected in different 
amounts in the pigment profile of different varieties of olive oil. The formation of 
these oxidized catabolites has been attributed to the peroxidase enzyme, as the 
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presence of this enzyme activity in the thylakoid of the olive fruit in the presence of 
H2O2 and phenols has been demonstrated together with its role in the formation of 
132-OH-chlorophyll a (Gandul- Rojas et al. 2004; Roca et al. 2007).

In general, almost all olive fruits are green when unripe (like the majority of 
fruits), and the photosynthetic activity decreases and the chlorophylls disappear as 
the fruit ripens. Alternatively, the concentration of carotenoids decreases (as is 
usual in fruits in which ripening is associated with the synthesis of anthocyanins). 
Consequently, in varieties such as Gordal, Manzanilla, Picual, Hojiblanca, 
Cornicabra, or Blanqueta, the qualitative pattern of chloroplasts does not change 
(Mínguez-Mosquera and Gallardo-Guerrero 1995; Roca and Mínguez-Mosquera 
2001a). In these cases, regardless of the high oil content of the ripe olive, the 
 xanthophylls remain unesterified, which is a sign that chloroplasts remain intact 
during the ripening process. However, studies of fruit from the Arbequina variety 
have demonstrated a completely different metabolism. Thus, in addition to the 
carotenoid derivatives present in other olives, the Arbequina variety has exclusive 
pigments, such as esterified violaxanthin, neoxanthin, and antheraxanthin, as well 
as α-carotene, ζ-carotene, and phytofluene, which may be significant from a 
 chemotaxonomic point of view when differentiating this variety (Roca and 
Mínguez- Mosquera 2001c; Criado et al. 2007a). To conclude, in this fruit, the 
 chloroplasts do not remain intact during the ripening process but are transformed 
into chromoplasts.

The only carotenoid representative from the ß, ε-series, and present in the olive 
fruit is lutein, which is also the main pigment of the chloroplast. Its concentration 
increases during the growth of the fruit, it remains constant until the ripening 
 process begins, and then its concentration gradually decreases. With respect to the 
carotenoids from the β, β-series (β-carotene, neoxanthin, violaxanthin, antheraxan-
thin, and ß-cryptoxanthin), their accumulation during growth depends on the avail-
ability of the corresponding carotenoid precursor. During the ripening process, 
catabolism is accelerated (Roca and Mínguez-Mosquera 2003b).

7.5.2  Changes in Profile and Concentration of Pigments

The color of virgin olive oil is exclusively due to the solubilization in the oil of the 
chloroplastic pigments present in the fresh fruit, together with transformations that 
these pigments might experience during the process of virgin olive oil extraction.  
In fact, the pigment concentration in virgin olive oils depends on the cultivar  
(Roca and Mínguez-Mosquera 2001b; Criado et al. 2007a), olive ripeness (Mínguez- 
Mosquera et al. 1990; Gallardo-Guerrero et al. 2002; Criado et al. 2006), agricul-
tural practices such as irrigation (Criado et al. 2007b), and oil extraction process. In 
general, as the temperature of the malaxation process increases in a range between 
20 and 30°C, the concentration of the pigments in the oil increases (Ranalli et al. 
2001, 2005; Stefanoudaki et al. 2011). The heat treatments of olive fruit prior to 
olive extraction also increase the content of both chlorophyll and carotenoid 
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compounds (Luaces et al. 2005). Furthermore, the addition of coadjuvants (enzymes, 
microtalc, or NaCl) during the oil extraction process generally increases the pig-
ment content of the resultant oils (Ranalli et al. 2005; Criado et al. 2007b; Pérez 
et al. 2008). The pigments detected in virgin olive oil are chlorophylls a and b, 
lutein, β-carotene, violaxanthin, neoxanthin, antheraxanthin, and β-cryptoxanthin, 
all of them coming from the fresh fruit, together with those formed during the 
extraction process, pheophytins a and b, luteoxanthin, auroxanthin, neochrome, and 
mutatoxanthin (Mínguez-Mosquera et al. 1990, 1992; Gandul-Rojas and Mínguez- 
Mosquera 1996a). The formation of these pigments is due to the fact that during the 
milling process a series of acids is released from the tissues of the fruit, which in the 
malaxation and centrifugation period favors the pheophytinization of chlorophylls 
and the isomerization of the carotenoids with 5,6-epoxide groups in their structure 
to the 5,8-furanoid derivatives.

On average, only 20% of the chlorophylls and 50% of the carotenoids present in 
the olive fruit are transferred to VOO. Recent studies have pointed out that most 
pigments (60% for chlorophylls and 25% for carotenoids) are occluded in the 
byproduct alperujo (Gallardo-Guerrero et al. 2002) (Fig. 7.9).

The presence of exclusive pigments – such as deesterified chlorophyllic deriva-
tives or esterified xanthophylls – can be used as markers of varietal VOO. On the 
other hand, three ratios have been proposed (Gandul-Rojas et al. 2000; Roca et al. 
2003) for determining the genuineness and correct processing of Spanish VOOs:

Ratio of total chlorophylls to total carotenoids of between 0.5 and 1.4.
Ratio of minor carotenoids to lutein of between 0.2 and 1.2.
Ratio of lutein to β-carotene of greater than 1.

The color of VOO may range from dark green to pale yellow depending on the 
composition of the chlorophyllic and carotenoid pigments of the source fruit. The 

CHLOROPHYLLS CAROTENOIDS

OLIVE FRUIT

Alperujo 
(60%)

Olive Oil 
(20%)

Destroyed
(20%)

Alperujo 
(25%)

Olive Oil 
(50%)

Destroyed 
(25%)

Fig. 7.9 Distribution (%) of chlorophylls and carotenoids present in olive fruit when processed for 
virgin olive oil (Source: Authors)
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average consumer identifies deeply colored oil with VOO, whereas little pigmented 
olive oils tend to remind the consumer of refined seed oils. As a result, some 
 producers reinforce the color of the olive oil by adding colorants, even though this 
practice is fraudulent according to European Regulations (EC 1994). Therefore, the 
detection of pigments not found in the olive fruit, or the alteration of quantitative 
ratios among certain pigments, indicates adulteration of the color of the marketed 
oil (Roca et al. 2010).

The green fat-soluble colorant E-141i, known as a cupric derivative of chlorophyll, 
is the most widely used colorant in the adulteration of the color of olive oil. It is 
obtained from different edible vegetable sources by extracting the pigments with 
solvent and then adding copper to the resultant solution. Although its chlorophyllic 
composition might therefore vary, depending on the raw material and the process 
used to obtain it, analyses of various commercial samples of the colorant E-141i (Roca 
et al. 2010) have shown that 99.6% of chlorophyllic pigments present in the colorant 
E-141i are not from olive oil; the main pigment in that colorant is Cu-pyropheophytin a. 
Therefore, the simple detection of one of these compounds in an unknown olive oil 
would permit detection of adulteration (Roca et al. 2010).

The fraudulent use of other colorants that do not contain Cu has also been 
 confirmed. These include E-140i (so-called chlorophyll or natural green) and carot-
enoid compounds such as E-160 (carotenes) and E-161 (lutein). Consequently, 
another useful marker of adulteration is the lutein/β-carotene ratio or the structural 
form of the lutein. There are cases of olive oil in which β-carotene is found exclu-
sively or in a percentage of more than 90%. This ratio is not found in olive oil  
and indicates the addition of the colorant E-160. In other cases, lutein is found in 
esterified form (less polar), which is not present in the olive fruit despite the high 
fatty acid content. Therefore, the presence of this compound indicates adulteration 
with the colorant E-161.

The genuine qualitative pigment profile of the olive oil is affected by the small 
degree of oil degradation that occurs during storage even under appropriate condi-
tions of darkness and controlled temperature (Gallardo-Guerrero et al. 2005). There 
is a general advance of the reactions started during the extraction process. Basically, 
pheophytinization is completed and a certain degree of allomerization continues. 
Likewise, this begins a new reaction, so-called pyropheophytinization, that is 
 significantly affected by temperature (Fig. 7.2) (Aparicio-Ruiz et al. 2010). 
Therefore, the percentage of pyropheophytins has been suggested as a chemical 
marker for monitoring degradation of VOO (Gandul-Rojas et al. 1999b; Gallardo-
Guerrero et al. 2005; Anniva et al. 2006).

The presence of pyropheophytins in food, on the other hand, has always been 
 associated with thermal treatment (Schwartz et al. 1981), and this explains why its 
presence in VOOs had been connected to their spiking with “deodorato” olive oils. 
The deodorization under vacuum conditions and at low temperature (<100°C) with 
a nitrogen stream allows for the removal of volatile compounds responsible for 
VOO sensory defects, which would not allow classifying a VOO as extra virgin but 
as ordinary or lampante. This process does not modify the basic chemical com-
pounds of the VOO with the exception of pyropheophytins whose concentration 
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increases (Gandul-Rojas et al. 1999c; Serani and Piacenti 2001). Therefore, the 
percentage of pyropheophytins has also been suggested as a chemical marker of 
VOO thermal treatments (Gertz and Fiebig 2006).

These results have prompted researchers to study the kinetic behavior of chloro-
phyll pigments to establish prediction models of their evolution over time as a function 
of temperature.

7.5.3  Thermal Degradation Kinetics and Prediction Models

Kinetic models are becoming increasingly useful in the study of changes in the 
chemical composition of foods and in predicting their shelf life. The formulation of 
the chemical reactions in the degradation of pigments is immediately amenable to 
the design of kinetic models that make it possible to predict these changes. 
Experimental data are, therefore, necessary for estimating the parameters of the 
mathematical model and, with the help of statistical algorithms, can be used to 
determine which parameters are relevant to the prediction.

Thermodegradation of chlorophylls and carotenoids in VOOs, heated at different 
temperatures, in the absence of light and oxygen, has enabled the determination of 
different first-order degradation kinetic mechanisms of relevant chlorophyllic and 
carotenoid pigments (Aparicio-Ruiz et al. 2010, 2011) (Figs. 7.10 and 7.11). In the 
group of chlorophyllic pigments, pheophytin a does not directly degrade to color-
less products but through a complex kinetic mechanism of parallel and consecutive 
reactions (Fig. 7.10a) in pyropheophytin a (due to the loss of the carbomethoxide 
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Fig. 7.10 Kinetic mechanisms of thermodegradation pathway of chlorophylls in virgin olive oil: 
(a) kinetic mechanism of pheophytin a thermodegradation; (b) kinetic mechanism of pheophytin 
b thermodegradation; (c) kinetic mechanism of total thermodegradation of chlorophyll b (Source: 
Authors)
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Fig. 7.11 Kinetic mechanisms of thermodegradation pathway of carotenoids in virgin olive oil: 
(a) kinetic mechanism of total thermodegradation of ß-carotene and ß-cryptoxanthin; (b) kinetic 
mechanism of all-trans-lutein thermodegradation; (c) kinetic mechanism of neoxanthin thermo-
degradation; (d) kinetic mechanism of violaxanthin thermodegradation; (e) kinetic mechanism of 
antheraxanthin thermodegradation (Source: Authors)

group from the pheophytin), in 132-OH-pheophytin a (due to the allomerization of 
the C-132 of the isocyclic ring), and in 151-OH-lactone-pheophytin a (due to the 
formation of a lactone ring) (Fig. 7.2). In turn, these compounds degrade to color-
less products through a subsequent reaction due to the breakup of the porphyrin ring 
(Aparicio-Ruiz et al. 2010).

The kinetic constant of the reaction leading to the formation of pyropheophytin 
a (k1) (Fig. 7.10a) has much higher values than those resulting in OH-pheophytin a 
(k3) and lactone-pheophytin a (k5). This is because in oil heated in the absence of 
light and oxygen, the reaction to form pyropheophytin a (Fig. 7.12), which is more 
dependent on temperature, is favored to the detriment of the other two reactions, 
which take place by a mechanism via free radicals in which oxygen is a critical 
 factor. On the other hand, reactions via free radicals could be affected by the reaction 
medium since triacylglycerols and some minor compounds with antioxidant activity 
(e.g., polyphenols, tocopherols, and carotenoids) could modulate the reaction.
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Although a recently extracted VOO contains chlorophylls a and b, the total 
 thermodegradation to colorless products, including any possible intermediate product 
(pheophytin b, 132-OH-chlorophyll b, 151-OH-lactone-chlorophyll b) has only been 
determined for chlorophyll b (Fig. 7.10b, c). Comparatively, the kinetic constant for 
chlorophyll b (k13) is approximately equal to that corresponding to pheophytin b (ktb) 
and greater than that for pheophytin a (kta), demonstrating the greatest stability of 
pheophytin a against thermodegradation (Aparicio-Ruiz 2008).

Similar mechanisms of cascade reactions are also involved in the degradation of 
carotenoid pigments; Fig. 7.11a shows the total degradation mechanisms for β-carotene 
and β-cryptoxanthin to colorless products. Figure 7.11b, on the other hand, shows the 
degradation mechanism of all-trans-lutein that occurs through parallel and consecutive 
reactions. The first reactions result in structural isomerizations where the formation of 
13-cis-lutein is favored over 9-cis-lutein. The second reactions generate colorless 
products due to the breakdown of the polyenic chain (Aparicio- Ruiz et al. 2011).

The degradation mechanisms of neoxanthin, violaxanthin, and mutatoxanthin 
(Fig. 7.11c–e) occur through consecutive reactions that involve the reorganization of 
the 5,6-epoxide group to 5,8-furanoide and its subsequent degradation to colorless prod-
ucts due to the rupture of the polyenic chain (Aparicio-Ruiz and Gandul-Rojas 2012).
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Fig. 7.12 Evolution of concentration time of pheophytin a (Δ), pyropheophytin a (¯), 
132-OH-pheophytin a (□), and 151-lactone-pheophytin a (+) in VOO for 42 h at 120°C and their 
corresponding nonlinear regression fits (- -) (Source: Authors)
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These studies indicate that the carotenoids of VOO are gradually destroyed, due 
to thermal degradation, in a well-established order; violaxanthin is the most vulner-
able to thermal degradation and, therefore, the first to degrade. The following 
sequence orders the compounds according to fastest (violaxanthin) to slowest 
(9-cis-lutein) degradation rates: violaxanthin, luteoxanthin, auroxanthin, β-carotene, 
antheraxanthin, mutatoxanthin, neochrome, β-cryptoxanthin, neoxanthin, lutein, 
13-cis-lutein, and 9-cis-lutein. Contrary to what might be expected, the total degra-
dation constant of carotenoids is on average 3.6 times higher than that of chloro-
phylls, indicating a higher thermal stability of the latter (Aparicio-Ruiz 2008; 
Aparicio-Ruiz et al. 2011; Aparicio-Ruiz and Gandul-Rojas 2012).

7.5.4  Prediction Models

Kinetic studies of the thermodegradation of pigments in VOOs have therefore 
enabled the design and validation of mathematical prediction models.

This is the case with pyropheophytin a, a compound proposed as a chemical 
marker for VOO subjected to thermal treatments (Gandul-Rojas et al. 1999c; Serani 
and Piacenti 2001; Gertz and Fiebig 2006) and for VOO freshness (Gandul-Rojas 
et al. 1999a; Gallardo- Guerrero et al. 2005; Anniva et al. 2006).

In 2001, Serani and Piacenti established an empirical correlation between  pheophytin 
and pyropheophytin contents, analyzing VOOs of diverse geographical origins and with 
different shelf lives, and proposed an index (cold index) derived from that correlation 
that sought to distinguish between the genuine and “deodorato” VOOs. Later, Gallardo-
Guerrero et al. (2005) demonstrated that pyropheophytin content is a highly variable 
parameter that depends not only on the operating variables (time and temperature) but 
also on the initial pheophytin content in the VOO, and this led the researchers to propose 
instead the relative content of pyropheophytin a, which is expresed as
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where [Phy a]0 is the initial concentration of pheophytin a, and k1, k2, and kta are the 
kinetic constants involved in the formation/degradation of pyropheophytin a 
(Fig. 7.10a). In a recently extracted VOO, the initial concentration of pyropheophy-
tin a [Pyphy a]0 should be zero, and therefore the equation can be simplified.

The successful validation of the prediction model, with oils analyzed by other 
analysts, led to the conclusion that the proposed model is useful to producers and 
wholesalers for an a priori estimation of the shelf life of a VOO, based on the per-
centage of pyropheophytin a, as a function of the oil storage temperature that can be 
expressed as a function of real time to daily, monthly, or yearly average. Analyses 
of the most general and unfavorable cases of the model show that VOOs should be 
stored at a controlled temperature (or annual average) of no more than 22°C to pre-
vent the percentage of pyropheophytins from reaching 15% before the usual shelf 
life (Aparicio-Ruiz et al. 2012).

7.6  Trends and Perspectives

Single-column (one-dimensional) chromatography analysis has been used for many 
years as a standard separation tool for analyzing pigments. Multidimensional 
 chromatography has emerged as an interesting alternative for analyzing complex 
samples. Thus, peak capacity enhancement achievable by multidimensional chro-
matography is far higher than that obtained after improving, by any means, one-
dimensional chromatography (Herrero et al. 2009). Comprehensive two- dimensional 
liquid chromatography (LC × LC) is a powerful separation technique that couples 
two independent separations with orthogonal selectivity. The use of this technique 
entails analyzing the whole sample in the two dimensions independently using a 
switching valve as a transfer system between them. The use of two identical sample 
loops installed in this switching valve allows for collecting and injecting fractions 
eluting from the first dimension into the second dimension continuously. This tech-
nique has been applied successfully in the determination of esterified carotenoides 
(Dugo et al. 2009), and its use is increasing.

A different approach is the use of conventional C30 LC columns coupled in series 
in a complex matrix. It has been demonstrated that the use of this coupling can 
enhance both the resolution and separation of such complex samples, increasing the 
peak capacity by as much as 25% (Dugo et al. 2008).

HPLC employing various detecting techniques, like diode array detector (DAD) 
and mass spectrometry (MS), is currently the method of choice for carotenoid anal-
ysis. Mass spectrometric analyses, which provide molecular weight and character-
istic fragmentation patterns, may then provide final confirmation of individual 
carotenoid identities when used in conjunction with retention and spectral charac-
teristics. In this sense, many carotenoids possess very similar or even identical 
UV-vis spectra, and MS is of great help as it allows for the differentiation of 
 compounds with diverse molecular masses. However, there are also carotenoids  
that have the same molecular weight. In these cases, DAD analysis allows for 
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identification. Many recent works dealing with this subject have been published, 
coupling UV-vis and MS detection using both APCI and ESI (Crupi et al. 2010).

The development of techniques based on photoacoustic and photothermal 
 phenomena has progressed significantly in recent years. The methods, which essen-
tially rely on the conversion of absorbed energy into heat, permit the optical as well 
as thermal characterization of samples in practically any aggregate condition. These 
nondestructive methods offer several advantages over the conventional approaches: 
a substantial simplification of sample preparation, the ability to perform studies on 
opaque and intractable samples, and the possibility for subsurface profiling of the 
optical and thermal properties of the layers in inhomogeneus and layered samples. 
These techniques have been extensively used with carotenoids (Bicanic 2011).

Although, at the moment, the profile of chlorophyllic and carotenoid pigments 
present in an olive oil is not included in the regulated quality standards (IOC 2009), 
a recent regulation has included the color of oils as one of the obligatory quality 
parameters (USDA 2010). Color makes a significant impression on the consumer 
and has a major effect on the acceptance of the oil due to the current association of 
green color with high-quality oils and pale yellow color with refined oils. As men-
tioned earlier, this has led certain producers to strengthen the color in very different 
ways, usually by adding colorants such as E-141i (copper chlorophylls), E-160 
(β-carotene), and E-161 (lutein), although these are not the only ones. Chromatographic 
methods and control indexes have been established for all these methods to facilitate 
the detection of adulteration. However, to date, none of these is official.

Finally, the latest agronomic trends involve the development of new cultivars with 
the primary goal of producing large quantities of very high-quality olive oil in an 
efficient and economical way (Chap. 2). The chemical characterization of their fruits 
and oils includes information on the metabolism of chlorophylls and carotenoids. 
Perhaps the development of new cultivars with certain characteristics requested by 
consumers is the path of the future.

Those are points to be developed in the future. The chlorophyllic and carotenoid 
compositions of VOO are parameters not only of authenticity but also of quality.
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8.1            Introduction 

 Among vegetable oils, virgin olive oil (VOO) has special characteristics because it 
is extracted from the fruit of the olive tree,  Olea europea  L, and consumed without 
a further refi ning process, thus retaining minor compounds that give rise to a fra-
grant and delicate fl avor. Virgin oil can be considered the juice of the olive fruit. 
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VOOs are graded, according to current European Union regulation (EC  2011 ), in 
function of sensory assessment and three chemical parameters (free acidity, perox-
ide value, and UV absorbance) (Tables 16.6 and 16.7). 

 Thus, odor plays an important role in VOO sensory quality (Chap.   14    ) and con-
sumer acceptance (Chap.   15    ). But olfaction, which is often alluded to as multidi-
mensional in the sense that there are approximately 1,000 different receptor types, 
each one tuned to particular odor aspects contributing to olfactory perception, is, 
however, unidimensional in humans because they can detect and discriminate many 
odorants but can identify few by name (Yeshurun and Sobel  2010 ). In fact, unfamil-
iar odors are harder to discriminate than familiar ones, and it seems that the ability 
to discriminate odorants in a mixture is limited to four (Livermore and Laing  1998 ). 
The main thing that humans can invariably say about an odor is whether it is pleas-
ant or not (García-González et al.  2011 ), and this hedonicity depends on odor inten-
sity and familiarity and varies across individuals and cultures and within individuals 
over time. In addition, it can also be signifi cantly infl uenced by visual and verbal 
information (Yeshurun and Sobel  2010 ). 

 The characteristic fl avors of food and beverages are generally the result of 
extremely complex multisubstance mixtures containing several hundred com-
pounds with different chemical structures. In most cases, the fl avor impression that 
is perceived as a single sensation is a complex sensory impression of many indi-
vidual substances in a specifi c concentration ratio. These volatile components, 
which are present in only minor amounts (mg/Kg to ng/Kg range), decisively infl u-
ence the enjoyment and the acceptance of foodstuffs. Only in rare cases are indi-
vidual components (fl avor impact compounds) responsible for odor and taste 
(Werkhoff et al.  2002 ) 

 Many researches have proven that volatile compounds are responsible for VOO 
aroma, and consequently the identifi cation and quantifi cation of the volatile com-
pounds responsible for aroma has always been a milestone in quality control. VOO 
volatiles are mainly produced by the oxidation of polyunsaturated fatty acids (Chap.   4    ). 
It is widely agreed that endogenous plant enzymes, mainly through the lipoxygenase 
(LOX) cascade, are responsible for pleasant aromas (positive aroma perception) 
(Salas et al.  1999 ; Aparicio et al.  1996 ; Morales et al.  1999 ), whereas chemical oxi-
dation (Morales et al.  1997 ) and exogenous enzymes, mostly due to microbial activ-
ity, are responsible for unpleasant aromas (sensory defects) (Morales et al.  2005 ). 

 Volatiles are low molecular weight compounds (< 300 Da) with high vapor pres-
sure that vaporize at room temperature. Odorants are volatile chemical compounds 
that are carried by inhaled air to the olfactory epithelium, where they reach and 
bond with specifi c proteins of olfactory receptors to give an odor sensation. Volatiles 
share two common characteristics: they have enough hydrosolubility to diffuse into 
the mucus that covers the sensitive olfactory receptors and a good degree of lipo-
solubility to dissolve in membrane lipids contiguous to protein receptors (Leffi ngwell 
 2001 ; Genovese et al.  2009 ). García-González et al. ( 2011 ) explain the link between 
the olfactory receptors and the neurons that results in the acceptability of VOOs. 

 The identifi cation of the aroma characteristics of VOOs can be carried out by two 
procedures: sensory assessment (the so-called panel test) and analysis of volatile 
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compounds. The fi rst one has the great disadvantage of being a lengthy and expensive 
methodology whose fi nal result might be affected by many factors such as, for exam-
ple, the panelists’ training and an inherent subjectivity (García-González and Aparicio 
 2002a ). The analysis of volatiles by headspace high-resolution gas chromatography 
(GC) is, however, an accurate technique, but it is laborious and cannot be applied 
online but at-line in the processes of storage and bottling of VOO (García- González 
and Aparicio  2002b ). There is, however, another alternative, the use of chemosensors 
or an electronic nose, which has the advantages of low cost and easy sample handling 
but the disadvantages of poor selectivity, signal drift, and humidity dependence. 

 Searching for relationships between chemical compounds and VOO sensory 
descriptors is the main objective of the identifi cation and quantifi cation of volatiles. 
Chemical factors such as volatility, hydrophobicity, conformational structure, and 
position of functional groups, among others, seem to be more related to odor contri-
bution than the concentration itself. The odor activity value (Grosch  1994 ) of vola-
tiles and their synergism and antagonism are keys to knowing not only the 
contribution of the volatiles to aroma (Aparicio et al.  1996 ) but also the neuronal 
activity of the consumers when they taste VOOs (García-González et al.  2011 ). 

 The analytical procedures that have been developed in recent years to carry out the 
analysis of volatile compounds, and the approaches developed to establish relation-
ships between chemical compounds and sensory analysis, are discussed in this chap-
ter. The most recent results in the evaluation of sensory descriptors and research on 
brain activity induced by pleasant and unpleasant VOO aromas are analyzed as well.  

8.2     Virgin Olive Oil Volatile Compounds 

 Almost 200 compounds belonging to several chemical classes have been identifi ed and 
quantifi ed in the different varieties and categories of VOOs. Table  8.1  shows a list of 
compounds that have been reported in several reviews (Morales and Tsimidou  2000 ; 
Angerosa  2002 ; Angerosa et al.  2004 ; Kalua et al.  2007 ), and Table  8.2  shows com-
pounds identifi ed by standards or GCMS. Although the volatiles detected in the aroma 
of VOOs partially depend on the methodology used for their determination (Sect. 8.3) 
and on the quality of the VOO, the aroma is, in general, attributed to aldehydes, alco-
hols, esters, ketones, furans, hydrocarbons, and other as yet unidentifi ed compounds.

    Olive oils obtained from sound olives, correctly harvested at their optimum ripe-
ness (Chap.   2    ) and processed under adequate technological conditions (Chap.   3    ), 
show volatile profi les mainly produced by biogenic pathways. The main compounds 
are produced enzymatically from polyunsaturated fatty acids through the so-called 
LOX pathway (Chap.   4    ). The aroma of these oils contains abundant accumulation 
of C 6  aldehydes, C 6  alcohols, and their corresponding esters (Aparicio et al.  1997 ; 
Aparicio and Morales  1998 ; Kalua et al.  2007 ), together with smaller amounts of C 5  
carbonyl compounds (Morales et al.  1999 ). Hexan-1-ol, hexanal, E-2-hexenal, and 
3-methylbutan-1-ol, for example, have been found in the most common extra virgin 
olive oils (EVOOs) from the Mediterranean basin (Aparicio and Luna  2002 ), 
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   Table 8.1    Volatile compounds identifi ed in virgin olive oil aroma by MS   

 Volatile compound  OT a   SD (aroma) b   SPME R (%) c   Kovats I d   References e  

  Aldehydes  
 Acetaldehyde  0.22  Pungent, sweet  12.6  714  1 
 Butanal  0.15  Green, pungent  150  832  2 
 3-Methylbutanal  5.4  Malty  100  910  1 
 2-Methylbutanal  5.2  Malty  100  912  1 
 Pentanal  240  Woody, bitter, oily  100  935  3 
 
Hexanal 

 300  Green, bitter almond  90  1,093  4 
 75  Green-sweet  4 
 80  Green apple, grassy  3 
 300  Green  1 

 E-2-Pentenal  300  Green, apple  20  1,117  3 
  Z    -3-Hexenal  3  Green  75  1,151  4 

 1.7  Leafl ike  1 
 Heptanal  500  Oily, fatty, woody  25  1,174  3 
  E -2-Hexenal  424  Green, applelike  22  1,201  1 

 420  Bitter almonds, green  3 
 1,125  Green astringent  4 

  E -2-Heptenal  5  Oxidized, tallow, pungent  15  1,243  3 
 Octanal  320  Fatty, sharp, citruslike  7.6  1,280  3, 1 
 2,4-Hexadienal  0.27  Green, fl oral, citric  1.3  1,391  5, 6 
 Nonanal  150  Fatty, waxy, pungent  5.9  1,402  3 
  E -2-Octenal  4  Herbaceous, spicy  2.5  1,442  3 
 2,4-Heptadienal  3,620  Fatty, rancid  3.7  1,480  3 
 Decanal  650  Penetrating, sweet, waxy  7.6  1,484  3 
  Z -2-Nonenal  4.5  Green, fatty  –  1,510  1 
  E -2-Nonenal  900  Paperlike, fatty  1.5  1,527  1 
  E -2-Decenal  10  Painty, fi shy, fatty  1.3  1,651  3 
 2,4-Decadienal  2,150  Strong, fatty  0.32  1,632  3 
  E , E -2,4-Nonadienal  2,500  Soapy, penetrating  –  1,705  3 

 2,500  Deep fried  1 
  E , Z -2,4-Decadienal  10  Deep fried  0.2  1,758  1 
  E , E -2,4-Decadienal  180  Deep fried  0.1  1,832  1 
  E -4,5-Epoxy-E-2- decanal  1.3  Metallic  –  2,000  1 
  Alcohols  
 Ethanol  30,000  Alcohol  40  936  3 
 Butan-2-ol  150  Winey  90  1,024  3 
 Propan-1-ol  30  Alcohol, fruity, pungent  128  1,036  7 
 2-Methyl-buten-3-ol  –  Oily, fruity, herbaceous  –  1,037  8 
 2-Methylpropan-1-ol  –  Wine, solvent  55  1,099  5 
 Pentanol  470  Fruity  100  1,107  4 

 3,000  Strong, sticky, balsamic  3 
 Butan-1-ol  –  Sweet, fatty, medicine  120  1,145  6 
 1-Penten-3-ol  400  Pungent, butter  16  1,157  5, 6 
 3-Penten-2-ol  400  Perfumey, woody  –  1,180  3 
 2-Methyl butan-1-ol  480  Winey, spicy  80  1,205  3 

(continued)
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 Volatile compound  OT a   SD (aroma) b   SPME R (%) c   Kovats I d   References e  

 3-Methyl butan-1-ol  100  Woody, whiskey, sweet  94  1,208  3 
 Heptan-2-ol  10  Earthy, mushroom  65  1,332  3 
 Hexanol  400  Fruit, banana, soft  75  1,360  10 

 400  Undesirable  4 
 E-3-Hexen-1-ol  1,500  Green  20  1,379  10 
 Octan-1-ol  –  Toasted, herbal, fatty  20  1,388  5, 6 
 Octen-3-ol  1  Moldy, earthy  13  1,400  3 
  Z -3-Hexenol  6,000  Green  14  1,401  4 

 1,100  Leafl ike  1 
  E -2-Hexen-1-ol  5,000  Green grass, leaves  15  1,408  3 

 8,000  Green, grassy, sweet  10 
 Octan-2-ol  100  Earthy, fatty  –  1,421  3 
 6-Methyl-5-hepten-2-ol  2,000  Perfumey, nutty  –  1,507  3 
 Nonan-1-ol  280  Fatty  8  1,619  2, 3, 5 
  Esters  
 Methyl acetate  200  Solvent, fruit  45  864  9 
 Ethyl acetate  940  Sticky, sweet  100  898  3 
 Ethyl propanoate  100  Fruit, strong  –  951  3 
 Ethyl butanoate  30  Sweet, fruity  –  1,028  3 

 28  Cheesy, fruity  1 
 Ethyl isobutyrate  1.2  Fruity  965  1,037  1 
 Ethyl 2-methylbutyrate  0.72  Fruity  –  1,056  1 
 Ethyl 3-methylbutyrate  0.62  Fruity  –  1,060  1 
 Butyl acetate  300  Green, fruity, pungent  92  1,075  3 
 Propyl butanoate  150  Pineapple, sharp  –  1,128  3 
 2-Methylpropyl butanoate  100  Unpleasant, winey, fusty  –  1,152  3 
 Hexyl acetate  1,040  Green, fruity, sweet  20  1,264  4 
  Z -3-Hexenyl acetate  750  Green  10  1,308  4 

 200  Bananalike  1 
 Ethyl cyclohexyl 

carboxylate 
 0.16  Aromatic, fruity  –  –  1 

  Ketones  
 Butan-2-one  40,000  Ethereal, fruity  85  881  3 
 l-Penten-3-one  50  Green  100  973  4 

 0.73  Green, pungent  1 
 3-Pentanone  7,000  Sweet, fruity  100  983  2, 5 
 4-Methylpentan-2-one  300  Fruity, sweet  100  1,003  9 
 Heptan-2-one  300  Sweet, fruity  75  1,170  3 
 3-Octanone  –  Herb, butter  28  1,244  5, 10 
 Octan-2-one  510  Mold, green  35  1,285  3 
 Z-1,5-Octadien-3-one  0.45  Geraniumlike  –  1,312  1 
 l-Octen-3-one  10  Mushroomlike, mold, 

pungent 
 5  1,317  3 

 10  Mushroomlike  1 

Table 8.1 (continued)
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 Volatile compound  OT a   SD (aroma) b   SPME R (%) c   Kovats I d   References e  

 6-Methyl-5-hepten-2-one  1,000  Pungent, green  –  1,336  3 
 2-Nonanone  –  Hot milk, soap, green  15  1,388  5, 6 
  E-β -Damascenone  11  Boiled applelike  –  1,832  1 
  Carboxylic acids  
 Acetic acid  500  Sour, vinegary  40  1,452  3 

 124  Vinegarlike  1 
 Propanoic acid  720  Pungent, sour  35  1,523  3 
 Butanoic acid  650  Rancid, cheese  25  1,619  3 
 3-Methylbutyric acid  22  Sweaty  –  1,686  1 
 Pentanoic acid  600  Unpleasant, pungent  1,721  3 
 Hexanoic acid  700  Pungent, rancid  12  1,829  3 
 Heptanoic acid  100  Rancid, fatty  3  1,930  3 
 Octanoic acid  3,000  Oily, fatty  1.3  2,083  3 
  Hydrocarbons  
 Octane  940  Sweety, alcane  45  800  3 
 Ethylbenzene  –  Ethereal, fl oral, sweet  100  1,124  6, 8 
 Limonene  250  Citruslike, ethereal  43  1,234  6 
  Miscellany  
 4-Methoxy-2-methyl-2-

butanethiol 
 0.017  Black currantlike, catty  –  1,221  1 

 Guaiacol  16  Phenolic, burnt  –  1,859  1 

   a Odor threshold (μg/kg) in refi ned oil 
  b Aroma sensory descriptor 
  c Recovery (%) using SPME DVB/CAR/PDMS triple fi ber 
  d Kovats Index from Flavornet & Pherobase databases 
  e Reference where the compound was cited
References: 1, Reiners and Grosch ( 1998 ); 2, Morales et al. ( 2005 ); 3, Aparicio and Luna ( 2002 ); 
4, Morales and Aparicio ( 1999 ); 5, Flath et al. ( 1973 ); 6, Fedeli ( 1977 ); 7, Olías et al. ( 1980 ); 
8, Morales et al. ( 1994 ); 9, Angerosa et al. ( 1998 ); 10, Aparicio et al. ( 2000b )  

Table 8.1 (continued)

   Table 8.2    Other volatile compounds also identifi ed in virgin olive oil aroma by MS   

 Volatile compound  Reference a   Volatile compound  References a  

  Aldehydes    Carboxylic acids  
 Propanal  1  2-Methyl propanoic acid  4 
 Z-2-Pentenal  1, 2  3-Methyl butanoic acid  4 
  Z -2-Hexenal  1, 2  Propanoic acid  4 
  Z -3-Nonenal  7  Butanoic acid  9 
  E -2-Undecenal  1, 2  Hexanoic acid  9 
 2-Methylbut-2-enal  2, 6  Heptanoic acid  9 
 Benzaldehyde  1, 2   

Hydrocarbons   Phenylacetaldehyde  7 
  
Alcohols  

 n-Nonane  4 
 n-Decane  4 

 Methanol  8  n-Undecane  4 
 Heptan-1-ol  2, 3  n-Dodecane  4 

(continued)
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 Volatile compound  Reference a   Volatile compound  References a  

 Decan-1-ol  3  Tridecane  4 
 Pentan-3-ol  2  Tetradecane  4 
 Octan-3-ol  4  Methyldecane  4 
 2-Penten-1-ol  6  Hexene  5, 6 
 4-Hexen-1-ol  3  Octene  3 
 3-Methyl-1-pentanol  3  Tridecene  3 
 2-Phenylethanol  2, 3  Limonene  3 
  
Ketones  

 α-Copaene  3 
 α-Murolene  3 

 Acetone  1  α-Farnesene  3 
 2-Hexanone  2  1,3-Hexadien-5-yne  6 
 3-Metylbutan-2-one  2  Ethylbenzene  3, 5 
 4-Methyl-3-penten-3-one  5  Diethylbenzene  3 
 2-Methyl-2-hepten-6-one  2  Trimethylbenzene  3 
 Acetophenone  2  Tetramethylbenzene  3 
  
Esters  

 Propylbenzene  3 
 Isopropylbenzene  3 

 Ethyl octanoate  2, 3  Xilene  3 
 Ethyl heptanoate  1, 3  Styrene  3 
 Ethyl decanoate  1, 3   

Miscellany   Methyl hexanoate  1, 2 
 Methyl heptanoate  1, 2  2-Pentyl-3-methylfuran  1 
 Methyl octanoate  1, 2  Ethylfuran  6 
 Methyl nonanoate  6  3-(4-Methyl-3-pentenyl) furan  6 
 Methyl decanoate  6  Methoxybenzene  1, 2 
 Methyl oleate  1  1,2-Dimethoxybenzene  2 
 Methyl linoleate  1  Linalool  2 
 1-Octyl acetate  2  α-Terpineol  1, 2 
 Propyl propionate  2 
 Ethyl 2-methylpropionate  2, 3 
 Methyl 2-methylbutyrate  2 
 Methyl 3-methylbutyrate  2 
 3-Methyl-2-butenyl acetate  6 
 2-Methyl-1-butyl acetate  2, 5 
 3-Methyl-1-butyl acetate  2, 5 
 2-Methylbutyl propanoate  6 
 2-Methyl-1-propyl acetate  2, 6 
 Methyl benzoate  3 

   a Reference where the compound was cited
References: 1, Morales et al. ( 2005 ); 2, Flath et al. ( 1973 ); 3, Fedeli ( 1977 ); 4, Olías et al. ( 1980 ); 
5, Morales et al. ( 1994 ); 6, Angerosa et al. ( 1998 );  7, Montedoro et al. ( 1978 ); 8, Angerosa et al. 
( 1999 ); 9, Guth and Grosch ( 1991 )  

Table 8.2 (continued)
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although profi les vary when autochthonous Mediterranean cultivars are planted in 
other geographical regions (Tena et al.  2007 ). For example, diverse varietal olive 
trees (e.g., Picual, Frantoio, Koroneki) cultivated under the same environmental 
conditions produce VOOs with different profi les of volatiles (Aparicio and Luna 
 2002 ; Benincasa et al.  2003 ), which would also occur if the same cultivar (e.g., 
Arbequina) were cultivated under different environmental conditions (e.g., geo-
graphic areas) (García-González et al.  2010a ,  2010b ). 

 A VOO of poorer quality usually has a much more complex profi le, with a higher 
number of volatiles. These VOOs present lower concentrations of C 6  and C 5  com-
pounds than those detected in high-quality VOOs, and sometimes they are even 
completely absent. At the same time, some volatiles belonging to C 5  branched alde-
hydes and alcohols or to C 6 -C 10  dienals or to C 7 -C 11  monounsaturated aldehydes or 
to C 8  ketones may become important contributors to VOO organoleptic defects, 
such as fusty, muddy sediment, musty, rancid, and winey-vinegary (Morales et al. 
 2005 ). If the concentrations of the volatiles are below their olfactory threshold 
(Grosch  1994 ; Guth and Grosch  1991 ; Reiners and Grosch  1998 ), however, they do 
not contribute to VOO aroma, although they can be of interest as traceability mark-
ers of the olive oil from olive tree to consumer (Morales et al.  2012 ). In fact, culti-
var, fruit ripeness, extraction method, and pedoclimatic conditions affect, in this 
order, the volatile composition (Chap.   12    ). 

 Olive fruit maturity is a decisive parameter in the formation of volatiles through 
the LOX pathway, whose activity decreases with ripeness (Salas et al.  1999 ). At 
early ripening stages, the amounts of C 6  aldehydes and C 6  alcohols, although low 
enough, are of the same order of magnitude, while almost all C 6  aldehydes reach 
their maximum concentrations when the olive skin turns from green to purple color 
(Aparicio and Morales  1998 ; Angerosa and Basti  2001 ). With increasing ripeness, 
the decrease is observed for most of the aldehydes produced through the LOX path-
way – E-2-hexenal, one of the major volatile compounds, decreases in most of the 
cultivars – although some exceptions have been observed in preliminary studies 
about some cultivars planted in Australia (Kalua et al.  2004 ). A general exception is 
the increase in Z-3-hexenal with ripeness (Aparicio and Morales  1998 ). 

 Inadequate conditions in the processing of sound olives, harvested at their opti-
mum ripeness level, affect both yield and VOO quality. Malaxation temperature and 
time are decisive parameters in the production of volatiles responsible for the aroma 
sensory attributes appreciated by consumers. Higher temperatures or longer malax-
ation times increase the concentration of volatiles responsible for sensory defects 
(e.g., 2- and 3-methyl butanol). Research has shown that the malaxation of olive 
paste should be carried between 25 °C and 35 °C in order to achieve an appreciated 
olive oil aroma (Morales and Aparicio  1999 ; Ranalli et al.  2001 ) without a substan-
tial decreasing the oil yield (Aparicio et al.  1994c ); the optimum is between 22 °C 
and 28 °C, according to a mathematical model based on a large database. 

 Few volatiles are present in the intact tissue of the fruit, and those are mainly 
hydrocarbons, which do not contribute to aroma, and secondary products not occur-
ring (or occurring only in traces) within intact cells. These volatiles are formed very 
quickly during disruption of cell structure as the result of enzymatic reactions in the 
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presence of oxygen. Thus, the profi le of volatiles is produced at the beginning of the 
malaxation process that infl uences much more in the concentration of some vola-
tiles than the appearance of new ones (Morales and Aparicio  1999 ). In fact, the 
profi le of volatiles depends on the enzymatic activity of the cultivars. 

8.2.1     Biogenesis of Virgin Olive Oil Volatile Compounds 

 The volatiles responsible for VOO fl avor, which come from the olive fruit, can be 
considered direct metabolites produced in plant organs by intracellular biochemical 
pathways. The growing unripe fruit synthesizes high molecular mass compounds 
such as lipids, proteins, and polysaccharides, of which the former is the main precur-
sor of the volatiles. In the course of ripening, changes take place in the metabolism 
of the fruit (Prasanna et al.  2007 ). Thus, ethylene production, respiration rise, protein 
synthesis, increase in enzyme activities, and permeability of cell membranes infl u-
ence the biogenesis of volatiles. However, the volatiles, which are produced in sig-
nifi cant amounts when olives reach the climateric stage of ripeness, are mostly 
formed through the action of enzymes that are released when the fruit is crushed, and 
their concentrations increase substantially during the malaxation process (Chap.   3    ). 
Figure  8.1  shows the main pathways involved in the production of the volatile 
 compounds responsible for VOO aroma.

   The primary precursors of the formation of volatiles are fatty acids (particularly 
linoleic and α-linolenic) and amino acids (leucine, isoleucine, and valine). The main 
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  Fig. 8.1    Pathways involved in production of some virgin olive oil volatiles       
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biochemical pathways involved in VOO aroma biogenesis can be clustered as 
 follows (Fig.  8.1 ):

•     Lipid metabolites :

 –     Fatty acid metabolism : Unripe fruits produce a variety of fatty acids and some 
minor volatile compounds (primary and secondary alcohols). During ripen-
ing, fruits develop the ability to convert some of the fatty acids into ketones, 
esters, and alcohols (Chap.   4    ). Aliphatic esters, alcohols, acids, and carbonyls 
derived from fatty acid metabolism can be found in VOO.  

 –    Lipoxygenase pathway : This is the most extensively studied biochemical 
pathway (Feussner and Wasternack  2002 ) directly involved in the formation 
of the major volatile compounds of VOOs (Kalua et al.  2007 ). It is responsible 
for the secondary volatile compounds that are usually found in all VOOs. The 
main precursors are linoleic and α-linolenic polyunsaturated fatty acids. It is 
well established that the formation of C 6  aliphatic volatile compounds from 
the 13-hydroperoxides of linoleic and linolenic acids are promoted in olives, 
catalyzed by the so-called hydroperoxide lyase (HPL), while C 9  compounds 
are practically absent. The presence of the LOX pathway in olives and a char-
acterization of the different enzymes involved in the pathways are described 
in Chap.   4    . E-2-hexenal, hexanal, and Z-3-hexenal are the major aldehydes 
found in VOOs. Z-3-hexen-1-ol, E-2-hexen-1-ol, and hexan-1-ol are usually 
found in high concentrations, with their balance being infl uenced by the stage 
of ripeness and variety of the olives (Aparicio and Morales  1998 ). Other C 6  
volatile compounds such as Z-2-hexenal, E-3-hexenal, Z-2-hexen-1-ol, and 
E-3-hexen-1-ol are also produced through this pathway, but they are deter-
mined at lower concentrations.  

 –    A cleavage reaction  of the 13-hydroperoxide of linolenic acid, mediated by LOX 
via an alkoxy radical (Salch et al.  1995 ), could give rise to the formation of sta-
bilized 1,3-pentene radicals, which can later dimerize, leading to C10 hydrocar-
bons (pentene dimers), or couple with a hydroxy radical present in the medium 
producing C5 alcohols (Angerosa et al.  1998 ,  2004 ) such as 1-penten-3-ol and 
2-penten-1-ol, which have been identifi ed in VOOs. Further activation of alcohol 
dehydrogenase might be responsible for the formation of C 5  aldehydes.  

 –    Amino acid metabolites : 
 –  The structural skeleton of some volatiles is derived from the branched-chain 

amino acids (valine, leucine, and isoleucine) by a series of biochemical trans-
formations (Wyllie et al.  1996 ; Schwab et al.  2008 ). Valine, leucine, and isoleu-
cine are transformed into the branched aldehydes 2-methyl propanal, 3-methyl 
butanal, and 2-methyl butanal, respectively. Further activation of alcohol dehy-
drogenase converts the aldehydes so formed into the corresponding alcohols 
(Van der Hijden and Bom  1996 ). Later the action of alcohol acyl tranferase 
gives rise to ester formation (Wyllie et al.  1996 ; Dudareva et al.  2004 ).       

 Many of these pathways have not been well studied in olives until now, but their 
activity is confi rmed by the presence of volatiles in VOO. Figure  8.2  shows the pro-
fi le of volatiles in fresh high-quality VOOs from different single European varieties.
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  Fig. 8.2    Chromatograms of volatile compounds found in extra virgin olive oils from different 
European varieties. Codes: ( a ) Picual (Spain); ( b ) Koroneiki (Greece); ( c ) Coratina (Italy). ( 1 ) 
3-methyl butanal, ( 2 ) ethyl propanoate, ( 3 ) 1-penten-3-one, ( 4 ) hexanal, ( 5 ) Z-3-hexenal, ( 6 ) = 
E-2-hexenal, ( 7 ) hexyl acetate, ( 8 ) Z-3-hexenyl acetate, ( 9 ) 2-penten-1-ol, ( 10 ) hexan-1-ol, ( 11 ) 
Z-3-hexen-1-ol, ( 12 ) = E-2-hexen-1-ol       
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   Although VOOs must be obtained by mechanical means exclusively, some 
experiments have been carried out to determine the infl uence of the pH of olive 
paste on the volatile profi le in the course of the malaxation process (Aparicio et al. 
 2000a ). Figure  8.3  shows how the effect of diverse pHs on the malaxation process, 
from acidic to basic, can alter the profi les of the volatile compounds of olive oil and, 
hence, the sensory descriptors qualifying the resulting VOOs. Thus, the concentra-
tion of aldehydes is promoted by low values of pH, while the production of alcohols 
is promoted by basic values of pH. These values agree with those found by bio-
chemical studies (Salas  1999 ; Salas and Sánchez  1998 ;  1999 ) which show that the 
hydroperoxide lyase (HLP), the enzyme responsible for the formation of aldehydes, 
has its optimum pH at an acid value and alcohol dehydrogenase (ADH), the enzyme 
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  Fig. 8.3    Chromatograms of volatile compounds of olive oil  cv . Arbequina. The milling and 
malaxation processes were carried out with different buffer solutions. pH values correspond to 
apparent pH of olive paste after buffer addition (Aparicio et al. ( 2000a ), with permission of Kluwer 
Academic Publisher)       
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responsible for the formation of alcohols from aldehydes, has its optimum pH at a 
basic value. The study also pointed out that the formation of esters (e.g., hexyl 
acetate, Z-3-hexenyl acetate) seems to be favored by basic values while E-2-hexen- 
1-ol shows an unexpected shape in the pH range (Fig.  8.4 ).

    Model systems, based on genetically modifi ed potatoes (Salas et al.  2005 ) and 
 Arabidopsis thaliana  (Salas et al.  2007 ), have also been used to determine the impor-
tance of some enzymes of LOX cascade in the production of aroma and the alterna-
tives that the plant looks for when LOX enzymes are knocked out. Thus, the high 
concentration of C 5  alcohols determined in model systems with a severe decrease in 
the HPL gene expression increased the sweet-fruity notes of the aroma, which con-
trasted with the predominant green notes found in the aroma of the wild plants. 
Therefore, these studies have pointed out the possibility of changing the fl avor of edi-
ble oils by modifying the activity level of some of the enzymes of the LOX pathway.   

8.3     Analysis of Volatile Compounds 

 In general, the analytical methods used for the evaluation of volatile compounds 
involve all the steps of the general analytical process such as sampling, sample prepa-
ration, separation, identifi cation, quantifi cation, and data analysis. Four points should 
be considered before dealing with the analysis of volatiles (Morales et al.  1992 ):

    1.    The concentration of volatiles in VOO is normally low, so that only a small 
amount will be obtained even from a large amount of sample.   

   2.    The volatile fraction comprises many components of different molecular masses 
and chemical natures, and their concentrations may vary widely.   
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   3.    No direct relationship exists between the incidence of each compound in the 
food aroma and its concentration in the aromatic fraction because the detection 
thresholds vary greatly.   

   4.    The formation of artifacts must be avoided during analysis because they may 
interfere and produce incorrect results.    

  Although every one of the preceding steps is important and should be carefully 
followed, it is not an exaggeration to say that the choice of an appropriate sample 
preparation procedure greatly infl uences the reliable and accurate analysis of VOO 
volatiles. Sample preparation is rather dependent on the instrumental technique sub-
sequently used for separation, identifi cation, and quantifi cation of the volatile com-
pounds. The separation and quantifi cation of volatile compounds of VOO is usually 
carried out by HRGC. The other instrumental technique widely applied in recent 
years for the analysis of the aroma compounds of VOO are chemosensors that usu-
ally do not require a sample preparation step, although in certain cases some precon-
centration procedure such as solid-phase microextraction (SPME) has been used. 

8.3.1     Sample Preparation 

 Sample preparation prior to GC analysis of VOO volatile compounds usually 
involves two steps – isolation and preconcentration of the volatile fraction of the 
sample – that can be realized by different procedures clustered into two large groups 
(Morales et al.  1992 ):

    1.    Those not involving preconcentration

   Direct injection (DI)  
  Static headspace (SHS)      

   2.    Those involving preconcentration

   Distillation and simultaneous distillation-extraction (SDE)  
  Dynamic headspace (DHS)  
  Headspace with SPME (HS-SPME)  
  Supercritical fl uid extraction (SFE)  
  Headspace sorptive extraction (HSSE)       

8.3.1.1      Procedures Not Involving Preconcentration 

 As previously mentioned, the characteristic fl avors of food and beverages are gener-
ally the result of complex multisubstance mixtures containing several hundred com-
pounds with different chemical structures. Although most of the usual techniques 
for the quantifi cation of volatile compounds involve an enrichment step, because of 
the very low concentration of most of them, the next two methods have been used, 
and are still used, in particular analyses of olive oil and other edible oils. 

M.T. Morales et al.



275

   Direct Injection 

 This is the simplest technique for the analysis of volatile substances and the one 
requiring the least handling of the sample. It basically consists in placing a small 
amount of sample in a tube fi lled with glass wool fi tted at the injector inlet (Dupuy 
et al.  1971 ). The sample is heated up to a predetermined temperature and purged 
with gas. The volatile compounds are then extracted and purged by the carrier gas 
into the column for their chromatography. Also called direct thermal desorption, it 
has been applied to olive oil volatile analysis by ramping the desorption temperature 
and holding the upper temperature in isothermal mode (Cavalli et al.  2003 ). Direct 
injection, with diverse modifi cations, has been used (Morales and Tsimidou  2000 ): 
(1) to predict the fl avor stability of oils during storage; (2) to study the volatile com-
pounds of oils oxidized under different conditions; (3) to study the effects of anti-
oxidants, packing containers, and light on the quality of refi ned oils; and (4) to 
detect the presence of halogenated volatile compounds (e.g., trichloroethylene and 
tetrachloroethylene) in VOOs. 

 Several studies have reported the application of direct thermal desorption on 
olive oil samples (Hoffmann and Heiden  2000 ; Overton and Manura  1999 ; Manura 
and Overton  1999 ). Direct thermal extraction has been applied to several cooking 
olive oils to determine the volatile and semivolatile compounds contributing to fl a-
vor and off-fl avor. The procedure can also be used for quality control and authentic-
ity issues. Direct thermal desorption has been compared to other olive oil sample 
preparation procedures, proving useful for extracting volatile and especially semi-
volatile compounds, such as sesquiterpenes (Cavalli et al.  2003 ). 

 Direct injection is the least sensitive of the techniques due to the fact that it works 
with very low concentrations of volatiles, so that it often does not allow their detec-
tion, because it is volatile in concentrations below gas chromatographic detectabil-
ity thresholds. The method also requires a high working temperature, and degradation 
products have been detected in analyses. An adequate cleaning process of the chro-
matographic column must be carried out after each analysis to avoid the memory 
effect (Morales and Tsimidou  2000 ).  

   Static Headspace 

 This simple way to analyze volatile fractions consists in analyzing an aliquot from 
the vapor phase, in equilibrium with the sample, in a sealed vial that is heated at a 
predetermined temperature over a certain time. Strict control of the temperature and 
sampling is necessary. The concentrations of the volatile compounds in both phases 
do not change with time once equilibrium is reached. They can be disturbed tempo-
rarily during sampling, so the methodology of obtaining the gaseous aliquot must be 
carefully considered. 

 The sample is usually injected by a syringe, although in certain cases multiple 
extractions have been used; in that case, several aliquots from the same vial are suc-
cessively injected, allowing suffi cient time for equilibrium to be reestablished 
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before each injection. The technique has as its main advantages that no foreign 
substance is introduced, changes due to possible chemical reactions are reduced to 
a minimum, and there are no losses of the more volatile substances. It does have, 
however, some disadvantages (Morales and Tsimidou  2000 ): (1) it is appropriate 
only for highly volatile compounds (i.e., those present in the headspace in analyti-
cally signifi cant amounts); (2) the rubber of the stopper can absorb certain volatiles; 
and (3) leaks can occur during fi lling of the syringe. 

 SHS has been used (Morales et al.  1992 ; Escuderos  2011 ) to study the aroma of 
VOOs from different cultivars; to understand the sensory perception of fusty, winey, 
and rancid defects by consumers; to explain that the volatiles identifi ed in refi ned 
oils came from autoxidation of the unsaturated fatty acids; to study the relationships 
between the contents of volatiles and fatty acids in thermoxidized vegetable oils; to 
study halogenated volatile compounds in VOOs; and to evaluate several sensory 
defects in VOO samples using direct coupling headspace-mass spectrometry and 
multivariate calibration techniques without any chromatographic separation (López- 
Feria et al.  2007 ).   

8.3.1.2     Procedures Involving Preconcentration 

 The most commonly used procedures for the quantifi cation of VOO volatile com-
pounds involve an enrichment or preconcentration step because of the low concen-
tration of most of the volatile compounds. The procedures require a careful analysis 
of the variables affecting the isolation and chromatographic determination of VOO 
volatiles in order to have comparable results among laboratories. The following 
variables and parameters are of great importance in a process of optimization:

 –    Temperature: The temperature of the enrichment step must be selected within a 
range allowing for most of the volatiles to be stripped in an effective way 
(>20 °C) and avoiding possible oxidative degradation of the oil sample (<45 °C).  

 –   Adsorbent material: The number and amount of volatiles as well as the presence 
of artifacts depend on the sorbent material (the trap); there is no material that 
adsorbs volatiles in the entire range from low to high boiling points.  

 –   Extraction parameters: The objective is to obtain the largest number of volatiles 
with concentrations higher than the GC detection threshold. Sample size, the 
geometry of the trap, and the fl ow rate of the carrier gas are decisive in an opti-
mization process.  

 –   Desorption step: Artifacts are related to the desorption process and should be 
avoided.    

   Distillation and Simultaneous Distillation-Extraction 

 Distillation is one of the most commonly used techniques for the isolation of vola-
tile substances of foods. The methodologies most commonly used are vacuum and 
steam distillation. Reduced-pressure distillation is of great interest, as the working 
temperature is lower, thus minimizing possible changes in the sample. Generally, 
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the vapors from distillation are condensed on a refrigerant or trapped in different 
cryogenic traps or adsorbent materials, although the latter is less frequent. Once 
distillation is fi nished, the distillate can be injected directly into the chromatograph, 
but a concentration step is usually necessary because some compounds might be 
present at trace levels, making their detection impossible. This concentration is nor-
mally carried out by extracting the aromatic fraction of the distillate, drying the 
extract, and concentrating it. 

 A special distillation procedure is the so-called simultaneous distillation- 
extraction (SDE) that consists of separate distillations of a dilute aqueous solution 
of the sample and the solvent. They condense in the same area where extraction 
takes place. The two phases are then separated and recycled. Modifi cations of this 
original technique have been described; one obtains volatiles from fats and oils and 
gives water-free condensates, another is a micro version of the original apparatus 
that is used for analytical applications. 

 During the early 1970s, Flath and coworkers (Flath et al.  1973 ) carried out an 
exhaustive study of VOO volatiles. They used codistillation with water, followed by 
solvent extraction and dry-column chromatography, to obtain a polar concentrate, and 
they identifi ed 77 volatiles by GCMS. The organoleptic assessment of some of these 
compounds indicated that several volatiles were signifi cant contributors to aroma. 

 Another methodology of the vacuum distillation technique collects the volatiles 
in three cold traps (two cooled with liquid nitrogen and one with acetone/solid car-
bon dioxide), dissolves them in diethyl ether, and, fi nally, concentrates them by 
distillation and microdistillation (Ullrich and Grosch  1988 ). Another procedure 
consists of a vacuum codistillation of oil with diethyl ether that is collected in three 
traps cooled with liquid N 2  and then in a “cold fi nger” cooled with running water. 
The last fraction is extracted with ether and combined with the ether extracts col-
lected in the cold traps. Finally, the extract is concentrated by distillation and micro-
distillation (Guth and Grosch  1989 ). 

 The technique has advantages, such as using small amounts of solvent, reducing 
the introduction of contaminants, obtaining a high concentration of volatiles in a 
short time, and minimizing thermal degradation by working at reduced pressure. It 
also has disadvantages, the main one being that it is not appropriate for thermolabile 
volatile compounds.  

   Dynamic Headspace 

 This technique was designed to determine the gases dissolved in aqueous samples. 
It is similar to SHS but there is a continuous fl ow of gas over the sample that carries 
away VOO volatiles. It consists of purging the volatiles of the sample, heated at a 
certain temperature, with an inert gas at a controlled fl ow, and passing them through 
a trap where they are retained. They are later desorbed and injected into the chro-
matograph for their separation. There are two kinds of techniques:

    1.    True DHS. This technique consists in sweeping the sample surface with the inert 
gas under stirring. It can use either adsorbent or cryogenic traps. The fi rst one 
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consists of a glass tube fi lled with one or two adsorbent materials (e.g., Tenax) 
that can be directly desorbed in the injection port of the gas chromatograph. 
The cryogenic trap consists of a metallic tube refrigerated with liquid nitrogen. 
A procedure uses both kinds of traps using the cold trap to concentrate all the 
volatiles thermally desorbed from an adsorbent trap of Tenax TA prior to being 
injected into the gas chromatograph (Morales et al.  1994 ).   

   2.    Purge-and-trap. This technique consists of bubbling the gas through the sample. 
This can be carried out in two different ways: open-circuit, in which the gas 
passes through the sample and trap and is then voided, or closed-circuit, in which 
the gas is recycled through the sample and trap.     

 Various factors affect the process, such as the diameter and length of the traps, 
the size and shape of the container used in the isolation, and the particle size of the 
adsorbent. The three fundamental controlling variables, however, are temperature, 
time, and purge fl ow (Morales and Aparicio  1993 ; Aparicio and Morales  1994 ). The 
latter two should be fi xed beforehand because values that are too low can lead to a 
defective purge and values that are too high can result in a loss of volatiles. The 
temperature depends on the types of compound to be analyzed. If the working tem-
perature is low (maximum 60 °C), the volatile compounds recovered are those actu-
ally present in the sample at the moment of analysis. The amounts are quite small, 
however, and the analysis is diffi cult. If higher temperatures are used (up to 160 °C), 
the compounds obtained are not only those actually present in the sample, but also 
volatiles formed by the thermal degradation of certain precursors. In this case, the 
amounts recovered are greater, and the analysis can be more easily carried out. 

 Generally, the gaseous samples obtained using this method consist basically of 
purge gas, water vapor, and a small amount of volatile substances. Thus, a concen-
tration step using traps of adsorbent materials or cryogenic traps is necessary. These 
two types of traps can be described as follows:

    1.     An adsorbent trap  consists of a glass or stainless steel tube fi lled with a certain 
amount of sorbent material (the trap). Volatiles are retained when the inert gas, 
charged with volatile compounds, passes through the trap. Various materials 
have been used.

•     Activated carbon and graphitized sorbents : the most commonly used materi-
als in early research, these materials have a large specifi c surface and high 
adsorption capacities. They are highly appropriate for desorption with sol-
vents but not for thermal desorption because the compounds are retained very 
strongly on their surface, so that a very high temperature is needed to obtain a 
quantitative desorption. Also, they have high water affi nity and, in some 
cases, selective adsorption. The porous polymers, which retain little water and 
do not show irreversible adsorption, have the problem that they do not support 
as high temperatures as the other materials (Michel and Buszewski  2009 ).  

•    Tenax series : despite having a small specifi c surface, these traps have a high 
adsorption capacity for many compounds and a high thermal stability, which 
allows desorption of substrates at high temperatures (up to 350 °C) without 
the formation of artifacts. They retain little water and are appropriate for 
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 components of medium and high boiling points. Tenax TA is one of the most 
widely used polymers (Morales and Tsimidou  2000 ).  

•    Other series : other sorbent materials such as Porapak, Chromosorb, and 
Amberlite have been used for trapping volatile compounds from foodstuffs.    

•  All these traps require conditioning of the material to prevent interference in 
the analysis. The conditioning depends on the type of adsorbent; the proce-
dure is described by the manufacturer.   

   2.     A cryogenic trap  is a length of column or capillary tube of a different type that is 
cooled to a very low temperature, normally with liquid nitrogen. Compounds 
passing through it condense inside. Desorption is carried out by passing a current 
of inert gas and raising the temperature so that the volatile compounds pass 
directly to the chromatographic column. This kind of trap has been used to ana-
lyze the volatile fraction of VOO samples in order to study the relationship 
between headspace composition and sensory analysis (Gasparoli and Fedeli 
 1987 ; Servili et al.  1995 ).     

 Both types of trap can be used at the same time. First, concentration is carried out 
with the use of a polymer, and second, the volatile compounds are passed through a 
cold trap where they condense. The desorption of the trapped volatiles is usually car-
ried out by one of two procedures: with solvents or by means of thermal desorption. 

 Desorption with solvents is performed using a small volume of organic solvents 
so that the partition coeffi cient favors the eluent. The amount of solvent should be 
neither too small nor too great. An incomplete desorption can be produced in the 
former case; in the latter case, volatiles can be very diluted and require concentration, 
usually by evaporation. This procedure has disadvantages. For example, artifacts can 
be introduced into the sample, the solvent peak might mask part of the sample, and 
the method is not rapid and can cause losses on evaporation (Nuñez et al.  1984 ). 

 This technique has been widely applied to the analysis of VOO volatile com-
pounds. Activated carbon and    Tenax have been the most commonly used sorbent 
materials in VOO aroma analysis by DHS. Trapping on activated carbon with 
desorption using carbon disulfi de (CS 2 ) as solvent was often used during the 1970s 
and 1980s to study the volatiles present in VOOs (Morales and Tsimidou  2000 ; 
Escuderos  2011 ). This research described various recovery devices, used large 
amounts of sample, and had long purge times. Some of the methods used three acti-
vated carbon traps in succession instead of a single trap. The fi rst two traps were 
extracted jointly with CS 2  to give the main concentrate. The third trap, extracted 
separately, was used to check that the volatiles were present in the fi rst two traps and 
to ensure that aromatic oils saturated them. Most of the research was aimed at iden-
tifying various volatiles present in VOOs. The technique of trapping on activated 
carbon and desorption with CS 2  has also been used to study thermoxidation of dif-
ferent types of oil. 

 Other solvents such as diethyl ether have been used to desorb activated carbon 
traps in experiments on the volatiles responsible for VOO rancidity, on volatiles 
related to cultivars and processing technologies (e.g., two- and three-phase centrifu-
gation systems) (Morales and Tsimidou  2000 ), and on the changes in certain aroma 
components of VOOs related to degree of ripeness (Escuderos  2011 ). 
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 Thermal desorption consists in heating the trap to a high temperature while 
 passing a current of inert gas through it. Various devices have been used for the 
heating, some fi tted to the injector and others using a modifi cation of it. Among the 
disadvantages are thermal decomposition and possible impurities of the adsorbent, 
but the main disadvantage is that each sample can be injected only once. Thus, if it 
is necessary to repeat the injection, the whole process must be repeated. 

 The thermal desorption of a Tenax trap at 180 °C on a column previously cooled 
to −50 °C has been used to obtain    fi ngerprint chromatograms of volatile compounds 
of eight types of oil at different oxidation levels (Snyder et al.  1985 ). A variant con-
sists in collecting the volatile compounds on a Tenax trap, which is then desorbed 
thermally onto another smaller trap and reconcentrated on a third, from which the 
compounds are injected into the chromatograph. The use of this technique for the 
quality analysis of fl avor in soybean and corn oils reduces analysis time and com-
pares well with sensory evaluation (Raghavan et al.  1989 ). Other traps used are 
those containing various adsorbent materials: a trap of glass balls (to trap high-
boiling- point compounds)/Tenax (medium boiling point)/Ambersorb (very volatile 
compounds) has been used in the analysis of stored soybean oil. In this case desorp-
tion was carried out thermally at 250 °C. 

 A DHS technique using Tenax TA traps as adsorbent material and further con-
densation on a cryogenic trap using thermal desorption has been widely applied to 
the analysis of VOOs. The technique has been widely used to study the volatile 
fraction of VOOs (Morales et al.  1994 ); to establish the relationship between vola-
tile compounds and sensory attributes; to characterize different European varieties 
(Aparicio et al.  1997 ; Luna et al.  2006a ), extraction systems (Aparicio et al.  1994b ), 
and degrees of ripeness (Aparicio and Morales  1998 ); to study the infl uence of 
extraction conditions on VOO sensory quality; and to evaluate VOO sensory defects 
(Morales et al.  2005 ; Luna et al.  2006b ). 

 Although this technique has disadvantages, it can be used with varying amounts 
of sample and over a wide range of temperatures. Because of these advantages, 
together with the concentration of volatiles in the appropriate traps, sensitivity is 
increased. Because the technique allows low working temperatures, it is also possi-
ble to study the volatiles actually present in the sample at the moment of analysis. 

 Microwave desorption has also been applied to olive oil volatile analysis. Either 
activated or graphitized carbon adsorption traps were used to concentrate the vola-
tile compounds followed by microwave desorption and GC analysis. Hydrocarbons 
in olive oil (Almarcha and Rovira  1994 ) and aroma components of VOO (Bocci 
et al.  1992 ) have been analyzed by this method.  

   Headspace Solid-Phase Microextraction 

 An alternative to DHS analysis is HS-SPME, which integrates sample extraction and 
concentration in a single step that can be fully automated. This effi cient, cheap, and 
simple technique consists of a fused-silica fi ber coated with a liquid (polymer), a 
solid (sorbent), or a combination of both phases where the volatiles are retained, and 
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the degree depends on the affi nity that volatiles have to the absorbent. Nowadays, 
numerous fi bers with diverse levels of polarity are available that allow analyzing 
volatiles ranging from polar to nonpolar. Fibers of 10 and 20 mm in length coated 
with a fi lm thickness of 50/30 μm of divinylbenzene/carboxen/polydimethylsiloxane 
(DVB/CAR/PDMS) or with 75 μm of polydimethylsiloxane/carboxen (PDMS/
CAR) have been reported to have the best effi ciency in sampling the volatiles present 
in VOOs (García-González et al.  2006 ). 

 The process consists in heating and stirring the oil sample contained in a thermo-
stated vial sealed with a septum, for a preestablished period of time, till reaching 
equilibrium between vapor and liquid phases. Then the fi ber is exposed to vapor 
phase to absorb volatiles. The analysis of the absorbed compounds is carried out by 
inserting the fi ber directly into the GC injector held at a suitable temperature. 

 The main advantage of HS-SPME is its simplicity, reduced risk of cross contami-
nation, good repeatability, acceptable linearity (although depending on the fi ber), and 
percentages of recovery that vary too much between compounds, depending on the 
carbon atom number and the position of the functional groups (Angerosa et al.  1997 ). 
Table  8.3  shows the main characteristics of the sample pretreatment and chromato-
graphic conditions of the experiments carried out with HS-SPME by the authors.

   SPME has been profusely applied to the analysis of VOO volatile compounds. 
A comparative study on volatile analysis of EVOOs by DHS and SPME showed that 
the application of a DHS-TD Tenax TA procedure separated a higher number of 
compounds compared to the SPME-PDMS-DVB, which required shorter total times 
for the analysis (Kanavouras et al.  2005 ).  

   Table 8.3    Preconcentration and chromatographic conditions of a HS-SPME method   

 Preconcentration conditions 
 Sample amount  2 g 
 Temperature  40 °C 
 Equilibrium time  10 min 
 Adsorption time  40 min 
 Stirring  Yes 
 Standard  4-methyl-2-pentanol 

 Analytical instrumentation 
 Fiber  DVB/CAR/PDMS 
 Chromatograph  GC (GCMS) 
 Detector  FID 
 Column  DB-WAX (60 m × 0.25 mm × 0.25 μm) 

 Chromatographic conditions 
 Injector/ detector temperatures  260 °C/280 °C 
 Desorption time  5 min 
 Carrier gas/fl ow rate  H 2 /1 mL/min 
 Oven temperature program  40 °C (10 min) to 200 °C (3 °C/min) 
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   Supercritical Fluid Extraction  

 Supercritical fl uids for analytical extractions provide a powerful alternative to tradi-
tional extraction techniques. They have been applied to the extraction of seed oils 
but have scarcely been used to study the volatile fraction of vegetable oils. One of 
the main disadvantages of analyzing volatiles is the problem of leaks that could 
cause the removal of part of the chemical compounds responsible for the aroma of 
the foodstuff. EVOO and olive fruits have been analyzed using supercritical CO 2  to 
isolate the volatile compounds (Morales et al.  1998 ). In order to collect the volatile 
components of these samples, the built-in extract trap of the SFE system was 
bypassed. Instead, the SFE extract, together with the total volume of venting carbon 
dioxide, was purged through a removable Tenax TA trap. The trap was then ana-
lyzed by thermal desorption–high-resolution gas chromatography–mass spectrom-
etry (HRGC-MS). Applying different extraction conditions (temperature and 
pressure) different profi les can be obtained. Softer conditions (40 °C and 80 bars) 
allow one to obtain volatile compounds responsible for VOO fl avor, while harder 
conditions (80 °C and 260 bars) permit one to obtain VOO off-fl avors (Morales 
et al.  1998 ).  

   Headspace Sorptive Extraction 

 Headspace sorptive extraction (HSSE) is a solventless enrichment procedure devel-
oped to overcome some of the limits of the techniques described earlier, for exam-
ple, the recovery of medium- to high-volatility analytes (David and Sandra  2007 ). 
The method was developed to extract volatile compounds from gaseous (head-
space) or aqueous samples (stir bar sorptive extraction or SBSE) (Tienpont et al. 
 2000 ; David and Sandra  2007 ). HSSE is based on the sorption of analytes onto a 
thick fi lm of polydimethylsiloxane coated on a stir bar (twister) although today 
there are new developments based on dual-phase twisters, which combine the pre-
concentration capabilities of two or more sampling materials, with which the preci-
sion and selectivity of the procedure have been enhanced (Bicchi et al.  2005 ). 
Extraction is controlled by the partitioning coeffi cient of the solutes between the 
polymer coating and the sample matrix and by the phase ratio between the polymer 
coating and the sample volume. After sampling analytes are recovered from the 
sorbent by thermal desorption. The procedure, however, has been scarcely applied 
to VOOs despite the fact that it yields results similar to those obtained by SPME 
(Cavalli et al.  2003 ). 

 Table  8.4  summarizes the advantages and disadvantages of the described methods 
according to the authors’ experience.
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8.3.2          Gas Chromatography 

 The separation and quantifi cation of volatile compounds of VOO is usually carried 
out by HRGC using different chromatographic conditions (Escuderos  2011 ). GC is 
a powerful separative technique with a high capacity to separate complex mixtures 
of very similar components. It is relatively fast and has high resolution and very 
high precision, mostly when autosamplers are used. It requires only small amounts 
of sample, having excellent sensitivity to detect volatile organic mixtures at low 
concentrations. It is the most suitable analytical procedure for the analysis of vola-
tile analytes, although HPLC has been used sometimes to analyze certain volatile 
compounds. The instrument is not very complex and has the advantage that it can be 
coupled to other techniques (e.g., MS, IR). 

 Detection is often carried out using fl ame ionization detectors (FID). Electron 
capture detectors can be used to indicate the presence of halogen atoms. HRGC-MS 
with different modalities has been widely applied to the identifi cation of VOO vola-
tile compounds. 

 GC-olfactometry is the most frequently used technique to assign the aroma 
impact zones of the chromatogram and to relate chemical compounds to sensory 
descriptors. The aroma of a food consists of many volatile compounds, only a few 
of which have sensory signifi cance. An essential step in aroma analysis is the dis-
tinction of the more potent odorants from volatiles having low or no aroma activity. 
Different approaches have been developed, from calculation of the ratio of the con-
centration of an odorant to its odor threshold and denoted it as aroma value, which 
was the fi rst attempt to estimate the sensory contribution of single odorants to the 
overall aroma of a food (Rothe and Thomas  1963 ), or the use of similar methods 
like calculation based on nasal odor thresholds (odor unit), using retronasal odor 
thresholds (fl avor unit), and odor activity value (OAV), which is synonymous with 
odor unit and odor value (Grosch  2001 ). These concepts are appropriate for assign-
ing sensory signifi cance when a screening step for the most important aroma com-
pounds is used, but they are time-consuming since they require identifi cation and 
quantifi cation of a large number of volatile compounds and determination of their 
threshold values (Blank  2002 ). 

 GC in combination with olfactometric techniques (GC-O) is a valuable method 
for the selection of aroma-active components from a complex mixture. In GC-O 
human subjects sniffi ng GC effl uents assign the sensory properties of the different 
peaks/zones of the chromatogram. Many key aroma compounds occur at very low 
concentrations because their sensory relevance is due to low odor thresholds. The 
peak profi le obtained by GC does not necessarily refl ect the aroma profi le of the 
food. Usually, it is diffi cult to assign a sensory relevance of volatiles from a single 
GC-O run (Blank  2002 ). 

 Several procedures have been developed to objectify GC-O data and to estimate 
the sensory contribution of single aroma components. Dilution techniques and time- 
intensity measurements are the two main GC-O methods, although several interest-
ing approaches based on the application of multivariate statistical procedures to GC 
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and sensory data have been developed and applied to VOO and other fat-containing 
foods (Morales et al.  1995 ; Aparicio et al.  1996 ; García-González et al.  2008 ). 

  Time-intensity measurements.  The OSME method analyzes the non-diluted aroma 
extract by GC-O (Miranda-Lopez et al.  1992 ), and the odor intensities perceived in 
replicate by several assessors are averaged, yielding a consensus aromagram. 
Olfactometry global analysis (OGA) is similar to Osme, but each peak in the aroma-
gram is related not to the odor intensity of the volatile, but to its detection frequency. 

  Dilution techniques.  Two methods based on dilution have been developed: 
CharmAnalysis (Acree et al.  1984 ) and aroma extract dilution analysis (AEDA) 
(Grosch  1993 ). Both evaluate the odor activity of individual compounds by sniffi ng 
the GC effl uent of a series of dilutions of the original aroma extract, usually as a 
series of 1:1 or 1:2 dilutions, and each dilution is analyzed by gas chromatography–
olfactometry (GC-O). In the case of AEDA, the result is expressed as a fl avor dilu-
tion (FD) factor (Grosch  1993 ), which is the ratio of the concentration of the odorant 
in the initial extract to its concentration in the most dilute extract in which the odor 
is still detectable by GC-O. Consequently, the FD factor is a relative measure and is 
proportional to the OAV of the compound in air. Charm analysis constructs chro-
matographic peaks whose areas are proportional to the amount of the chemical in 
the extract (Acree  1993 ). In CharmAnalysis, the dilutions are presented in random-
ized order to avoid bias introduced by knowledge of the samples. The assessor 
detects the beginning and the end of each aroma perception and notes the sensory 
attributes. The primary difference between the two methods is that CharmAnalysis 
measures the dilution value over the entire time the compounds elute, whereas 
AEDA simply determines the maximum dilution value detected (Grosch  2001 ).  

8.3.3     Chemosensors 

 The chromatographic techniques can assess sensory quality in routine tests but can-
not be used in online processes because of the need for sample pretreatment or a 
volatile concentration step. An alternative is the use of sensors that have already 
been used in many fi elds of analytical chemistry. 

 Conceptually speaking, a sensor is a device that is able to give a signal propor-
tional to the physical or chemical property to which the device responds. The elec-
tronic integration of various sensors inside one set constitutes an array of sensors, or 
the so-called electronic nose, which is a kind of low-cost structure commonly used 
to analyze the aroma of foodstuffs. 

 Nowadays, several commercial sensors are available on the market in addition to 
the large number of prototypes that are designed by research groups each year. All 
these types of sensors exhibit physical and chemical interactions with the chemical 
compounds when they fl ow over, or are in contact with, the sensors. The choice of 
sensor is hence quite important and not an easy matter, so that they have been clas-
sifi ed into broad classes following an arborescent structure. Odor sensors, tasting 
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sensors, and biosensors constitute the fi rst class. The last two groups are the result 
of very recent research. The sensors of the former group can be clustered into two 
large groups according to their working temperature: hot sensors and cold sensors. 
The group of so-called hot sensors mainly includes different kinds of metal oxide 
gas sensors (based on doped or undoped semiconductors), while cold sensors 
include piezoelectric crystal sensors (bulk acoustic wave sensors, surface acoustic 
wave sensors) and conducting organic polymer sensors. Recent research seems to 
be focused on designing instruments that combine different classes (e.g., conduct-
ing polymer sensors plus piezoelectric crystal sensors) to reduce drawbacks, and 
even going beyond by integrating electronic nose and electronic tongue. 

8.3.3.1     Metal Oxide Semiconductor (MOS) Sensors  

 These sensors, which are the most common of the commercially available sensing 
systems, consist of a ceramic former heated by wire and coated with a metal oxide 
semiconducting fi lm. The oxide coating may be either n-type or p-type semiconduc-
tors. The n-type semiconductors (e.g., SnO 2 , ZnO, In 2 O 3 , WO 3 , Fe 2 O 3 , Ga 2 O 3 , TiO 2 ) 
respond to oxidizing compounds and their thermal or photolytic excitation results in 
an excess of electrons, which increases the reactivity with oxidizing molecules. The 
p-type semiconductors (oxides of nickel or cobalt) respond to reducing compounds 
and their excitation promotes reactions with reducing compounds due to an electron 
defi ciency in their valence band. These metal oxides (mostly SnO 2 , Ga 2 O 3 , and 
TiO 2 ) can also be doped with metals (e.g., Cu, Pt, Sb, Bi, Fe, Au, Cd) or metal 
oxides (e.g., Co, Cr, La, Ce, Mg, Al, Ru, Rh, Ir) to improve the sensitivity and the 
selectivity as well as to diminish humidity and temperature dependence. 

 The mechanism of sensing of these sensors is related to the semiconductor 
behavior when exchanging oxygen between the volatiles and the metal fi lm. Under 
nonoperating conditions, when only the carrier gas (e.g., synthetic air) fl ows in the 
sensor chamber, the oxygen is adsorbed on the surface and inside the metal coating, 
fi lling the sensor lattice vacancies, and later oxygen attracts free electrons from the 
semiconductor material, which results in increases of the sensor conductance. In 
operation, when adsorbed volatile molecules interact with the metal fi lm take place, 
the conductance decreases due to the reaction with the adsorbed oxygen. 

 These small sensors are robust and have a quite good sensitivity, their signal 
processing is simple, and they have a very low cost. Their sensitivity is, however, 
affected by humidity. Although the sensors are made of materials relatively resistant 
to humidity and aging, humidity is still the main problem as the sensors sensitivity 
decreases when humidity increases. Another drawback is a temporary blinding 
effect, any other analytes present in the sample produced by the presence of ethanol. 
Other undesirable characteristics of these sensors are: their slow baseline recovery 
when compounds with high molecular mass are analyzed, their poor specifi city and 
selectivity, the sensor drift mainly caused by sensitivity loss, and the nonlinear 
response to some chemical compounds. 
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 The array of MOS sensors, the so-called electronic nose, has been applied with 
success to detect the presence of some of the most common defects in VOOs (e.g., 
vinegary, rancid, fusty) even before the offi cial sensory assessment or panel test 
(García-González and Aparicio  2002b ). Thus, the hypothesis that the sensor 
response depends on the amount and composition of volatile compounds had been 
demonstrated by the authors when analyzing sensory defects by canonical correla-
tion (García-González and Aparicio  2002c ). Based on these results, four steps were 
suggested for analyzing the data sets of responses of the sensors to VOO volatiles: 
(1) detection of multivariate outliers by principal component analysis (PCA), (2) 
training process of supervised procedure SLDA, (3) implementation of canonical 
equation in a discriminating model, and (4) validation of results with samples of an 
external test set (García-González and Aparicio  2004 ). The result has allowed, for 
instance, for the selection of commercial MOS sensors suitable to distinguish high- 
quality olive oils with irreproachable sensory descriptors from lampante olive oils, 
which are not suitable for human consumption, by means of a neural network with 
only 4.5 % error in the data set and with no error in an external validation set 
(García-González and Aparicio  2003 ). 

 The simultaneous analyses of volatiles by GC and an array of MOS sensors, and 
even a coupling of GC with a sensor array, are described in works in    the bibliography 
(García González and Aparicio  2002a ,  2010 ). The objectives were to correlate the 
intensity of sensor responses with the structure of volatile compounds, to analyze sim-
ple mixtures of volatiles (or to remove a masking component), and to check the pros 
and cons of a micromachined gas chromatographic column in tandem with an array of 
sensors (Zampolli et al.  2005 ). Nevertheless, the coupling of gas chromatography- 
sensor array (GC-EN) has been used only very recently to analyze the aroma of foods 
made by a complex mixture of volatile compounds such as in the case of VOOs. 

 The individual contribution of volatile compounds from VOO to the overall 
MOS sensor responses when they interact all together with the sensitive material of 
the sensors is unknown, and a classifi cation of VOOs into different quality catego-
ries performed by merely processing the sensor response data requires elucidation 
on whether the classifi cation is actually based on the volatiles that are responsible 
for the VOO sensory attributes. On the other hand, the possibilities of an array of 
sensors as an alternative to destructive FID chromatographic detectors need to be 
explored as well. 

 Because GC allows for both qualitative and quantitative determinations of the 
volatiles present in VOO headspace, the use of a sensor array, or electronic nose 
(EN), as a nondestructive detector in parallel with the FID makes it possible to know 
the volatiles that contribute to the sensor response as well as the sensor sensitivity 
to each volatile at its concentration in the sample headspace. Thus, when coupling 
GC-EN, the sensors respond to the volatiles that, eluted from the chromatographic 
column, are transferred separately to the sensor chambers by the chromatograph 
carrier gas. 

 Figure  8.5a  shows the signal derived from a GC-EN system. The fi rst changes in 
the intensity of the sensor responses are observed at 20 min (retention time), 
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  Fig. 8.5    Sensorgrams of raw response of Cr3O2 sensor ( a ), its fi rst derivative ( b ), and SPME-GC 
chromatogram of volatiles ( c ) of a virgin olive oil (García-González and Aparicio ( 2010 ), with 
permission of Elsevier)       
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corresponding to hexane, octane, and methyl acetate. These compounds scarcely 
contribute to VOO aroma, and their low response in the sensorgram also shows that 
they hardly contribute to sensor response as well. The second broad peak, more 
intense than the previous one, corresponds to a group of compounds including etha-
nol, ethyl propanoate, and 3-pentanone, from all of them sensors are more sensitive 
to ethanol. Hexanal produces a very intense peak too. This volatile contributes to the 
perception of a sweet-green sensory note in EVOO when its concentration is higher 
than its odor threshold, but it contributes to the rancid perception when it is present 
at high concentrations (Morales et al.  1997 ). The following compounds observed in 
a sensorgram are E-2-hexenal and, only when present at high concentrations, pentan-
1-ol. The fi rst is characterized by a bitter-almond sensory note, while the second is 
characterized at high concentrations by an intense and unpleasant gluelike aroma 
(Morales et al.  2005 ) and by a pungent, strong, and balsamic aroma at medium or low 
concentrations (Luna et al.  2006b ). The next peaks have been assigned to a series of 
compounds that are commonly responsible for pleasant fruity-green attributes 
(Aparicio et al.  1996 ), and they have close retention times in the chromatogram. 
These compounds are hexyl acetate, 6-methyl-5-hepten-2-one, and Z-3-hexenyl ace-
tate, and the alcohols hexan-1-ol, Z-3-hexen-1-ol, and E-2-hexen- 1-ol. Depending on 
their relative concentrations, some of these compounds may mask others, and hence 
the derivative of the raw sensor response is necessary to elucidate the contribution of 
each of them. The resulting sensorgram (Fig.  8.5b ) resembles a GC chromatogram 
obtained using the SPME-GC methodology (Fig.  8.5c ).

   The main application of MOS sensors is, however, the detection of VOO samples 
with defective sensory attributes (García-González and Aparicio  2002b ), which 
must be refi ned prior to being consumed. Previous studies showed that the area 
covered by the response curve was, in general, higher in defective VOOs than 
EVOOs, but it was not possible to know if the volatiles to which the sensor was 
sensitive contributed to VOO off-fl avor. Coupling a GC column to an array of MOS 
sensors made it possible to determine whether the sensors were sensitive to com-
pounds present at high concentrations in defective VOOs, and in addition, they were 
compounds that contribute to the perception of undesirable sensory attributes. 
Figure  8.6  shows the profi les of the sensorgrams of the most common defective 
VOOs: rancid, fusty, winey-vinegary, and musty-humidity. The highest response of 
the sensor in terms of total area under the curve was observed in rancid VOO fol-
lowed by fusty and the other two defective oils (winey-vinegary and musty). This 
order fully agrees with the chromatograms of defective oils (Morales et al.  2005 ); in 
addition, the profi les of the sensorgrams are very similar to their respective chro-
matograms. Thus, a tentative assignation of peaks of rancid sensorgram made it 
possible to identify the main aldehydes (pentanal, hexanal, octanal, nonanal) and a 
zone where acids (butanoic, pentanoic, hexanoic, heptanoic acids) and 2,4-dienals 
(octadienal, nonadienal, decadienal) are located. The main contributors to a fusty 
defective sensory attribute are esters and acids (Morales et al.  2005 ), and butyl ace-
tate and ethyl propanoate seem to be responsible for sensorgram peaks, together 
with hexanal, 6-methyl-5-hepten-2-one, and the acids (acetic, propanoic, butanoic, 
and pentanoic acids). The peaks of the musty-humidity sensorgram are much 
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smaller and refl ect the low concentration of E-2-hexenal in comparison with 
hexanal, the latter being the most signifi cant compound in this kind of defective 
VOO. Other peaks might be due to the presence of pentanol, 6-methyl-5-hepten-2-
one, and acetic, butanoic, and hexanoic acids. Despite the high concentration of 
ethyl acetate in VOOs qualifi ed with a winey-vinegary attribute (Morales et al. 
 2005 ), this compound produces a relatively low response in Cr 3 O 2  sensors, although 
the response is much more intense in SnO 2  sensors.

   This new approach requires further research to improve the resolution of the 
peaks as well as to reduce the sensor desorption time. Solutions can come from new 
designs for the sensor chamber, the substitution of current capillary columns by 
micromachined gas chromatographic columns, and MOS sensors by surface acous-
tic wave (SAW) sensors that show a faster desorption time, although the robustness 
and repeatability of the latter sensors still need to be improved.  
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  Fig. 8.6    Sensorgrams of Cr2O3 + Ti sensor of standards of virgin olive oil samples characterized 
by defects rancid, fusty, winey–vinegary, and musty–humid at intensity levels 8 out of 10. Note: 
( 5 ) Ethyl acetate, ( 7 ) Ethanol, ( 8 ) Ethyl propanoate, ( 9 ) Pentanal, ( 13 ) Hexanal, ( 16 ) E-2-Hexenal, 
( 17 ) Pentan-1-ol; ( 21 ) 6-Methyl-5-hepten-2-one, ( 25 ) Nonanal, ( 27 ) E-2-octenal, (28) Acetic acid, 
( 29 ) Propanoic acid, ( 30 ) E-2-Decenal, ( 31 ) Butanoic acid, ( 32 ) Pentanoic acid, ( 33 ) Hexanoic 
acid,  A  Acids and 2,4-dienals,  H  Hydrocarbons (i.e., heptane, octane) (García-González and 
Aparicio ( 2010 ), with permission of Elsevier)       
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8.3.3.2     Conducting Polymer Sensors  

 Conducting polymer sensors(CPSs) are based on a measurable change in electrical 
conductivity when CPSs are exposed to volatile compounds. A fi xed voltage among 
the electrodes produces a constant current that passes through the conducting poly-
mer. When gas fl ows on the sensor, the volatile compounds adhere to its surface, 
and an adsorption-desorption process occurs on the polymer layer that alters the 
electron fl ow in the system and, hence, the sensor conductivity. 

 These sensors are made of a broad range of monomers that are polymerized by 
chemical or electrochemical methods. A thin fi lm of polymer is deposited onto a 
sensing substrate formed by two parallel platinum- or gold-plated electrodes with 
insulating base such as oxidized silicon. The most common polymers are polypyr-
roles and polyanilines, although new polymers are being synthesized to extend these 
sensors to new applications. The nature of the dopants also modifi es the initial prop-
erties of polymers, and this means the possibility of designing sensors tailored to 
specifi c series of volatiles (e.g., ketones, aldehydes, alcohols) or to a particular appli-
cation (e.g., characterization or authentication). They are easily fabricated, their 
power consumption is low, and they are robust and can work at room temperature. 

 The random nature of the deposition process is, however, a problem for the pro-
duction of reproducible sensors. The sensors also have other drawbacks such as 
their too long response time (20–40 s), in comparison with MOS, and their inherent 
drift over time or with changes in temperature. The main problem is, however, that 
they are extremely sensitive to moisture. 

 The great interest in the application of PCS to the evaluation of VOO aroma at 
the end of the millennium (Aparicio et al.  2000b ; Stella et al.  2000 ; Escuderos et al. 
 2007 ) seems to have slammed on the brakes in the last decade, with MOS and SAW 
sensors having taken their place.  

8.3.3.3     Acoustic Sensors 

 These sensors are based on the propagation of acoustic waves produced by piezo-
electric materials (e.g., quartz, LiNbO3, Si-SiO2-ZnO) in a multilayer structure. 
Surface acoustic wave (SAW) and bulk acoustic wave (BAW) sensors are the most 
common acoustic sensors. The operation mode is based on the physical changes 
produced on their membranes made of chemically interactive materials (CIMs). The 
physical changes that can be detected are related to the piezoelectric materials used 
for the acoustic transduction or the mass density and (visco-)elastic properties of 
CIMs. From the sensing point of view, the presence of volatile compounds produces 
an adsorption of molecules on the sensor and, hence, changes on the properties of 
the CIM that affect both the phase velocity and the propagation loss of the acoustic 
wave. The result is a frequency shift whose magnitude is related to the amount of 
material adsorbed onto the layer sensor. 

 Acoustic sensors have various advantages over other sensors – such as, for 
instance, high sensitivity and short response time, low power consumption and size, 

8 Chromatographic Methodologies: Compounds for Olive Oil Odor Issues



292

and robustness – but have common disadvantages such as temperature and humidity 
dependence and also particular drawbacks like poor reproducibility in the deposi-
tion of the coating material and a certain level of noise because of the oscillator high 
frequency. 

 Regarding polymer sensors, SAW sensors have not found enough support in the 
food industry to develop new instrumentation beyond the in-house designs of some 
research groups (García-González et al.  2004 ,  2006 ).    

8.4     Contribution of Chemical Compounds to Virgin Olive 
Oil Sensory Quality 

 The establishment of the relationship between VOO chemical compounds and sen-
sory attributes is the most complex aspect of the global study of fl avor. Great 
advances in instrumentation have allowed the identifi cation of a large number of 
chemical compounds of VOOs. The relationships between these compounds and the 
sensory attributes have been studied for years, and several methods have been 
applied to establish these relationships in VOOs. 

 The fi rst attempts were focused on fi nding correlations between single com-
pounds and sensory attributes, but this is not the right way to describe the aroma for 
several reasons. First of all, it is not always true that volatile compounds at higher 
concentrations are the main contributors to aroma. Their contributions depend on 
the calculation of the ratio of their concentrations to their fl avor thresholds nasally 
and retronasally evaluated, which is known as the OAV. The determination, although 
laborious enough, is a powerful tool in determining which compounds do not con-
tribute to VOO fl avor due to factors like volatility, hydrophobicity, and molecular 
characteristics (e.g., shape, size, type, and position of functional groups), together 
with other factors like synergism and antagonism between compounds, due to the 
simultaneous stimulation of olfactory and gustative receptors of the assessors. The 
application of multivariate statistical procedures to data sets of volatile compounds 
and of the intensities of sensory attributes evaluated by means of the offi cial sensory 
assessment (Chap.   14    ), combined with OAVs of selected volatile compounds, have 
produced the best results. 

8.4.1     Relationships Between Volatile Compounds 
and Basic Sensory Perceptions 

 Not all the compounds of a volatile fraction have the same infl uence on the sensory 
quality. Their infl uence will depend not only on their concentration but also on their 
odor threshold. A GC sniffi ng technique has been widely applied to study the inde-
pendent sensory impact of the different volatile compounds on sensory quality. 
Calculation of OAV has also been used to determine the volatiles that make the 
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largest contributions to VOO aroma (Guth and Grosh  1993 ; Morales et al.  1996 ; 
Aparicio and Morales  1998 ). This procedure is effective for the determination of the 
most important contributors to aroma, but the presence of other volatile compounds 
in the matrix of the oil should not be forgotten as they can contribute to the global 
fl avor by synergism phenomena. Multivariate statistical procedures have proven to 
be powerful tools for pointing out these relationships because they work with sets of 
chemical compounds and VOO sensory attributes. 

 Thus, the artifi cial neural network (ANN) has been used to predict sensory 
assessments with a fi ne degree of accuracy (Angerosa et al.  1996a ). Partial least 
squares (PLS) and PCA have widely been applied to achieve the relationship 
between the chemical composition and free-choice profi ling Quantitative Descriptive 
Analysis (QDA) data (Servili et al.  1995 ). Multidimensional scaling (MDS) also has 
been applied to bring out inter–intra dissimilarities from data sets of volatile com-
pounds and sensory attributes of VOOs (Morales et al.  1995 ). 

 An interesting approach is the statistical sensory wheel (SSW), which represents 
the global VOO fl avor matrix, and is the most complete explanation of sensory 
descriptors by volatiles to date. The idea of the sensory wheel is not new (Noble 
et al.  1987 ) but is more than a subjective procedure in which each fl avorist places 
the sensory descriptors at his or her convenience. SSW consists of the information 
about sensory attributes evaluated by six different European panels, for a total of 
103 sensory descriptors (Table  8.5 ). All the panels used QDA (Chap.   14    ) in the 
evaluation of the oils. Three of the panels followed the EC regulations that were in 
force at that time (EC  1991 ) for VOO sensory evaluation. The other three panels 
used a free-choice profi le that allowed qualifying VOO samples with enough sen-
sory information (Aparicio et al.  1994a ). The values of the sensory attributes after 
means calculation, selection of the main sensory attributes (based on their repeat-
ability and embodying all of the terms expressed by the panels), outlier detection, 
and cross validation were analyzed by PCA. A circle of radius 1.0 was drawn at 
coordinates (0, 0) on a plot of the selected attributes by the fi rst two components of 
PCA. The limits of each sensory wheel sector were calculated by circular standard 
deviation (Aparicio and Morales  1995 ). The correlations of each of the remaining 
sensory attributes with the fi rst two factors of PCA were calculated, and these val-
ues were taken as its coordinates (x, y).

   Applying this methodology, researchers constructed a wheel. A global sensory 
matrix of the VOO is represented inside the circle (Fig.  8.7 ). The global matrix was 
divided into sectors representing the main perceptions produced by VOO (Aparicio 
and Morales  1995 ). Seven main sectors were found: green, bitter-pungent, undesir-
able, ripe olives, ripe fruit, fruity, and sweet. Some miscellanies appeared between 
sectors because changes in perception are not sudden but progressive, and some 
zones could be the result of this progressive change.

   The quantitative values of the volatile compounds (Table  8.6 ) analyzed by 
DHS-GC were projected onto the wheel. The correlations of each volatile com-
pound with the fi rst two components of PCA were taken as its coordinates (x, y) in 
the wheel. Thus, all the volatiles were standardized by the set of selected  attributes 
representing different kinds of consumers.
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     Table 8.5    Sensory descriptors evaluated by panels with different methods of perception. The descriptors 
with “*” were selected for building the core of the statistical sensory wheel   

 Attribute  Perception  Code  Attribute  Perception  Code 

 Olive fruity (green)*  Flavor  1  Twig  Odor  53 
 Apple*  Flavor  2  Pine/Harshy  Odor  54 
 Other ripe fruits*  Flavor  3  Lemon  Odor  55 
 Green*  Flavor  4  Orange  Odor  56 
 Bitter*  Flavor  5  Soft fruits  Odor  57 
 Pungent*  Flavor  6  Candies (fruit)  Odor  58 
 Sweet  Flavor  7  Wild fl owers in springtime  Odor  59 
 Undesirable*  Flavor  8  Fermenting fruit  Odor  60 
 Olive fruity (ripe)*  Flavor  9  Farm  Odor  61 
 Olive fruity 

(ripe and green)* 
 Flavor  10  Oil for salads (soybean oil)  Odor  62 

 Other ripe fruits  Flavor  11  Tallow  Odor  63 
 Green*  Flavor  12  Cod liver oil  Odor  64 
 Bitter*  Flavor  13  Nuts  Odor  65 
 Pungent*  Flavor  14  Medicine  Odor  66 
 Sweet*  Flavor  15  Earthy  Odor  67 
 Allowable  Flavor  16  Taste intensity  Taste  68 
 Undesirable*  Flavor  17  Sweet  Taste  69 
 Olive fruity 

(ripe and green)* 
 Flavor  18  Salty  Taste  70 

 Apple*  Flavor  19  Olives  Taste  71 
 Other ripe fruits  Flavor  20  Green leaf  Taste  72 
 Green*  Flavor  21  Grass  Taste  73 
 Bitter*  Flavor  22  Green banana (not ripe)  Taste  74 
 Pungent*  Flavor  23  Dried green herbs  Taste  75 
 Sweet*  Flavor  24  Minced pepper  Taste  76 
 Undesirable*  Flavor  25  Red chili pepper  Taste  77 
 Tomato*  Aroma  26  Cream/butter  Taste  78 
 Ripe black olives*  Aroma  27  Coconut  Taste  79 
 Green olives*  Aroma  28  Caramel  Taste  80 
 Cut green grassy*  Aroma  29  Grotty  Taste  81 
 Artichoke*  Aroma  30  Velvetlike  Mouthfeel  82 
 Apple*  Aroma  31  Sticky  Mouthfeel  83 
 Yeast*  Aroma  32  Slightly burned/toasted  Taste  84 
 Bitter*  Taste  33  Ashtray  Taste  85 
 Pungent*  Mouthfeel  34  Glue with ethylacetate  Taste  86 
 Astringent*  Mouthfeel  35  Refi nery  Taste  87 
 Strength of olive  Odor  36  Bitter  Taste  88 
 Strength of olive  Flavor  37  Astringent  Mouthfeel  89 
 Banana skins*  Flavor  38  Green  Aftertaste  90 
 Tomato*  Flavor  39  Fruity  Aftertaste  91 
 Sweet*  Odor  40  Cooling/evaporating  After mouthfeel  92 
 Hay/composty*  Flavor  41  Glue with ethylacetate  Aftertaste  93 
 Perfumey  Odor  42  Cocoa butter/white choc  Aftertaste  94 
 Perfumey  Flavor  43  Putty/lineseed oil  Aftertaste  95 

(continued)
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 Attribute  Perception  Code  Attribute  Perception  Code 

 Grassy*  Flavor  44  Used frying oil  Aftertaste  96 
 Almond*  Flavor  45  Trany  Aftertaste  97 
 Throatcatching*  Mouth feel  46  Dry wood  Aftertaste  98 
 Thickness  Mouth feel  47  Dusty  Aftertaste  99 
 Pungent  Flavor  48  Dry  After mouthfeel  100 
 Odor intensity  Odor  49  Sharp/etching  After mouthfeel  101 
 Sea breeze on the beach  Odor  50  Pungent/sharp throat  After mouthfeel  102 
 Prickling  Odor  51  Undesirable  Flavor  103 
 Apple  Odor  52 

Table 8.5 (continued)

  Fig. 8.7    Statistical sensory wheel showing relationship between different sensory attributes 
(Table  8.5 ) evaluated by different sensory panels. Sectors correspond to main sensory perceptions 
of virgin olive oil matrix: ( S1 ) Green sector; ( S2 ) Bitter-pungent sector; ( S3 ) Undesirable sector; 
( S4 ) Ripe-olive sector; ( S5 ) Ripe-fruit sector; ( S6 ) Fruity sector; ( S7 ) Sweet sector, ( M1 ) 
Miscellany 1 (green-bitter), ( M2 ) Miscellany 2 (bitter), ( M3 ) Miscellany 3 (ripe-undesirable), 
( M4 ) (sweet-green) (Aparicio et al. ( 1996 ), with permission of Springer)       
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   The resulting plot is shown in Fig.  8.8 . Volatile compounds (circled numbers) 
were placed inside different sectors according to the sensory perception they elic-
ited. In most cases, the place in the SSW was in agreement with the sensory percep-
tion produced by the pure compound, which was determined by GC sniffi ng as well. 
When a disagreement between GC sniffi ng and SSW was detected, the pure com-
pound was tasted at the same concentration as found in the VOO samples.

    Table 8.6    Volatile compounds determined in virgin olive oil samples. Sensory characterization of 
volatiles by statistical sensory wheel   

 Code  Chemical compound  Sensory wheel  Code  Chemical compound  Sensory wheel 

 1  Methyl acetate  Green  33  Z-2-Hexenal  Green 
 2  Octene  Green  34  2-Methylbutan-1-ol  Miscellany 3 
 3  Ethyl acetate  Undesirable  35  3-Methyl butanol  Undesirable 
 4  Butan-2-one  Fruity  36  3-Methyl-2-butenyl 

acetate 
 Undesirable 

 5  3-Methylbutanal  Ripe fruit  37  Dodecene  Undesirable 
 6  1,3-Hexadien-5-yne  Green  38  Pentan-1-ol  Fruity 
 7  An alcohol  Fruity  39  Ethenylbenzene  Fruity 
 8  Ethylfuran  Miscellany 4  40  Hexyl acetate  Green 
 9  Ethyl propanoate  Miscellany 4  41  A C 8  ketone  Green 
 10  An alcohol + 

hydrocarbon 
 Miscellany 3  42  Octan-2-one  Ripe olives 

 11  3-Pentanone  Green  43  3-4-Methyl-3-
pentenylfuran 

 Ripe olives 

 12  4-Methylpentan-2- one   Green  44  3-Hexenyl acetate  Green 
 13  Pent-1-en-3-one  Sweet  45  Z-2-Penten-1-ol  Green 
 14  2-Methylbut-2-enal  Undesirable  46  6-Methyl-5-hepten-2- one     Bitter 
 15  A hydrocarbon  Miscellany 4  47  Nonan-2-one  Miscellany 4 
 16  Methylbenzene  Ripe fruit  48  Hexan-1-ol  Undesirable 
 17  2-Methylbut-3-enol  Undesirable  49  E-3-Hexen-1-ol  Miscellany 2 
 18  Butyl acetate  Miscellany 4  50  Tridecene  Bitter 
 19  Hexanal  Sweet  51  Z-3-Hexen-1-ol  Green 
 20  A hydrocarbon  Miscellany 4  52  2-4-Hexadienal  Ripe fruit 
 21  2-Methylbutyl 

propanoate 
 Miscellany 2  53  E-2-Hexen-1-ol  Undesirable 

 22  2-Methyl-1- propanol   Green  54  Acetic acid  Undesirable 
 23  E-2-Pentenal  Green  55  Methyl decanoate  Miscellany 1 
 24  An alcohol  Undesirable  56  Hydrocarbon C 11   Bitter 
 25  Z-2-Pentenal  Miscellany 3  57  Hydrocarbon  Bitter-pungent 
 26  Ethylbenzene  Bitter  58  2-Methyl-4-pentenal  Bitter-pungent 
 27  E-3-Hexenal  Ripe fruit  59  1,2,4-Trimethylbenzene  Undesirable 
 28  Z-3-Hexenal  Green  60  4-Methyl-1-penten-3-ol  Ripe fruit 
 29  1-Penten-3-ol  Undesirable  61  Alcohol C 6  branched  Ripe fruit 
 30  3-Methylbutyl acetate  Bitter  62  Z-2-hexen-1-ol  Green 
 31  Heptan-2-one  Ripe fruit  63  2-Octenal  Green 
 32  E-2-Hexenal  Bitter  64  Propanoic acid  Miscellany 1 

 65  Hydrocarbon  Green 
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   Z-3-hexen-1-ol, Z-3-hexenal, hexyl acetate, and 3-hexenyl acetate were placed 
in the green sector close to green sensory attributes, thereby emphasizing their con-
tribution to the green perception. Hexanal and pent-1-en-3-one were placed in the 
sweet sector. Various volatiles were placed in the undesirable sector, but most of 
these volatiles are usually present at low concentrations in VOOs. 

 The bitter-pungent sector can be considered the taste perception sector of VOOs. 
Few volatiles were located in this sector, and their presence was justifi ed because they 
also contribute to taste as a result of their astringent, rough, and sharp sensory quali-
fi cations. Phenolic compounds, which are elicited from oleuropein glucoside and its 
aglycons, are also related to bitter and astringent sensory perceptions (Chap.   9    ); the 
taste of some aglycons, for example, has been described as having a stinking, biting, 
or sharp sensation that is associated with bitterness. Figure  8.9  shows the resulting 
plot of projecting phenolic compounds on the SSW (Aparicio et al.  1996 ). Aglycons 
were found to be more closely responsible for bitter and pungent sensory perceptions 

  Fig. 8.8    Projection of volatile compounds on statistical sensory wheel.  Circled  numbers corre-
spond to volatile compounds described in Table  8.6  (Aparicio et al. ( 1996 ), with permission of 
Springer)       
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than tyrosol and OH-tyrosol; in general, aglycons were located very close to most of 
the bitter and pungent sensory attributes. Total phenols (Total_Ph) are related to bit-
ter-astringent sensory descriptors. A tyrosol aglycon (Tyr_AG3) seems to be charac-
terized by a green-bitter descriptor because it was located in the vicinity of the green 
sector; α-tocopherol (A_Toc) and total tocopherols (All_Toc) were placed in the 
boundary with miscellany M2 far from bitter-pungent descriptors.

8.4.2        Sensory Defects of Virgin Olive Oil 

 VOOs obtained from unsound olives are characterized by undesirable sensory attri-
butes (Chap.   2    ), the most common being fusty, musty-humidity, muddy sediment, 
winey-vinegary, rancid, and metallic (IOC  2011 ; EC  2008 ). The main reason for the 
detection of sensory defects is the presence of high concentrations of certain volatile 
compounds produced by overripening of the fruit, oxidation of the unsaturated fatty 
acids, or attack by molds and bacteria. This last named reason is usually the case 
when fruits have been stored for a long period of time prior to oil extraction. Thus, 
the profi le of volatiles in a VOO with sensory defects (Table  8.7 ) is very different 
from that of an EVOO. Figure  8.10  shows the profi les of volatiles of an EVOO and 
four standard oils used in the training process for assessors to detect sensory defects. 
Each one of the standard oils is characterized by one of the following attributes: 
rancid, winey-vinegary, musty-humidity, and fusty   .

    Rancid off-fl avor is undoubtedly the most studied sensory defect, and the num-
ber and concentration of volatiles depend on the kind and intensity of the alteration 

  Fig. 8.9    Plot showing relationship between phenolic compounds and sensory attributes (codes 
according to Table  8.5 ). Zoom of statistical sensory wheel S2 sector (bitter-pungent)       
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(Morales et al.  1997 ). Thus, high concentrations of aldehydes are mostly produced 
by oxidation of the unsaturated fatty acids, while the presence of acids is due to the 
oxidation of the aldehydes previously formed; a high concentration of acids indi-
cates a high level of alteration of the oil sample, as these compounds appear at the 
end of the oxidative process (Morales et al.  2005 ). 

 Table  8.8  shows the volatiles that have been selected as markers of different sen-
sory defects together with their odor threshold and the sensory notes qualifying 
them, with which they contribute to a rancid perception.

   The standard olive oil characterized as fusty is the next profi le shown in Fig.  8.10 . 
The activity of microorganisms (e.g., the Enterobacteriaceae  Aerobacter  and 
 Escherichia , and genera  Pseudomonas ,  Clostridium , and  Serratia ) found in olives 
after a long time of storage results in the presence of volatile compounds other than 
the usual ones, which are responsible for this defect. Table  8.8  also shows the volatile 
markers for this defect. The concentrations of octane (2.05 mg/kg), ethyl butanoate 
(3.70 mg/kg), butanoic (11.5 mg/kg) and propanoic (16.69 mg/kg), and 3-methyl-
1-butanol (0.48 mg/kg) in the standard of fusty VOOs are much higher than their odor 
thresholds. The high concentrations of butanoic and propanoic acids in this defective 

   Table 8.7    Main sensory defects produced in each of the processes of olive oil extraction; the defect 
causes and possible volatile compounds responsible for them   

 Process  Defect  Cause  Volatiles 

 Harvesting  Grubby  Infestation by Bactrocera oleae 
or prays 

 Ethanol and acids 

 Hay-wood  Dried-out olives 
 Washing  Muddy earth  Uncleaned ground picked olives  Heptan-2-ol 
 Olive storing  Fusty winey 

mustiness 
 Olives in advanced stage of 

anaerobic fermentation 
 Pentanoic, Butanoic 

and Acetic acids, 
Butan-2-ol, 

 Olives stored in piles for a long 
time 

 2-Methyl-butan-1-ol 

 Olives with fungi and yeasts  1-Octen-3-ol, 
1-Octen-3-one 

 Crushing  Metallic  Uncleaned crusher in fi rst 
days crop 

 Unknown 

 Mixing  Heated  Excessive temperature (T ≥ 35 °C) 
or prolonged heating time 
(t > 60 min) 

 Aldehydes (Pentanal, 
Hexanal, Nonanal) 

 Pressure  Mats (“esparto”)  Uncleaned mats or diaphragms  Not described 
 Decantation  Muddy sediment 

Vegetable water 
 Olive oil in contact with 

wastewater for a long time 
 Butyrates and 2-ethyl 

butyrates 
 Centrifugation  Greasy  Uncleaned horizontal decanters  Not described 
 Olive oil storage 

in deposits 
 Rancid  Inadequate storing conditions  Hexanal, Nonanal & 

long chain aldehydes 
and acids 

 Olive oil storage 
in bottles 

 Cucumber  Olive oil hermetically stored in 
plastic bottles for a long time 

 2,6-Nonadienal 

  Source: Angerosa ( 2002 ) and Morales et al. ( 2005 )  
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   standard oil, in comparison with their trace levels in EVOOs, can also be explained 
by processes induced by some species of  Clostridium  (Angerosa et al.  1996b ). 

 The main reason a VOO acquires a winey-vinegary attribute is the production of 
off-fl avors associated with a fermentative process due to microbial contamination of 
the olives. Lactic acid ( Lactobacillus ) and acetic acid bacteria have been detected 
on olives later used to obtain olive oils (Morales et al.  2005 ). This kind of microor-
ganism induces a fermentative process in the olives, giving rise to the production of 
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  Fig. 8.10    Chromatograms of standard lampante virgin olive oils characterized by different sen-
sory defects       
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ethanol, ethyl acetate, and acetic acid, which are the principal volatiles responsible 
for the described sensory note (Fig.  8.10 ). Table  8.8  shows the thresholds of these 
volatile compounds, whose concentrations in the standard of this defect are notably 
higher: 12.4 mg/kg for acetic acid, 3.76 mg/kg for ethyl acetate, and 7.10 mg/kg for 
3-methyl butan-1-ol. 

 The presence of several species of genus  Aspergillus , together with ascomycetes, 
 Penicillium notatum , and other fungi ( Alternaria, Fusarium, Rhizopus ), has been 
reported in olive fruits stored in piles under high-humidity conditions (Morales et al. 
 2005 ). These microorganisms have the ability to oxidize free fatty acids, producing 

       Table 8.8    Chemical compounds responsible for the main sensory defects detected in virgin olive oils 
together with their odor thresholds to contribute to sensory defects with their particular sensory notes   

 Sensory defect  Chemical compound  Odor threshold (mg/kg)  Sensory note 

 Rancid  Pentanal  0.24  Oily 
 Hexanal  0.08  Oily, fatty 
 Heptanal  0.50  Oily, fatty 
 E-2-Heptenal  0.04  Tallowy, oxidized 
 Octanal  0.32  Fatty 
 Nonanal  0.15  Waxy, fatty 
 E-2-Decenal  0.01  Fishy, fatty 
 Hexanoic acid  0.70  Rancid 

 Fusty  Octane  0.94  Alkane 
 Ethyl butanoate  0.03  Fruity 
 Butanoic acid  0.65  Fusty 
 Propanoic acid  0.72  Sour, moldy 
 3-Methyl-1-butanol  0.10  Winey 

 Winey, vinegary  Acetic acid  0.50  Vinegary, sour 
 Ethyl acetate  0.94  Sticky 
 3-Methyl-1-butanol  0.10  Whiskey 

 Musty, humid  1-Octen-3-ol  0.05  Mould, earthy 
 1-Octen-3-one  0.01  Mushroom, moldy 
 Ethyl acetate  0.94  Sticky 
 Heptan-2-ol  0.01  Earthy 
 Acetic acid  0.50  Vinegary, sour 
 E-2-Heptenal  0.04  Tallowy, oxidized 
 Propanoic acid  0.72  Sour, moldy 

 Muddy sediment  Heptan-2-ol  0.01  Earthy 
 6-Methyl-5-hepten-2-

one 
 1.00  Oily 

 1-Pentene-3-one  0.04  Mustard 
 Butan-2-ol  0.15  Winey 

 Metallic  1,5-Octadien-3-one  0.0005  Metallic, geranium 
 Burned, heated  Pentanal  0.24  Oily 

 Hexanal  0.08  Oily, fatty 
 Nonanal  0.15  Waxy, fatty 
 E-2-Hexen-1-ol  5.00  Lawn 
 Hexanol  0.40  Astringent 

 Bottled  2,6-Nonadienal  0.09  Cucumber 
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volatile compounds such as methyl ketones (2-heptanone, 2-nonanone) and other 
compounds responsible for the sensory note mustiness-humidity (Table  8.8 ). Other 
sensory defects that are usually detected in lampante VOOs (muddy sediment, burned/
heated, metallic, and bottled) are also explained by volatile markers in Table  8.8 . 

 Generally, EVOOs and VOOs have a low content of total volatile compounds, as 
do VOOs characterized by the mustiness-humidity sensory note, although their pro-
fi les are different enough. Winey-vinegary and fusty defect oils have higher contents 
of total volatile compounds, these being approximately twofold in the case of winey-
vinegary defect and threefold in the case of the fusty defect with respect to EVOOs. 
Rancidity is the sensory defect that corresponds to the highest content of volatile 
compounds depending on the degree of alteration. A total concentration of approxi-
mately eightfold higher than EVOOs has been described (Morales et al.  2005 ).   

8.5     Interface Between Volatiles and Sensory Descriptors 

 Flavor scientists have used increasingly sophisticated instrumental techniques to iden-
tify the volatile compounds responsible for VOO aroma, while sensory scientists have 
assessed the same VOO samples by means of panels of trained assessors. Today, how-
ever, there is still a frustrating black box at the interface between results of these two 
sciences: aroma input (volatiles) and output (descriptors reported by assessors). Several 
reasons explain the gap between instrumental analysis and sensory assessment. 

 The fi rst reason is the high complexity of VOO volatiles, which constitutes a 
resolution challenge for the currently applied chromatographic techniques. The sec-
ond reason is the kinetic component of the fl avor release occurring during eating 
and swallowing and infl uenced by many factors such as saliva composition; odors 
are perceived through the nose (orthonasally) but also through the mouth (retrona-
sally). Finally, little is known about the physiological mechanisms by which aroma 
compounds result in neural activation, and they ultimately cause a sensory percep-
tion. As soon as a subject has smelled the oil, the signals from olfactory and somato-
sensory receptors travel, via nerve afferents, to primary, secondary, and higher-order 
brain areas responsible for emotional responses to aroma experienced; electrical 
signals generated in the olfactory epithelium are transmitted by the cranial nerve I 
(olfactory nerve) to the olfactory bulb, which projects directly to the primary olfac-
tory cortex without passing through the thalamus. 

 The application of medical techniques such as positron emission tomography 
(PET) and functional magnetic resonance imaging (fMRI) to the fi eld of food sci-
ence has opened a new research fi eld in fl avor chemistry that complements chemical/
sensory studies on food quality. Thus, fMRI, using the blood-oxygenation-level-
dependent (BOLD) contrast, is noninvasive technique widely used for mapping brain 
activity. In fact, fMRI measures brain activity indirectly by detecting changes in 
cerebral hemodynamics that are associated with neural activation. 

 Data from fMRI experiments have been analyzed assuming the hypothesis of 
greater activity during a cognitive process compared to the rest state (García- 
González et al.  2011 ). Thus, the stimulus is sequentially presented to a subject 
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alternating with rest periods in a block design with an ON/OFF frame. In addition 
to assuming a lower brain activity in rest periods, another important assumption is 
that the timing at which the neural responses are registered matches the time speci-
fi ed in the paradigm designed to present the samples to subjects. 

 García-González et al. ( 2011 ) assumed that it was possible to fi nd differences in 
the brain activity during the smelling of pleasant versus unpleasant VOOs. Figure  8.11  
shows the activity of some neuronal areas (Broadman areas) when subjects smelled 
standard lampante VOOs characterized by a rancid perception (Median=2,9, accord-
ing to IOC) in comparison with the activity of those neuronal areas when the same 
subjects smelled an EVOO (var. Royal) (García-González et al.  2011 ).

   The information resulting from this research is going to help in verifying the 
volatile compounds responsible for sensory defects according to physiological evi-
dence in addition to sensory fundamentals. Furthermore, the procedure allows for 
an understanding of consumer preferences for certain varieties of VOOs from either 
aroma or taste perceptions.  

8.6     Future Trends 

 The cherished VOO aroma is due to the presence of numerous volatile compounds, 
whereas the concentration of phenols is responsible for attributes related to taste (e.g., 
bitterness and pungency). Therefore, an objective measurement of VOO sensory qual-
ity should be based on the quantifi cation of these compounds. The offi cial method, 
however, is based on sensory assessment by trained assessors, the so- called panel test. 

  Fig. 8.11    Axial activations ( p  < 0.05) in response to aromas of an extra virgin olive oil  var.  Royal 
(EVOO) and a rancid virgin olive oil. Note:  BA , brodmann area (numbers 6, 10, 11, 20, and 47 are 
marked with circles). The third Talairach coordinate (z) is shown on each image (García-González 
et al. ( 2011 ), with permission of American Chemical Society)       
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 Any proposal to replace panel tests with an analytical procedure presently has 
two challenges. The fi rst is the determination of the chemical compounds (volatiles 
and phenols) responsible for VOO fl avor from the large set of currently identifi ed 
compounds. The second challenge is to explain those important VOO sensory attri-
butes that are described with considerable vagueness as fruity and green. These 
challenges must be addressed with a combined action of new analytical techniques 
and statistical procedures. However, some VOO sensory descriptors have not yet 
been satisfactorily explained due to the diffi culty in interpreting the impact of vola-
tile compounds on VOO aroma. The analytical techniques, for their part, are still 
needed for perfecting chromatographic resolution, computing the recovery percent-
age of compounds, and determining the odor thresholds. More powerful separation 
procedures, such as two-dimensional GC (GC × GC), will make it possible to 
achieve better separation of volatile compounds that cannot be well resolved 
nowadays. 

 The physiological processes implied in the olfaction and taste perceptions, as a 
result of chemical stimuli, have not yet been explored and are part of the black box 
associated with sensory assessment and consumers’ decisions. New approaches are 
being developed to measure the hemodynamic response of the brain during smelling 
and tasting by fMRI. The application of this technique could open a new area of 
research that might lead to a full understanding of sensory perceptions and consum-
ers’ decisions. 

 In learning about sensory processes, another challenge is the elucidation of how 
the fl avor compounds of VOO are distributed in the mucosa/saliva and in the air 
phase during consumption. The impact of the protein composition of saliva on fl a-
vor release is also poorly understood, and it may have a signifi cant effect on the kind 
and intensity of perception. Research in this regard would allow us to understand 
what fraction of volatile compounds is available in the air phase and can reach olfac-
tory receptors by means of retronasal delivery. 

 New researches based on chemical, sensory, and physiological approaches would 
make sensory assessment dispensable to some extent, and it would give coherence 
and unity to the sensory information, thereby avoiding the current confusion and 
fuzziness that affect the sensory assessment of VOOs.     
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9.1            Introduction 

 The International Olive Council took the initiative in the 1970s of including sensory 
assessment to assist standardization of the market for virgin olive oil (VOO). In fact, 
the overall acceptance of VOO has always been related to fl avor in all consumer 
 studies, although for some authors (Monteleone et al.  1997 ) taste outweighs odor. 
Bitterness, pungency, and astringency are the main VOO taste attributes, and they are 
related to the presence of secondary metabolites, which contain at least one phenolic 
moiety, conjugated or not. These phenolic compounds present in the oil originate from 
those encountered in the fruit, although their chromatographic profi les show differ-
ences not only quantitative but qualitative, too, as discussed in the next two sections. 
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 The phenolic composition is not exclusively circumscribed to explain the taste 
sensory descriptors since certain volatile phenolic compounds (quaiacol, phenol, 
 o -cresol,  p -cresol,  m -cresol, 4-ethylguaiacol, 4-ethylphenol, 4-vinylguaiacol, 
4-vinyl phenol) have tentatively been associated with fusty and musty undesirable 
odors (Vichi et al.  2008 ), which result from unsuitable practices during olive oil 
production (See Chaps.   3    ,   8     and   14    ). 

 The systematic training of panelists for VOO sensory assessment is not always 
rigorous enough so that its scores often become an issue for disagreements between 
interested parties. The casual link between the concentration of phenols and the 
detection of sensory descriptors, however, has not produced yet an objective proce-
dure, based on analytical techniques, for VOO sensory evaluation despite numerous 
analytical procedures developed recently. 

 Furthermore, study of the contribution of the phenolic profi le to the aesthetics 
and quality of olive products and the use of olive leaves in phytomedicines are still 
goals in the area of olive and olive oil research.  

9.2     Phenolic Compounds of Olive Fruit 

 Generally speaking, phenol is a term that defi nes substances that possess a benzene 
ring bearing one or more hydroxy groups, including functional derivatives, and can be 
divided into nine groups (Harborne  1989 ): (1) phenols, phenolic acids, phenylacetic 
acids; (2) lignans; (3) lignins; (4) fl avonoids; (5) cinnamic acids, coumarins, isocou-
marins, and chromones; (6) tannins; (7) benzophenones, xanthones, and stilbenes; 
(8) quinones; and (9) betacyanins. 

  Olea europaea  L., however, contains a number of unusual phenolics including 
various oleosides that derive from the shikimate pathway and phenylpropanoid 
metabolism. The amounts and types of phenolics vary markedly between olive leaf 
and fruit, although the latter accumulates mainly glucosidic forms of fl avonoids and 
secoiridoids that are found in all of its parts (epicarp, mesocarp, and seed) (Damtoft 
et al.  1993    ) and simple phenols (though they are encountered to a lesser extent). 

 Within  Olea europea  fruits, the main phenolic components are (1) oleuropein, an 
heterosidic ester of elenolic acid with 3,4-dihydroxyphenethyl alcohol (hydroxytyrosol, 
HYTY); (2) demethyl oleuropein, the acid derivative of oleuropein; (3) ligstroside, 
a heterosidic ester of elenolic acid with 4-hydroxyphenethyl alcohol (tyrosol, TY); and 
(4) verbascoside, an heterosidic ester of caffeic acid with hydroxytyrosol. 

 The oleuropein compound has attracted the interest of researchers for many 
decades since its presence and content are clearly related to the ripening stage of the 
drupe. Furthermore, oleuropein contributes to the bitter sensory perception and its 
concentration depends heavily on cultivar as well (Amiot et al.  1986 ,  1989 ). Recent 
analytical innovations, and the extended application of liquid chromatography-mass 
spectrometry (LC-MS) techniques, have shown the presence not only of oleuropein 
but also of compounds biosynthetically related to it such as the precursors oleoside-
 11 methyl ester, its glucoside, ligstroside, as well as a variety of catabolites formed 
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due to the enzymatic activity of esterase (oleoside-11 methyl ester) and β-glycosidase 
(elenolic acid and aldehydic forms) (Gutiérrez-Rosales et al.  2010 ). Ligstroside, for 
its part, is present in young green olive fruits, although its concentration decreases 
as the fruit develops (Bianchi  2003 ), and only traces are detected in black olive 
fruits (Romero et al.  2002a ). 

 The presence of verbascoside in the olive tree leaves – it has been detected in 
olive oil at trace level – and of nützenide in the seed is currently acknowledged in a 
majority of publications. Less information is available, however, about other phenolic 
constituents, e.g., fl avones (luteolin-7-glucoside, apigenin-7-glucoside, luteolin-
5- glucoside), fl avonols (e.g., quercetin-3-rutinoside), or other components such as 
anthocyanins in black olives. 

 Centered on the evolution of phenols with olive ripeness, and the interest in  knowing 
the so-called technological optimum for phenol content for determining the olive 
 harvest time, most of the published information compares the concentration of indi-
vidual phenols in green versus black olives (Amiot et al.  1986 ; Bianchi  2003 ; Bianco 
et al.  2001 ; Cardoso et al.  2005 ; Esti et al.  1998 ; Gomez-Rico et al.  2008 ; Jemai et al. 
 2009 ; Morello et al.  2004 ; Romero et al.  2002a ,  b ; Ryan et al.  1999a ,  2003 ). Thus, 
authors have detected that oleuropein and its aglycone increase their concentrations 
from green to black olives by around 30 % and 40 %, the  concentration of demethylo-
leuropein increases up to 75 %, free hydroxytyrosol – another major polyphenol in 
olive fruits – increases its concentration by 20 % during olive ripeness, while tyrosol 
doubles its concentration in black olives. The contents of hydroxytyrosol elenolate and 
3,4-DHPEA-EA (a derivative of oleuropein aglycone) are, however, almost halved 
in black olives. Phenolic acids have also been quantifi ed in green and black olives. 
Thus, the concentration of sinapic acid is 75 % lower in black olives, the contents of 
 m -coumaric and syringic acids respectively have 2.0 and 4.5 times higher concentra-
tions in black olives, while the content of  o -coumaric acid is 20 times lower in black 
olives. Other phenolic acids quantifi ed in olive fruits are ferulic, caffeic, protocatechuic, 
p-coumaric, 4-hydroxybenzoic, p-hydroxyphenyl propanoic, 4-hydroxyphenylacetic, 
and 3-methoxy-4- hydroxyphenylacetic acids. Concerning black olives, it is well 
known that they contain anthocyanins like cyanidins (there are seven times more 
 cyanidin 3-O-rutinoside than cyanidin 3-O-glucoside), quercetins (the content of 
 quercetin 3-O-rutinoside is ten times higher than that of quercetin 3-O-rhamnoside), 
and fl avonones (luteolin 7-O-glucoside being the most important, although luteolin, 
luteolin 6-C-glucoside, apigenin 7-O-glucoside, and apigenin 7-O-rutinoside have 
also been detected). 

 The changes in concentrations of individual compounds not only are infl uenced by 
the olive ripeness, which lasts several months, but also depend on cultivar, water avail-
ability, temperature, and farming practices (Morello et al.  2004 ). Thus, the content of 
tyrosol increases in water-defi cit-stressed olives while, in contrast, the concentrations 
of vanillic acid and vanillin increase in irrigated olive trees (Gomez-Rico et al.  2006 ; 
Marsilio et al.  2006 ; Romero et al.  2002b ). 

 The determination of phenols in olive fruits is dependent critically on the extraction 
procedure. The effect of both acid and base treatment to liberate simple phenols from 
complex forms, for example, was investigated by Ryan et al. ( 2001 ), who pointed out 
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the importance of this step of analysis, which is rather overlooked, whereas the 
“emphasis is being placed upon the highly sophisticated instrumental end of the 
 analysis”   . The four selected methods described below summarize many analytical 
procedures described in the literature in the past 25 years. 

 Amiot et al. ( 1986 ) used a homogenized lyophilized powder (1 g) in 80 % ethanol 
in the presence of metabisulphite (2 %). After agitation at 4 °C for 20 min, followed 
by fi ltering, the residue is treated in the same way. Aqueous-alcohol extracts are 
 collected, and ethanol is evaporated under vacuum. Pigments and lipids are removed 
with four successive petroleum-ether extractions. The phenolic compounds are then 
extracted by ethyl acetate (×3) in the presence of ammonium sulfate (20 %), meta-
phosphoric acid (2 %), and methanol (20 %). The ethyl acetate is eliminated, and the 
dry residue is dissolved in appropriate solvent for further analysis. 

 Servili et al. ( 1999 ) suggest that olives be peeled and destoned. Then the peel, 
pulp, and stone are placed in liquid nitrogen and freeze-dried to inhibit enzymatic 
activities. After freeze-drying, the stones can be crushed to recover the seed and 
freeze-dried samples stored at −30 °C before analysis. Then, 50 mL of 80 % methanol 
and 20 mg g −1  sodium diethyldithiocarbamate at 25 °C are added to the peel (2 g), 
the pulp (5 g), and the seed (5 g) of olive fruit. The mixture is homogenized in a 
mixer for 30 s at 16,000 g and fi ltered through a fi lter paper. The extraction is 
repeated six times. The combined methanol extract is evaporated under vacuum 
under nitrogen    at 35 °C. The aqueous extract obtained is then subjected to solid- 
phase extraction using a C 18  cartridge to purify the phenol fraction that is eluted 
using methanol. 

 Approximately 1 g of ground olive fl esh (from 25 olives) is mixed with 40 mL 
of hexane, in duplicate, and agitated for 4 min using the methodology proposed by 
Morello et al. ( 2004 ). The upper phase is recovered, and the residue is extracted 
twice more to remove pigments and most of the lipids. The phenolic compounds 
are then extracted with 80 mL of 80 % (v/v) methanol containing 400 ppm of 
sodium metabisulphite. The mixture is homogenized for 30 s using a suitable 
homogenizer to separate the aqueous methanol phase. This procedure is repeated 
twice. The aqueous methanol phases are combined and fi ltered (0.45 μm nylon 
syringe fi lter). 

 Ríos and Gutiérrez-Rosales ( 2010 ) describe a method whereby lyophilized pulp 
(0.8 g) or a fresh one (1.0 g) is mixed with 15 mL 80 % aqueous ethanol (v/v) and 
1 mL of an internal standard solution  p -hydroxyphenylacetic acid (IS) at a concen-
tration of 150 mg/kg. This mixture is homogenized for 4 min at 9,500 rpm and at a 
low temperature (0–4 °C) using a suitable homogenizer. The upper phase is  collected 
and the procedure is repeated twice more. The extracts obtained are then sonicated 
for 30 s, immediately centrifuged at 15,000 rpm and 0 °C for 15 min, and then 
vacuum fi ltered. The volume is reduced under vacuum at 35–40 °C. Traces of 
 ethanol are removed using a nitrogen fl ow. The aqueous extract is washed twice 
with hexane to eliminate lipids and pigments. Residual hexane is then removed 
using nitrogen. The extract is then brought to a fi nal volume of 25 mL by adding a 
water–methanol mixture (70:30 v/v) and transferred to screw-top scintillation vials 
for storage under nitrogen atmosphere.  
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9.3     Olive Oil Phenolic Compounds 

 Phenolic compounds are transferred to oil during processing. Thus, VOO contains 
fi ve different classes of phenols clustered into phenolic acids, simple phenols, com-
plex oleuropein derivatives, fl avonoids, lignans, and hydroxy-isocromans (Table  9.1 ). 
Phenolic acids, which were the fi rst series of phenols determined in VOO, have a 
basic structure of cinnamic or benzoic acids, breakdown products of oleuropein and 
ligstroside form the majority of the phenolic fraction, the most abundant secoiridoids 
are the dialdehydic form of elenolic acid linked to hydroxytyrosol and an isomer of 
the oleuropein aglycone, the main phenolic alcohols are hydroxytyrosol and tyrosol, 
and lignans (1-acetoxypinoresinol, pinoresinol, 1-hydroxypinoresinol) are prevalent 
phenolic compounds in VOO.

   The quantitative composition of phenols in various VOOs is affected by agronomic, 
climate, and technological extraction conditions. Thus, studies on the effect of major 
parameters such as cultivar, geographical origin, irrigation practice, organic versus 
conventional agricultural practices, stage of ripeness upon harvesting, and extraction 
systems without and with sophisticated procedures (e.g., destoning, enzyme use, leaf 
addition, drupe heating, nitrogen fl ashing) published since 2000 are numerous. The 
same applies to those addressing changes in phenolic compounds during storage in the 
dark or under light exposure at ambient or elevated temperatures    or after heat treat-
ment of VOO. A great number of these studies, though, do not address the same aims 
and contain information about material obtained with defective experimental designs 
(e.g., few samples, one harvest period, no fully described sampling or conditions). 
Some useful review articles and book chapters that compile knowledge for all of the 

   Table 9.1    Phenolic and related compounds in virgin olive oil   

  Simple phenolic acids and related compounds  
 Syringic acid; vanillic acid;  p -coumaric acid;  o -coumaric acid; gallic acid; caffeic acid; 

protocatechuic acid; ferulic acid;  p -hydroxybenzoic acid; cinnamic acid; benzoic acid 

  Simple phenols  
 (3,4-Dihydroxyphenyl) ethanol (3,4 DHPEA) hydroxytyrosol; hydroxytyrosol acetate; 

( p -hydroxyphenyl) ethanol ( p -HPEA), tyrosol; tyrosol acetate; (3,4-dihydroxyphenyl) 
ethanol-glucoside; vanillin 

  Complex oleuropein derivatives  
 Dialdehydic form of decarboxymethyl elenolic acid linked to 3,4-DHPEA (3,4 DHPEA-EDA); 

dialdehydic form of decarboxymethyl elenolic acid linked to  p -HPEA ( p -HPEA-EDA); 
oleuropein aglycon (3,4 DHPEA-EA); ligstroside aglycon; p-HPEA-derivative; dialdehydic 
form of oleuropein aglycon; dialdehydic form of ligstroside aglycon; elenolic acid (free and 
glycoside) 

  Flavonoids  
 Apigenin; luteolin 

  Lignans  
 (+)-1-Acetoxypinoresinol; (+)-pinoresinol 
  Hydroxy-isocromans  
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above aspects about VOO phenols are those of Tsimidou ( 1998, 1999 ), Morales and 
Tsimidou ( 2000 ), Servili et al. ( 2004 ), Carrasco- Pancorbo et al. ( 2005a    ), Boskou et al. 
( 2006 ), De Castro and Japón-Luján ( 2006 ), Bendini et al. ( 2007 ), and Segura-Carretero 
et al. ( 2010 ). 

9.3.1     Analysis of Olive Oil Phenolic Compounds 

 For more than four decades (Montedoro and Cantarelli  1969 ) total phenol content 
estimation or characterization of individual phenolic compounds has been carried 
out by applying a variety of  techniques to the so-called polar extract of VOO. This 
fraction, being devoid of fatty derivatives or other unsaponifi ables, is obtained 
mainly by liquid-liquid (LLE) or solid-phase extraction (SPE) and then used for 
further analysis using different  separation and spectrophotometric techniques. 
Direct phenol analysis is currently achievable using sophisticated nuclear magnetic 
resonance (NMR) and infrared (IR) spectroscopic techniques and capillary electro-
phoresis. The method established over the years for phenol fi ngerprinting that still 
deserves a proper validation procedure by international bodies is to use reversed-
phase high-performance liquid chromatography (HPLC) coupled to diode array 
plus other detectors. 

 The analytical procedure for the determination of individual phenols present in 
VOOs involves three steps: sample preparation involving extraction of phenols from 
VOO samples, analytical separation by a great variety of techniques, and the method 
of quantifi cation. 

9.3.1.1     Sample Preparation 

 Morales and Tsimidou ( 2000  and references therein) reviewed in detail the 
 characteristic steps and diffi culties that researchers must be aware of when phenolic 
compounds are to be extracted from an oil matrix. No doubt, LLE (methanol: water, 
80:20 or 60:40, v/v) remains the most popular in practice when around 5 g of  sample 
can be devoted for this reason    despite the fact that SPE is faster and of equivalent 
performance for total phenol, simple phenol, or complex phenol content recovery 
(Pirisi et al.  2000 ; Bendini et al.  2003 ; Hrncirik and Fritsche  2004 ; Servili et al.  2004 ). 
The latter authors pointed out that the recovery of “bitter” phenolic compounds 
increases as follows: SPE  C18  (with methanol) < SPE diol  (with methanol) < LLE (60 % 
aqueous methanol). Nevertheless, LLE seems to be more quantitative for the extrac-
tion of oxidized phenolic compounds (Armaforte et al.  2007 ). It is noteworthy that 
the COI/T.20/Doc No. 29 (IOC  2009 ) method for determination of biophenols in 
olive oils by HPLC adopts a methanol: water system, 80:20, v/v for extraction sug-
gested as the optimum by the pioneers Montedoro and Cantarelli since  1969 . 

 The addition of an internal standard, a procedure commonly used in the past to 
check recovery, is not widely followed nowadays. The oil amount (100, 30, 10, 5, 2.5 g) 
used for the extraction is continually reduced. The addition of hexane or other organic 
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solvents to the oil before extraction did not yield signifi cant differences in the recovery 
of phenols. Oil/extraction solvent volume is a critical factor. Extract cleanup proce-
dures are always used to eliminate interfering components (pigments, lipids). 

 For beginners, the well-appreciated paper of Montedoro et al. ( 1992a ) on the 
study of all the factors infl uencing phenol extraction is recommended. Moreover, as 
shown in one of the latest publications (Papoti and Tsimidou  2009 ), small amounts 
of VOO can also be used: VOO (2.500 ± 0.001 g) is dissolved in 5 mL of  n -hexane 
and 5 mL of MeOH are added. The mixture is vortexed and then centrifuged at 
3,500 rpm for 10 min. The polar extract brought to dryness at around 35 °C under 
vacuum is then redissolved in MeOH-H 2 O (60:40, v/v), washed with hexane 
(3 × 1 mL) to completely remove lipids and pigments, and fi nally fi ltered through a 
0.45 μm PTFE fi lter just before analysis. 

 The extraction procedure is critical for the methodology used subsequently for 
identifi cation and quantitation. Thus, Brenes et al. ( 2000 ) showed, using N,N- 
dimethylformamide (DMF) as the extraction solvent, that this could extract the 
entire array of olive oil phenolics much more easily than previously reported 
 procedures, though in much smaller amounts. This meant that coupling to an 
 electrochemical detector became a prerequisite. Direct determination of phenolic 
compounds in oil without any sample pretreatment requires powerful analytical 
techniques for their determination (e.g., NMR).  

9.3.1.2     Total Polar Phenol Content Estimation 

 The colorimetric method broadly applied for the determination of phenols in an 
aqueous methanol extract is based on the use of Folin-Ciocalteau reagent and gives 
a good indication of resistance of VOO to oxidation. Results are usually expressed 
as caffeic acid equivalents (milligrams of caffeic acid/kilograms of oil), though 
other phenols (tyrosol, gallic acid) have also been used as standards. Standard 
curves prepared using different phenolic compounds, bearing trihydroxy, catecholic, 
guaiacolic, or monohydroxy groups, differ in slope and intercept values (Blekas 
et al.  2002 ). Despite the years of application, no general agreement has been reached 
on the matter. The procedure also gives a measure of the redox potential of the 
extract tested and is included among methods for antioxidant activity assessment. 
Further discussion is presented below where objective criteria for bitterness evalua-
tion are discussed. 

 Papoti and Tsimidou ( 2009 ) proposed a fl uorimetric procedure as an alternative 
to the Folin-Ciocalteu (F-C) assay that can be applied effectively to the estimation 
of the total phenol content in VOO, olive fruit, and leaf polar extracts. Phenol 
 content was determined at excitation/emission wavelengths set at 280/320 nm. The 
validated in-house method deserves some attention as it claims to be more sensitive 
than the F-C one (limit of detection [LOD] and limit of quantitation [LOQ] values 
tenfold lower)   , is three times faster, needs no reagents, and most importantly, is not 
destructive for the sample, which can then be further used in HPLC or other assays. 
Data for VOO extracts correlated well with the colorimetric ones ( r  = 0.69,  n  = 65).    
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9.4     Separation Techniques 

 Separation of olive oil phenolic compounds has been achieved over the years by 
application of all types of liquid chromatography, gas chromatography, and, more 
recently, by capillary electrophoresis. Undoubtedly, HPLC coupled to a diode array 
detection system has become part of the armor of a modern olive oil laboratory. 

9.4.1     Liquid Chromatography 

 Thin-layer chromatography (TLC) and normal-phase high-performance chroma-
tography of olive oil phenols can be considered obsolete procedures for the aim of the 
present book, so they are not presented. TLC is sometimes used complementarily 
in the identifi cation of compounds fractionated using preparative HPLC or SPE. 
Reversed-phase HPLC was the most successful chromatographic technique for 
 profi ling olive oil phenols for more than 30 years and is, therefore, detailed. 

9.4.1.1     Reversed-Phase High-Performance Liquid Chromatography 
(RP-HPLC) 

 Separation of phenols in reversed-phase mode (C 18 , 250 × 4 or 4.6 mm i.d.) is carried out 
with water–methanol or water–acetonitrile mixtures enriched with acetic, phosphoric, 
or sulfuric acid (up to 3 %, pH < 2) to suppress phenol dissociation and improve peak 
asymmetry. Analysts should pay attention to the various pKa values of individual 
 phenols. Gradient elution using simple isocratic procedures have also been developed. 
Elution time is generally long (more than 40 min in most applications). The starting 
composition of eluent uses a small amount of organic phase (approximately 5 %). By 
the end of the run this amount is usually rather high, though it should never reach 100 % 
for practical reasons. The conditioning times from run to run that are needed to ensure 
reproducible retention data are long. Careful search reveals that most investigators 
 practiced similar elution protocols mainly consisting of acidifi ed aqueous methanol 
 gradients despite the higher backpressures expected at certain ratios with water. 
Degassing must be constant to avoid bubbles that disrupt the long runs. Coupling to MS 
demands some changes in the composition of the eluent (volatile acids such as TFA are 
preferable). An autosampler facility is advantageous when large numbers of samples 
are to be examined. 

 For a laboratory that plans to run phenol analysis regularly, some rules of thumb 
include careful selection of packing material and then purchase of a couple of spare 
columns of the same batch; careful monitoring of backpressure levels (usually high in 
the presence of water) and of the water quality used for the analysis is also essential. 
Coupling with a suitable detection system must combine the benefi ts of a diode array 
system with those of a fl uorescence system. UV detection at 280 nm is the standard 
wavelength, though others (225, 240, 254 nm) are also useful for the constituents of 
olive oil polar fractions. Flavonoids are detected at higher wavelengths (340 nm) and 
elenolic acid (nonphenolic) at 240 nm. 
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 Morales and Tsimidou ( 2000 ) presented in detail protocols published up until the 
fi rst edition of this handbook. In the last decade there have been fewer publications 
that deal with analytical aspects of separation. The work of Pirisi et al. ( 2000 ) is 
recommended because of its detailed evaluation of certain aspects (elution on 
ODS-2 analytical columns, Spherisorb, 250 × 4.6 mm i.d., 3 μm, with a 1.0 cm 
guard cartridge C 18 , 10 μm, was performed under conditions named methods 1a, 1b, 
and 2). The methods presented in that paper were as follows:  Method 1 : mixture of 
A (H 2 SO 4  [10–3 M]) and B (CH 3 CN) at a fl ow rate of 1.0 mL min −1 . The elution 
profi le (%) was as follows:  t:  0 min, (A) 85, and (B) 15;  t : 35 min, (A) 34, and (B) 
66;  t : 35.1–40 min, (A) 85, and (B) 15.  Method 1a  was with the detector set at 
225 nm and a loop of 20 μL, and  Method 1b  was with the detector set at 280 and a 
loop of 40 μL.  Method 2 : mixture of H 2 O with 0.5 % H 3 PO 4  (A) and 50:50 CH 3 CN/
CH 3 OH (v/v, B) at 1.2 mL min −1  with the following elution profi le (%):  t : 0, (A) 96, 
and (B) 4;  t : 1 min, (A) 96, and (B) 4;  t : 26 min, (A) 70, and (B) 30;  t : 36 min, (A) 
40, and (B) 60;  t : 66 min, (A) 2, and (B) 98;  t : 70 min, (A) 96, and (B) 4;  t : 80 min, 
(A) 96, and (B) 4. The detector was set at 280 nm. Injection volume was       10 μL 
(concentrated samples 20×) or 40 μL (samples concentrated 5×). These conditions 
can be considered a good start for any newcomer in the analysis of phenolics. 

 Figure  9.1  presents HPLC chromatograms obtained using the method by 
Montedoro et al. ( 1992a ) for VOO samples containing various levels of total polar 
phenols  determined colorimetrically. As recommended by Servili et al. ( 2004 ), “the 
chromatographic profi les of VOO phenolic compounds show strong differences that 
may be related to the agronomic and technological aspects of production.” Nevertheless, 
until now it was diffi cult to conclude which of the two factors prevailed when the 
sample was unlabeled. Most authors in recent years have avoided technological effects 
by examining olive oils produced in the laboratory using an Abencor or similar type 
of oil mill so as to facilitate studies concerning genetic or other effects.

   Application of ultra-performance liquid-chromatography (UPLC) to the determi-
nation of phenolic compounds in VOO on columns packed with 1.7 μm particles is 
promising for various reasons. Suárez et al. ( 2008 ) obtained results using UPLC-MS/
MS (retention times, linearity, reproducibility, LOD, and LOQ) for the analysis of 
14 phenolic compounds in standard solutions, which were then compared with those 
obtained by HPLC–fl uorescence and UPLC–diode array detection (DAD). LODs 
and LOQs were lower in UPLC–MS/MS than the other two methodologies for all of 
the analytes, with the exception of vanillic acid and pinoresinol, where values of 
LODs and LOQs by HPLC–fl uorescence were similar to the values obtained by 
UPLC–MS/MS. The LLE–UPLC–MS/MS was successfully applied to analyze 
 phenolic compounds in a VOO sample within 18 min.   

9.4.2     Gas Chromatography and Other Separation Techniques 

 The qualitative and quantitative determination of phenolic components can also be 
accomplished by gas chromatography (GC). The determination requires the preparation 
of volatile derivatives, mainly trimethylsilyl (TMS) ethers, and high oven temperatures 
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  Fig. 9.1    Typical HPLC chromatograms of VOO characterized by different total phenol contents, 
evaluated by colorimetric method. HPLC and colorimetric evaluations of phenolic compounds 
were performed as reported previously by Montedoro et al. ( 1992a ). Chromatograms: ( a ) 43 mg/
kg; ( b ) 626 mg/kg; ( c ) 262 mg/kg; ( d ) 551 mg/kg. Peaks: ( 1 ) 3,4-DHPEA, ( 2 ) p-HPEA, ( 3 ) vanillic 
acid, ( 4 ) 3,4-DHPEA-EDA, ( 5 ) p-HPEA-EDA, ( 6 ) (+)-1-acetoxypinoresinol, ( 7 ) 3,4-DHPEA-EA, 
( 8 ) ligstroside aglycon ( Source : Servili et al. ( 2004 ), with permission of American Chemical 
Society)       
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on suitable columns (SB-5, ZB-5, and equivalents). Figure  9.2  shows 20 phenolic 
 compounds separated by a GC on-column injection system and fl ame ionization detector 
(FID) at 315 °C within 80 min.

   GC analysis of olive oil phenols was commonly used before LC-MS found 
extensive use (Angerosa et al.  1995 ; Ranalli and Serraiocco  1996 ). Currently the 
two techniques are complementarily performed to elucidate the identity of the most 
complex constituents (Del Carlo et al.  2004 ; Ríos et al.  2005 ) because the availabil-
ity of standards is extremely limited and the GC mass spectra libraries are richer 
than the corresponding LC ones. Loss of information about compounds present in 
the polar fraction such as glucosides can be expected due to the derivatization 
 process. High temperatures reduce the accuracy of quantitative results. Nevertheless, 
ongoing advancements in coupled techniques permit analysts to extract new infor-
mation as recently reported for GC–atmospheric pressure chemical ionization–time 
of fl ight mass spectrometry (GC-APCI-TOF MS) for olive oil phenol profi ling 
(García-Villalba et al.  2011 ). 

 Although the identifi cation and quantifi cation of phenolic compounds are 
 successfully carried out by HPLC and by GC, these techniques are time consuming 
(more than 90 min) and need precise sample preparation. The need for faster 
 analytical techniques with a good balance of simplicity and adequate analytical 
resolution has increased the interest in capillary electrophoresis (CE) in recent 
years, to the point where CE has become an alternative to HPLC for the analysis 

  Fig. 9.2    Gas chromatographic profi le of a derivatized olive oil methanolic extract. Peaks: ( 1 ) 
tyrosol ( TY ), ( 2 ) hydroxytyrosol ( HYTY ), ( 2a ) and ( 2b ) unknown, ( 3 ) palmitic acid, ( 4 ). linoleic 
acid, ( 5 ) oleic acid, ( 6 ) stearic acid, ( 7 ) and ( 7a ) unknown, ( 8 ) dialdehydic form of ligstroside 
aglycon containing no carbomethoxy group, ( 9 ,  10 ,  10a ,  14 ,  16 ,  17 ,  18 , and19) linked phenols 
containing TY, ( 11 ,  13 ,  15 ,  20 ,  21 ,  22 ,  23 , and  24 ) linked phenols containing HYTY; 12, mono-
glyceride ( Source : Angerosa et al. ( 1995 ), with permission of American Chemical Society)       
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of phenolic compounds in a large variety of foodstuffs (Bonoli et al.  2003 ; 
 Carrasco-Pancorbo et al.  2004 ). Capillary electrophoresis (CE) is a high-resolution 
technique for plant metabolites requiring only small amounts of sample and buffer 
and short times of analysis and can be coupled to various types of detectors. Bendini 
et al. ( 2007 ) and Hurtado–Fernández et al. ( 2010 ), in two recent extensive reviews, 
provide abundant tabulated information on CE conditions such as phenol extraction 
system and amounts that are critical for method sensitivity, instrumental variables 
(detection means, voltage [kV], temperature, capillary dimensions [i.d. μm; l ef , cm], 
and injection time [s]), and chemical variables (type of buffer, buffer concentration, 
pH). Electrophoretic conditions are in general optimized in terms of migration behav-
ior, sensitivity, analysis time, and peak shape. For example, electrophoretic separation 
of compounds within all of the known classes of olive oil phenols was carried out 
using an aqueous CE buffer system consisting of 60 mM NH 4 OAc at pH 9.5 with 5 % 
of 2-propanol, a sheath liquid containing 2-propanol/water 60:40 v/v and 0.1 % v/v 
triethylamine within 10 min, whereas the corresponding RP-HPLC runs demand at 
least 80 min. It remains to be seen whether or not the penetration of CE methods into 
the olive oil phenol analysis fi eld in coming years will be signifi cant.  

9.4.3     Detection, Identifi cation, and Quantifi cation Practices 
After Separation of Phenolic Compounds 

 The detection, identifi cation, and quantifi cation techniques after separation of 
 phenolic compounds depend on the aim of the study and available facilities. In the 
last decade LC-MS techniques have found extended application. No doubt this is 
the ultimate tool for every researcher. Still, routine analysis is less demanding 
regarding instrumentation. Thus, UV-visible spectrophotometry and spectrofl uo-
rimetry address a wide range of questions that are raised during the identifi cation of 
olive oil phenolic compounds in combination with retention time data (preferable 
relative retention time data). 

9.4.3.1     Color Tests 

 Among methods for detecting phenols on paper or TLC, the F-C reagent followed 
by ammonia vapors, spraying with p-toluenesulfonic acid plus vanillin, and heating 
at 105 °C for 10 min or leaving the layers in the air and evaluating the browning of 
the spots after 24 h of exposure at room temperature have been used (Montedoro 
et al.  1992a ,  b ).  

9.4.3.2    UV Spectrophotometry 

 UV spectrophotometry is extremely helpful in the identifi cation of phenols and 
monitoring the purity of HPLC peaks. The spectrum region commonly scanned is 
between 200 and 290 nm, where simple phenols and phenolic acids exhibit one or 
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two maxima (Montedoro et al.  1993 ). Hydroxycinnamic acids have a characteristic 
maximum at 310–332 nm. Elenolic acid, the acid originating from oleuropein and 
ligstroside, absorbs at 240 nm in acidifi ed aqueous methanol solution (Montedoro 
et al.  1992a ). Differences in maximum wavelength and molar absorption values 
among the various phenols (Table  9.2 ) infl uence quantifi cation and should be con-
sidered when the “true” levels are investigated. For example, quantifi cation of the 
same quantity of homovanillic acid at 280 and 325 nm gave values three times 
higher in the fi rst case (Tsimidou et al.  1996 ).

   The wide use of diode array systems coupled to HPLC offers a signifi cant 
advance in phenol identifi cation and, consequently, for the optimization of quanti-
fi cation due to the variability in λ max. Mateos et al. ( 2001 ) quantifi ed hydroxyty-
rosol derivatives at 240 nm, other phenols, cinnamic acid, and lignans at 280 nm 
and fl avones and ferulic acid at 335 nm. Two internal standards were used, 
 p - hydroxyphenylacetic  acid (280 nm) and  o -coumaric acid (335 nm). Rotondi et al. 
( 2004 ), using LLE-HPLC-UV/DAD, determined phenolic acids, phenols, and sec-
oiridoids at 280 nm and fl avonoids at 350 nm. Pirisi et al. ( 2000 ), working on three 
separation conditions and DAD, concluded that quantifi cation of total and selected 
conjugated phenols (3,4-DHPEA-EA, 3,4-DHPEA-EDA, p-HPEA-EDA, demethyl 
oleuropein aglycon) is preferable at 225 nm rather than at 280 nm, though some of 
the conjugated forms also present a second maximum wavelength above that one 
(Table  9.3 ). The same authors proposed the expression “tyrosol equivalents” 
instead of using “gallic acid or caffeic acid equivalents” as the obtained values are 
higher in the former case. In general, caffeic acid, gallic acid, resorcinol, and syrin-
gic acid are used as internal standards for phenol quantifi cation. Quantifi cation 
using the external standard technique with one or more standard curves is preferred 
by many investigators. An interlaboratory study (17 laboratories, six VOO samples) 
conducted by IOC ( 2009 ) recommends detection at 280 nm and for quantifi cation 
an internal standard approach using syringic acid and a response factor of syringic 
acid/tyrosol ratio (5.1 ± 0.4) that allows expression of results in tyrosol 
equivalents.

      Table 9.2    Absorbance data for standard phenolic compounds in 3 % aqueous acetic acid- methanol, 
94:6, v/v (pH = 2.64)   

 Phenol  λ max  (nm)  ε λmax   ε 280  

 Gallic acid  270.6  9112.6   9112.6 
 Protocatechuic acid   259.0 /293.0   10670.1 /5412.4   4329.9 
 Tyrosol  275.2  1519.3   1519.3 
  p -hydroxyphenylacetic acid  274.4  1700.5   1700.5 
 Vanillic acid   260.2 /291.4   16685.4 /8595.5   7471.9 
 Homovanillic acid  278.4  2785.4   2785.4 
 Caffeic acid  319.4  28558.6   5225.2 
 Syringic acid  273.4  10646.8   5225.2 
  p -coumaric acid  308.6  16776.6  10989.0 
 Ferulic acid  321.4  20686.3   9803.9 
  o -coumaric acid   276.2 /321.8   17352.9 /8676.5  17352.9 

  Source: Tsimidou et al. ( 1996 ), with permission of Grasas y Aceites  
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    Table 9.3    Spectrometric characteristics of VOO phenolic and nonphenolic compounds that may 
be used in objective estimation of taste attributes   

 Compound  λ max   (λ exc/ λ emiss. ) 

  Hydroxybenzoic acids  
 Vanillic acid  261; 293  308/360 or 264/354 or 280/353 
 Syringic acid  275  320/372 or 310/430 or 264/354 
 Gallic acid  270  412/496 (unstable) or 278/366 
 Protocatechuic acid  260; 295  304/365 (unstable) or 270/358 
  p -hydroxybenzoic acid  256  291, 340 or 264, 354 

  Hydroxycinnamic acids  
  p -coumaric acid  306  310/430 or 280/453 
  ο -coumaric acid  277; 325  – 
 caffeic acid  323; 300  262/426 or 310/430 
 ferulic acid  321  310/430 or 264/354 

  Nonphenolic compounds present in polar fraction  
 Cinnamic acid  280  310/430 
 Elenolic acid  240  – 

  Simple phenols and derivatives  
 Hydroxytyrosol  230 or 278 or 280 or 281  280/320 or 280/353 
 Tyrosol  220 or 273 or 276  280/320 or 280/353 
 Tyrosol acetate  230; 280  280/320 
 Hydroxytyrosol acetate  230 or 277.8 or 280  280/320 

  Secoiridoids  
 3,4-DHPEA-EDA  223; 282; 330 or 235; 285  280/320 or 280/353 
 p-HPEA-EDA  225; 277; 330 or 235; 280  280/320 or 280/313 
 3,4-DHPEA-EA  229; 278 or 235; 285  280/320 or 280/353 
 p-HPEA-EA  235; 285  280/313 

  Lignans  
 Pinoresinol  232; 280  280/320 or 280/339 
 1-Acetoxypinoresinol  240; 282  280/320 or 280/339 

  Hydroxychromans  
 No data for UV absorbance  No data for fl uorescence 

  Flavones  
 Apigenin  230; 270; 340  280/320 or 280/340 
 Luteolin  255; 350  280/320 or 280/340 

9.4.3.3       Spectrofl uorimetry 

 The introduction of fl uorescence detection in line or not with DAD became a valuable 
tool in recent years as it is more specifi c and sensitive than spectrometric detection 
and of reasonable cost (Cartoni et al.  2000 ; Brenes et al.  2002 ; Selvaggini et al.  2006 ). 
According to (Ryan et al.  1999b ), fl uorescence at 320 nm (λ exc  = 280 nm) is “ the best 
compromise for general profi ling ” for olive fruit phenolic compounds. Cartoni et al. 
( 2000 ) detected vanillic  acid  (λ exc  = 264 nm, λ emiss  = 354 nm), p- coumaric, caffeic, and 
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ferulic acids (λ exc  = 310 nm, λ emiss  = 430 nm). Specifi city is reported for tyrosol, lignans 
(pinoresinol in particular), and the “bitter” 3,4-DHPEA-EA, whereas the peak inten-
sity for 3,4-DHPEA-EDA is less satisfactory due to a loss of planarity of the  compound 
(Brenes et al.  2002 ; Selvaggini et al.  2006 ). Brenes et al. ( 2002 ) detected pinoresinol 
and 1-acetoxypinoresinol in VOOs from Picual and Arbequina at (λ exc  = 280 nm/
λ emiss  = 320 nm) as well as oleuropein and ligstroside aglycons. Table  9.3  gives some 
characteristic absorbance of the well-identifi ed phenolic compounds that may be 
 useful for the objective estimation of taste attributes.  

9.4.3.4    Mass Spectroscopy  

 Mass spectroscopy (MS) in various modes is currently coupled to the aforemen-
tioned high-resolution separation techniques. Extensive use in routine analysis is 
not common. Research papers offer an extremely high volume of data on fragments 
derived from phenolic compound analysis under the various modes or within each 
mode of mass spectrometry. According to the literature, bitter attributes are related 
to the presence of the dialdehydic form of decarboxymethyl elenolic acid linked to 
hydroxytyrosol (3,4-DHPEA-EDA), the aldehydic form of oleuropein aglycon 
(AOA), and oleuropein aglycon (3,4-DHPEA-EA) as the main compounds, bitter 
and pungent notes (back of the tongue) to ligstroside derivatives such as (p-HPEA- 
EDA), and astringency to tyrosol. LC-MS, LC-MS/MS, GC-MS, and CE-MS give 
information on the m/z of these compounds as well as of [M-H] − , [M + H] + , and 
other fragments (Ryan et al.  2002 ; Gutiérrez-Rosales et al.  2003 ; Bendini et al. 
 2003 ; Andrewes et al.  2003 ; Rotondi et al.  2004 ; De la Torre-Carbot et al.  2005 ; 
Carrasco-Pancorbo et al.  2005b ,  2007 ; Suárez et al.  2008 ; Jemai et al.  2009 ; Saitta 
et al.  2009 ; Ouni et al.  2011 ). Quantitative data are also produced on the basis of 
fragment abundance.  

9.4.3.5     Nuclear Magnetic Resonance (NMR) Spectroscopy and NMR-MS 
Coupling 

 NMR is a powerful method for the structural elucidation of isolated phenolic 
 compounds (Chap.   11    ). Nevertheless, it gives two more options: (a) in situ analysis 
of phenolic composition in the polar fraction and (b) coupled to LC-SPE in conjunc-
tion with other detection means (diode array, MS) or not. Addition of a postcolumn 
(SPE) system to replace loop collection improves the signal-to-noise ratio by up to 
a factor of 4 in natural phenolic extracts (Exarchou et al.  2003 ). Such sophisticated 
techniques have become important for the complete elucidation of isomers present 
in the polar fraction that are not detectable by other means, not even using MS or 
MS/MS techniques (Pérez-Trujillo et al.  2010 ). NMR cannot be considered in routine 
analysis but, nevertheless, may support functional properties of stereoisomers 
related to health or sensorial properties of particular compounds. The most repre-
sentative publications over the last decade are those of the group of Dais 
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(Christophoridou et al.  2005 ; Christophoridou and Dais  2006 ; Dais et al.  2007 ; 
Christophoridou and Dais  2009 ). The authors exploited various NMR techniques to 
develop  1 H-NMR or  31 P-NMR procedures for the characterization of polar fractions 
(Table  9.4 ), but they have not yet correlated their fi ndings (qualitative and quantitative) 
with taste aspects.

9.5          Objective Criteria for Evaluation of Taste Attributes 

 Bitterness is closely related to the presence of oleuropein and ligstroside derivatives 
(Andrewes et al.  2003 ; Cerretani et al.  2008 ; Gutiérrez-Rosales et al.  2003 ; Mateos 
et al.  2004 ; Siliani et al.  2006 ; Esti et al.  2009 ). The perception of bitterness in VOO 
seems to be infl uenced by the large quantity of monounsaturates (García-Mesa et al. 
 2008 ). Astringency and pungency are other taste attributes that are of interest in 
VOO organoleptic quality. The total polar phenol level and the presence of catecho-
lic groups in a molecule (oleuropein derivatives) are the critical factors due to 
protein- phenol interactions in the saliva. Nevertheless there are reports (Favati et al. 
 1995 ) presenting data according to which differences in bitterness and astringency 
among oils from different cultivars (Coratina, Koroneiki, Picual, and Arbequina) 
did not always coincide with the total polar phenol content. On the basis of these 
results, for example, VOO from unripe Koroneiki olives was more bitter and 
 astringent than a corresponding Coratina oil containing double the amount of total 
polar phenols. The publicity attached to oleocanthal, the dialdehydic form of 

   Table 9.4    Phenolic content (μmol/100 g) of virgin olive oil samples from Messinia determined by 
 1 H-NMR or  31 P-NMR   

 Phenolic compound   1 H-NMR   31 P-NMR 

 Total hydroxytyrosol  34.03  32.49 
 Total tyrosol  25.06  24.89 
  p -coumaric acid  0.71  0.78 
 Apigenin  0.31  0.31 
 Luteolin  0.80  0.90 
 (+) Pinoresinol  1.61  1.61 
 (+) 1-Acetoxypinoresinol  2.63  2.63 
 Syringaresinol  0.64  0.77 
 Vanillia  0.29  nd 
 Vanillic acid  0.00  nd 
 Homovanillil alcohol  0.00  nd 
 Aldehydic form of oleuropein  2.37  nd 
 Aldehydic form of oleuropein  1.17  nd 
 Aldehydic form of oleuropein and ligstroside  7.26  nd 
 Dialdehydic form of oleuropein and ligstroside lacking a 

carboxymethyl group 
 15.11  nd 

  Source: Abstracted from Christophoridou and Dais ( 2009 ), with permission of Elsevier 
  nd  not detected  
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decarboxymethyl elenolic acid linked to tyrosol (Beauchamp et al.  2005 ), had as a 
result that consumers – familiar with its peppery, hot, and burning sensations at the 
back of the throat –also appreciated the importance of the anti-infl ammatory proper-
ties it exerts. Nevertheless, it was Andrewes et al. ( 2003 ) who addressed the detailed 
taste attributes of VOO phenols using a taste dilution analysis (TDA) protocol. 
Their method used a tedious three-step sample preparation procedure (liquid-liquid 
extraction, reversed-phase HPLC phenol separation, fraction collection). The com-
plexity of taste attributes for each of the isolated phenols and the threshold limits 
found in this work revealed why VOOs with similar levels of total phenols but 
 different in individual phenol content are judged differently by panelists (Table  9.5 ).

   On account of the limitations inherent in sensory analysis, in addition to diffi culties 
related to the training and sustainability of panel test groups in objectivity (Angerosa 
et al.  2000 ), reproducible evaluation of certain taste attributes between among 
 laboratories is diffi cult but highly desirable. The “bitter index,” or K 225  value, proposed 
by Gutiérrez et al. ( 1992 ) is estimated through measurement of absorbance at 
225 nm of polar extracts obtained using a certain protocol. Thus, SPE (C 18   cartridges) 
is used for the preparation of the polar extract, phenols are eluted with a methanol–
water mixture (60:40, v/v), and the bitter index is calculated from the equation 
K 225  = A 225 /C, where C = g oil/100 mL, A = absorbance at 225 nm. The relevance of 
such measurements to bitter attributes has often been questioned because the 
 particular wavelength is not selective for bitter compounds. Interference of nonbitter 

   Table 9.5    Sensory qualities, taste threshold, and tentative identifi cations of phenolic components 
isolated from extra virgin olive oil   

 Phenol (tentative identifi cation)  Sensory qualities  Threshold a  

 Hydroxytyrosol b   –  – 
 Tyrosol  Sticking astringency, not bitter  4.4–18 
 Deacetoxy-oleuropein aglycon 

(dialdehydic form) 
 Astringent, bitter, burning/stinging/

numbing mostly on tongue 
 0.4–1.6 

 Derivative of oleuropein aglycon  Bitter, sour, astringent, sweet, 
cooling, peppery 

 0.2–0.8 

 Not identifi ed  Bitter, astringent (dry teeth)  0.2–0.8 
 Derivative of oleuropein aglycon  Bitter, astringent, bit burning     0.1–0.4 
 Deacetoxy-ligstroside aglycon 

(dialdehydic form) 
 Strong burning mostly at back of 

throat, slightly bitter, astringent 
 0.4–1.6 

 Isomer of ligstroside aglycon  Astringent, bit burning, bitter  0.05–0.2 
 Isomer of ligstroside aglycon  Dry mouth, not bitter  0.4–1.6 
 Derivative of oleuropein aglycon  Bitter, astringent, salt  0.1–0.4 
 Isomer of oleuropein aglycon  Very bitter, very astringent  0.05–0.2 
 Hydrophobic polyphenols 

(fractions 70–90) 
 Strong bitter, astringent  – 

 Very hydrophobic polyphenols 
(fractions 90–120) 

 Astringent, bitter, bit sour, bit 
burning, salt 

 – 

   Source : Adapted from Andrewes et al. ( 2003 ), with permission of American Chemical Society 
  a Estimated taste threshold in mM 
  b Although synthetic hydroxytyrosol was available, it was not evaluated by the panel because the 
sample was not of suffi cient purity to be safely evaluated  
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molecules like elenolic acid, hydroxytyrosol acetate, hydroxytyrosol, tyrosol, and 
lignans is to be expected. Inarejos-García et al. ( 2009 ) proposed a more objective 
expression of K 225  values in terms of oleuropein equivalents because (a) this glycoside 
is the only olive bitter compound commercially available and (b) bitterness of VOO 
is offi cially defi ned as the “characteristic taste of oil from green olives or olives 
turning colour” (EC  2002 ). The authors named that value the oleuropein score. 
Fluorescence is a more specifi c and sensitive characteristic of phenolic compounds 
that can prove useful in taste attribute estimation. Thus, in situ estimation of total 
fl uorescence of the polar extract of VOO samples, expressed as oleuropein equiva-
lents (Papoti and Tsimidou  2009 ), is well correlated with the oleuropein score 
(R = 0.70,  p  < 0.05,  n  = 65) and is free from interference due to the presence of 
 elenolic acid (Inarejos-García et al.  2009 ). Moreover, RP-HPLC coupled to fl uorimetry 
gives a phenol profi le free of noise that is apparent at 225 nm and can thus be used 
as an extra tool in the quantifi cation of taste-related molecules such as tyrosol, 
3,4-DHPEA-EDA, oleocanthal, 3,4-DHPEA-EA, and p-HPEA-EA. 

 New sensor applications, in terms of electronic nose or other devices, are 
expected to add increased objective criteria for taste appreciation (Rodríguez- 
Méndez et al.  2010 ). 

 Another challenge is the elucidation of how the taste compounds of VOO are 
distributed in the mucosa/saliva. The impact of the protein composition of saliva on 
fl avor release is barely known, and it may have a signifi cant effect on the kind and 
intensity of perception. Research in this regard would allow us to understand which 
fraction of the phenols that remains in the proteic/aqueous phase of saliva could be 
responsible for taste and posttaste perceptions (e.g., bitterness, pungency, astringency). 
Research based on chemical, sensory, and physiological approaches would make 
sensory assessment dispensable to some extent, and it would give coherence and 
unity to sensory information, thus avoiding the current confusion and fuzziness that 
affect the sensory assessment of VOOs (García-González and Aparicio  2010 ).  

9.6     Future Trends and Perspectives 

 Polyphenols are strongly related to the quality of VOOs. In addition, their contribution 
to VOO protection against oxidation is widely known. Thus, the analysis of VOO 
phenolic compounds is a multifaceted area of research depending on the aim of the 
study. Concerning information on taste issues, separation techniques are pivotal. 
RP-HPLC seems to be an unequivocal choice. The availability of different detectors 
may facilitate or burden the work of analysts. Nevertheless, since the taste and aroma 
aspects of VOO are vital for consumer choice and may add value to products bottled 
by different types of companies, there is a need for a correlation between sensory 
attributes and levels of selected phenolic compounds. The recently accepted health 
claims about phenolic compounds in VOO and various preparations originating 
from olive products and wastes are expected to accelerate the procedures for inter-
laboratory studies on suitable methods for estimating phenols in oil and assist in the 
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standardization of formulations. Moreover, optional labeling permitted through EU 
Regulation 1019/2002 (EC  2002 ) such as “pungent,” “fruity: ripe or green,” “bitter,” 
“intense,” “medium,” “light,” “well balanced,” and “mild oil” needs substantiation 
that is related, to a great extent, to the presence of specifi c phenolic compounds or to 
the total phenol level.     
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Abbreviations

ANN Artificial neural network
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SVM Support vector machines

10.1  Introduction

Spectroscopic techniques have emerged in food analysis as rapid and very useful 
tools for determining a great variety of chemical parameters. They provide elegant 
solutions to face analytical challenges. In spite of the intense research on 
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spectroscopic techniques during the twentieth century, the application of such tech-
niques has been delayed due to the spread of chromatography, which allows an easy 
 quantitative interpretation of results, and the lack of suitable sample presentation 
techniques, chemometric tools to calibrate and standardize instruments, intuitive 
chemometric tools, and standardized protocols for spectroscopy. However, the 
necessity of reducing the analytical time and cost, the high number of parameters 
and properties to be simultaneously controlled at the different steps of the food and 
feed chains, and the increasing demand for online techniques, as well as the relative 
limit of traditional techniques to solve some analytical questions faced by the con-
trol laboratories and industries, have rekindled interest in spectroscopy techniques. 
Furthermore, instrumental improvements such as the introduction of interferometry 
methodology and the diode array detector, the availability of new sample-handling 
accessories, the miniaturization of instruments, the computer facilities, and the exis-
tence of software specially designed to extract and to use the information  contained 
in spectra have contributed to the development of near-infrared (NIR), mid-infrared 
(MIR), Raman, and fluorescence spectroscopies. These significant improvements 
have led to less complicated and expensive instruments that could be used on a regu-
lar basis at any laboratory without requiring any special skills or training.

In the field of fats and oils quantitative applications are relatively recent 
 compared to qualitative methodologies. These quantitative procedures have bene-
fited from new ways of calibration (e.g., signal-transduction calibration), adapted 
accessories for sample presentation (e.g., ATR, IR cards, and mesh cells), and 
adopted new procedures of spectra interpretation (e.g., 2D correlation spectros-
copy). The great variety of optical materials and sampling approaches makes the 
spectroscopic  techniques much more versatile than other methodologies, which 
explains the growing interest in developing quantitative applications. Although 
there are only few standard methodologies for olive oil analysis based on spectros-
copy (e.g., determination of dienes and trienes by ultraviolet spectroscopy, 
COI/T.20/Doc. No 19/Rev. 2), a spectroscopic technique such as Fourier transform 
infrared spectroscopy (FT-IR) can be applied to determine the unsaturation degree, 
oxidation state, moisture  content, trans double bonds, free fatty acids, and the 
 presence of impurities or other edible oils, among many others. Such applications 
require more research to improve calibration performance without losing the 
advantageous feature of being rapid methods. Such research might deliver method-
ologies that could be eligible as standard methods in the future to alleviate complex 
olive oil analysis.

In this chapter, the second and third sections briefly present the theory and instru-
mentation currently used in IR, Raman, and fluorescence spectroscopies for the 
analysis of oils. The fourth section describes data acquisition, and the fifth section 
is dedicated to interpretation of oil spectra. The assignment of the most noteworthy 
bands and the correlation between absorption (or scattering) intensities and chemi-
cal indices are discussed. Part of this chapter (the sixth section) is devoted to the 
data treatment of IR and Raman spectra. In this section, a mathematical model 
 construction in quantitative and qualitative analyses is presented. Finally, the results 
obtained in the determination of chemical values and indices are surveyed in the 
seventh section.

10 Infrared, Raman, and Fluorescence Spectroscopies…



338

10.2  Theory

The importance of spectroscopy becomes apparent from a reading of the classic text 
published by Herzberg (1945). However, it was not until recently that dramatic progress 
was made with the advent of IR lasers (e.g., IR circular dichroism) and inteferometric 
methods, the introduction of high-power and pulsed lasers (e.g., hyper-Raman and 
coherent anti-Stokes-Raman scattering), or attenuated total reflection (ATR) spectros-
copy, among others. Thus, spectroscopy is not a static field; it is a quite dynamic and 
innovative area. Regarding vibrational spectroscopy, the basic theory has been described 
in ten or so classic books on spectroscopy, some of which are compilations of data while 
others are comprehensive texts (Wilson et al. 1955; Williams and Norris 2001; Li-Chan 
et al. 2010a, b). Most practical books usually emphasize the correlation between 
 molecular structural features and frequencies (Socrates 1994), while textbooks are 
devoted to explaining the theory of vibrational spectroscopy (Williams and Norris 2001; 
Diem 1993). Concerning fluorescence spectroscopy, modern manuals explaining the 
fundamentals and applications illustrate the increasing interest in this technique for 
developing applications beyond basic research (Valeur 2002).

The following section will briefly describe those theoretical aspects of IR, Raman, 
and fluorescence spectroscopies that are basic for understanding spectroscopic 
analyses.

10.2.1  Infrared Spectroscopy

Infrared spectroscopy is a technique in which the interaction of electromagnetic 
 radiation with a sample is studied to obtain both qualitative and quantitative chemical 
information. The IR region lies between the red end of the visible spectrum and the 
microwave region. It comprises wavelengths (λ) between 800 and 2.5 × 105 nm. The IR 
region of the electromagnetic spectrum is subdivided into NIR (λ = 0.8–2.5 μm), MIR 
(λ = 2.5–25 μm), and far-IR (λ = 50–1,000 μm). These distinctions are based on the 
nature of the absorptions giving rise to the corresponding spectra, as well as  differences 
in instrumental design and experimental approach. All are parts of vibrational spectros-
copy and arise from transitions between vibrational energy levels (Banwell 1994).

The simplest approach to explaining the phenomenon occurring in vibrational 
spectroscopy is to consider the bond between two atoms of masses m1 and m2 as 
behaving as a tiny spring of “strength,” or force constant k (N*m−1). The system will 
vibrate at some natural resonance frequency ν (s−1) given by Hooke’s law:
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where μ is the “reduced mass” [m1m2/(m1 + m2)]. This approach is used to explain 
the observed difference in absorption frequencies between different functional 
groups on the basis of different force constants or reduced masses.

However, the quantum theory needs to be considered here. The energy E (J) of a 
photon of wavelength λ (m) is

 
E h h

c
= =n

l
.
 

In this equation h (Js) is Planck’s constant and c (ms−1) is the velocity of light.
Hooke’s law for a simple harmonic oscillator model predicts a potential energy 

curve as a parabolic function of the interatomic distance. The potential energy is 
minimized at the equilibrium nuclear distance. Increasing interatomic distance leads 
to increased potential energy in a continuous manner. In a quantum mechanical 
approach (corpuscular theory), however, only certain energy levels are permitted. 
These energy levels are given by

 
E n n h( ) ,= +
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where n = 0,1,2… is the vibrational quantum number. Transition between energy 
levels can only occur in discrete steps when sufficient energy E is provided, i.e.,

 D nE h= .  

Transitions occur when n ≥ ± 1. The molecule will absorb the energy of the pho-
ton if it precisely matches the energy that is required for the transition between 
energy levels and when there is a change in the dipole moment associated with the 
vibration. The transitions in which n = ± 1 are called fundamental vibrations and they 
are observed in MIR spectroscopy. The energy required to stimulate these transitions 
occurs at wavelengths between 2,500 and 25,000 nm (4,000–400 cm−1).

In fact, vibrating bonds are anharmonic oscillators. When the interatomic distance 
becomes very small, atomic repulsion causes the potential energy to rise dramatically. 
As the interatomic distance increases, the bond will initially stretch and eventually 
break. This anharmonic behavior can be incorporated into the Schrödinger equation 
and leads to a new expression for permitted energy levels:
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where xe is a small and positive anharmonicity constant.
As a result of anharmonicity, energy levels become closer as n increases and 

 transitions of the type n = ± 2, n = ± 3, or overtones are allowed. In addition, a 
 combination band is produced when the photon excites simultaneously the vibration of 
two or more interatomic bonds that are sufficiently close to influence their respective 
vibrations. Combinations and overtones are seen at higher energy (lower  wavelength) 
and occur in the NIR region (800–2,500 nm; 10,000–4,000 cm−1). These bands  
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have lower intensity than fundamental bands. Figure 10.1 illustrates the anharmonic 
oscillator and the different associated energetic transitions (Barrow 1973; Williams 
and Norris 2001; Skoog et al. 1992).

10.2.2  Raman Spectroscopy

Raman spectroscopy involves a scattering process. When the electric field E interacts 
with a molecule, it exerts the same force on all electrons in the molecule and tends to 
displace them from their original position around the positively charged nuclei. The 
displacements result in an induced dipole moment π in the molecule that is proportional 
to the electric field:

 p a= E,  

E

To

Wavenumber (cm-1)

Inter-atomic distance

Fundamental
band

Overtone
band

hn

2hn
Tf

Overtone
band

Fig. 10.1 Anharmonic oscillator and associated energetic transitions. Legend: E potential energy,  
Tf fundamental transition, To overtone transition
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where α is the electric polarizability. Since π depends on α as well as E, the properties 
of the molecule can change π. In this context, α varies with time as a consequence of 
the vibrations of the molecule since the ease with which electrons may be displaced 
by the electric field depends on how tightly they are bound to the nuclei, which in 
turn depends on the interatomic distance.

When the electric field interacts with a vibrating molecule, the induced dipole 
moment has three components contributing to its time dependence. The first is a 
component vibrating with the frequency of the incident light. According to classical 
electromagnetic theory, an oscillating dipole radiates energy in the form of scattered 
light. Thus, the first component, light of the incident frequency (νRay), will be scat-
tered. This is the phenomenon of Rayleigh scattering. The second component is the 
one vibrating at a frequency that is the sum of the frequencies of the incident light 
and the molecular vibration. The scattered light arising from this second component 
is known as anti-Stokes Raman scattering (νR(aSt)). The third component is the vibration 
at a frequency given by that of the incident light minus the molecular vibrations. 
This is called Stokes scattering (νR(St)) (Grasseli and Bulkin 1991; Diem 1993; 
Schrader 1996).

Figure 10.2 shows an energy diagram of the Raman scattering effect and illustrates 
a schematic and simplified Raman spectrum. To simplify the presentation, only two 
electronic states (the ground and the first excited) and three vibrational states of 
each of them are shown. The intensity of the anti-Stokes Raman scattering bands of 
frequency < R(aSt) is lower than the intensity of Stokes Raman scattering bands of 
frequency < R(St) in view of the difference in population of the ground excited 
 electronic states in a set of molecules at room temperature (Baranska et al. 1987). 
The Raman spectra studied and presented later on in this chapter concern only 
Raman Stokes scattering bands.

10.2.3  Fluorescence Spectroscopy

Fluorescence spectroscopy is a type of electromagnetic spectroscopy in which the 
 fluorophore groups included in the samples are excited using a beam of light. Usually 
ultraviolet light is used and the emission of light of a lower energy is observed; typi-
cally, but not necessarily, the emission is in the visible range of the electromagnetic 
spectrum. In particular, conventional fluorescence spectroscopy provides an emission 
spectrum for a fixed excitation wavelength or an excitation spectrum for a fixed emis-
sion wavelength. The emission spectra are obtained by recording the signal of an 
 emission monochromator at different wavelengths (λem) for a constant excitation wave-
length (λex), usually at a wavelength of high absorption. On the other hand, the excita-
tion spectra are obtained by recording the signal from the excitation monochromator at 
different wavelengths (λex), maintaining a constant emission wavelength (λem). The 
spectra provide information for both qualitative and quantitative analyses about fluoro-
phore groups present in the sample. However, the applications of fluorescence spectros-
copy in the characterization of edible oils are scarce because the  fluorescence 
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Fig. 10.2 (a) Raman scattering effect occurring during illumination of sample with monochro-
matic light. (b) Part of resulting Raman spectrum. Legend: E electronic state, I light-scattering 
intensity (log scale), νRay frequency of Rayleigh line, νR(aSt) frequency of anti-Stokes Raman line, 
νR(St) frequency of Stokes Raman line (Adapted from Baranska et al. 1987)

characteristics of fluorophores are affected by the matrix. Although molecular fluores-
cence spectroscopy is a highly sensitive technique, a severe overlap of excitation and 
emission makes the spectra difficult to interpret (Patra and Mishra 2002). The fluores-
cence spectra can also be affected by the attenuation of the absorption intensity due to 
the absorption of the excitation wavelength (primary inner effect) and the emission 
wavelength (secondary inner effect) (Sikorska et al. 2004). These  phenomena are more 
evident when working with right angle (RA) instruments (Lakowicz 1999). In RA 
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instruments, the collection of the fluorescence beam is collected at a right angle to the 
incident light. In other words, the emission is measured at 90° in relation to the excita-
tion beam. In contrast, in modern front face (FF) instruments, the fluorescence beam is 
collected at an approximately 22–30° angle relative to the incident beam. This geome-
try minimizes the inner filter effects compared to RA instruments.

10.2.4  Band Position and Intensity

In vibrational spectroscopy, the probability of excitation for a particular vibration is 
determined by the so-called selection rules, which can be derived from the applica-
tion of group theory to atomic vibrations in the molecules belonging to different 
classes of symmetry. Some factors tend to modify the band positions (i.e., vibration 
frequencies). The most important factors are the interatomic distances, the spatial 
arrangement groups, the Fermi resonance, the physical state of the sample, the 
polarity of the environment, the formation of hydrogen bonds, and the inductive, 
mesomeric, and field effects of neighboring groups. In this way, the difference in the 
force constant, for example, explain that the stretching frequency of double bonds is 
higher than those of single bonds (Baranska et al. 1987; Grasseli and Bulkin 1991; 
Diem 1993).

Infrared and Raman spectroscopy involve vibrational energy levels of the sample 
molecules that are related primarily to stretching or bending deformations of the 
molecular bonds. However, two main differences should be underlined between IR 
and Raman spectra. First, IR peaks tend to be broad and it is difficult to find a peak 
that is completely free of the influence of adjacent peaks or external parameters. On 
the other hand, a Raman spectrum tends to be composed of a series of isolated 
bands, and water and CO2 have weak Raman scattering properties and, conse-
quently, produce less interference in Raman scattering spectroscopy. Another dif-
ference is that polar groups (such as C = O and O-H) have strong IR absorption 
bands, whereas nonpolar groups (such as C = C and C-C) show intense Raman 
 scattering bands. These two branches of vibrational spectroscopy in fact yield 
 complementary information about molecular vibration, each one contributing to a 
spectral fingerprint of the molecules (Li-Chan 1994).

From a chemical point of view, Raman scattering arises from the change in 
polarizability or shape of the electron distribution in the molecule as it vibrates; in 
contrast, IR absorption requires a change in the intrinsic dipole moment with the 
molecular vibration (Grasseli and Bulkin 1991). More accurately, the Raman band 
intensity is proportional to the expression

 
∂ ∂( )a / ,Q

2

 

where α is the polarizability and Q the normal coordinate of the group of atoms of 
interest. The IR band intensity is proportional to the expression
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∂ ∂( )p / ,Q

2

 

where π is the induced dipole moment of the molecule. Thus, it might be expected 
that the same molecule may give IR and Raman bands with differing intensities and 
band shapes (Baranska et al. 1987).

Concerning fluorescence spectroscopy, to study the band position and intensity it 
is necessary to consider the following issues:

 1. The excitation wavelength used to obtain the emissions spectra should be 
strongly absorbed by the fluorescent compounds; therefore it is recommended to 
obtain the full absorption spectrum of the sample and then select the most appro-
priate wavelength based on the maximum absorption intensities. It is important 
to use an excitation wavelength that is strongly absorbed because the emission 
fluorescence intensity is proportional to the absorption intensity.

 2. Not all of the emission spectrum obtained with the selected excitation wave-
length corresponds to the fluorescent compounds present in the sample. 
According to Stokes’s law of fluorescence states, the wavelength of fluorescence 
radiation is greater than the exciting radiation. Consequently, the emission wave-
lengths should be at least five or ten units larger than the excitation wavelength. 
For example, for an excitation wavelength (λex) at 350 nm, the bands that appear 
in the emission spectrum at wavelengths below 360 nm do not correspond to 
fluorescent compounds.

 3. Other additional considerations that could lead to error are associated with over-
tones. Thus, it is important to note that the overtone area is located at twice the 
wavelength of excitation in the emission spectrum. In the interpretation of the 
spectra it is also convenient to omit the region of the spectrum that is located too 
far from the excitation wavelength (Fig. 10.3).

 4. Primary and secondary inner filter effects are other considerations that should be 
taken into account in the traditional RA techniques (Lakowicz 1999). The inner 
filter effects imply the attenuation of the emission intensity due to the absorption 
of the incident excitation light and emitted light (Sikorska et al. 2004). These 
effects are avoided by working with diluted samples – in the case of oils, 1 % is 
enough. This solution also prevents saturation in the spectrum. Nevertheless, the 
spectra obtained from diluted samples are not always comparable to those 
obtained with original undiluted samples. This difference in the spectra is due to 
the original environment of the samples, which dramatically changes when they 
are diluted, and this could have a significant effect given that fluorescence prop-
erties are extremely sensitive to matrix changes (Strasburg and Ludescher 1995). 
To overcome this problem and examine native samples directly, the FF technique 
is more appropriate.
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Fig. 10.3 Fluorescence emission spectra of virgin olive oils differing in their thermoxidation times 
(hours) collected under two different excitation wavelength: λexc = 270 nm (a) and λexc = 350 nm (b)
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10.3  Instrumentation

Two of the main reasons for the development of new applications of spectroscopic 
techniques are the simplicity of the equipment and the sample presentation. Samples 
can be examined in their gaseous, liquid, or solid states. Enormous progress has 
been made, particularly over the two last decades, on the instrumental front (Diem 
1993; Sharma and Schulman 1999; Li-Chan et al. 2010a).

Spectrometers can be classified according to the radiation source used, either 
thermal or nonthermal. Thermal sources (e.g., quartz-halogen or tungsten-halogen 
lamps) consist of a radiant filament that produces thermal radiation covering a nar-
row or wide range of frequencies in the vibrational spectral range. Nonthermal 
sources (e.g., light-emitting diodes, laser diodes, or lasers) emit narrower bands of 
radiation than those emitted by thermal sources. Another classification of spectrom-
eters is based on the wavelength selection strategy: discrete or continuous wave-
length selection. Discrete wavelength instruments, using filters or light-emitting 
diodes, make it possible to collect the absorbance at specific wavelengths and are 
not widely used. Continuous-spectrum instruments are based on grating monochro-
mator, acousto-optical tunable filter, photodiode array, Fourier transform (FT) inter-
ferometer technologies, or microelectromechanical systems (MEMS) (Osborne 
et al. 1993; Williams and Norris 2001; Blanco and Villaroya 2002).

10.3.1  Near-Infrared (NIR) Spectroscopy

NIR instruments have been widely used for nondestructive rapid analysis in several 
important industries since the early 1970s. In the animal feed, grain, chemical, phar-
maceutical, and food industries, NIR spectroscopy is used in offline, online, and 
inline modes. Several optical approaches have been used in NIR instruments, 
including filters, holographic gratings, acousto-optically tunable filters, light- 
emitting diodes, and the internal and external fitting of optic fibers (Scotter 1997; 
Osborne et al. 1993; Williams and Norris 2001).

Four configurations of spectral collection exist: transmission, transflection, 
 diffuse reflection, and interactance. This has been addressed in detail by Wilson and 
Goodfellow (1994). In oil analysis, transmission and transflection modes are tradi-
tionally used and correspond to specific sample-handling designs. An important 
feature of NIR spectroscopy is that the shorter NIR wavelengths can penetrate 
deeply into the sample; thus, it is possible to obtain spectral data from a thick sam-
ple (i.e., 1–5 mm). In addition, classic crystal and quartz materials are free of absor-
bance in the NIR region.

A transmission cell is used to obtain spectra of liquids and slurries. To make a 
transmission measurement, the sample accessory is placed between the source and 
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the detector. The sample is introduced into the cell specially designed to have a 
constant sample thickness. Transmission cells are usually constituted by two crys-
tal windows separated by spacers of different thicknesses, quartz cuvette of fixed 
thickness (e.g., 1 or 5 mm), or by disposable vials of fixed width (Williams and 
Norris 2001).

Transflection cells are designed for making transmittance measurements with 
instruments that are designed only to collect reflectance spectra (i.e., instruments 
where the source and the detectors are on the same side). A classic transflection cell 
is an aluminum cup covered with a slide glass (crystal or quartz) and having a gold 
plate as reflector. The energy traverses the sample once, is then reflected on the gold 
reflector, and traverses back to the sample before reaching the detector.

10.3.2  Mid-Infrared Spectroscopy

Until recently, MIR spectroscopy has been of limited use for the study of food 
 materials due to a number of drawbacks. Food samples are often opaque and highly 
scattering. Furthermore, they often contain high concentrations of water, which 
absorbs strongly in the MIR region. Food materials, therefore, are not very 

Fig. 10.4 Processing of signals in infrared spectroscopy from interferogram to absorption 
spectrum
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amenable to classic transmission techniques and sampling methods such as pellets 
or mulls (Wilson 1990). A second factor limiting the use of MIR spectroscopy with 
food samples has been that classic instrumental methods suffered from a lack of 
speed and from a low energy level of the sample due to the use of monochromators. 
However, the development of new sampling methods together with FT instruments 
have now made it possible to routinely analyze food samples by MIR spectroscopy 
(Wilson 1990; van de Voort and Ismail 1991).

The use of a Michelson interferometer allows much more energy to reach the 
sample, provides good wavelength reproducibility, and allows spectra to be col-
lected in a very short time. Figure 10.4 shows the basic processing from the inter-
ferogram registered by a Michelson interferometer to transmission and absorption 
spectra. Apart from these combined advantages, it is worth noting that handle sam-
pling is a major issue and is conditioned by the viscosity of the sample. FT MIR 
spectroscopy has made viable sample presentation techniques for edible oils, thus 
overcoming some of their analytical problems with MIR spectroscopy. The most 
important MIR sample presentation techniques applicable to oil analysis are 
 transmission liquid cell and attenuated total reflectance (ATR) crystal, which are 
described in detail by Wilson and Goodfellow (1994). Both methods require a mini-
mum of sample preparation.

10.3.2.1  Transmission Cells

Transmission cells allow for FT-IR analysis in transmission mode. In this mode the 
sample is located in the optical path of the IR beam (I0). Figure 10.5 shows a typical 
transmission cell.

Liquid samples, such as virgin olive oil, are normally injected into the cell to 
form a thin-film squeezed between two windows. There are three main types of 
transmission cell, all employing metal frame plates, windows to enable light to enter 
and leave the sample, and spacers that define the optical path length (OPL). Thus, 
sealed cells employ permanently bonded spacers of a fixed thickness. This first type 
of cell is suitable for quantitative analyses, where an invariable OPL is required. The 

Fig. 10.5 Pictures of a typical transmission cell, demounted, assembled, and set up in FT-IR 
spectrometer
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second kind, the demountable cells, may be dismantled to facilitate cleaning and 
enable the use of spacers with different thicknesses and, hence, different OPLs. 
Finally, piston cells enable the window separation to vary continuously over a range 
of OPLs. In any case, the OPL variations can be controlled by adding an internal 
standard with a known and distinct absorption (Ismail et al. 2006).

Liquid cells enable reasonable quantification of solute concentrations. Practical 
difficulties include the maintenance of a constant (repeatable) OPL and good window 
parallelism (to avoid wedging errors). The cell windows should be constructed from 
a material that is transparent to the MIR beam and, additionally, does not react with 
the samples. Thus, windows are commonly made of polished salt crystals (Table 10.1) 
that transmit IR radiation. Other materials with covalent bonds (e.g., glass) lack this 
property and, in consequence, cannot be used as window material. On the other hand, 

Table 10.1 Main characteristics of window materials used for transmission cells in FT-IR 
spectroscopy

Window  
material

Working  
range (cm−1)

Refractive  
index Advantages/disadvantages

NaCl 40,000–600 1.5 Low cost
Highly hygroscopic; slightly soluble in alcohol;  

breaks easily
KBr 43,500–400 1.5 Low cost; good resistance

Hygroscopic; soluble in alcohol and slightly in ether
KCl 33,000–400 1.5 Low cost

Hygroscopic
CaF2 77,000–900 1.4 Insoluble in water; resists most acids and bases; high 

hardness (suitable for high-pressure works)
Expensive

BaF2 66,666–800 1.5 Insoluble in water
Soluble in acids and NH4Cl; sensitive to mechanical 

shock
CsBr 42,000–250 1.7 Extended IR range

Soluble in water and acids
CsI 42,000–200 1.7 Easier to handle than CsBr

Hygroscopic; does not cleave; easily scratched
AgCl 25,000–434 2.0 Insoluble in water; inexpensive

Darkens under UV radiation; corrosive to metals
KRS-5a 20,000–285 2.37 Insoluble in acids; does not cleave

Slightly water soluble
ZnSe 10,000–555 2.20 Insoluble in water and weak acids and bases

Expensive; brittle; must be handled with care
ZnS 10,000–714 1.5 Insoluble in water and weak acids

Expensive; slightly soluble in acids (HNO3, H2SO4, 
KOH)

aa mixed thallium bromide-thallium iodide
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Fig. 10.6 Spectra of oils collected at different path lengths with KCl cell using spacers of several 
thicknesses (0.015–0.5 mm). Note: Spectra with larger OPL are off-scale
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given the limited energy provided by the IR source, strong absorbance by the solvent 
or nontarget chemicals may dominate the absorbance spectrum, obscuring weaker 
absorbance bands. Therefore, in some cases it is necessary to use very short OPLs 
(below 10 μm), which are difficult to produce and measure reliably.

One key aspect when operating with transmission cells in quantitative analysis is 
to know precisely the OPL to allow a correct calibration. The intensity of the IR 
spectral bands is determined by the OPL, which ultimately means the amount of 
sample between the two windows (Fig. 10.6). Then, an accurate quantitative analy-
sis implies working under a constant and known OPL.

The procedure for determining the OPL is particularly important in demountable 
cells, and it should be carried out after cell assembly and prior to acquiring the spec-
tra to make sure that no significant OPL change has resulted from the manipulation 
of the cell. One procedure consists in acquiring a spectrum with an empty cell. The 
spectrum (Fig. 10.7) recorded from the empty cell is characterized by a sinusoidal line 
with fringes (peaks) and valleys. The OPL is calculated by counting these  interference 
fringes between two wavenumbers and applying the following equation:

 

OPL
n

=
+2 2 1( )

,
n n  

where n is the number of peak-to-peak fringes, and
n1 , n2  are the wavenumbers of the considered range.
Depending on the intensity of the IR band under study, the desirable OPL may 

lie below 100 μm. This short path length entails a difficult sample handling in the 
case of viscous liquids such as edible oils. For that reason, some new accessories 
have been designed for this particular case to ease sample loading (in the absence of 
bubbles) and cell cleaning. Thus, van de Voort (1994) developed a temperature- 
controlled transmission flow cell accessory that allows for the routine use of the 
FT-MIR technique in the quality controls of fats and oils. The instrument is com-
posed of the basic FT-MIR spectrometer, a computer that controls the instrument, a 
temperature controller, the sample-handling accessory inlet, and control valves. 
All components of the sample accessory are heated (usually to 80 ± 0.2 °C) so that 
the sample can easily flow in the lines or the cell. The system includes a bypass line 
to flush out the bulk of the previous sample, which avoids having large samples pass 
through the cell and minimizes the cross contamination. In so doing, it is not neces-
sary to clean the accessory between each spectral acquisition. In summary, an oil 
sample is heated in the test tube block, presented at the input line, and aspirated into 
the cell using the three-way valve.

Another approach to facilitate sampling of viscous oils is based on the concept 
of spectral reconstitution (SR) (van de Voort et al. 2007a). SR involves dilution with 
a less viscous liquid. The spectra of diluted samples are then converted into good 
facsimiles of the spectra of the neat oils, without a priori knowledge of the precise 
dilution factor. The dilution factor is calculated from an internal IR spectral marker 
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that is added to the less viscous liquid and that does not interfere with the bands of 
the sample. The relation of the spectral bands of the marker in the less viscous liquid 
and the diluted samples gives information about the exact dilution factor (van de 
Voort et al. 2008). This procedure eliminates the need for a peristaltic pump, reduces 
sample volumes (from approximately 100 mL to approximately 5 mL), increases 
the number of samples per hour (up to 120 samples/h), and eliminates the need for 
solvent rinses, thereby drastically reducing disposal volumes.

The analysis of viscous samples with transmission cells can also be facilitated by 
the method of signal transduction-dilution. This method has been used mainly to 
measure acidity in mineral and edible oils (Li et al. 2009). In this procedure the 
chemical component to be characterized (e.g., acidity) is extracted with an oil- 
immiscible solvent (e.g., methanol) with a reagent (e.g., hydrogen cyanamide, 
NaHNC ≡ N) that reacts with the chemical component; this results in a measurable 
band. Figure 10.8 shows this stoichiometric reaction and the spectral changes that 
allow an accurate measurement of free fatty acid percentage. This procedure has 
been adapted to be performed in automated (Yu et al. 2009) and portable instru-
ments (Li et al. 2008). The automated instrument (COAT, Thermal-Lube, Pointe- 
Claire, QC, Canada), also used with SR, includes a demountable IR cell, pumps, 
and valves to aspirate the samples, an autosampler for automated analysis, and a 
specific software (UMPIRE) that automatically analyzes different chemical features 
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and performs the mathematical operation necessary for SR (van de Voort et al. 
2007b). On the other hand, the portable instrument (InfraSpec VFA-IR spectrome-
ter, Wilks Enterprise, South Norwalk, CT) is a low-resolution IR spectrometer with 
no moving parts and an electronically modulated (pulsed) source combined with a 
linear variable filter mounted on a detector array (VFA). This instrument has also 
been used coupled with an attenuated total reflection accessory in addition to trans-
mission cells.

Although transmission cells provide a wide range of possible applications, 
some adaptation and new designs have been presented for a better performance in 
particular cases. One of these modifications involves the hyphenation of a FT-IR 
spectrometer and another technique. Transmission flow cells are easier to hyphen-
ate to other techniques in comparison with other FT-IR accessories. Thus, several 
systems have been mounted to connect a separative technique (e.g., HPLC or GC) 
to a transmission cell and a FT-IR detector (Vonach et al. 1997; Ahro et al. 2002; 
Kuligowski et al. 2010). Another modification in the cell is the inclusion of a heater 
to study the oxidative behavior of edible oils (Ismail et al. 2006), also used in NIR 
spectroscopy (Gonzaga and Pasquini 2006). The oxidation of edible oils has also 
been used in disposable cards, whose design is somewhat inspired by classic trans-
mission cells.

10.3.2.2  Disposable IR Cards

Table 10.2 shows a summary of commercial FT-IR cards. The disposable IR cards 
were developed in the 1990s by 3M for the analysis of liquids or spreadable fats. 
The cards are made up of a cardboard holder containing a circular IR-transmitting 
window made of a microporous substrate (polytetrafluoroethylene substrate for 
4,000–1,300 cm−1 or polyethylene substrate for 1,600–400 cm−1 MIR analysis), 
although some manufacturers are commercializing cards of other materials. The 
sample is adsorbed on the mycrocrystaline pores of the film material, resulting in an 

Table 10.2 Commercial FT-IR sample cards and properties

Commercial name Manufacturer/distributor Film materials Pathlength (μm)

3M IR cardsa 3M PEb, PTFEc 10 and 100
PTFE and PTIR cards International Crystal Laboratories PEb, PTFEc Unknown
Real Crystal IR cards International Crystal Laboratories NaCl, KBr, KCl Unknown
DOT.IR cards PSI Performance Systematix PTFE Unknown
ST-IR cards Thermo Scientificd PE, PTFE ~10
aDiscontinued
bPolyethylene
cPolytetrafluoroethylene
dInitially commercialized by Thermo Nicolet
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effective path length of approximately 100 μm. The substrate bands of the micropo-
rous material can be subtracted from the sample spectra. A nonporous ring around 
the aperture prevents the sample from being absorbed by the cardholder. These 
cards were successfully applied to determine trans fatty acid content and the perox-
ide value (PV) of edible oils (Ma et al. 1998, 1999). Another type of IR cards (Type 
2 STIR-PIR cards, Thermo-Nicolet) allows even shorter path lengths but lacks the 
nonporous ring around the aperture, and in consequence there is not consistency 
over time.

An improved version of these IR cards is the IR mesh cell (García-González and 
van de Voort 2009) (Fig. 10.9). Although it can be used for general applications, this 
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Fig. 10.9 Design of stainless steel mesh cell for infrared spectroscopy and spectra on OH stretch-
ing region (3,700–3,100 cm−1) for canola oil in a mesh cell over a period of 42 days kept in the dark 
(a), exposed to room light (b), and heated at 50 °C (c) (Source: García-Gonzàlez and van de Voort 
(2009), with permission of Applied Spectroscopy)
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cell is particularly adequate for running oxidation at moderate temperatures in a 
wide variety of conditions. The design of this new cell enables one to obtain a fairly 
consistent path length during the entire time of the experiment. This cell is endowed 
with a mesh that entraps the oil sample by means of its inherent surface tension. The 
high surface area provided by the mesh facilitates the rapid oxidation of the oil by 
air at ambient or slightly elevated temperatures with no need of extreme temperature 
conditions. These mesh cells are not disposable and can be easily cleaned and 
reused. Although the effective path length is fairly consistent over the course of the 
experiment, small changes in the sample thickness can been corrected using the CH 
combination band region (4,500–4,100 cm−1) as a reference band (García-González 
and van de Voort 2009). This band provides information on the CH double bonds 
and, thus, on the amount of sample and the OPL. This normalization procedure 
makes it possible to obtain reproducible spectra despite the small changes in the OPL 
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Fig. 10.11 Scheme of working principle of attenuated total reflectance (ATR) and three pictures of 
typical ATR accessories
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over time or between different mesh cells. Thus, Fig. 10.10 shows the significant 
improvement in trans fatty acid calibration when the spectra have undergone nor-
malization by the CH combination band.

10.3.2.3  Attenuated Total Reflectance (ATR)

Methods based on the ATR principle are available in a diverse range of configura-
tions and optical designs. They typically require minimal sample presentation and 
are particularly suited to study highly absorbing samples such as edible oils. The 
spectral information arises from the interaction between the sample and the evanes-
cent wave produced in an internal reflectance element (IRE). Infrared light is sent to 
the crystal at such an angle that it becomes internally reflected. Figure 10.11 shows 
a scheme of the working principle as well as some examples of ATR accessories, 
either multibounce or single-bounce (depending on the number of beam reflections 
within the ATR crystal).

Depending on the geometry and length of the crystal, the light will undergo mul-
tiple reflections before emerging from the crystal. At each reflection an evanescent 
wave is established that decays exponentially into the medium in contact with the 
crystal. If this medium is absorbing, then there will be a transfer of energy from inside 
the crystal to the surrounding medium and the emerging beam will be attenuated. 
ATR does not rely on the sample, which constitutes the surrounding medium, which 
is transparent or transmitting in the conventional sense (Harrick 1967).

ATR allows opaque or highly scattering samples to be used; the only proviso is 
that the sample must make intimate contact with the ATR crystal. This condition is 
fully completed with oil samples. The effective penetration (OPL) at any reflection 
is very short, typically a few microns, so that ATR can be used to overcome the 
strong absorption of materials. Thus, unlike the spectra obtained with transmission 
cells, ATR spectra have no cutoff limit or saturation problem and is suitable to study 
the whole spectra including the most intense bands (Fig. 10.12). A short effective 
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path length is obtained with no restrictions on the sample thickness, so the sample 
is simply poured onto the ATR crystal. The optical paths are very reproducible from 
one sample to another. ATR then allows easy sample measurement, which is one 
reason that there has been an upsurge in interest in the MIR region (Wilson 1990). 
ATR crystals should be constructed from a material with a high refractive index, 
which is highly transmitting, inert, robust, easily cleaned, and resilient to abrasion 
and corrosion (including dissolution). Classically horizontal ZnSe, Ge, Si, or dia-
mond crystals with 1, 6, or 12 internal reflections are used in oil analysis (van de 
Voort 1994a; Baeten et al. 2005; Abbas et al. 2009). Some disadvantages of ATR 
analysis are the low sensitivity because of the short effective path length (weak 
bands need to be studied with transmission cells), the significant effect that con-
taminations on the crystal might have on the collected spectra, and the need for 
temperature control (the depth of penetration of the IR beam depends on tempera-
ture) (Ismail et al. 2006).

10.3.3  Raman Spectroscopy

In the past, the application of Raman spectroscopy in food science was considered 
to be of very limited use because of fluorescence interference, photodecomposition, 
wavelength calibration, lack of precise frequency base from scan to scan, and the 
difficulty of attaining high-resolution spectra with the classic dispersive Raman 
spectrometer (Chase 1987). However, major instrumental advances have contributed 
to the widespread use of Raman spectroscopy in recent years (Gerrard and Birnie 
1992) and its application in food science (Ozaki et al. 1992; Keller et al. 1993; 
Li-Chan 1996, 2010a).

First was the demonstration, by Hirschfeld and Chase in 1986, that Raman spec-
tra could be obtained with a FT spectrometer equipped with a Nd:YAG laser (NIR 
monochromatic light excitation), a Rayleigh rejection filter, and a germanium detec-
tor. Later on, the development of compact and reliable diode lasers improved the 
quality of the commercially available systems. A third contribution to these devel-
opments was the use of low-noise, multichannel coupled charge device (CCD) 
detectors. By coupling the appropriate laser and a CCD detector to a spectrograph, 
it is now possible to measure Raman spectra in a few seconds without exciting fluo-
rescence. Commercial FT-Raman spectrometers offer a good signal-to-noise ratio, 
a high IR-light throughput, rapid analysis, and the accuracy of wavelength calibra-
tion (Levin and Lewis 1990; Diem 1993; Schrader 1996; Li-Chan et al. 2010a).

FT-Raman spectroscopy is arguably the most versatile and easy-to-use nonde-
structive analytical procedure developed. In fact, glass and water have a very weak 
Raman spectrum, making the technique even easier to use. Samples can be mea-
sured directly in the bottle in the case of an oil. In addition, a spherical cell, such as 
a nuclear magnetic resonance (NMR) tube, allows Raman scattering information to 
be collected easily and rapidly (Schrader 1996). On the other hand, if samples to be 
investigated cannot be transported to the spectrometer, then optical fibers can be 
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used (as in NIR spectroscopy). In the range of FT-Raman spectroscopy, quartz fibers 
have very high transmittance (Lewis et al. 1988; Hendra et al. 1997).

10.3.4  Fluorescence Spectroscopy

Fluorescence spectroscopy, like other vibrational spectroscopic techniques, is char-
acterized by its simplicity of sample presentation. To obtain a fluorescence spectrum, 
it is necessary to excite a sample with an energy-specific excitation wavelength (λex), 
which comes from an excitation source, passes through a filter or monochromator, 
and strikes the sample. Then a fluorescent light is emitted in all directions. Some of 
this fluorescent light passes through a second filter or monochromator, dividing the 
light into different emission wavelengths (λem), which reach a detector.

There are two general types of instruments: filter fluorometers, which use filters 
to isolate the incident light and flourescent light, and the most common spectrofluo-
rometers, which use diffraction grating monochromators to isolate the incident 
light. Both types of instrument are composed of excitation sources, normally a 
xenon lamp, filter or monochromator in excitation, filter or monochormator in emis-
sion, and a detector. The detector is usually placed at 90° to the incident light beam 
to minimize the risk of transmitted or reflected incident light reaching the detector. 
The detectors can be classified as single-channel or multichannel. The difference 
between them is based on the number of wavelengths that they can detect at a time. 
Thus, the single-channel detector can only detect the intensity of one wavelength at 
a time. In contrast, the multichannel type detects the intensity at all wavelengths 
simultaneously.

Various light sources may be used as excitation sources, including lasers, photo-
diodes, and lamps such as xenon arcs and mercury-vapor lamps. Of these, only the 
xenon arc lamp has a continuous emission spectrum, with nearly constant intensity 
in the range of 300–800 nm and a sufficient irradiance for measurements down to 
just above 200 nm.

The most common accessory used to analyze the fluorescence spectrum of liquid 
samples, and vegetable oils in particular, are quartz cuvettes with different paths, 
internal widths, and volumes.

In addition to the conventional collection of emission spectra with a single exci-
tation wavelength, some fluorometers can be adapted to conduct analyses under two 
particular modes that provide some advantages over the conventional mode. These 
particular ways of measuring are commonly known as excitation-emission flores-
cence spectroscopy (EEFS) and synchronic fluorescence spectroscopy (SFS).
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10.3.4.1  Excitation-Emission Fluorescence Spectroscopy (EEFS)

EEFS consists in measuring the emission spectra at different excitation wave-
lengths (λex). The result of this measurement is a three-dimensional (3D) 
excitation- emission matrix (EEM). Compared to conventional fluorescence spec-
troscopy, this technique improves the selectivity of the method. Its main advan-
tage is that it enables obtaining simultaneous information about the different 
fluorophores present in a sample. Furthermore, EEFS is useful for selecting the 
most convenient excitation wavelengths to study specific fluorescent compounds 
in complex matrices by conventional fluorescence spectroscopy. The measure-
ments under this mode also have some disadvantages. The spectroscopic param-
eters must be optimized beforehand to avoid Rayleigh scattering caused as a result 
of the overlap between the ranges of wavelengths of excitation and emission. As a 
drawback, this mode consumes a longer analysis time to obtain a matrix (EEM), 
approximately 10 min depending on the spectral ranges used. The statistical data 
treatment is also more sophisticated or requires a preliminary decomposition of 
the information EEM in two-dimensional arrays. For this purpose, parallel factor 
analysis (PARAFAC) is an appropriate way to decompose and interpret 3D data 
matrices (Tena et al. 2012).

10.3.4.2  Synchronous Fluorescence Spectroscopy (SFS)

This technique consists in scanning the signal of two monochromators, the excitation 
and emission, simultaneously, keeping a constant interval of wavelengths (Δλ) 
between excitation (λex) and emission (λem) wavelengths. Three types of SFS proce-
dures can be distinguished depending on the scan rate: (1) constant-wavelength 
SFS, where the interval wavelength (Δλ) between λex and λem is kept constant; this 
is the most widely used SFS procedure; (2) constant-energy SFS, where a frequency 
difference (Δυ) is kept constant; (3) variable-angle SFS, where the excitation and 
emission wavelengths may be varied simultaneously but at different rates. These 
last two types are more difficult to implement, mostly because commercial fluorim-
eters are not endowed with the necessary software for such scans. Thus, a regular 
fluorimeter typically only allows a constant-wavelength SFS. The selection of Δλ 
depends on which fluorophore compounds comprise the analytical targets of the 
study. Most of the reviewed literature on SFS indicates that 3D rendering helps in 
obtaining a better characterization of multifluorophore systems. The resulting 3D 
surfaces are obtained when the ZZ’ axis is represented – the different wavelength 
intervals (Δλ) used in the course of the experiments – versus the XX’ axis, which 
represents the range of synchronous wavelengths scanned. This graph is used to 
determine which Δλ is the most appropriate for obtaining more information about 
particular spectral bands.
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One advantage of total SFS is the narrowing of the bands, which simplifies the 
spectrum by minimizing the spectral overlap. This narrowing of bands depends on 
the selected wavelength interval (Δλ). The high selectivity of the total synchronous 
fluorescence spectra makes this technique suitable for the qualitative analysis of 
complex samples. The main disadvantages of this mode are the difficulty of select-
ing an appropriate Δλ in the case of multicomponent samples and the requirement 
of specific instrumentation and software to take full advantage of the technique 
(monochromator plus driving software).

10.3.5  Online Analysis

In the food industry, monitoring of the process is a major issue in order to optimize 
it and to assure the quality of the end products. To this end, at-line or online ana-
lytical methods can be applied. With at-line methods, samples are taken from the 
 process line and analyzed close to it or in a laboratory. At-line methods are time-
consuming and do not allow one to obtain the required information in due time in 
order to act rapidly (or even instantaneous) on the process. Online methods, where 
the instrument is directly installed in the process line, is more appropriate for pro-
cess monitoring. NIR, MIR, and Raman spectroscopy are techniques that are suit-
able for providing real-time measurements that can be integrated into an industrial 
process. Recent developments have been observed mainly in the setup of adequate 
sensors and software allowing the collecting of spectral information and to use it to 
pilot food processes. Online NIR spectroscopy has several advantages, such as 
speed of measurement, well-developed equipment and devices, absence of a need 
for sample preparation as well as analysis of simultaneous parameters. The main 
disadvantage is the need for robust calibrations and model transfer between instru-
ments (Kondepati and Heise 2008). The online applications of NIR in food systems 
have recently increased significantly. Huang et al. (2008) published a review on 
NIR online analysis of foods such as meat, fruit, grain, dairy products, and bever-
ages. Online MIR spectroscopy is less frequently used in the food industry but has 
several advantages over NIR spectroscopy such as high sensitivity, ability to distin-
guish between very similar structures, and good calibration transfer between 
instruments. Online MIR application suffers mainly from the strong absorption of 
water and the high cost (e.g., fiber optics suitable for MIR analysis are more expen-
sive and less adapted for online control than those suitable for NIR analysis). Few 
studies on the use of MIR for online applications, such as monitoring a fermenta-
tion reaction, have been reported (Bellon-Maurel et al. 1994; Fayolle et al. 2000). 
Unlike MIR online spectroscopy, online Raman spectroscopy has few applications 
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in the food industry. However, it is commonly used in the pharmaceutical process-
ing industry.

Few papers dealing with online use of NIR spectroscopy for the control of 
olive oil, olive pomace, and olive paste have been published. One of the first pre-
liminary studies of the application of online NIR spectroscopic methods in this 
field was published by Hermoso et al. (1999). In this paper, the NIR technique was 
used to measure the oil content and humidity in olive pomace at the decanter. The 
study provided determination coefficients of 0.91 and 0.6 between NIR spectros-
copy and the reference values of oil content and humidity obtained by NMR and 
the drying-oven method, respectively. Jiménez-Márquez et al. (2005) applied NIR 
transmittance spectroscopy to characterize virgin olive oils. Partial least-squares 
(PLS) models were developed for acidity value, bitter taste, and fatty acid compo-
sition. Gallardo-González et al. (2005) used NIR to determine in real time the 
moisture and fat contents of olive pastes and the resulting olive wastes generated 
in the two-phase oil extraction process. Coefficients of determination of 0.90 for 
humidity and 0.91 for oil content in olive paste samples were obtained.

More recently, some authors (Cayuela et al. 2009; Cayuela and Pérez-Camino 
2010) predicted olive fruit and virgin olive oil parameters by directly measuring the 
fruit using NIR. The analyzed parameters were free acidity in olive oil, oil yield 
from physical extraction, oil content referring to fresh weight, oil content referring 
to dry matter and fruit moisture. The results indicated a very good predictive poten-
tial of the methodology and served to encourage improvement in the obtained mod-
els through the enlargement of calibration databases and models.

10.4  Data Acquisition

The data acquisition procedure in IR or Raman spectrometry is not tedious and can 
be done by nonskilled technicians. Basically, the principal steps are as follows: 
preliminary work for data acquisition (e.g., cool the detector with N2 in Raman 
spectroscopy, heat the sample accessory in NIR or MIR spectroscopy), instrument 
performance verification, stabilization, and data collection. These steps are, for the 
most part, described in the technical manual supplied with the instrument. The per-
formance of the instrument is generally checked by various automatic functions that 
are included in the program designed to control the spectrometer. However, before 
each experiment, it is appropriate to collect and store the spectrum of a defined 
standard (e.g., oil or chemical product defined as standard). In so doing, the spectral 
quality and the stability of the spectrometer can be verified each day.

The stabilization procedure is essential for acquiring a high-quality spectrum, 
i.e., a spectrum with a good signal-to-noise ratio. The manual of the instrument will 
contain the reference value normally reached by the spectrometer. To perform this 
work, the more convenient way is by successively collecting the spectral data of the 
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same sample. It is important to do this collection under conditions that will be used 
in practice. The acquisition of a series of spectra before the analytical step allows, 
according to the analytical conditions, the stabilization of the instrumental compo-
nents (e.g., source, detector). The analytical conditions include the number of scans 
to coadd and the resolution of the spectrum. The best way to define these parameters 
is to carry out a repeatability study, changing one of the parameters at a time. In 
comparison to simple univariate analysis, little progress has been made so far in the 
quantification of variability in multivariate analysis. Hence, it is judicious to com-
plete the statistical results from the univariate analysis (SD and CV) with those from 
a multivariate procedure such as cluster analysis. Cluster analysis develops a math-
ematical model evaluating the similarities and dissimilarities between multivariate 
data (Massart and Kaufman 1983). A convenient agglomerative procedure and link-
age distance in the analysis of spectroscopic data are Ward’s method and the city- 
block (Manhattan) distance, respectively (Chap. 12). A low value of the linkage 
distance indicates a high similarity, i.e., a good repeatability.

When the instrument performance has been checked and the stability of the 
instrument achieved, the data collection procedure can be carried out. This step 
includes the reference spectrum acquisition, the sample spectrum acquisition, and 
sample-handling cleaning. The reference spectrum consists of the spectrum of the 
empty sample accessory or the spectrum of a reference compound (e.g., ceramic 
plate in NIR spectroscopy). This step permits the removal of absorbances due to the 
instrument and sample handling used from the sample. Depending on the technique 
and the sample accessory used, the reference spectrum should be collected once a 
day (e.g., NIR) or before each spectral data acquisition (e.g., ATR/FT-MIR). After 
the reference acquisition, the sample is introduced in the sample accessory and its 
spectrum is collected. Before the following data acquisition, the sample must be 
removed and the accessory cleaned (this is not the case with automatic sampling 
methods, as discussed in Sect. 10.3.2.). Then, the cleaned sample handling should 
be spectrally checked to ensure that no residue from the previous sample remains.

10.5  Interpretation of Oil Spectra

The most frequently discussed drawback of spectroscopic techniques is the diffi-
culty of chemically interpreting the spectral data. Separative techniques like chro-
matography generate information (chromatograms) mainly containing well-resolved 
and separate peaks, i.e., discrete information. Infrared and Raman spectroscopic 
techniques generate continuous information (spectra) rich in both isolated and over-
lapping bands. While in chromatography each peak is, in general, characteristic of 
a precise compound, in spectroscopy, the bands are the result of the vibration of one 
or more chemical bonds (e.g., C-H, C = C) present in all the compounds constituting 
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Fig. 10.13 Near-infrared spectrum of a virgin olive oil

the sample. Each band in the spectrum of a mixture contains the sum of the informa-
tion of various molecules.

To make up for the unreadable information on the IR and Raman spectra, it is 
important to study the spectral features of pure chemical products. Edible oils 
mainly contain triacylglycerols (TAGs) whose types and proportion vary according 
to their source. Hence, the study of pure compounds such as TAGs (or fatty acid 
methyl esters) allows the band assignment of the principal absorption (NIR, MIR) 
or scattered (Raman) bands observed in the spectra. Various papers have presented 
the spectral features of pure chemical products (Holman and Edmondson 1956; 
Bailey and Horvat 1972; Sadeghi-Jorabchi et al. 1991; Sato et al. 1991; van de Voort 
et al. 1994b; Hourant et al. 2000; Baeten et al. 2001; Stefanov et al. 2010). In addi-
tion, various companies offer spectral libraries containing the characteristic spectra 
of the compounds concerned.

The analysis of various kinds of samples from different animal and vegetable 
sources permits the interpretation of the most noteworthy bands. The correlation at 
each frequency between the absorption (or scattering) intensity and chemical com-
pounds (or indices) can be calculated using the fatty acid profile determined by gas 
chromatography. These correlation graphs help the analyst to underline the spectral 
features of each oil source and guide the subsequent data analysis.

To present the main characteristics of NIR, MIR, and Raman spectra, the relevant 
frequencies of pure chemical compounds will be presented and discussed later on. For 
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each technique, the principal correlated frequencies with the total amount of unsatu-
rated fatty acids (UFA = C16:1 + C18:1 + C18:2 + C18:3), monounsaturated fatty acids 
(MUFA = C16:1 + C18:1), polyunsaturated fatty acids (PUFA = C18:2 + C18:3), satu-
rated fatty acids (SFA = C6 + C8 + C10 + C14 + C16 + C18), and iodine value (IV = 1*C
16:1 + 1*C18:1 + 2*C18:2 + 3*C18:3) are displayed in the next paragraph.

Table 10.4 Relevant near-infrared wavelengths (nm) of several lipids and bands that are correlated 
with some chemical indices (R> 0.90)

Lipids

Spectral region

Second overtone First overtone Combination

Tricaprin (C10:0) 1,726, 1,800 2,128
Triolein (cis C18:1) 1,725 2,143
Trilinolein (cis C18:2) 1,665, 1,717 2,143
Trilinoelaidin (trans C18:2) 1,725, 1,800 2,131
Trilinolenin (cis C18:3) 1,665, 1,712 2,143
MUFA 1,724, 1,766 2,358
PUFA 1,162, 1,212a 1,660, 1,698, 1,730a 2,136, 2,176, 2,224, 

2,310a, 2,348a, 2,434a

IV 1,164 1,664, 1,714, 
1,740a, 1,784a

2,144, 2,178, 2,340a, 
2,444a

UFA unsaturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty 
acids, SFA saturated fatty acids, IV iodine value
anegative correlation coefficient

Table 10.3 Assignment of most noteworthy near-infrared absorption 
bands of a virgin olive oil spectrum

Wavelength (nm) Molecule Group Vibration

1,090–1,180 -CH2 C-H Second overtone
1,100–1,200 -CH3 C-H Second overtone
1,150–1,260 -CH = CH- C-H First overtone
1,350–1,430 -CH2 C-H Combination
1,360–1,420 -CH3 C-H Combination
1,390–1,450 H2O O-H First overtone
1,650–1,780 -CH2 C-H First overtone

-CH3 C-H First overtone
-CH = CH- C-H First overtone

1,880–1,930 H2O O-H Combination
2,010–2,020 -CH = CH- C-H Combination
2,100–2,200 -CH = CH- C-H Combination
2,240–2,360 -CH3 C-H Combination
2,290–2,470 -CH2 C-H Combination
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10.5.1  Near-Infrared Spectra

NIR spectra show various overlapping peaks. As seen in the theory section, these 
bands are the result of overtones (first and second) and a combination of fundamen-
tal, largely hydrogenic, vibrations that occur in the MIR region. Various books and 
papers describe the assignment of the major NIR absorption bands (Holman and 
Edmondson 1956; Goddu 1957; Fenton and Crisler 1959; Williams and Norris 
2001; Panford and deMan 1990; Sato et al. 1991; Sato 1994). Figure 10.13 and 
Table 10.3 display, respectively, the NIR spectrum (1,100–2,500 nm) obtained with 
a transmission cell and the assignment of the most noteworthy absorption bands of 
a virgin olive oil.

All studies that have used the NIR region of the electromagnetic spectra have 
shown that oil spectra contain information about the degree of unsaturation (IV) 
(Holman and Edmondson 1956), the total unsaturation (Goddu 1957), the carbon 
number (Wetzel 1983), and the composition of the unsaturated fraction (Sato et al. 
1991). In addition, NIR spectra show specific information about cis isomers, while 
trans isomers have no noteworthy bands.

Sato et al. (1991) showed that mainly two regions of the NIR spectra have par-
ticular features (Table 10.4). First, an absorption intensity near 1,720 nm is charac-
teristic of the first overtone of the C-H vibration of various chemical groups (−CH3, 
-CH2, =CH-) and varies according to analyzed TAGs. In fact, as the degree of unsat-
uration increases, the maximum point observed in the spectra of triolein at 1,725 nm 
shifts to 1,717 nm and 1,712 nm in spectra of trilinolein and trilinolenin, respec-
tively. Second, the absorption band in the area of 2,143 nm, characteristic of the 
C-H vibration of cis-unsaturation, is more intense in polyunsaturated than in mono-
unsaturated fatty acid spectra. Saturated and trans fatty acids show weak peaks and 

Table 10.5 Assignment of most noteworthy mid-infrared bands of a 
virgin olive oil spectrum

Wavenumber (cm−1) Molecule Group Vibration

3,007 cis -CH = CH- C-H ν
2,955 -CH3 C-H ν
2,924 -CH2 C-H ν
2,855 -CH2 and -CH3 C-H ν
1,746 -C = O C = O ν
1,653 cis -CH = CH- C = C ν
1,462 -CH2 C-H δ
1,377 -CH3 C-H δ
1,236 -CH2 C-H δ
1,300–800 Carbon skeleton C-C δ
1,200–1,000 -CO-O- C-O δ
990–960 trans -CH = CH- C-H δ
723 -CH2 C-H δ
ν stretching, δ deformation
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with maxima in the vicinity of 2,128 and 2,131 nm. Wavelengths in the region of 
1,800 nm seem to be characteristic of saturated fatty acids.

A study of 104 samples from 18 different sources (animal and vegetable) showed 
that the spectral features of oils and fats agree with their fatty acid composition as 
determined by gas chromatography (Hourant 1995; Hourant et al. 2000). Oils with 
a high amount of polyunsaturated fatty acids have a maximum absorption band at 
lower wavelengths in the vicinity of 1,720 nm. Moreover, they have higher absor-
bance intensity, in the vicinity of 1,720 and 2,140 nm, than oils rich in monoun-
saturated fatty acids. Sunflower, walnut, and soybean oils present a maximum 
intensity near 1,720 nm, corn and rapeseed oils near 1,722 nm, and peanut, high 
oleic sunflower, and olive oils in the vicinity of 1,724 nm. The spectral regions 
1,100–1,300 and 2,050–2,230 nm also show spectral features characteristic of 
these vegetable species. Table 10.4 regroups the wavelengths showing a high 
coefficient of correlation (greater than 0.90) between the absorption intensities and 
different chemical indices.

10.5.2  Mid-Infrared Spectra

A MIR spectrum of vegetable oil contains well-resolved peaks (3,100–1,700 cm−1) 
and overlapping peaks (fingerprint region, 1,500–700 cm−1) whose assignment is 
more difficult (Socrates 1994). Figure 10.14 displays the MIR spectrum of virgin 
olive oil, while Table 10.5 shows its most noteworthy bands (Fig. 10.14).

Based on the information contained in the MIR spectra, a series of methods has 
been developed to quantify the trans content (AOCS 1988; Sleeter and Matlock 
1989; Ulberth and Haider 1992; van de Voort et al. 1995; Mossoba et al. 1996; 
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Ratnayake and Pelletier 1996), the cis content (van de Voort et al. 1995), the perox-
ide content (van de Voort et al. 1994b), the aldehyde content in thermally stressed 
oils (Dubois et al. 1996), and the free fatty acid content (Ismail et al. 1993). MIR 
spectroscopy was also used in the determination of indices such as the anisidine 
value (Dubois et al. 1996), iodine value (Afran and Newberry 1991; Muniategui 
et al. 1992; van de Voort et al. 1992), saponification number (van de Voort et al. 
1992), and the solid fat index (van de Voort et al. 1996).

The investigation of pure fatty acids underlines the fact that spectral features 
change with the degree of unsaturation (van de Voort et al. 1995). The C-H stretch-
ing vibration of -CH2 and -CH3 groups (2,950–2,800 cm−1),the C = O stretching 
vibration of carbonyl groups (1,745 cm−1), and the C-H bending vibration of -CH2 
and -CH3 groups (1,400–1,200 cm−1) have absorption band intensities that change 
with the degree of unsaturation of the lipid matter. Moreover, the peak centered near 
3,005 cm−1 (C-H stretching vibration of cis -CH = CH-) in the spectrum of triolein 
shifts to higher frequency in the trilinolein (3,010 cm−1) and trilinolenin (3,012 cm−1) 
spectra as the degree of unsaturation rises (Table 10.6). On the other hand, trans 
fatty acids show a peak centered near 3,025 cm−1.

The fingerprint region of pure fatty acids is rich in features indicative of the 
degree of unsaturation, the type of unsaturation (mono- or polyunsaturated), or the 
content of cis and trans isomers. In a range from 1,125 to 1,095 cm−1 (characteristic 
of C-O and C-C stretching vibration), the peak intensities and the shape of the spec-
tra vary with the unsaturation of fatty acids.

A study of 64 samples from 13 sources revealed that certain absorption bands of 
oil spectra vary with their fatty composition (Hourant 1995). The weak peak near 
3,010 cm−1 has a higher intensity as the major fatty acids in the sample are monoun-
saturated or polyunsaturated. Moreover, samples rich in C18:1 (e.g., olive oil) have 
higher absorbance near 2,953 and 2,922 cm−1 than those rich in C18:2.

Table 10.6 Relevant mid-infrared wavenumbers (cm−1) of several lipids and bands that are 
correlated with some chemical indices (R> 0.90)

Lipids

Spectral region

= C-H stretching Fingerprint region

Tristearic (C18:0) – –
Triolein (cis C18:1) 3,005 913
Trielaidin (trans C18:1) 3,025 966
Trilinolein (cis C18:2) 3,010 913
Trilinoelaidin (trans C18:2) 3,025 968
Trilinolenin (cis C18:3) 3,012 913
MUFA 3,011, 2,964 1,425, 1,396, 1,273, 1,134, 1,101, 914
PUFA 2,924, 2,854 1,464, 1,408, 1,313, 1,118
IV 3,011, 2,965, 2,922a, 2,853a 1,429, 1,395, 1,267, 1,132, 1,117a, 

1,098, 922

UFA unsaturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty 
acids, SFA saturated fatty acids, IV iodine value
anegative correlation coefficient
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However, the most important spectral features appear in the fingerprint region. 
Two bands near 1,121 and 1,098 cm−1 show interesting spectral features. The absor-
bance intensity in the vicinity of 1,121 cm−1 shows a positive correlation with the 
amount of oleic acid, while the intensity near 1,098 cm−1 is correlated with the 
amount of linoleic acid (Aparicio and Baeten 1997). In addition, the peak centered 
at 913 cm−1 is not present (or is very weak) in high oleic sunflower and olive oil, 
while it is more intense in samples rich in polyunsaturated fatty acids. Table 10.6 
shows the wavenumbers with a coefficient of correlation between the absorption 

Table 10.7 Assignment of most noteworthy Raman scattering bands of 
a virgin olive oil spectrum

Raman shift (cm−1) Molecule Group Vibration

3,007 RCH = CHR =C-H ν
2,926 -CH2 C-H ν
2,897 -CH3 C-H ν
2,855 -CH2 C-H ν
1,748 RC = OOR C = O ν
1,670 trans RCH = CHR C = C ν
1,655 cis RCH = CHR C = C ν
1,441 -CH2 C-H δ
1,306 -CH2 C-H δ
1,270 cis RCH = CHR =C-H δ
1,100–1,000 -(CH2)n− C-C ν
900–800 -(CH2)n− C-C ν
ν stretching, δ deformation
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intensities and different chemical indices higher than 0.90. The region near 3,010–
2,950 cm−1 and the fingerprint region (1,500–700 cm−1) show the highest correlation 
with the different indices in relation to the degree of unsaturation of the samples.

10.5.3  Raman Spectra

The spectra of edible fats and oils obtained by FT-Raman spectrometers contain 
well-resolved bands with various scattering intensities and shapes. The spectra 
show good signal-to-noise ratios and contain information from different vibrational 
bands (stretching and bending) of various chemical groups. Raman scattering arises 
from the change in the polarizability or shape of the electron distribution in the 
molecule as it vibrates, while, in contrast, IR absorption requires a change in the 
intrinsic dipole moment with the molecular vibration (Grasseli and Bulkin 1991). 
Hence, polar groups (such as C = O and O-H) have strong MIR absorption bands, 
whereas nonpolar groups (such as C = C) show intense Raman scattered bands. 
Because the main feature of unsaturated fatty acids is their content of double bonds 
and their configuration (cis or trans), FT-Raman spectra are of great value in the 
study of lipids. Raman spectroscopy has been used in the determination of the total 
amount of unsaturation (iodine value) and of the cis/trans isomer content of edible 
oils (Bailey and Horvat 1972; Sadeghi-Jorabchi et al. 1990, 1991). Figure 10.15 and 
Table 10.7 display respectively the FT-Raman spectrum and the assignment of the 
most noteworthy bands of a virgin olive oil.

Bailey and Horvat (1972) studied the spectral features in the area of 1,660 cm−1 
(C = C stretching vibration) of triolein, trielaidin, trilinolein, and trilinolenin. In 
this region, trans isomers had a peak centered near 1,670 cm−1, while cis isomers 
showed a peak in the vicinity of 1,660 cm−1. Later on, Sadeghi-Jorabchi et al. 
(1991) studied and underlined other characteristics of pure methyl esters in their 
work on the quantification of cis and trans content by FT-Raman spectroscopy. 
They showed the particular features of fatty acids near 3,010 cm−1 (=C-H 

Table 10.8 Relevant Raman shifts (cm−1) of several lipids and bands that are correlated with some 
chemical indices (R> 0.90)

Lipids

Spectral region

= C-H stretching C = C stretching C-H bending

Methyl oleate (cis C18:1) 3,006 1,654 1,439, 1,267
Methyl elaidate (trans C18:1) 2,995 1,667 1,439
Methyl linoleate (cis C18:2) 3,011 1,657 1,440, 1,265
Methyl linolenate (cis C18:3) 3,013 1,657 1,441, 1,266
MUFA 2,890, 2,874a, 2,845
PUFA 3,021, 2,922, 2,884a, 2,870, 2,855a 1,667, 1,642 1,256
IV 3,007, 2,991, 2,911, 2,882a, 2,855a 1,657, 1,646 1,268

UFA unsaturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty 
acids, SFA saturated fatty acids, IV iodine value
anegative correlation coefficient
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stretching vibration) and 1,270 cm−1(=C-H bending vibration). In the area of 
3,010 cm−1 a shift to a higher frequency and an increase in the scattering intensities 
occurs as the degree of unsaturation rises. Similar observations were reported at 
1,660 and 1,270 cm−1. Table 10.8 shows the main characteristics of various methyl 
esters.

The region near 3,010 cm−1 is particularly affected by the major fatty acid com-
ponents (Baeten et al. 1998). In fact, samples relatively rich in polyunsaturated fatty 
acids (e.g., corn, sunflower, and sesame oils) had a more intense scattering band and 
a higher frequency maximum than samples rich in monounsaturated fatty acids 
(e.g., olive oil). This band is also important in the authentication of olive oil (Baeten 
et al. 1996). The usefulness of Raman shifts in the range 2,880–2,840 cm−1 (C-H 
stretching vibration of CH2 and CH3) for varietal discrimination has also been noted 
(Aparicio and Baeten 1998). In this region, samples rich in polyunsaturated fatty 
acids (e.g., rapeseed, sunflower, and walnut oils) have weaker scattering intensities 
than those that have a high content of monounsaturated fatty acids (e.g., olive oil).

The region of 1,660 and 1,265 cm−1 is also characteristic of the fatty acid profile 
of the fat or oil variety studied. Samples rich in polyunsaturated fatty acids such as 
walnut, sunflower, corn, and sesame oils have a maximum near 1,657 cm−1, while 
olive and high oleic sunflower show a maximum near 1,655 cm−1. The intensity at 
these Raman shifts rises with the degree of unsaturation. Near 1,259 cm−1, the scat-
tering intensities increase as the degree of unsaturation decreases. The fingerprint 
region (1,100–700 cm−1) of pure methyl esters and of different oil varieties also have 
information (Sadeghi-Jorabchi et al. 1991). However, the poor signal-to-noise ratio 
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at these frequencies does not allow, at the moment, evaluation of the information. 
Table 10.8 regroups the wavenumbers showing a maximum coefficient of  correlation 
between the absorption intensities and different chemical indices.

10.5.4  Fluorescence Spectra

Vegetable oils are commonly analyzed by fluorescence spectroscopy untreated or 
diluted at 1 % in hexano v/v. In particular, Fig. 10.16 displays the fluorescence spec-
trum of a virgin olive oil in its native form (nondiluted). The bands observed in this 
spectrum have been related to species that are shown in Table 10.9. In this table also 
appears the emission wavelength of these fluorophores. The spectral profile and the 
intensities of these bands dramatically vary with the oxidation degree of the sam-
ples, as was shown in Fig. 10.3. The bands of some fluorescent compounds, such as 
chlorophylls, are more intense than other fluorescent species, although the intensity 
greatly depends on the excitation wavelength. The magnitude of this peak with 
respect to others may cause problems when handling the whole data set. This 

Table 10.9 Emission wavelength associated with fluorophores present in olive oil

Fluorescent compounds λem (nm) Reference

Pigment (chlorophylls and pheophytins) 692–765 Sayago et al. (2007)
α-, β-, and γ-tocopherols, phenols 275–400 Dupuy et al. (2005)
Chlorophyll a and b, pheophytin a and b 600–700
Oxidized products from vitamin E 400–600
Tocopherols and tocotrienols 300–350 Sikorska et al. (2005)
Chlorophylls and pheophytins 660–700
Oxidized product 400
Phenols 300–390 Zandomeneghi et al. (2005)
Chlorophylls and derivatives 640–800
Tocopherols 328 Giungato et al. (2004)
Chlorophyll a 669
Parinaric acid isomerization 406
Vitamin E (oxidized products) 440, 475, 525 Guimet et al. (2004)
Chlorophylls 650 y 700
Chlorophyll a 669 Galeano et al. (2003)
Chlorophyll b 653
Pheophytin a 671
Pheophytin b 658
Hydroxyl radical 452,3 Tai et al. (2002)
K232 y K270 440–445 Kyriakidis and Skarkalis (2000)
Vitamin E derivatives 525
Chlorophylls 681
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problem can be avoided by studying narrower ranges of wavelengths instead of 
processing the information of the entire emission spectra.

10.6  Data Treatment

The main analytical problem with spectroscopic data is to extract the information in 
such a way that it can be used in quantitative analysis. IR and Raman spectra are 
usually the mean of various coadded spectra (normally between 100 and 200). The 
collection of a high number of coadded spectra is allowed by the rapidity of the 
acquisition of a single coadded spectrum in an FT instrument (around a few sec-
onds). The spectra displayed throughout the present chapter are coadded spectra. 
These spectra are a rich source of multivariate data (more than 700 data points) 
where each frequency represents a variable. Various strategies have been proposed 
to investigate the spectral data set and to isolate areas, patterns, or latent variables 
correlated with the information concerned.

Figure 10.17 summarizes the classical steps for building a mathematical model 
(i.e., a quantitative or discriminant equation). The steps are the pretreatment of data, 
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outlier detection, calibration, and validation procedures including chemical, inter-
nal, and external validation.

The following sections briefly describe the data treatments and their respective 
objectives. For a thorough presentation of the ideas in this section, the reader may 
refer to Tabachnick and Fidell (1983), Williams and Norris (2001), and Martens and 
Naes (1989).

10.6.1  Pretreatment of Data

The signal obtained from a spectrometer contains information together with random 
noise. Noise can cause systematic errors in later predictions through the estimated 
calibration parameters. Thus, reducing noise or, in other words, improving the ratio 
of signal to noise is still an advantage.

Various pretreatments of data are available for different objectives, such as, for 
example, to improve the spectral quality (e.g., signal-to-noise ratio), to reduce the 
influence of external variation (e.g., variation produced by the sample-handling 
method), or to resolve the complexity of overlapping peaks (e.g., the combination 
bands or the fingerprint region of MIR spectroscopy). All depend on the objective 
sought, the technique investigated, the instrument and sample accessory used, the 
sample (neat or solution) studied, the type of mathematical model to be built, or the 
researcher’s preferences.

Various algorithms are available to perform smoothing that basically concern 
how to reduce high-frequency ripple noise and, whenever possible, low-frequency 
noise. Thus, conceptually speaking, smoothing is simply a filtering process. From 
the large panoply of algorithms developed for electronic analog and computer sys-
tems from the 1960s to today, algorithms are available in the smoothing routines of 
the software packages developed for IR and Raman spectrometers. These routines 
usually contain algorithms such as moving average filters (Rabiner and Gold 1975), 
the least-squares polynomial smoothing developed by Savitsky and Golay (1964), 
and the classical Fourier smoothing methodology (Williams and Norris 2001; 
Martens and Naes 1989), among others. The running mean algorithm simply 
replaces the value at each point by the mean of the values in a wavelength (or wave-
number) interval surrounding it. The interval is centered at the given point, resulting 
in an odd number of data points per mean (Williams and Norris 2001). The Savitsky–
Golay algorithm, the most familiar method of smoothing in analytical chemistry, is 
an indirect filter that fits the spectrum inside a wavelength (or wavenumber) interval 
with a polynomial by least-squares method. The parameters are the degree of the 
polynomial and the number of points to fit (Savitsky and Golay 1964). Fourier anal-
ysis makes an orthogonal transformation of the spectrum into a sum of sine and 
cosine spectral contributions (Aparicio et al. 1977) that allows certain frequencies 
to be kept (usually low frequencies) and removes those undesired frequencies that 
do contribute to noise (often the high-frequency ripple). The inverse FT is ulti-
mately used for regenerating the spectrum.
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Derivatives allow some compensation for the problems associated with overlap-
ping peaks and baseline variations. Analysts generally use the first and second 
derivatives. This mathematical treatment calculates the tangent at each point of the 
raw spectral data. Each inflection point of the raw spectrum corresponds to a relative 
minimum or maximum of the first derivative spectrum while all maxima and 
minima on the raw spectrum are zero in the first derivative spectrum. The second 
derivative is advantageous for the resolution of overlapping peaks. Each minimum 
of the second derivative spectrum corresponds to a maximum of the raw spectrum, 
and obviously identical comments can be made regarding successive even deriva-
tives (Williams and Norris 2001).

Normalization means changing a group of spectra so that unwanted sources of 
variability are suppressed. This helps the graphical understanding of the spectra and 
can reduce the complexity of the subsequent data treatment necessary to develop a 
calibration from spectroscopic data. The simplest example of this treatment is the 
subtraction of the spectral value at a single wavelength or wavenumber (the so- 
called reference wavelength or wavenumber) from all the spectral values; the result 
is a set of spectra with zero value at the reference wavelength or wavenumber. 
Normalization by closure is an alternative. This normalization consists in dividing 
the signal instrument responses at each wavelength or wavenumber by their sum (or 
mean) in each spectrum. Martens and Naes (1989) suggest this procedure when 
there is no variable that dominates the total sum of original instrument responses, 
but always after a graphical inspection of the ratios between some estimated values 
for independent variables.

Outliers are abnormal, erroneous, or irrelevant observations that can greatly 
influence mathematical model construction. A number of phenomena such as oper-
ator mistakes, noise spikes, instrument drifts, and inconsistent sample-handling 
position can affect a spectroscopic analysis (Williams and Antoniszyn 1987). Thus, 
both objects (cases) and variables can behave as outliers, and they are unavoidable 
in almost all statistical studies. They can only be removed or corrected. During cali-
bration it is important to have them under control as they could decrease the predic-
tion ability of the estimated calibration coefficients. The cross-validation curve can 
give clues about the presence of outliers in the calibration set, e.g., irregular devia-
tions of the fitted curve of MSE versus the number of PLS factors (Martens and 
Naes 1989), although almost all multivariate statistical procedures have algorithms 
for outlier detection (Tabachnick and Fidell 1983). Other algorithms are based on 
leverage (a Mahalanobis distance that measures the position of independent vari-
ables relative to the rest) and residuals (difference between predicted and observed 
values in regression). Leverage is outlier sensitive, and a high leverage observation 
in a regression process means that the calibration set contains outliers. A plot of 
residuals (residuals against wavelength numbers) gives more than graphical infor-
mation because an observation with large residuals indicates the presence of abnor-
mal information (Cook and Weisberg 1982).
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During prediction it is almost compulsory to have methods for detecting abnor-
malities in order to increase the certainty of the predicted results. The detection of 
these possibly abnormal observations can be based on data information such as the 
residual value and the prediction leverage (Martens and Naes 1989) or more classi-
cal methods based on the Mahalanobis distances (De Maesschalck et al. 2000) and 
on potential functions (Jouan-Rimbaud et al. 1999). Robust methods (Geurts et al. 
1990) can also be applied such as resampling by the half-means (RHM) or the 
smallest half-volume method (SHV) (Egan and Morgan 1998; Pell 2000). However, 
most of these multivariate outlier detection techniques are often difficult to under-
stand for nonspecialists and are not an easy matter due to the masking and swamp-
ing effects. The masking effect occurs when one outlier masks a second outlier. In 
this case, the second outlier can be considered an outlier only by itself, not in the 
presence of the first outlier. In the swamping effect, one outlier swamps a second 
observation because the latter can be considered an outlier only in the presence of 
the first one (Ben-Gal 2005). Most analytical chemists want to spend as little time 
as possible looking at the large variety of diagnostics for outlier detection. In conse-
quence, simple methods are needed. For this reason, complete protocols for outlier 
detection have been developed with the maximum information that can be extracted 
from the data (Høy et al. 1998; Fernández Pierna et al. 2002). These protocols 
include not only the determination of classical measurements as Mahalanobis dis-
tance or the leverage value, but also the calculation of the uncertainty present in the 
outputs of the multivariate model, which is calculated as a function of the different 
sources of uncertainty present in the model (Fernández Pierna et al. 2003).

After analysis of the internal and external variables that can affect the mathemat-
ical model, the pretreatment of data should finish with a study of the repeatability 
and reproducibility of the method. The main element of repeatability is the standard 
deviation of a successive collection of spectra of the same sample under the most 
realistic experimental conditions. The repeatability study should include not only 
all the steps included in the data collection procedure (washing of the sample holder, 
sample removal, spectral acquisition), but also a study of the variability observed on 
different days. Reproducibility would imply a collaborative study about the com-
parison of spectral results of selected samples by diverse instruments at different 
laboratories. The results of the repeatability and reproducibility studies firmly deter-
mine the number of replicates of each case (sample) of the calibration and valida-
tion sets and the regions of the spectra that can be used in calibration.

10.6.2  Mathematical Model Construction

The purpose of IR and Raman instruments is to determine the concentration of chemi-
cal variables, such as trans content (i.e., quantitative analysis), or the assessment of 
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qualitative issues, such as authenticity or characterization (i.e., qualitative analysis). 
But to do this, the instrument must be calibrated for converting the IR or Raman opti-
cal signal to the desired quantitative or qualitative measurement. A model needs two 
processes, the calibration, or model design, and the validation, or model verification.

Calibration is usually carried out with chemical parameters (i.e., iodine value) 
quantified by nonspectroscopic techniques, e.g., chromatography. The dependent 
variable (e.g., iodine value) is then qualified as a direct measurement, while the inde-
pendent variable (the spectrum) is described as an indirect measurement. However, it 
is the spectroscopic technique that responds directly to the problem description. For 
example, peptide bonds in proteins are directly represented in the spectrum, whereas 
the so-called direct method Kjeldahl analysis for proteins involves the measurement 
of total nitrogen, which requires several reaction steps and the application of a con-
version factor to amine and protein measurement (Scotter 1997).

Fig. 10.18 Schematic 
presentation of (a) 
multivariate regression 
analysis (MLR), (b) principal 
component regression (PCR), 
and (c) partial least-squares 
regression (PLSR)
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10.6.2.1  Calibration in Quantitative Analysis

Calibration means a formula (linear or nonlinear) establishing a relationship 
between the variation of the spectral data (independent variable) and the chemical 
reference data (dependent variable). The calibration is in fact a regression process 
with a strict pretreatment of data and rigorous analysis of the results.

Since two steps are necessary to achieve a mathematical model construction 
(calibration and validation), two sample sets are necessary, i.e., a set of N samples 
that would be used to construct the equation (calibration set) and a set of M samples 
that would allow studying the precision and the reliability of the equation (valida-
tion set). The number of samples in the validation set should be at least half of the 
calibration set. Moreover, the mean and the standard deviation of the two sample 
sets must be as close as possible, and the validation set must also be a subset of the 
calibration set covering the whole range of values. To assure these conditions and to 
have two homogeneous data sets, i.e., which should cover the experimental region 
uniformly, various methods have been developed and are described in the literature. 
The most common technique is the duplex method (Snee 1977), which is a modifi-
cation of the Kennard and Stone technique (Kennard and Stone 1969). In this 
method, a sequential procedure is applied in order to split the data into two subsets. 
The method starts by selecting the two points that are furthest from each other and 
puts them both in a first set (training). Then, the next two points that are furthest 
from each other are put in a second set (testing), and the procedure is continued by 
alternately placing pairs of points in the first or second set.

Various calibration (or regression) procedures exist, with multiple linear regres-
sion (MLR), principal component regression (PCR), and PLS being the most com-
monly used in spectroscopy. Figure 10.18 shows a schematic design of these 
statistical procedures where the matrix Yij (or y) represents the values of the j-depen-
dent variables (usually chemical analyses) of N (i = 1…N) calibration samples, 
while matrix Xiw (or X) represents the values of w-independent variables (spectral 
wavelengths or wavenumbers) of these N calibration samples. The simple regres-
sion equation can be written, in matrix convention, y = Xb + f, while the objective of 
the calibration by least squares is to minimize the length f = y-Xb whose solution is 
equal to Estimator- b = (X’X)−1 X−1y, where X’ is the transpose matrix X and X−1 is 
the inverted matrix X.

The explanation of a dependent variable (e.g., iodine value) by only one wave-
number is rather difficult, and hence calibration needs to combine more than one 
wavenumber; this is multivariate calibration. Traditional MLR and stepwise multi-
ple linear regression (SMLR) are expressed as

 
y b X bi i= + +∑0 d ,

 

where y is the dependent variable, or analytical reference, Xi(i=1,n) (the independent 
variables) are the spectral data (transformed or not) at the respective n wavelengths 
or n wavenumbers, and bi (i = 0,1,…,N) are the regression coefficients. To achieve 
higher regression values, the analyst might be tempted to increase the number of 
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spectral data in calibration; however, it is judicious to limit the number according to 
the sample number. Tabachnick and Fidell (1983) suggest that the number of sam-
ples should be ten times the number of independent variables. Anyway the MLR 
predictor has a deficient performance when there is collinearity in X, while SMLR 
gives a better prediction when an F-test is used for selecting variables because this 
algorithm enables removal of those Xi-variables that are most nonlinear in their 
response (Tabachnick and Fidell 1983).

Partial least-squares regression (PLSR) was designed to give a plausible solution 
to those studies where there are many collinear variables and a small calibration set, 
that is to say, where the number of variables is greater than cases (spectra), although 
some pitfalls have been described (Defernez and Kemsley 1996). PLSR can be 
applied for one single y-variable and several y-variables. In general PLSR-1 is more 
complex than PCR or PLSR-2 than canonical correlation based on simultaneous 
PCA of X and Y matrices. Martens and Naes (1989) state that calibration methods 
based on PLS regression can give a good understanding of the calibration data and 
a good approximation of many types of nonlinearities. Other alternative is ridge 
regression (Pfaffenberger and Dielman 1990), although it has not been widely used 
in spectroscopy despite the fact that it can be superior to PCR.

One of the most common applications of PCA is in those studies where Xi- 
variables are expected to be collinear. This is the case with spectral analysis (Cowe 
et al. 1985a, b), and PCA is able to express the main information in the variables of 
the raw calibration set by a lower number of variables, so-called principal compo-
nents (Chap. 12). Once the analyst has decided how many principal components are 
necessary for retaining the essential information in X (i.e., applying cross valida-
tion), the rest of the process is similar to MLR, although the application of SMLR 
to PCA is strongly advised (Aparicio et al. 1992). At any rate, the analyst should 
select the best spectral data instead of the whole spectrum as the latter can contain 
large amounts of noise or superfluous information.

The described regression procedures assume that the relationship between the 
independent variables and the dependent variable is linear in nature. However, the 
nonlinear estimation leaves it up to the analyst to specify the nature of the relation-
ship; for example, you may specify the dependent variable to be a logarithmic func-
tion of the independent variables, an exponential function, a function of some 
complex ratio of independent measures, etc. There are many noncategorical nonlin-
ear estimations such as the quasi-Newton method (O’Neill 1971), piecewise nonlin-
ear regression, Hooke–Jeeves method (Hooke and Jeeves 1961), simplex procedure 
(Fletcher and Reeves 1964), Hessian method, and others. Where all these other 
methods fail, the Rosenbrock pattern search method often succeeds. This method 
rotates the parameter space and aligns one axis with a ridge while all other axes 
remain orthogonal to this axis. If the loss function is unimodal and has detectable 
ridges pointing toward the minimum of the function, then this method will proceed 
with accuracy toward the minimum of the function. However, if all variables of 
interest are categorical in nature, or can be converted into categorical variables, the 
correspondence analysis module should also be considered.

D.L. García-González et al.

http://dx.doi.org/10.1007/978-1-4614-7777-8_12


379

It is important to note that sometimes data are nonlinear. Deletion or appropriate 
weighting of nonlinear variables at the beginning of an analysis can decrease the 
nonlinearity problems. Also, in some cases an appropriate signal preprocessing can 
correct for the nonlinearity. These approaches can perhaps give better predictive 
ability than linear models with original variables or less complex models for the 
same predictive ability; however, alternatively, one may decide to adopt nonlinear 
models such as neural networks, support vector machines (SVM), or local regres-
sion approaches (De Maesschalck et al. 1999).

10.6.2.2  Qualitative Analysis: Classification Protocols

To construct a mathematical model for olive oil characterization or authentication, 
it is important to establish an intelligible, reproducible, valid, and predictive 
approach. Unfortunately, few authors propose a complete procedure to extract and 
use the information contained in IR or Raman spectra. The following sections are 
based on the results obtained with two protocols (Lai et al. 1994).

The first step of these two approaches is identical and concerns the division of 
the sample set into two subsets. As mentioned previously, the first subset 

All samples

SFA UFA

MUFA PUFA

(VOO,HOS,PEA)

(VOO, HOS)

(SUN,SOY)

Equation1

Equation 2

Equation 5 Equation 3

Equation 6 Equation4

Equation 7

Rapeseed Corn

Peanut Sunflower Soybean

Virgin OliveHigh oleic sunflower

Coconut, Palm, Palm kernel,
Hydrogentated fish, Tallow

Fig. 10.19 Discrimination 
tree constructed using 
near-infrared and Raman 
spectral data. Legend: SFA 
samples rich in saturated fatty 
acids, UFA samples rich in 
unsaturated fatty acids, 
MUFA samples rich in 
monounsaturated fatty acids, 
PUFA samples rich in 
polyunsaturated fatty acids, 
VOO virgin olive oil, HOS 
high oleic sunflower, PEA 
peanut, SUN sunflower, SOY 
soybean
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(calibration set) is used to construct the discrimination equation, while the second 
subset (validation set) permits the validation of the established model. The sample 
set studied must include all possible combinations of variables and the variation in 
all directions should be as large as possible but limited to the direction of interest 
(Naes and Isakson 1989).

In the procedure suggested by Lai et al. (1994), PCA is used because it consti-
tutes an efficient data reduction method. As mentioned previously, a spectrum con-
tains several hundred variables. But a multivariate statistical analysis requires that 
the case (sample) number exceed the variable number, and as a consequence, a 
reduction in the spectral variable number is necessary. Furthermore, the PCA proce-
dure allows the removal of the apparent redundancy of the variables by transform-
ing the original data into a set of principal component scores. When this is done, a 
rearrangement of the data takes place and the first few PC scores are sufficient to 
describe the information contained in the original variables. This procedure allows 
for data set simplification and the visualization of relationships within the data. 
After applying PCA, Lai et al. (1994) used discriminant analysis to construct a 
mathematical model on the basis of the scores. The squared Mahalanobis distances 
(SMD) are used to classify each case (sample) inside the predetermined groups. 
Later, the SMD from the established group means are calculated for each validation 
spectrum’s PC scores and the new samples will be assigned to the nearest group 
mean. The percentage of correct classifications corresponds to the samples assigned 
to the correct group (i.e., species).

The approach presented by Aparicio and Baeten (1998) uses stepwise linear dis-
criminant analysis (SLDA) to select frequencies and construct the mathematical 
models. SLDA is first applied to each part of the spectrum in such a way that the 
more relevant frequencies from each region are selected. After that, the SLDA pro-
cedure is applied to all the preselected variables and the discriminating equations 
are established on the basis of Mahalanobis distance and F-test (Tabachnick and 
Fidell 1983). The ellipses of the 95 % confidence region are calculated for each 
predetermined group during the calibration step (Aparicio and Baeten 1997). These 
ellipses allow an interpretation beyond the simple location of a validation sample 
and the calculation of the percentage of samples correctly classified during the vali-
dation procedure (Aparicio and Morales 1995). An alternative to these procedures 
could be to apply the Fisher test for removing variables without precise information 
and then apply PCA on the selected variables. The model can be used in an arbores-
cent structure for distinguishing different types of fats and oils (Fig. 10.19).

Also, classical chemometric methods such as partial least squares discriminant 
analysis (PLSDA) (Martens and Naes 1989), and artificial neural networks (ANN) 
(Despagne and Massart 1998) are well-known and proven techniques for both quali-
tative and quantitative analysis of multivariate data. In the case of qualitative analy-
sis, the SVM technique (Vapnik 2000) has been recently proposed and widely used 
in the literature (Burges 1998; Belousov et al. 2002; Fernández Pierna et al. 2004). 
The choice of SVM as classification method is justified by the great performance of 
these methods in all studies, which is mainly due to the uniqueness of the SVM 
solution for the problems of pattern recognition.
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10.6.3  Validation Procedures

Analysts should pay attention to the validation procedures, which include the chem-
ical, internal, and external validations (Fig. 10.17). Chemical validation is the inter-
pretation and the elucidation (band assignment) of the frequencies used in the 
mathematical model. All selected spectral data (frequencies) should have a chemi-
cal or physical explanation in order to avoid regressions obtained by chance. To do 
this step successfully, the study of the spectral features (position and intensity of the 
bands) of pure chemical compounds and the correlation at each frequency between 
the intensities and chemical properties (e.g., determined by gas chromatography) is 
necessary.

Internal and external validations consist in the study of the efficiency and power 
of the mathematical models constructed. Internal validation is done with the sam-
ples involved in the construction of the equation (calibration step). Cross validation 
is a particular internal validation method (Martens and Naes 1989), although there 
are others such as leverage correction or Mallows Cp statistic (Chap. 12). An exter-
nal validation is made by the observation of the quantification (quantitative analy-
sis) or the classification (qualitative analysis) of new samples not used in the 
calibration procedure. The number and characteristics of these samples have been 
clearly established (Aparicio et al. 1992).

In order to perform a correct validation and to indicate the performance of the 
results, different standard expressions taken from basic statistics are applied. 
However, multivariate models are inherently complex, and as a result, theoretical 
advances with respect to the corresponding error analysis are relatively slow. For 
this reason, developing approximate expressions for sample-specific standard error 
of prediction when applying a multivariate model, mainly PLS, has received consid-
erable attention in the chemometric-related literature in recent years (Faber 2000; 
Faber and Bro 2002). This calculation of uncertainty consists in the study of the 
uncertainty present in the outputs of the model. In most cases, this uncertainty is 
calculated as a function of the various sources of uncertainty present in the model 
(Fernández Pierna et al. 2003).

10.7  Potential of Infrared and Raman Spectroscopy

The potential offered by NIR, MIR, and Raman spectroscopy in the determination of 
various chemical compounds and chemical indices has been described, with more or 
less success, by various authors (Williams and Norris 2001; van de Voort 1994; 
Li-Chan 1996; Guillén and Cabo 1997). The following section briefly describes the 
methods used with olive oil, whereas their application in characterization is 
described in Chap. 12.
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10.7.1  Determination of Unsaturation Degree: Iodine Value

As was mentioned earlier, NIR, MIR, and Raman spectrum profiles are strongly 
influenced by the content and type of unsaturated groups. Figure 10.20 presents a 
spectral region of various edible oils and fats for each technique investigated. The 
regions shown are, respectively, the region 2,100–2,200 nm (=C-H vibration) of 
NIR spectra, the region 1,130–1,080 cm−1 (C-C and C-O-C vibration) of MIR spec-
tra, and the region 1,680–1,650 cm−1 (C = C vibration) of Raman spectra.

Fenton and Crisler (1959) published a study showing the potential of NIR spec-
troscopy. They developed, using a series of chemical products, a rapid and reliable 
technique for the determination of the iodine value. The calibration equation was con-
structed with the information contained in the region 2,100–2,200 nm of the NIR 
spectrum. Some years earlier, Sinclair et al. (1952) had described the linear relation-
ship between the number of cis double bonds of unsaturated fatty acid methyl esters 
and the ratio between the absorbance at 2,920 cm−1 (>CH2 vibration) and the differ-
ence between the absorbances at 2,920 and 3,020 cm−1 (=C-H vibration). This study 
was later confirmed by the results achieved by other authors who proposed MIR spec-
troscopy as a technique to determine the degree of unsaturation (Chapman 1965). 
Later, Arnold and Hartung (1971), using the ratio of absorbances at 3,030 cm−1 (=C-H 
vibration) and 2,857 cm−1 (>CH2 vibration), showed the potential of a MIR instru-
ment equipped with a transmission cell for iodine value determinations in fats and 
oils. Using the absorbance of wavenumbers from the same region (3,010 and 
2,854 cm−1), Afran and Newbery (1991) demonstrated the potential of an FT-MIR 
instrument coupled with an ATR accessory. The absorption intensities at 3,007 cm−1 
(=C-H vibration) (Muniategui et al. 1992) and at 1,658 cm−1 (C = C vibration) (Bernard 
and Sims 1980) were also used to determine the total degree of unsaturation.

A FT-MIR/ATR instrument, together with a PLS procedure, was used by van de 
Voort et al. (1992) for determining the iodine value using TAGs as dependent vari-
ables. Spectral information from regions 3,200–2,600 cm−1 and 1,600–1,000 cm−1 
was successfully used. Bailey and Horvat (1972) showed the high correlation 
between the iodine value and the ratio of the scattering intensities in the regions 
1,691–1,626 cm−1 (C = C vibration) and 1,478–1,420 cm−1 (>CH2 vibration) using 
Raman spectroscopy. Later, a Raman spectrometer equipped with a NIR excitation 
and interferometry technology was used by Sadeghi-Jorabchi et al. (1990) to study 
the possibilities offered by the new generation of such instruments in the determi-
nation of iodine value of oils and margarines. The quantitative program designed in 
this study used information from the scattering bands centered at 1,656 cm−1 (=C-H 
vibration) and at 1,444 cm−1. The peaks in the vicinity of 3,010 cm−1 (=C-H stretch-
ing vibration) and 1,270 cm−1 (=C-H bending vibration) also showed a high corre-
lation with the iodine value (Sadeghi-Jorabchi et al. 1991; Baeten et al. 1998).
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10.7.2  Determination of Trans and Cis Content

Infrared methods for determining the trans isomer content of oils and fats are stan-
dardized (IUPAC 1992; AOCS 1988). These methods are based on the absorption 
band at 967 cm−1 (trans CH = CH vibration). However, Lanser and Emken (1988), 
using the peak area of the trans absorbance band at 966 cm−1, estimated the trans 
unsaturation, which agreed with the results obtained by gas chromatography. Belton 
et al. (1988) used FT-MIR combined with ATR to develop a procedure for the esti-
mation of isolated trans double bonds in oils and fats. Sleeter and Matlock (1989) 
developed a FT-MIR procedure for measuring the trans content of oils in a 100-μm 
KBr cell. Ulberth and Haider (1992) used trans-free methylated soybean oil mixed 
with methyl elaidate in combination with a FT-MIR spectral subtraction technique 
and PLS to assess low concentrations of isolated trans double bonds in hydroge-
nated fats such as margarine and shortenings. Then, van de Voort et al. (1995) 
designed a generalized, industrial sample-holder accessory for handling both fats 
and oils. It was incorporated into a FT-MIR spectrometer, and a method using PLS 
calibration was developed to determine the cis and trans contents of neat samples. 
Mossoba et al. (1996) also used attenuated total reflection spectroscopy to calculate 
the total trans content of hydrogenated oils by the information of the spectral region 
between 990 and 945 cm−1.

Using Raman spectroscopy, Bailey and Horvat (1972) also determined the cis/
trans isomer content of edible vegetable oils by measuring the intensities of C = C 
stretching fundamentals near 1,657 and 1,670 cm−1 that are associated with cis and 
trans configurations, respectively. As seen earlier, the use of FT-Raman spectros-
copy has proved to be successful in the determination of total unsaturation of oils 
and margarines (Sadeghi-Jorabchi et al. 1990). Furthermore, Sadeghi-Jorabchi et al. 
(1991) have also used the FT-Raman scattering information from bands centered 
near 1,670, 1,656, and 1,444 cm−1 to estimate various levels of cis and trans isomers 
mixtures. A similar approach was used by Ozaki et al. (1992) to estimate the level 
of unsaturation of a wide range of fat-containing foodstuffs.

10.7.3  Determination of Saponification Number, Solid Fat 
Index, and Free Fatty Acids

Using the information obtained from a FT-MIR spectrometer equipped with an ATR 
accessory and the PLS methodology, van de Voort et al. (1992) proposed a method 
to determine the saponification number. They used the information contained in two 
MIR regions: 3,200–2,600 cm−1 and 1,850–1,000 cm−1. Van de Voort et al. (1996) 
also showed the potential of MIR spectroscopy in the determination of the solid fat 
index. The calibration was done with selected parts of the spectrum: 3,015–
3,005 cm−1, 3,000–2,850 cm−1, 1,750–1,740 cm−1, 1,550–1,050 cm−1, 980–960 cm−1, 
and 750–730 cm−1 by a FT-MIR spectrometer equipped with a flow transmission 
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cell and PLS. Lanser et al. (1991) used peaks near 1,745 and 1,711 cm−1 to construct 
a model allowing the determination of the free fatty acid content in crude oils. The 
C = O carbonyl group of esters is present near 1,746 cm−1, while the carboxylic 
group of free fatty acids has its characteristic peak at 1,711 cm−1. Later, an FT-MIR 
instrument and ATR accessory were successfully used to determine the free fatty 
acid content in oils and fats (Ismail et al. 1993).

10.7.4  Monitoring the Oxidative Process, Measuring  
the Peroxide and Anisidine Values

The potential of FT-MIR instruments for the study of the complex changes that take 
place in a sample involved in an oxidation process has also been investigated (van 
de Voort et al. 1994a). The authors used oils oxidized under various conditions and 
recorded their MIR spectral changes. They identified the most noteworthy bands 
associated with common oxidation end products such as, for example, hexanal, 
decadienal, (E)-butyl hydroxide, demonstrating the usefulness of FT-MIR spectros-
copy to detect oxidative changes.

A method based on FT-MIR spectroscopy was also proposed for the simultane-
ous monitoring of aldehyde formation and the determination of the anisidine value 
in thermally stressed oils (Dubois et al. 1996). The authors added aldehydes to an 
oil sample and thus built a calibration model by PLS.

10.8  Potential of Fluorescence Spectroscopy

Fluorescence spectroscopy is a rapid analytical technique with high sensitivity to 
determine the overall presence of series of compounds. The use of fluorescence to 
analyze olive oils was first proposed in 1925 by Frehse, who studied the possibility 
of detecting the presence of refined olive oil in virgin olive oil by examining the oils 
under a quartz lamp with a Wood filter; another early work showed good prospects 
for characterization of edible oils through fluorimetry techniques (Wolfbeis and 
Leiner 1984). However, this highly sensitive technique has been largely ignored for 
the characterization of edible oils. Only recently has progress been achieved in 
spectrofluorometers and several fluorescence techniques that have been introduced 
to facilitate the analysis of complex food. Thus, fluorescence spectroscopy has con-
siderable potential to characterize virgin olive oils because of the large variety of 
fluorescent compounds (chlorophylls, pheophytins, tocopherols, vitamin E, and 
oxidized compounds) present in them (Sikorska et al. 2004; Guimet et al. 2004; 
Galano et al. 2003). On the other hand, there are remarkable differences between the 
fluorescence spectra of virgin olive oil and the other edible oils (Sikorska et al. 2005), 
which encourages the use of this technique for authentication purposes. The various 
categories of virgin olive oil also show particular emission spectra (Nicoletti 1990).
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Some progress have been made in the development of new methods to detect 
adulteration, such as fraudulent mixtures of olive oil with hazelnut oil (Sayago et al. 
2007), or to detect the oxidation degree of oils (Poulli et al. 2009a, b). The applica-
tion of more advanced methods as EEFS and SFS makes the interpretation of the 
spectra more easy and informative than conventional spectroscopy.

Many fluorescent compounds present in virgin olive oil are involved in oxidation 
(e.g., phenols and vitamin E), and they evolve during different culinary practices such 
as frying. For that reason, fluorescence spectroscopy has recently been applied to eval-
uate the quality of thermoxidized oils (Tena et al. 2009, 2012). Other applications 
include the study of oil deterioration during long-term storage (Sikorska et al. 2008).

10.9  Conclusions

The previous sections have shown the potential of IR, Raman, and fluorescence spec-
troscopic techniques in oil analysis. NIR, MIR, and Raman spectra mainly contain 
information about unsaturated compounds. NIR spectroscopy can be used to deter-
mine the total level of unsaturation and the content of cis isomers. Excitation and 
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emission fluorescence spectra provide information about the minor compounds pres-
ent in olive oil. The low cost and the possibility of coupling the NIR spectrometer to 
classical optical fibers provide a designed technique for implementation in continu-
ous processes. MIR spectroscopy is classically used to determine the content of trans 
isomers, while information about cis isomers exists but is more limited. A MIR spec-
trometer seems to be an appropriate instrument for analytical laboratories. In fact, 
recent studies have demonstrated the great potential of MIR spectroscopy in the 
determination of classic chemical values and oil indices. The potential of this tech-
nique in the monitoring of oxidative processes is an additional advantage.

New developments in the instrumentation of Raman spectroscopy have pro-
moted its importance for oil analysis. Raman spectra mainly contain information 
about cis and trans isomers. Due to the chemical origin of the bands, the informa-
tion contained in the spectrum may be used to develop techniques for the determina-
tion of the total content of unsaturation, the type of unsaturation, and cis/trans 
isomer composition. In addition, a Raman spectrometer does not need a special 
sample-handling accessory and may be coupled to low-cost optical fibers.

In addition to the possibilities offered in quantitative analysis and in monitoring 
oxidative processes, IR and Raman spectroscopy show interesting perspectives in 
the characterization and adulteration detection of virgin olive oil. To compare the 
potential of NIR, MIR, and Raman spectroscopy in this domain, the spectra of 64 
edible oils from seven varieties (corn, soybean, rapeseed, peanut, sunflower, high 
oleic sunflower, and virgin olive oils) were collected (Aparicio and Baeten 1998). 
The Fisher coefficient was used to underline the wavelengths and the wavenumbers 
having the highest power of varietal discrimination. Figure 10.21 displays, for each 
technique studied, the five most discriminant wavelengths or wavenumbers. NIR 
spectral data present Fisher coefficients lower than the data obtained in MIR and 
Raman spectroscopy. Four wavelengths underlined in NIR spectroscopy correspond 
to the C-H vibration of unsaturated groups. On the other hand, the wavenumbers 
extracted in MIR spectroscopy are characteristic of the C-H and C-C vibrations of 
the carbon skeleton and of the C-O of the ester groups. As in NIR spectroscopy, part 
of the Raman spectral data selected corresponds to the C-H vibration of unsaturated 
groups. The other wavenumbers are characteristics of C-H and C = C vibrations. 
Figure 10.10 clearly shows complementarity between vibrational spectroscopy (i.e., 
NIR and MIR spectroscopic techniques). This information can benefit from fluores-
cence spectroscopy, particularly in oxidation studies. Fluorescence spectroscopy is 
very versatile because it makes spectra acquisition possible in different modes 
(EEFS, SFS). These different modes provide several alternatives for a better inter-
pretation of the spectra collected with conventional fluorescence spectroscopy to 
establish definitive and nonspeculative chemical assignments of the spectral bands 
like those in MIR, NIR, and Raman spectra.
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11.1            Introduction 

 High-resolution nuclear magnetic resonance (NMR) spectroscopy has proven to be 
a powerful tool for the analysis of multicomponent systems such as olive oil (Sacchi 
et al.  1997    ; Vlahov  1999 ; Hidalgo and Zamora  2003 ; Mannina and Segre  2002 ; 
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Mannina et al.  2003a ; Dais and Spyros  2007 ; Brescia and Sacco  2008a ,  b ; Mannina 
and Sobolev  2011 ). Recent advances in NMR methodology and instrumentation 
made this technique an alternative choice in olive oil analysis. With the exception of low 
detection limits (however, see below), the combined capabilities of multinuclear and 
multidimensional NMR methods made it feasible to obtain structural and quantitative 
information on a wide range of organic metabolites in plant extracts in a single experi-
ment and, more importantly, with no (or minimal) sample pretreatment. These prop-
erties allow a substantial reduction in labor and time and the prospect of identifi cation 
of unexpected or previously unknown components. NMR parameters, such as chemical 
shifts, spin multiplicities, coupling constants, and signal intensities, provide valu-
able pieces of structural information and ensure valid quantitative results. 

 Another facet of NMR spectroscopy involves relaxation time measurements and 
spin-echo methods in low magnetic fi elds. Low-resolution, time-domain NMR spec-
troscopy has found increasing use in the oil industry as a low-cost method of analysis 
of fats and oils (Gambhir  1992 ). New developments in relaxometry and diffusometry 
can be useful when the components of a mixture are chemically similar and have spectra 
that highly overlap (van Duynhoven et al.  2010 ). Discrimination of pure components in 
mixtures is based on differences in solution diffusivity. The implementation of pulsed-
fi eld gradients (PFGs) in NMR spectrometers advanced the analysis of mixtures in low- 
and high-fi eld NMR. A brief note about a relatively old NMR technique based on 
deuterium NMR, Site-Specifi c Natural Isotope Fractionation Nuclear Magnetic 
Resonance (SNIF-NMR), will be mentioned briefl y in relation to olive oil. 

 The aim of this chapter is to present the NMR methodologies that are being used in 
the analysis of olive oil and the progress they have made so far in olive oil quality con-
trol and authentication. Strategies will be suggested to overcome routine problems, for 
example, complex NMR data sets due to severe signal overlap in overcrowded  1 H 
NMR spectra, or ambiguities in quantitative analysis using  13 C NMR spectra. NMR 
instrumental and experimental hints to obtain high-quality spectra and useful informa-
tion about sample preparation will be given as well. The potential of NMR spectros-
copy for the analysis of olive oil will be presented, focusing on those components that 
can serve as potential markers of EVOO    quality and authentication. A brief discus-
sion will be made about the preprocessing of NMR data for chemometric analysis and 
about relevant applications to olive oil adulteration and classifi cation studies accord-
ing to geographical and varietal origin. The fi nal section will be devoted to future trends 
and perspectives of the scientifi c aspects described in the chapter.  

11.2     High-Resolution Nuclear Magnetic Resonance 
Spectroscopy 

11.2.1     Multinuclear Methodologies 

 Three basic nuclear spins –  1 H,  13 C, and  31 P – have been used extensively for the 
analysis of olive oil, giving complementary and sometimes unique information 
about the identity of major and minor constituents of olive oil. In contrast to  1 H and 
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 13 C nuclei,  31 P NMR spectroscopy is a distractive methodology, inasmuch as it 
requires derivatization of the olive oil components bearing hydroxyl and carboxyl 
groups (e.g., phenolic compounds) with a phosphorus reagent (see below). 
Recording high-resolution, one-dimensional (1D)  1 H,  13 C, and  31 P NMR spectra for 
qualitative analysis employing the one-pulse sequence is a trivial matter and the 
success of the analysis depends, among other things, on the available instrumenta-
tion and the skill of the NMR user. 

 In general,  1 H NMR spectra of mixtures are expected to be more complicated than 
 13 C and  31 P spectra. The presence of scalar coupling among neighboring protons and 
the much smaller chemical shift range of protons (approximately 15 ppm) results in 
overcrowded spectra with severe signal overlap. The much higher paramagnetic 
contribution to the shielding of  13 C and  31 P nuclei increases dramatically their chem-
ical shift range, approximately 250 ppm for  13 C and approximately 1,000 ppm for 
 31 P; this capacity facilitates the wider distribution of signals. Moreover,  13 C and  31 P 
spectra are usually obtained under broadband proton decoupling to eliminate all 
couplings with protons of the molecule, resulting in single signals for nonequivalent 
carbon or phosphorus nuclei. This ensures further signal separation, while at the 
same time the intensity of the decoupled signals increases mainly due to a nuclear 
Overhauser enhancement (NOE) contribution. It is worth mentioning that proton 
decoupling greatly simplifi es  13 C ( 31 P) spectra, but it removes valuable structural 
information inherent in the coupled spectra. 

 Apart from the wide range of  31 P chemical shifts, the 100 % natural abundance 
of the  31 P nucleus and its high sensitivity, which is only approximately 15 times 
less than that of the proton nucleus, make  31 P NMR experiments a reliable analyti-
cal tool to determine amounts on the order of micromoles   , or lower, depending on 
the available instrumentation. These properties of the  31 P nucleus should be con-
trasted with the low natural abundance (1.1%) and sensitivity of the  13 C nucleus, 
which in addition is characterized by long relaxation times. Therefore,  31 P NMR 
spectroscopy can be considered an alternative methodology to  1 H and  13 C NMR in 
cases where severe overlap is observed in  1 H NMR spectra or quantitative  13 C 
NMR experiments require lengthy accumulations and long relaxation delays to 
achieve a satisfactory signal-to-noise ratio (see below). Since no constituent of 
olive oil (besides phospholipids) contains phosphorus nuclei, detection of minor 
components bearing hydroxyl or carboxyl groups, such as diacylglycerols and phe-
nolic compounds, has been accomplished with prior replacement of the labile 
hydrogens of functional groups of olive oil constituents with the reagent 2-chloro-
4,4,5,5- tetramethyldioxaphospholane (labeled 1), according to the reaction scheme 
shown in Fig.  11.1 , and the use of  31 P chemical shifts of the phosphitylated com-
pounds (labeled 2) to identify the labile centers (Spyros and Dais  2000 ). Compound 
1 reacts rapidly (approximately 15 min) and quantitatively under mild conditions 
(within the NMR tube) with hydroxyl groups. As an example, Fig.  11.2  shows the 
202.2 MHz  31 P NMR spectrum of a phosphitylated olive oil sample in a region 
where the signals of diacylglycerol    isomers, total free sterols, and free fatty acids 
appear. The signal at 145.15 belongs to the internal standard cyclohexanol used for 
quantitative purposes.
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11.2.2         Multidimensional Nuclear Magnetic Resonance 
Methodologies for Spectral Assignments 

 Depending on the extent of overlap in 1D  1 H NMR spectra of mixtures, it is not 
always possible to extract spectroscopic parameters with certainty. This is exactly 
the case with the 500 MHz  1 H NMR spectrum of the polar part of olive oil extracted 
with a mixture of methanol:water (80/20 v/v) in DMSO-d 6  solvent (Fig.  11.3 ). 
This spectrum, which can be divided into three frequency regions, contains signals 
of a large number of phenolic compounds (Christophoridou and Dais  2009 ). The 
development of multidimensional NMR techniques offers the possibility to unravel 
hidden resonances, either through bond (scalar spin-spin coupling) or through space 
(dipolar coupling) connectivity. The basic concept of 2D NMR is the introduction 
of an additional time interval, the evolution period, between the preparation and 
detection intervals of the 1D pulse sequence (Fig.  11.4 ). Depending on factors that 
infl uence the transverse magnetization of the nuclear spins during the evolution 
time  t  1  (e.g., Larmor precession or scalar coupling), different types of correlations 
are developed between homonuclear and heteronuclear spins. In some experiments 

1, 2-DGs

1, 3-DGs

Total free sterols

Free fatty acids

Cyclohexanol

  Fig. 11.2    202.2 MHz  31 P NMR spectrum of virgin olive oil. The region where the phosphitylated 
total sterols, diacylglycerols, and free fatty acids resonate is illustrated. The phosphitylated cyclo-
hexanol is used as internal standard.  1,2-DAD  1, 2- diacyglycerols,  1,3-DAG  1, 3-diacylglycerols 
( Source : Vigli et al. ( 2003 ), with permission of American Chemical Society)       

  Fig. 11.1    Reaction of hydroxyl and carboxyl groups of olive oil constituents with phosphorus 
reagent 2-chloro-4,4,5,5-tetramethyldioxaphospholane ( 1 )       
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an additional time interval, a single pulse, a time period, or a combination of both is 
added between the evolution and the detection interval, the so-called mixing period 
(Fig.  11.4 ), to guarantee the transfer of magnetization from one type of spin to the 
other. The evolution time is kept variable. Actually, it is made stepwise longer 
(incremented) in analogy to the detection time  t  2 . For each  t  1  increment, a separate 

aromaticaldehydic

aliphatic

1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0

(ppm)

  Fig. 11.3    500 MHz  1 H NMR spectrum of polar fraction of olive oil in DMSO-d 6  solvent. Three 
separate frequency regions for aldehydic, aromatic, and aliphatic protons of phenolic compounds 
were observed       

1D NMR

2D NMR

Evolution Mixing time

90 º y 90 º y

90 º x

t2t1

t2

Preparation

Preparation Detection

Detection

  Fig. 11.4    Schematic representation of one-dimensional (1D) and two-dimensional (2D) pulse 
sequences with mixing time. FID = free induction decay       
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free induction decay (FID) is detected in  t  2 . Thus an NMR signal is obtained in the 
time domain, S( t  1 ,  t  2 ), which is a function of two time variables. Double Fourier 
transformation gives a 2D spectrum (stacked or contour plot), whose axes describe 
different spectroscopic parameters (e.g., chemical shifts, coupling constants, NOEs) 
evolved during the evolution period. Correlations of different spectroscopic param-
eters in homonuclear or hetronuclear 2D spectra are visualized by the so-called 
cross peaks. Moreover, the removal of unwanted signals by the selection of perti-
nent coherence pathways by means of pulsed fi eld gradients make unnecessary    the 
time-consuming and relatively ineffi cient phase-cycling procedure. NMR pulse 
sequences of different dimensionalities (2D, 3D, and 4D) have been developed in 
recent years and implemented in modern NMR spectrometers. However, no more 
than ten basic 2D NMR methods have found widespread application in food analysis. 
These methods are summarized in Table  11.1 . Pulse sequences are arranged accord-
ing to the type of correlated nuclei, the nature of the correlation, and pertinent appli-
cations. A short description and appropriate references for each type of the pulse 
sequence in Table  11.1  can be found in Berger and Braun ( 2004 ).

     The gradient-selected 500 MHz COSY spectrum in Fig.  11.5  has greatly facili-
tated the profi ling of phenolic compounds contained in the polar part of olive oil 
depicted in Fig.  11.3 . This spectrum, recorded in less than 15 min, allowed the 
identifi cation of most phenolic compounds and confi rmed previous lengthy assign-
ments based on model compounds (Christophoridou and Dais  2009 ). Figure  11.6  
shows the 600 MHz gradient-selected TOCSY spectrum of an olive oil sample, 
which shows correlations between all protons of olive oil, even distant ones, as long 
as there are couplings between all intervening protons. Table  11.2  shows the identity 
of protons and the numbering system adopted by most researchers. The observed 
connectivities between the glycerol backbone protons and between the acyl-chain 
protons provides solid proof of previous assignments based on triacylglycerol 
model compounds. It is interesting to note that the very good resolution of the 
TOCSY spectrum permits the observation of the allylic protons (H6′) of the linolenyl 
chain, which are connected with the methyl protons (H9) of the same chain ( δ  0.96). 
TOCSY and COSY experiments provide a particularly powerful combination, 
which could be suffi cient to identify most metabolites present in mixtures.

     The assignment of carbon resonances of glycerol and fatty acids is of crucial 
importance for the analytical characterization of olive oil. The 600 MHz  13 C NMR 
spectrum of olive oil in CDCl 3  illustrated in Fig.  11.7  shows a large number of sig-
nals spread over a wide range of chemical shifts. This made the spectrum appear 
complicated but nevertheless much more informative than the  1 H NMR spectrum, 
which extends to a narrow region of a few parts per million    (Fig.  11.6 ). The reso-
nances of the glycerol backbone carbons, as well as those of the fatty acids, were 
assigned in previous studies by several investigators. Most of these studies utilized 
triacylglycerol model compounds to assign carbon signals. However, this procedure 
raised doubts about the correctness of the assignments, especially for the interior 
carbons of acyl chains, and by the fact that carbon chemical shifts were found to be 
concentration dependent, particularly for those in the carbonyl region of the spectrum 
(Mannina et al.  2002    ). Two-dimensional NMR spectroscopy is capable of 
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confi rming and, in some cases, correcting earlier assignments. The combination of 
the gradient-selected HSQC and HMBC    experiments can be used to observe correla-
tions between heteronuclei. The former experiment correlates the chemical shifts of 
carbons with those of the directly attached protons, whereas the latter experiment 
connects the carbon with protons two or three bonds away. A recent modifi cation of 
the HSQC pulse sequence combines the usual C-H bond correlation with carbon 
multiplicity selection similar to that obtained using the DEPT-135 experiment. 
The edited gradient-selected HSQC spectrum (Fig.  11.8 ) shows correlations between 
the glyceridic protons and carbons of olive oil. Correlations phased negatively 
(unframed cross peaks) and positively (framed cross-peaks) represent methylene and 
methine protons, respectively. This spectrum is of major help for the assignment of 
the glyceridic carbons and several of the acyl-chain carbons. In addition, it achieves 
a partial separation of the olefi nic proton signals through their correlation with the 
well-resolved olefi nic carbon resonances in the region 127–131 ppm (Fig.  11.8 ).

  Fig. 11.5    500 MHz gradient-selected COSY spectrum of polar fraction of olive oil in DMSO-d 6  
solvent. Codes correspond to phenolic compounds: ( 2 )  p -coumaric acid, ( 9 ) vanillic acid, ( 19 ) 
vanillin, ( 20 ) homovanillyl alcohol, ( 21 ) free tyrosol, ( 22 ) free hydroxytyrosol, ( 23 ) apigenin, ( 24 ) 
luteolin, ( 26 ) (+) pinoresinol, ( 27 ) (+) 1-acetoxypinoresinol, ( 28 ) syringaresinol, ( 34α ) aldehydic 
form of oleuropein; isomer 5 S , 8 R , 9 S , ( 34β ) aldehydic form of oleuropein; isomer 5 S , 8 S , 9 S , 
( 35α ) aldehydic form of ligstroside; isomer 5 S , 8 R , 9 S , ( 35β ) aldehydic form of ligstroside; isomer 
5 S , 8 S , 9, ( 37 ) dialdehydic form of oleuropein lacking a carboxymethyl group, ( 38 ) dialdehyde 
form of ligstroside lacking a carboxymethyl group       
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  Fig. 11.6    600 MHz gradient-selected TOCSY spectrum of olive oil sample in CDCl 3  solvent. 
The numbering system for protons was explained in Table  11.2 . The  inset  magnifi es the triplet of 
the methyl protons of the alpha-linolenyl chain       

   Table 11.2    Chemical shifts and assignment of signals in  1 H NMR spectrum of virgin 
olive oil in chloroform-d solvent   

 Signal  δ (ppm)  Proton  Attribution 

 1  5.30  C H  = CH  All unsaturated fatty acids 
 2  5.16  C H -OCOR  Triacylglycerols 
 3  4.19  C H   2  -OCOR  Triacylglycerols 
 4  2.77  CH = CH-C H   2  -CH = CH  Linoleyl and alpha-linolenyl chains 
 5  2.22  C H   2  -COOH  All acyl chains 
 6  2.03  C H   2  -CH = CH  Oleyl and linoleyl chains 
 6′  2.04  C H   2  -CH = CH  Linolenyl chain 
 7  1.62  C H   2  -CH 2 -COOH  All acyl chains 
 8  1.21  (C H   2  ) n   All acyl chains 
 9  0.96  CH = CH-CH 2 -C H   3    Alpha-linolenyl chain 

 10  0.85  CH 2 CH 2 CH 2 -C H   3    All acyl chains except alpha-linolenyl 
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  Fig. 11.7    500 MHz  13 C NMR spectrum of an olive oil sample in CDCl 3  solvent. Four separate 
frequency regions for the carbonyl, olefi nic, glyceridic, and aliphatic carbon nuclei are observed  
( Source : Vlahov ( 1999 ), with permission of Elsevier)       
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  Fig. 11.8    600 MHz edited HSQC (E.HSQC) spectrum of olive oil sample in CDCl 3  solvent showing 
one-bond correlations between carbons and directly attached protons. Correlations phased negatively 
( unframed ) and positively ( framed ) represent the methylene and methine protons, respectively       

    The HMBC spectrum of the olive oil sample in Fig.  11.9a  illustrates cross peaks 
correlating the protons of the glycerol segment with the carboxyl carbons of the attached 
fatty acid chains. Earlier assignments of these carbon signals for vegetable oils were 
explained by taking into consideration the double bond inductive effect on the car-
bonyl groups (Vlahov  1999 ) or the use of model compounds (Mannina et al.  1999a ). 
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  Fig. 11.9    Portions of 600 MHz gradient-selected HMBC spectrum of olive oil sample in CDCl 3  
solvent showing connectivities ( a ) between glycerol backbone protons and corresponding car-
bonyl carbons; ( b ) between allylic and bis-allylic protons and olefi nic carbons of the fatty chains; 
( c ) detailed assignment of olefi nic carbons.  Numbers 1 and 2 in parentheses  denote the position of 
the attached acyl chains to the glycerol moiety       
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Another portion of the same spectrum (Fig.  11.9b ) depicts the connectivity between 
the olefi nic carbons and the corresponding allylic and bis-allylic protons of oleyl, 
linoleyl, and linolenyl chains. The assignment of the olefi nic carbons for an olive oil 
sample is shown in Fig.  11.9c . The positional distribution of the acyl chains on the 
glycerol backbone and the complete assignment of the  13 C NMR signals in tripalmi-
tin were achieved using the hybrid pulse sequence HSQC-TOCSY (Simonova et al. 
 2003 ). This technique, which exploits the resolving power of two powerful pulse 
sequences, is based on the magnetization transfer between a carbon atom and all 
remote hydrogen atoms that belong to a common coupling pathway with the carbon 
atomʼs directly bonded hydrogen   .

11.2.3        Quantitative Nuclear Magnetic Resonance 

 Quantitative analysis using  1 H NMR is not a diffi cult task since signal intensities are 
directly proportional to the number of protons in each functional group. Moreover, 
proton nuclei are characterized by relatively small spin lattice relaxation times ( T  1 ) 
because they constitute the exterior of the molecule, and thus they relax effectively by 
intra- and intermolecular  1 H- 1 H dipolar interactions. For this reason, no long relax-
ation delays are necessary to run quantitative  1 H NMR spectra   . However, certain pre-
cautions should be taken into consideration regarding  13 C and  31 P nuclei. As mentioned 
earlier,  13 C is a very insensitive nucleus, and therefore more scans are required to 
obtain a satisfactory signal-to-noise ratio (S/N). In addition, spin–lattice relaxation 
times ( T  1 ) of carbon nuclei, which are located in the interior of the molecule, are much 
longer than those of protons, and therefore a large delay time (5 ×  T  1 ) is required 
between successive pulse sequences to guarantee full relaxation of the excited nuclei 
(return of the nuclear magnetization to thermal equilibrium). A long relaxation delay 
is a prerequisite for quantitative analysis in order to obtain strong and reproducible 
signals amenable to accurate integration. A remedy for this problem could be the 
addition of paramagnetic agents, e.g., Cr(acac) 3 , whose lone electrons interact strongly 
with nuclear spins, decreasing signifi cantly the  T  1  values. Another factor that plays an 
important role in  13 C quantitative analysis is the NOE. For protonated carbons, where 
 1 H- 13 C dipolar interactions are the dominant relaxation mechanism, NOE is close to 
its highest value (approximately 1.987) and can be ignored. In contrast, nonprotonated 
carbons will give signals that are highly dependent on NOE. Consequently, these car-
bons should not be used as a basis for analytical measurements, unless depression of 
the NOE is accomplished using the so-called inverse gated decoupling technique. In 
this experiment, the decoupler of the spectrometer is on only during acquisition and 
off during the rest of the experiment, thus prohibiting the buildup of NOE while 
acquiring decoupled spectra. Inverse gated decoupling is vital for the  31 P nucleus, 
whose relaxation is stimulated by the chemical shift anisotropy mechanism in addi-
tion to  1 H- 31 P dipole–dipole interactions. Needless to say, when taking up all the 
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aforementioned safety measures for quantitative analysis based on  13 C and  31 P nuclei, 
the duration of the experiment is prolonged signifi cantly. 

 Another way to obtain quantitative  13 C NMR spectra for protonated carbons is 
the use of the distortionless enhancement by polarization transfer (DEPT) pulse 
sequence, which transfers the polarization (bulk magnetization) from the abundant 
 1 H nuclei to the dilute carbon  13 C nuclei (Vlahov  1997 ; Vlahov et al.  2001 ). The 
drawback of this technique is that resonances of quaternary carbons (e.g., carbonyl 
carbons of the fatty acyl chains) cannot be detected.  

11.2.4     Hyphenated Nuclear Magnetic Resonance 

 The combination of liquid chromatography (LC) with NMR has proven to be a 
powerful and time-saving method for the separation and structural characterization 
of unknown compounds in complex mixtures (Exarchou et al.  2005 ). In addition, 
the low detection limits attainable by chromatographic techniques help to increase 
the sensitivity of NMR. This was further improved by introducing a postcolumn 
solid-phase extraction (SPE) unit (Corcoran et al.  2002 ), which allowed signifi cant 
enrichment of the analyte concentration and, hence, the performance of 1D and 2D 
experiments, even for the less sensitive  13 C nucleus. The LC   -SPE-NMR technique 
has been used in two instances: for the analysis of phenolic compounds in olive oil 
(Christophoridou et al.  2005 ) and the identifi cation of phytochemicals in olive-leaf 
extracts (Goulas et al.  2009 ). Figure  11.10  illustrates selections of 600 MHz 
LC-SPE-NMR spectra of various phenolic metabolites resulting from the hydroly-
sis of oleuropein (Christophoridou et al.  2005 ). These spectra were recorded for 
HPLC fractions transferred to a peak-trapping unit equipped with solid-phase car-
tridges after UV detection and water addition for temporary storage, dried with 
nitrogen gas, and transferred to the NMR fl ow probe with CD 3 CN. The spectrum 
in Fig.  11.10a  is consistent with the dialdehydic form of oleuropein lacking a car-
boxymethyl group. Figure  11.10b  is more interesting because it reveals for the fi rst 
time the existence of two coeluted isomers of the aldehydic form of oleuropein in 
olive oil, namely 5 S , 8 R , 9 S  and 5 S , 8 S , 9 S  at C8 (the ring of elenolic acid linked to 
the hydroxytyrosyl moiety contains three chiral centers at C5, C8, and C9). 
Figure  11.10c  illustrates the spectrum of the hemiacetal at C-3 of the dialdehydic 
form of oleuropein lacking a carbomethoxy    group detected by Montedoro 
(Montedoro et al.  1992 ) in olive oil. Another example indicating the potential of 
this technique is shown in Fig.  11.11 , which depicts the 600 MHz LC-SPE-TOCSY 
spectrum resulting from a fraction of the UV chromatogram corresponding to the 
dialdehydic form of ligstroside lacking the carbomethoxy group (Christophoridou 
et al.  2005 ). Overall, the hyphenated NMR allowed the detection of 27 phenolic 
compounds, including a large number of secoiridoid derivatives and several new 
phenolic components, which had not been reported previously as constituents in 
the polar part of olive oil.
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  Fig. 11.10    600 MHz LC-SPE  1 H NMR spectra of oleuropein derivatives: ( a ) dialdehydic form of 
oleuropein lacking a carboxymethyl group; ( b ) two coeluted isomers of aldehydic form of oleuro-
pein; ( c ) hemiacetal of dialdehydic form of oleuropein. The suppressed signals of H 2 O and CH 3 CN 
solvents give spikes at  δ  1.95 and  δ  2.18 ( Source : Christophoridou et al. ( 2005 ), with permission of 
American Chemical Society)       

(ppm) 8.0 6.0 4.0 2.0

8.0

6.0

4.0

2.0
(ppm)

3 1

5′
,7

8

4′
,8

′

1,5
3,4

4′,5

4

2′ 10

61′
α

1″
β

5

1′,2
4,5

5,6

  Fig. 11.11    600 MHz LC-SPE-NMR-TOCSY spectrum of dialdehydic form of ligstroside lacking 
a carboxymethyl group       
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11.2.5         Site-Specifi c Natural Isotope Fractionation Nuclear 
Magnetic Resonance  

 SNIF-NMR is a sophisticated NMR technique that exploits the nonrandom distri-
bution of deuterium nuclei at specifi c sites of organic molecules physically present 
in food products (Martin and Martin  1990 ). The deuterium nonrandom distribu-
tion, which occurs in the course of physical, chemical, and biochemical transfor-
mations, is expected to be different for natural and synthetic molecules of the same 
kind, affording thus a means for their discrimination. A quantitative measure of the 
deuterium fractionation is the deuterium isotopic ratio ( 2 H/ 1 H) i  for specifi c molecu-
lar sites  i . Isotopic fractionation in plants occurs during photosynthesis following 
different pathways (e.g., Calvin or C3 plant photosynthesis and Hatch-Slack or C4 
plant photosynthetic mode). Therefore, the isotopic ratio ( 2 H/ 1 H) i  for some com-
mon compounds of plant extracts is expected to be different for different plants. 
This methodology has been used extensively to detect adulteration of wine, honey, 
and fruit juices (Martin and Martin  1995 ; Cotte et al.  2007 ). Application of SNIF-
NMR to olive oil is rare, focusing mainly on investigating the intramolecular dis-
tribution of deuterium in fatty acids and triacylglycerols (Lui et al.  1995 ; Royer 
et al.  1999 ). Nevertheless, these preliminary studies have shown that the deuterium 
isotopic ratio may be used as an index for botanical characterization of olive oils 
and differentiation according to their regional origin. The main limitations of this 
technique are due to the rather poor sensitivity and chemical shift resolution of  2 H-
NMR, which preclude observation of complex metabolites present in diluted media 
or available only at the submilligram level. Also, SNIF-NMR requires a rather 
tedious sample preparation.   

11.3     Nuclear Magnetic Resonance Diffusometry 
and Relaxometry 

 Low-resolution pulsed NMR (time-domain NMR) has been used for many years for 
the determination of oil content and moisture in oilseeds and the solid fat content in 
fat blends (Gambhir  1992 ). Methodologies that have been employed for this type of 
analysis relied on free induction decay (FID) analysis and the spin-echo technique. 
The introduction of pulsed-fi eld gradients (PFG) combined with spin-echo pulse 
sequences (Stilbs  1987 ) enabled the separation of the various components of mix-
tures on the basis of differences in their self-diffusion coeffi cients, the latter being 
dependent on the hydrodynamic size of each component. Discrimination according 
to hydrodynamic size was accomplished through differences in signal decay, which 
is the same for all proton resonances associated with a pure component. A typical 
PGF spin-echo sequence consists of two short magnetic fi eld gradient pulses and a 
diffusion delay time, Δ, between pulses. The Hahn spin-echo sequence or the stimu-
lated echo sequence can be used, depending on the range of diffusion time Δ to be 
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explored. In restrictive media, such as seeds, the self- diffusion coeffi cient,  D , can 
be derived from the attenuation of the signal in a fi eld gradient as a function of the 
parameters of the product  Gδ  and the delay time Δ;  G  and  δ  are the amplitude and 
the duration of the magnetic fi eld gradient pulses, respectively. The order of the 
magnitude of the measurable self-diffusion coeffi cient ranges from 10 −5  to 10 −10  m 2 /s. 

 Recently, high-power PFG spin echo yielding a fi eld strength of 350 G/cm    was 
applied for the rapid screening of extra virgin olive oil (EVOO) adulteration with 
seed oils (Šmejkalová and Piccolo  2010 ). Application of a spin-echo pulse sequence 
allowed the determination of the diffusion coeffi cients of all vegetable oils for each 
signal in the low-resolution spectra. These parameters were used subsequently to 
classify the various vegetable oils and to detect adulteration of olive oil. An interest-
ing application of this method was found in the analysis of liquid mixtures at high 
magnetic fi elds. This is the so-called diffusion-ordered spectroscopy (DOSY) NMR 
experiment, which was proposed more than 10 years ago (Morris and Johnson 
 1992 ). DOSY is a 2D NMR experiment, in which the signal decays exponentially 
according to the self-diffusion behavior of individual molecules. Because the diffu-
sion behavior is related to properties of an individual molecule – size, shape, mass, 
and charge – as well as its surrounding environment (solution, temperature aggrega-
tion state), each component in a mixture can be separated based on its own diffusion 
coeffi cient. The value of DOSY is that it can be used as a noninvasive method to 
obtain both physical and chemical information. The easy and cheap implementation 
is another advantage of DOSY. It could be said that DOSY can be an alternative to 
LC-NMR. Figure  11.12  shows the 600 MHz  1 H DOSY spectrum of an olive oil 
sample in the region spanned by the glycerol backbone protons of di- and triacylg-
lycerols. The horizontal (F1) axis encodes the proton chemical shifts, whereas the 
vertical (F2) axis describes self-diffusion coeffi cients. The cross peaks align them-
selves along horizontal lines, each corresponding to one sample component (mole-
cule). The acylglycerols are separated by diffusion coeffi cient (the higher the 
molecular weight, the lower the diffusion coeffi cient).

11.4        Instrumentation-Practical Aspects 

 The major drawback of NMR as an analytical tool is its inferior sensitivity compared 
to other analytical methods (e.g., chromatography, mass spectrometry). Therefore, 
efforts have been made in recent years to augment NMR sensitivity. Fundamentally, 
there have been three principal ways in the pursuit of improved NMR sensitivity: 
the development of superconducting NMR solenoids capable of producing higher 
magnetic fi elds; improvement or invention of novel experimental methods, such as 
the inverse-detected heteronuclear shift correlation methods; and considerable efforts 
in the area of NMR probe development. Magnetic fi elds as high as 23.5 Tesla 
(1,000 MHz for the proton nucleus) are currently manufactured. However, a magnet 
of 14.1 Tesla (600 MHz) with a homogeneity of tens of Hertz and resolution as high 
as 0.05 Hz is adequate and satisfi es almost all the research needs of food scientists. 
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Inserted into the magnet is the detector system or probe. The probe contains tunable 
radio-frequency coils for excitation of the nuclear spins and detection of the resul-
tant signals as the induced magnetization decays away. There are several types of 
probes, which fulfi ll almost all needs for sample analysis in the liquid state (and 
solid state). For 1D and, particularly, 2D NMR experiments, including experiments 
requiring solvent suppression, broadband (BB) inverse probes with z-gradient facili-
tate observation/irradiation of all NMR nuclei in the range  31 P to  15  N in addition to 
 1 H and  19  F. The inner coil of these multipurpose probes is optimized for  1 H observa-
tion, while the outer coil is tunable over a frequency range that permits decoupling 
of nuclei  31 P and  15  N, depending on the probe confi guration. The advantage of 
inverse experiments over direct  13 C,  15  N, or  31 P detection is that the  1 H nucleus with 
the highest gyromagnetic ratio is detected, yielding the highest possible sensitivity. 
Further sensitivity gain (three to four times) is achieved by cryogenically cooling 
(approximately 20 K) the radio-frequency coils and fi rst-stage receiver electronics 
of the NMR probe reducing the thermal noise   . 

  Fig. 11.12    600 MHz DOSY  1 H NMR spectrum of olive oil sample in region where di- and triacy-
glycerol resonances appear. The acylglycerols are separated by diffusion coeffi cient       
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 The new-generation NMR spectrometers include a very effective digital lock for 
excellent magnet stability and second-generation analog-to-digital converter (ADC) 
(converts the analog NMR signal, a voltage, to a binary number proportional to the 
magnitude of the signal that is stored in the computer memory for further process-
ing) to obtain the highest possible digital spectral resolution and dynamic range. 
The dynamic range describes the ability of an ADC to sample a small signal in the 
presence of a large one and depends on the ADC resolution. The latter is expressed 
in bits; a 16 bit corresponds to    a resolution of 2 16  − 1 and is able to represent values 
in a range of −32,767 to +32,767 (2 16  = 66,536) with one bit reserved to represent the 
sign of the signal. This means that the smallest signal that can be detected has a 
maximum amplitude of 1/32,767. Signals smaller than this amplitude will be lost, 
whereas too strong signals, like those of solvents, can cause ADC overfl ow. 
Moreover, the word length of the computer of the spectrometer must exceed the 
ADC resolution; otherwise memory overfl ow will result, with a consequent loss of 
information. Modern spectrometers (600 MHz) are equipped with ADCs with 32- or 
even 64-bit resolution. 

 Depending on the experiment, different resolutions or sensitivities are required. 
Resolution is important for the integration of small signals, such as those in the 
carbonyl region of  13 C NMR spectra of olive oil. Since the digital resolution is 
proportional to the reciprocal of the acquisition time, its enhancement can be 
achieved either by increasing the memory size or by decreasing the spectral width. 
For older NMR spectrometers, the user should be cautious in adopting the latter 
remedy to avoid signal aliasing (where the signal becomes indistinguishable). 

 A large number of 1D NMR experiments, such as the measurement of relaxation 
times and NOEs, and all 2D NMR experiments involve several pulses separated by 
timed variable delays and are controlled by pulse programs written in a high-level 
language. A dynamic software package implemented in the computer of the spec-
trometer is indispensable in order to interpret these complicated pulse sequences. 
Moreover, the software should offer a well-designed and user-friendly interface for 
acquisition, processing, and analysis of the NMR data. 

 Screening of a large number of samples is of great interest for industrial appli-
cations. Various automation options, including autosamplers, robotic sample prepa-
ration systems, and probes with automated probe tuning, are available on the market. 
The automation procedure should be monitored and controlled with appropriate 
software. 

 The instrumentation for LC-NMR experiments should be conducted on a dedi-
cated NMR spectrometer equipped with an ultra-shielded magnet to allow hyphen-
ation with the nearby HPLC system. The detection system of HPLC is selected 
according to the programmed analysis. For instance, UV or diode array detection 
systems are suggested for the analysis of phenolic compounds. The outlet of the 
detector is connected to the fl ow NMR probe, whereas a computer-controlled valve- 
switching interface regulates the transfer of each fraction separated by HPLC to the 
NMR probe. The stop-fl ow or the on-fl ow process is used depending on the availabil-
ity of a loop storage device that allows the collection of fractions. The LC-SPE- NMR 
system requires a SPE unit, whose utilization was described previously. Since the 
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volume of the liquid from the SPE unit to the fl ow probe is small (approximately 
200 μL   ), the use of deuterated solvent is both practical and economical, thus making 
it possible to avoid stringent solvent suppression requirements. Furthermore, the fact 
that deuterated solvents are only needed for the fi nal step means that chromatographic 
separation can be performed using the less expensive protonated solvents.  

11.5     Sample Preparation 

 For  1 H NMR spectra recorded on a 600 MHz spectrometer, 1–2 mg of the oil are 
dissolved in 0.5 mL of chloroform- d  and placed in 5 mm NMR tubes. A tiny amount 
(approximately 10 μL) of DMSO-d 6  may be added to facilitate dissolution of olive 
oil polar compounds (phenols, volatiles). Since proton exchange in DMSO is slow 
relative to the NMR scale, signals caused by hydroxyl protons emerge in the spectrum, 
complicating the analysis. In this respect, the hydroxyl hydrogens should be replaced 
by deuterium atoms (hydrogen-deuterium exchange) by shaking the sample with 
D 2 O before dissolution in DMSO-d 6 . For the less sensitive nuclei (e.g.,  13 C) the 
amount of olive oil is increased to 5–10 mg. Regarding olive oil minor constituents 
– e.g., phenolic compounds and their hydrolysis products – the fi rst step is the 
extraction of the desired metabolites. In general, the choice of solvent depends on 
the nature of metabolites and the extraction effi ciency. For the extraction of pheno-
lic compounds, a mixture of methanol:water 80:20 v/v was found to be most effec-
tive (Montedoro et al.  1992 ). Olive oil lipophilic components (e.g., triacylglycerols, 
diacylglycerols, sterols) are removed with nonpolar solvents such as hexane. 
The fi nal extract is lyophilized to concentrate the phenolics and remove water. 

 Sample preparation for  31 P NMR analysis is somewhat lengthy since it requires 
prior derivatization by the phosphorus reagent 1 according to the reaction scheme in 
Fig.  11.1 . Compounds are dissolved in a mixture of pyridine-chloroform- d  that 
 contains a small amount of the paramagnetic reagent Cr(acac) 3  [chromium (III) acet-
ylacetonate] to diminish the phosphorus spin–lattice relaxation time. Pyridine is 
added to capture the released HCl during the phosphitylation reaction (Fig.  11.1 ).  

11.6     Olive Oil Analysis 

 Analysis of olive oil using NMR spectroscopy has been described in several good 
review articles mentioned in the introductory section; the reader is advised to con-
sult them for details. Table  11.3  summarizes olive oil constituents that have been 
determined by NMR methods. The second to last column of this table describes the 
pros and cons of the NMR methods relative to offi cial or well-recognized analyti-
cal techniques. A comparison of the NMR methods with conventional analytical 
techniques in determining certain olive oil constituents was done recently (Dais 
et al.  2007 ).
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   Table 11.3    Olive oil constituents determined by NMR spectroscopy; advantages and disadvantages 
with offi cial or other recognized methods   

 Constituent 
 Magnetic 
nucleus 

 Comparison with offi cial 
or well-recognized methods  References 

 Fatty acid profi le 
( cis  and  trans ) 
( positional 
distribution ) 

  1 H and  13 C   Pro : faster and simpler than offi cial method 
(GC) 

 1, 2 

  Con : no determination of individual saturated 
fatty acids 

 Triacylglycerols 
profi le 

  13 C   Pro : much faster and simpler than enzymatic 
procedure of offi cial method 

 2 

  Con : requires high spectral resolution 
 Mono- and 

diacylglycerols 
  1 H and  31 P   Pro : faster than offi cial method (GC)  1, 3 

  Con : no determination of acyl-chain profi le 
 Phenolic 

compounds 
profi le 

  1 H and  31 P   Pro : faster and simpler than HPLC; identifi ca-
tion at molecular level; new phenolic 
compounds have been discovered 

 4, 5, 6 

  Con : requires derivatization for  31 P NMR 
 Total, free, and 

esterifi ed sterols 
  1 H and  31 P   Pro : much faster than offi cial method (GC)  7 

  Con:  no determination of individual sterols; 
requires strong magnetic fi elds (≥500 MHz) 

 Free glycerol   31 P   Pro : much faster than periodate oxidation 
method 

 8 

  Con : requires derivatization 
 Phospholipids   31 P   Pro : faster and more accurate than TLC, 

GC-MS 
 9 

  Con : requires derivatization 
 Free acidity   31 P   Pro : faster and more accurate than offi cial 

methods of titration 
 10 

  Con : requires derivatization 
 Water content   31 P   Pro : much faster and more accurate than Karl 

Fischer, dry-oven method and azeotropic 
distillation 

 11 

  Con : requires derivatization 
 Iodine value   1 H and  13 C   Pro : much faster than offi cial methods of 

titration and GC 
 10, 12 

  Con : less accurate than offi cial method 
 Squalene   1 H   Pro : much faster than TLC, GC, HPLC  13 

  Con : complex spectra (observation of single 
signal in spectra), less accurate; requires 
strong magnetic fi elds (≥ 600 MHz) 

 Cycloarthenol   1 H   Pro : much faster than TLC, GC, GC-MS  13 
  Con : Complex spectrum (observation of only 

two signals), less accurate, requires strong 
magnetic fi elds (≤600 MHz) 

 Chlorophyll   1 H   Pro : much faster detection of adulteration with 
defective chlorophyll (lacking Mg) 

 13 

  Con : observation of a single signal (NH of 
porphyrin), requires strong magnetic fi elds 
(≤600 MHz) 

(continued)
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11.6.1        1 H NMR 

 This NMR methodology is the best one for the quantifi cation of fatty acids, despite 
the fact that it is unable to determine individual fatty acids (unlike gas chromatog-
raphy). Due to signal overlap, quantifi cation of the sum of saturated fatty acids 
(SFAs), the monounsaturated oleic acid (MUFA), and the polyunsaturated linoleic 
and linolenic acids (PUFAs) can be obtained by means of mathematical equations 
using appropriate signal intensities as variables. This procedure exempts linolenic 
acid, which can be quantifi ed from the signal of the methyl protons of the linolenyl 
chain at  δ  0.96. The much higher sensitivity of the proton nucleus makes this 
technique suitable for detection and direct quantifi cation of minor compounds 
of olive oil, such as free fatty acids, volatiles (alcohols and aldehydes), the two 
diacylglycerol isomers, total sterols, the hydrocarbon squalene, the tetracyclic alco-
hol cycloarthenol, and chlorophyll. Recent advances in  1 H NMR include the detec-
tion and quantifi cation of phenolic compounds in the polar part of olive oil mentioned 
previously, and, in combination with  31 P NMR, it enables the quantifi cation of total, 
free, and esterifi ed sterols (Hatzakis et al.  2010a ).  

 Constituent 
 Magnetic 
nucleus 

 Comparison with offi cial 
or well-recognized methods  References 

 Volatiles   1 H   Pro : much faster than GC, GC-MS, LC-GC  1 
  Con : detection of a small number of volatiles, 

requires strong magnetic fi elds (≥600 MHz) 
 Oxidation process   1 H and  13 C   Pro : monitoring at molecular level  14, 15 

  Con : less sensitive than optical and conven-
tional methods (rancimat, oxidation 
analytical indices) 

 Oxidation stability   13 C   Pro : determination at molecular level, better 
prediction than conventional methods 

 16 

  Con : requires lengthy sample pretreatment 
(chromatographic fractionation) 

 Color determination   13 C   Pro : determination at molecular level  17 
  Con : Lengthy sample pretreatment, lack of 

validation 
 Sensory quality   1 H   Pro : sensory attributes (odors and tastes) have 

been associated with characteristics signals 
in the spectrum 

 13 

  Cons : lack of validation 

  References: 1, Sacchi et al. ( 1997 ); 2, Vlahov ( 1999 ); 3, Spyros and Dais ( 2000 ); 4, Chistophoridou 
et al. ( 2005 ); 5, Christophoridou and Dais ( 2006 ); 6, Christophoridou and Dais ( 2009 ); 7, Hatzakis 
et al. ( 2010a ); 8, Hatzakis et al. ( 2010b ); 9, Hatzakis et al. ( 2008 ); 10, Fronimaki et al. ( 2002 ); 11, 
Hatzakis and Dais ( 2008 ); 12, Miyake et al. ( 1998 ); 13, Mannina and Segre ( 2002 ); 14, Guillen and 
Ruiz ( 2006 ); 15, Medina et al. ( 1998 ); 16, Hidalgo et al. ( 2002 ); 17, Zamora et al. ( 2003 )  

Table 11.3 (continued)
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11.6.2      13 C NMR 

 Almost all analyses performed by  1 H NMR can also be accomplished by  13 C NMR. 
Despite the sensitivity disadvantages,  13 C NMR is the preferred technique to obtain 
information about the positional distribution of the saturated, oleyl, linoleyl, and lino-
lenyl chains on the glycerol moiety (Vlahov  1999 ; Mavromoustakos et al.  1997 ; 
Mannina et al.  1999a ). This is achieved from the signal integrals in the carbonyl region 
of the spectrum as well as from those of the olefi nic carbons. Moreover, the 5 ppm 
distance between the signals of the allylic carbons of  cis  and  trans  double bonds 
allows an easy and accurate quantifi cation of  trans  fatty acids (Gao et al.  2009 ). 
Nevertheless, the insensitivity of the  13 C nucleus, the very small quantity of  trans  
lipids contained in foods, and the need for screening a large number of samples render 
this NMR technology problematic in terms of instrument time and cost.  Cis - trans  
isomers have been determined by the  1 H NMR technique as well using the allylic 
methylene protons adjacent to  cis  and  trans  double bonds (Sedman et al.  2010 ). 
However, the much smaller chemical shift difference (0.15 ppm) between the two 
signals requires a magnetic fi eld ≥14.1 T (600 MHz) to obtain a good separation of 
 cis  and  trans  proton signals. Recently, fractionation of olive oil by means of column 
chromatography was proposed (Zamora et al.  2002 ) in order to increase the concen-
tration of minor compounds, thereby boosting the potential of  13 C NMR analysis. As 
expected, the  13 C NMR spectrum of the oil fraction was more complex than that of 
intact oil due to the presence of additional signals of minor compounds. Statistical 
analysis of selected signal intensities in the spectrum of the oil fraction allowed pre-
diction (with great accuracy) of the stability of 66 vegetable oil samples, including 
virgin and refi ned olive oil (Hidalgo et al.  2002 ), and the calculation of oil colors 
(Zamora et al.  2003 ).  

11.6.3      31 P NMR 

 This NMR method was introduced recently as a complementary analytical tech-
nique for the analysis of olive oil.  31 P NMR spectra of olive oil were used for the 
detection and quantifi cation of phospholipids (Hatzakis et al.  2008 ) extracted from 
olive oil with a mixture of ethanol:water (2:1 v/v). The main phospholipids found in 
olive oil were phosphatidic acid, lyso-phosphatidic acid, and phosphatidylinositol. 
Direct phosphitylation of an olive oil sample was performed for the quantifi cation 
of diacylglycerols, total free sterols, and free fatty acids (Fig.  11.2 ), as mentioned 
previously, whereas phenolic compounds were identifi ed and quantifi ed in the polar 
part of olive oil (Christophoridou and Dais  2006 ). The resonances of the phosphity-
lated aliphatic and aromatic hydroxyl groups of phenolic compounds are illustrated 
in Fig.  11.13 . Fifteen polyphenols were detected and quantifi ed, including simple 
phenols, lignans, and fl avonols. The secoiridoid derivatives were determined in the 
form of total hydroxytyrosol and total tyrosol. The amounts of phenolic compounds 
determined by  13 P NMR agree very well with those obtained by applying  1 H NMR 
(Christophoridou and Dais  2009 ).
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  Fig. 11.13    202.2 MHz  31 P NMR spectrum of phosphitylated polar fraction of virgin olive 
oil sample in chloroform/pyridine solution: ( a ) aromatic region; ( b ) aliphatic region.  A  apigenin, 
 L  luteolin,  1-MAG  1-monoacylglycerols,  2-MAG  2-monoacylglycerols,  α α - D -glucopyranose,  β 
β -D - glucopyranose ,  f- and t-  free and total, respectively ( Source : Christophoridou and Dais ( 2006 ), 
with permission of American Chemical Society)       
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   Another application of  31 P NMR in olive oil analysis is the determination of 
water content in olive oil (Hatzakis and Dais  2008 ). Water is transferred to olive oil 
during olive crushing and malaxation, and its content in olive oil has long been 
recognized as an important factor determining the quality of olive oil (IOC  2003 ). 
Small quantities of water in olive oil are responsible for the creation and persistence 
of the suspended and dispersed material that constitutes the so-called veiling of 
olive oil. This oil is not attractive to the consumer, although some investigators have 
claimed that water and small particles dispersed in the oil have some antioxidant 
effects (Lercker et al.  1994 ). At any rate, water inducing degradation of minor com-
pounds during storage contributes to the perception of wine-vinegar and acid fl a-
vors, which deteriorates the organoleptic properties of olive oil. Phosphitylation of 
water molecules with compound 1    or, alternatively, with the reagent diphenylphos-
phinic chloride (3) was successful in determining the olive oil moisture with high 
accuracy (Hatzakis and Dais  2008 ). Reagent 3 reacts cleanly and instantaneously 
with water molecules under mild conditions with no side reactions, giving a sole 
product and, hence, a single signal in the  13 P NMR spectrum (Fig.  11.14 ).

  Fig. 11.14     31 P NMR spectrum (at 202.2 MHz) of a phosphitylated sample of olive oil with reagent 
3 in pyridine/chloroform solution. The phosphitylation reaction illustrated below the spectrum 
leads to the formation of the anhydride product 4. Methyltriphenylphosphonium iodide (5) is the 
internal standard. ( Source : Hatzakis et al. ( 2008 ), with permission of American Chemical Society)       
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11.7         Nuclear Magnetic Resonance Data Manipulation 
for Chemometric Analysis 

 Multivariate statistical analysis of NMR data can be performed on the basis of 
either selected  1 H or  13 C signal intensities of the oil samples or suitable chemical 
parameters determined by NMR. It could be said that the fi rst method resembles 
the chemometric approach of metabonomics, whereas the second technique is 
similar to the quantitative method or targeting profi ling of metabonomics. In the 
fi rst method, the selected resonances should show large intensity variability and 
be independent of one another. In the second method, olive oil constituents are 
identifi ed and quantifi ed before statistical analysis. For the fi rst method to work, 
it is critical to have a large number of spectra from many different samples col-
lected and processed identically. The quantitative method does not require identi-
cal conditions for spectral collection. Moreover, the latter method allows 
unambiguous compound identifi cation and precise quantifi cation. Compound 
identities and concentrations permit explicit recognition of olive oil metabolites 
and, hence, intermediate interpretation of their infl uence on olive oil characteris-
tics. However, the quantitative method is not as amenable to automation as the 
chemometric procedure. 

 Regardless of the method used, preprocessing and NMR data manipulation are 
crucial for subsequent multivariate analysis, as well as for the type of statistical 
method that can be utilized. Data manipulation can be performed in both the time 
and frequency domain after FT. Briefl y, the following steps are necessary for NMR 
data manipulation and processing:

    Time domain : zero-fi lling, linear prediction, or both; window function multiplication 
for resolution or sensitivity enhancement, Fourier transform.  

   Frequency domain : baseline offset correction, phasing, signal alignment, scaling 
(only for the chemometric method).    

 The next important step is the choice and application of the multivariate statisti-
cal method that can provide the highest possible discrimination of olive oils from 
different areas or cultivars, as well as olive oils from foreign oils in the context 
of adulteration studies. Statistical methods used in data analysis and validation of 
statistical models for prediction are discussed in details in Chap.   12    .  

11.8     Olive Oil Quality and Authentication 

 A proposed index to monitor the freshness of olive oil is the ratio of diacylglyc-
erol isomers (Sacchi et al.  1997 ). The diminution of the 1,2-DAG concentration 
during olive oil storage owing to its isomerization to more stable 1,3-DAG is 
indicative of VOO aging. The ratio  D  (1,2-DAG over total DAG) has been used as 

11 Nuclear Magnetic Resonance: Methodologies and Applications
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a secondary quality index to map the quality of a large number of EVOO samples 
(Fronimaki et al.  2002 ). The plot of  D  values versus total DAG in Fig.  11.15  can 
be considered as a quality map for Greek EVOOs collected in two harvest periods. 
EVOO samples pointing toward the upper left corner of the diagram are consid-
ered fresh oils, whereas those characterized as old oils have low  D  values and, 
depending on the total DAG, are oriented toward the lower left or right corner of 
the diagram. Refi ned oils, olive-pomace oils, and mixtures of olive oil and refi ned 
olive oil known as pure olive oil or blended olive oil, which are not EVOOs, tend 
clearly to the lower right corner of the diagram. Further studies (Spyros et al. 
 2004 ) have succeeded in giving quantitative information about olive oil aging 
through a mathematical equation that connects the storage time (age) of EVOO 
with the ratio  D  and free acidity.

   The usual approach to detecting EVOO adulteration is to compare the chemical 
composition of the suspect olive oil with limits for several of its constituents or 
physical constants imposed by the European Commission, the International Olive 

  Fig. 11.15    Plot of ratio  D  versus total diacylglycerols for virgin olive oils of various regions of 
Greece, commercial extra virgin ( EVOO ), commercial pure olive oils ( POO ), refi ned olive oils, 
and pomace oils. For the four regions of Crete (Sitia, Kolymbari, Peza, and Iraklion) the  solid sym-
bols  correspond to crops of the period 2000–2001, whereas the  empty symbols  correspond to crops of 
the period 1999–2000 ( Source : Fronimaki et al.  2002 , with permission of American Chemical 
Society)       
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Council (IOC), and other offi cial food organizations. Any adulterant addition is 
expected to modify the concentration of these constituents, or at least it will indicate 
an anomaly in its chemical composition. Along these lines, NMR offers a number 
of clues for olive oil adulteration, either by simple observation of the NMR spectra 
or by quantitative analysis. For instance, the appearance of a resonance in the car-
bonyl region ascribed to saturated fatty acids at the  sn -2 position of glycerol is 
considered fraudulent (EC  1991 ,  1995 ). Careful observation of the signals in par-
ticular regions of the  1 H NMR spectra of vegetable oils reveals slight differences in 
the chemical shifts of the saturated and unsaturated acids that allow discrimination 
of these oils and detection of likely adulteration (Guillen and Ruiz  2003 ). Another 
example is the detection of adulteration of EVOO by other oils based on the infl u-
ence of the added oils on 12  13 C signal intensities of EVOO samples (Mavromoustakos 
et al.  2000 ). Nevertheless, there exist three major problems associated with this 
procedure; inherent physical variation of olive oil characteristics infl uenced by 
extraneous factors is often observed. The cumulative rainfall during the summer 
period affected the composition of fatty acids and of phenolic compounds, whereas 
low temperatures during the olive harvest period infl uenced the contents of chloro-
phyll, carotenoid pigments, and α-tocopherol (Morelló et al.  2006 ). Another exam-
ple is the concentration of waxes, which should not exceed 250 ppm for EVOO. 
However, the concentration may exceed this limit during olive oil storage due to an 
increase in esterifi ed compounds, thus making uncertain the classifi cation of this 
olive oil sample as genuine (Aparicio and Aparicio-Ruiz  2000 ). A second problem 
appears when a foreign oil has a very similar chemical composition to that of 
EVOO (e.g., hazelnut oil). Another dilemma is caused by the discrepancy observed 
in the physical concentration of some constituents of local EVOOs with those of 
offi cial limits. This is attributed to specifi c climatic conditions prevailing in those 
regions affecting the ripening of the olive fruits at the time of harvesting. Such 
examples occur for olive oils originating from certain regions of Argentina and 
Australia (Ceci and Carelli  2007 ). Finally, slight differences in the NMR spectral 
parameters could become less reliable when a real adulteration problem is 
confronted. 

 New developments in the detection of fraud adopt chemometric methods. 
The general scheme of this methodology is as follows: the fi rst step is the buildup 
of a reliable statistical (classifi cation) model that discriminates EVOO from poten-
tial adulterants (seed oils or lower grade olive oils). This is usually done by apply-
ing multivariate statistical analysis either to signal intensities or to concentration 
values of certain olive oil components. The second step involves the preparation 
of a series of mixtures of EVOO with different adulterant concentrations and the 
use of the previous classifi cation model to identify the mixtures considered    as 
unknown samples. The adulterated EVOO samples lie between the group of 
EVOOs and the respective groups of seed oils or olive oils of lower quality. 
Table  11.4  shows a list of olive oil adulteration studies performed so far using 
NMR spectroscopy.

11 Nuclear Magnetic Resonance: Methodologies and Applications
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11.9        Geographical and Varietal Characterization 
of Olive Oil 

 The characterization of the geographical or varietal origins of EVOOs is becoming 
increasingly important. This is because false labeling of the origins of olive oil is 
considered another facet of fraud. With regard to the geographical origin, EVOO is 
permitted to be marketed under a Protected Designation of Origin (PDO) or 
Protected Geographical Indication (PGI) label on the basis of the area, cultivar, and 
methods of production. This labeling protects the reputation of the regional food 
and eliminates the unfair competition and misleading of consumers by nongenuine 
products, which may be of inferior quality. Moreover, olive oils made from a certain 
cultivar (monocultivar olive oils) are being increasingly introduced in markets, and 
their quality control requires the development of new and effective analytical meth-
odologies to detect fraud. Monocultivar olive oils have certain specifi c characteris-
tics ascribed to the olive cultivar and are therefore easier to elaborate. Several groups 
in different countries, especially from countries located in the Mediterranean basin, 
have investigated the possibility of discriminating olive oils originating from differ-
ent areas in the same country or from different countries by employing high-fi eld 
NMR spectroscopy in combination with multivariate statistical analysis. Their 
efforts have focused on selecting those biomarkers that are capable of discriminat-
ing oils. The biomarkers examined ranged from the major olive oil constituents, 
fatty acids and triacylglycerols, to minor components, sterols, phenols, volatiles, 
hydrocarbons, etc., or combinations of both. Minor components provide more useful 
information than major constituents, and they have been used more often to dis-
criminate olive oils according to their geographical or varietal origin. It appears that 
minor components are prone to greater concentration changes under the infl uence of 
various exogenous and endogenous factors (cultivar, ripening conditions, storage, 
climatic conditions, agricultural practices, and extraction technology). Table  11.5  lists 
NMR studies concerning olive oil classifi cation according to geographical origin and 
cultivar. This table contains the biomarkers used, the chemometric treatment, the 
cultivars analyzed, and their geographical origins, as well as the most important infor-
mation obtained from each study.

11.10        Future Trends and Perspectives 

 The NMR techniques described in this chapter and their application to olive oil 
analysis show the enormous potential of NMR in the quality control and authentica-
tion of olive oil. The identifi cation of different olive oil components at the molecular 
level facilitates current intensive efforts to establish the genuineness and quality of 
the product in a rapid and reliable way. In addition, application of multivariate sta-
tistics to NMR fi ngerprints increases signifi cantly the effi ciency of this technique, 
especially for the geographical and varietal classifi cation of olive oils. Future trends 

11 Nuclear Magnetic Resonance: Methodologies and Applications
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and perspectives encompass the detailed assessment and standardization of current 
NMR analytical procedures and accompanying quantitative responses. The NMR 
analytical approaches discussed in this chapter should be taken properly into con-
sideration by controlling agencies and accredited laboratories in order to support or 
even substitute some of the old-fashioned analytical protocols now used in olive oil 
authentication. The MEDEO research project (Development and Assessment of 
Methods for the Detection of Adulteration of Olive Oils with Hazelnut Oil) funded 
by the European Union is an important contribution in this direction. Another trend 
is the development of further innovative analytical NMR procedures that would 
allow the treatment of more complex problems related to olive oil quality and 
authentication. For instance, application of NMR metabonomics to more complex 
systems, such as binary or higher mixtures of olive oils from different monoculti-
vars, would establish subtle variations in the NMR spectral regions (signal intensi-
ties or chemical shifts) owing to the presence (or absence) of characteristic 
metabolites (e.g., phenols) that are unique to each oil component in the mixture. The 
profi ling of the NMR metabonomics data could help to authenticate the coupage 
(blending) of olive oils, which frequently raises doubts in consumersʼ minds about 
the quality of the commercialized olive oil. Another fi eld of exploration would be 
the investigation of possible existing differences in the deuterium distribution 
between minor compounds that belong to olive oil and potential adulterants, thus 
providing a useful NMR index to detect olive oil adulteration. A fi nal trend is the 
quality examination of olive fruits since the quality of the extracted oils depends 
ultimately on the quality of olive fruits. A potential, noninvasive method to investigate 
quality factors or dynamic changes inside the fruit without piercing or slicing is 
magnetic resonance imaging. This NMR methodology, which has not been exploited 
in research on olive oil as it should be, could yield information on internal quality 
defects and disorders due to proharvest treatment and processes leading to quality 
defects or insect attacks. Also, serial MRI measurements could provide information 
about developmental processes, such as fruit ripening.     
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12.1  Introduction

Some studies have pointed out that Andalusian (Baetican) olive oil was consumed 
in Germany (Germania) during the last centuries of the Roman Empire (Remesal- 
Rodríguez 1997). In fact, it has even been possible to determine the regions of 
Baetica and the producers who sent olive oil to Germania at any given time. 
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This research highlights not only economic relations inside the Roman Empire, 
or how the people of Germania became accustomed to eating this product, but also 
the importance of emphasizing distinctive properties of products coming from a 
particular region. This broad distribution of goods across Europe since ancient 
times indicates, in other words, the great importance of characterization and trace-
ability, which ultimately refers to distinctive chemical properties.

Hundreds of chemical compounds have been identified in olive oil, but only about 
200 have been used in characterization. With the perspective of such numbers of 
chemical compounds, researchers have studied the effect of both intrinsic (e.g., cul-
tivar, ripeness) and external (e.g., climate, extraction systems) variables on the evolu-
tion of chemical compounds. However, the evolution of only a few compounds has 
been clearly related to specific agronomic or technological aspects of production. 
The problem could be localized in the great interaction between different variables 
no matter what aspect is being characterized. The characterization of a varietal olive 
oil could be affected by, for example, climate, altitude of olive grove zones, harvest-
ing, ripening, extraction system, methodology of analysis, or the chemical com-
pounds selected. In contrast, various authors have stated that the content of phenols 
is affected by the altitude of olive grove zones, stage of ripeness at harvesting, extrac-
tion system, and variety of cultivar. Thus, it can be concluded that  characterization is 
not an easy task where we put data in one side of a black box (the computer) and get 
the results from the other side (the result of any statistical analysis). Characterization 
involves three issues: sampling, analysis, and mathematics. The first and third aspects 
of characterization will be described first, whereas the results of different kinds of 
characterization will be discussed later on.

12.2  Mathematical Procedures in Olive Oil Characterization

The procedures of mathematical analysis that are currently applied to empirical 
investigations have progressed notably in recent years with the widespread dissemi-
nation and application of computer science. From the initial application of univariate 
analyses, researchers have passed on to the intensive and extensive use of multivari-
ate procedures, or beyond artificial intelligence algorithms, in less than one decade. 
Two aspects are responsible for this qualitative step: first are the new sophisticated 
analytical instruments that are able to analyze hundreds of chemical compounds in 
dozens of samples daily; second is the use of personal computers that are less 
expensive and quicker, day by day, and that can be run with a great diversity of 
software packages.

 (a) The use of multivariate mathematical procedures has allowed conclusions that 
were unthinkable only three decades ago. However, the conclusions will only 
be useful if three steps are strictly followed:

 (b) Exploratory data analysis (EDA). Since the experience of a researcher cannot 
be sufficient to single out the significant information, the objective of EDA is to 
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obtain the maximum useful information from each chemical/physical data set. 
This step comprises descriptive univariate statistical algorithms (e.g., mean, 
normality assumption, skewness, kurtosis, variance, coefficient of variation), 
detection of outliers, cleansing of data matrices, use of basic algorithms such as, 
for example, box-and-whisker and stem-and-leaf. This study is also the so-called 
pretreatment of data and is crucial to avoid wrong or obvious conclusions.

 (c) Bivariate statistics. The objective of this step is to look for possible relation-
ships between pairs of variables. Pearson’s correlation has traditionally been the 
most widely used procedure, although the analysis of the correlation matrix 
should be studied before the use of most multivariate statistical procedures.

 (d) Multivariate statistics. The objective here is the simultaneous analysis of numer-
ous variables. Mathematicians classify multivariate analyses into two large 
groups, descriptive and explanatory, while chemometricians call them unsuper-
vised and supervised.

A general question that researchers in food characterization must face is how to 
organize observed data into meaningful structures. Regardless of the names given to 
the basic multivariate procedures, the descriptive (unsupervised) group is character-
ized by the fact that there is no previous hypothesis classifying or defining the objects 
(samples). The procedures clustered inside this group analyze the given information 
and explore the data matrix in the search for new knowledge. There are many statisti-
cal procedures within this group, such as factorial analysis [e.g., principal component 
analysis (PCA), maximum likelihood], canonical correlation, multiple partial 
correlation, clusters, correspondence analysis, procrusters, and multidimensional 
scaling. The explanatory (supervised) procedures, on the other hand, either have as 
their objective checking a priori hypothesis, e.g., varietal olive oil characterizing or 
classifying the samples, or they are simply dependence models that can be sub-
sumed under the general regression theory. Discriminant analysis, multivariate 
analysis of variance, regressions, log-linear models, and many others are explana-
tory procedures.

12.2.1  Pretreatment of Data

Statistics and artificial intelligence require a strict process of data selection. Since 
almost all statistical procedures are based on Bayesian theory, the information 
should comply with eight conditions:

 1. The error of the method (or overall variability) and uncertainty should be known.
 2. Chemical or physical analyses should be carried out in triplicate, or at least 

duplicate.
 3. The assumption of normality should be verified with each variable.
 4. Outliers (i.e., outlying data) should be detected and corrected if possible.
 5. The data set should have information on the whole range of values of the universe 

of discourse [e.g., a varietal virgin olive oil (VOO)].
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 6. The validation (test) set should be independent of the training set, if possible.
 7. The standardization of data should agree with the objective of the study.
 8. The number of variables (e.g., chemical compounds) should be lower than the 

number of objects (e.g., samples).

Knowing which factors contribute to the overall variability would allow for the 
control of and, if possible, improvement in methodology. The error is composed of 
the systematic error or bias, the unspecified random error, and a series of errors 
produced during the chemical or physical analyses (e.g., laboratory, operator, equip-
ment, calibration, standard recovering). Uncertainty, also expressed as the standard 
deviation, is the concept for measuring the quality of analytical procedures. Thus, 
variables must be quantified in duplicate or triplicate.

The vast majority of statistical procedures are based on the assumption of normal-
ity of variables. The central limit theorem protects against failures of normality and, 
furthermore, there are numerous mathematical transformations that are able to reduce 
skewness or the influence of outlying objects. Although univariate normality does 
not guarantee multivariate normality, the latter is increased whether or not all the 
variables have normal distributions; in any event, it avoids the deleterious conse-
quences of skewness and outliers on the robustness of many statistical procedures.

Since statistics works almost exclusively with numbers, abnormal data can cause 
mathematical procedures to yield obvious or wrong conclusions (e.g., outliers inside 
a training set of neural networks). Most outliers can be detected and some of them 
corrected before applying certain mathematical procedures using so-called robust 
algorithms (Armstrong and Beck 1990), although most statisticians usually remove 
them when the database is large enough. Those conclusions, however, are mostly 
due to databases that do not keep all the aspects of the characterization (e.g., partial 
or skew databases) or that merge data of identical chemical compounds quantified 
using different techniques (e.g., fatty acids quantified by different chromatographic 
columns).

Databases should be split into two independent parts: a training set and a test set. 
The first set is used to obtain mathematical equations, whereas the second set is used 
to validate them. The selection of objects (samples) for these sets should be carried 
out with random methods (e.g., random numbers) and the independent test set should 
have at least 25 % of the total samples. The use of an external validation set does not 
invalidate the use of some form of internal validation (e.g., cross validation or leverage 
correction) that is applied with success when the total number of objects is small.

In characterization, chemical or physical data can differ by orders of magnitude 
(e.g., parts per billion or parts per million); moreover, data are collected from 
instruments that often give information in different scientific measurements (e.g., 
degrees Celsius, percentage, or grams per liter). In these cases, scaling (also called 
standardization) should be applied in order to readjust the individual contributions 
to the outcome on an equal basis, so as to avoid having some variables with a 
greater weighting than others in the results.

Overfitting is the most common problem in multivariate statistical procedures 
when the number of variables is greater than the number of objects (samples); 
one can fit an elephant with enough variables. Minimum requirements have been 
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suggested for the multivariate procedures (Tabachnick and Fidell 1983); otherwise, 
overfitting can occur in a somewhat unpredictable manner regardless of the multi-
variate procedure chosen.

12.3  Multivariate Statistical Procedures

The primary goal of this section is to provide a summary of the most widely used 
multivariate procedures in olive oil characterization. Among the vast range currently 
available are the statistical procedures of well-known computer packages such as 
MATLAB, SAS, SPSS, and Statistica.

12.3.1  Cluster Analysis

Cluster analysis is a generic name for methods designed to help one understand the 
information of data matrices, to describe the similarities and dissimilarities among 
objects (cases or samples), and to single out categories that group similar objects. 
Cluster analysis is not so much a typical statistical test as a collection of various 
algorithms that put objects into clusters. Thus, cluster analysis should be used 
mostly when there are no a priori hypotheses and when the research is still in the 
explanatory phase. The term cluster analysis encompasses a number of different 
classification algorithms: K-means clustering, block clustering, and tree clustering. 
The k-means clustering method moves objects around a user-specified number of 
clusters with the goal of minimizing within-cluster variability while maximizing 
between-cluster variability (Jacobsen and Gunderson 1986). Block clustering 
simultaneously amalgamates objects and variables. Tree clustering, also called 
joining, is the most widely used one in characterization. It is based on two kinds of 
subprocedures: distance measures and amalgamation rules. Each statistical library 
or package has programmed a certain number of algorithms. The pros and cons of 
tree clustering are described below.

12.3.1.1  Distance Measures in Tree Clustering

The hierarchical clustering method uses the distances (or dissimilarities) between 
variables when forming the clusters. These distances can be based on a single 
dimension or multiple dimensions. Cluster analysis can compute various types of 
distance measures:

• The Euclidean distance is probably the most commonly chosen type of distance. 
It is simply the geometric distance in the multidimensional space.

• The squared Euclidean distance is similar to the preceding one, but it adds pro-
gressively greater weight to objects that are further apart.
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• The Chebyshev distance is recommended when the analyst wishes to state that 
there are objects that are different in any of the dimensions.

• The power distance is applied when one wants to increase or decrease the 
progressive weight of each dimension. This distance is equal to the Euclidean 
distance under certain circumstances.

• The Manhattan (city-block) distance is simply the average difference across 
dimensions. This distance usually yields results that are similar to the simple 
Euclidean distance, although the effect of outliers is dampened. If this distance is 
applied, then the outliers should be removed beforehand or corrected.

• The percent disagreement is a distance that is particularly useful if the information 
is categorical in nature.

• The Mahalanobis distance is a measure between two points in the space defined 
by two or more correlated variables. If there were two uncorrelated variables, the 
Mahalanobis distance between the points would then be identical to the Euclidean 
distance. When variables are correlated, the simple Euclidean distance is not an 
appropriate measure, whereas the Mahalanobis distance will adequately account 
for the correlation.

12.3.1.2  Amalgamation Rules in Tree Clustering

Once several objects have been linked together, the next step is to determine the 
distances between those new clusters. This new procedure is carried out by linkage 
or amalgamation rules that determine when two clusters are similar enough as to be 
linked together. Several possibilities exist:

• Single linkage (K-nearest neighbor) is determined by the distance of the two 
closest objects in the different clusters. Thus, the resulting clusters tend to represent 
long chains.

• Complete linkage (K-furthest neighbor) is determined by the greatest distance 
between any two objects in the different clusters. This amalgamation method is 
inappropriate if the clusters tend to be elongated, although it works reasonably 
well with naturally distinct objects (or variables).

• Unweighted pair-group average is the average distance between all pairs of 
objects in two different clusters. It should be used when the objects form natural 
distinct groups. This amalgamation method is not affected by the shape of clusters 
(e.g., elongated and chains).

• Weighted pair-group average is identical to the unweighted pair-group average 
method, except that the size of the respective clusters is used as a weight. 
This amalgamation method should be used when the cluster sizes are suspected 
to be largely uneven.

• Unweighted pair-group centroid is the center of gravity for each cluster, and the 
distance between two clusters is determined to be the difference between 
centroids.

• Weighted pair-group centroid is identical to the overweighted one, except that it 
takes into consideration the differences in cluster sizes. This amalgamation 
method is appropriate when there are appreciable differences in cluster sizes.
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• Ward’s method is different from all the other methods in that it uses an analysis-of- 
variance approach to evaluate the distances between clusters. This method is 
regarded as quite efficient, although it tends to create small clusters.

Cluster analysis has been applied to tasting sensory descriptors (bitter and 
pungent) that were evaluated in a number of VOOs by panels of different nationali-
ties (Fig. 12.1). Greek (G), Italian (I2), and Spanish (S) panels strictly followed the 
official methods (EC 1995) for VOO evaluation, while Dutch (H) and Italian (I1) 
QDA (quantitative-descriptive analysis) panels applied respectively structured (0-9) 
and unstructured (130 mm) scales. Figure 12.1 shows how the selection of amalga-
mation rules and the linkage distances determine the result; thus, analysts should 
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bear in mind this subject before applying cluster analysis. At first glance, both plots 
(A, B) show that there are two large groups [panels based on official methods 
(EC 1995) vs. nonnormalized QDA panels], but in fact there are important differ-
ences that can lead to different conclusions if the multidimensional scaling (MDS) 
statistical procedure (Sect. 12.3.3) had been applied to the results.

12.3.2  Factor Analysis

A group of techniques known as factor analysis (FA) has been developed for the 
modeling of complex data. Among the many ways of carrying out FA, PCA is one 
of the best known, and it is applied in characterization. The objective in applying FA 
is to obtain a number of unobservable factors, from the original set of observable 
variables (e.g., sensory perceptions, chemical components), so as to reduce a large 
raw data matrix to another, smaller one while retaining most of the original informa-
tion. FA produces several linear combinations of observed variables generally 
termed eigenvectors, but they are more frequently called either factors, when data 
have not been centered, or components, when data have been autoscaled and applied 
to only one category. The steps in FA include selecting a group of original variables, 
building the correlation matrix, determining the number of eigenvectors (components 
or factors) to be considered, extracting a set of eigenvectors from the correlation 
matrix, rotating the eigenvectors to increase interpretability, and, eventually, making 
the conclusions. There are two requirements for the conclusions: they must make 
sense and they should be supported, when used in characterization, by chemical or 
physical or biochemical or climatic or agronomic knowledge to demonstrate that 
results were not obtained by chance.

12.3.2.1  Algorithms for Extracting Eigenvectors That Explain  
the Variability of Data

Numerous procedures for factor extraction are available; those described below are 
the most common. All these extraction methods calculate a set of orthogonal factors 
(or components) that in combination reproduce the matrix of the correlation. 
The criteria used to generate the factors can differ from method to method, but 
differences between the solutions may be very small.

• PCA is the most widely used multivariate procedure because it is easy to interpret 
and permits an explanation for the maximal variability of the initial distribution. 
Moreover, there is no need to invert a matrix when applying this method.

• Communalities by multiple R-square are a common default method for estimat-
ing the communalities for principal FA. In this method, the diagonal of the 
correlation matrix (communalities) will be computed as the multiple R-square of 
the respective variable with all other variables prior to factoring.
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• The iterated communalities method uses multiple R-square estimates for the 
communalities, and later the method adjusts the loadings over several iterations. 
The residual sums of squares are used to evaluate the goodness of fit of the result-
ing solution.

• The centroid method is the geometrical approach to FA.
• The principal axis method first computes the eigenvalues from current commu-

nalities and then the next communalities (sum of squared loadings) are repeat-
edly recomputed, based on the subsequent extracted eigenvalues and eigenvectors, 
to determine the minimal changes in communalities.

• The maximum likelihood factors method requires an a priori hypothesis on the 
number of possible factors, and the method calculates the loadings and commu-
nalities that maximize the likelihood of the correlation matrix.

Regardless of the method applied to extract factors, an algorithm should be later 
used to remove those eigenvectors that are too dependent on the actual objects, 
which could reduce the validity of the model. Cross validation, the process of 
assessing the predictive accuracy of a model in a test sample, allows the selection of 
eigenvectors that give the minimum residual sum of squares for the omitted objects 
(Piggot and Sharman 1986).

Each of the various methods for extracting factors has a distinct mathematical 
background, but from an empirical viewpoint, there are no significant differences in 
the results. Hence, PCA can be recommended because it is simply a mathematical 
transformation of raw data. Figure 12.2 illustrates the result of applying PCA and 
the principal axis method to the characterization of varietal VOOs by sensory 
descriptors.

12.3.2.2  Graphical Representation of Results: Rotation

Eigenvector rotation is applied only as an aid to the interpretation and scientific 
utility of results, but it does not improve the fit between the observed and repro-
duced correlation matrices. The four types of rotation are as follows:

• A varimax normalized (or simply varimax) algorithm performs a rotation of 
the normalized factor loadings, which are the raw factor loadings divided by the 
square roots of the corresponding communalities. In mathematical terms, it 
maximizes the variances in the columns of the matrix of the squared normalized 
factor loadings. It is the most commonly used algorithm.

• The quartimax normalized method maximizes the variances in the rows of the 
matrix of the squared normalized factor loadings or in the squared raw factor 
loadings if normalization has not been requested (quartimax raw).

• An equamax rotation is a weighted mixture of the varimax and quartimax rotations. 
It simultaneously maximizes the variances in the rows and columns of the matrix 
of the squared raw factor loadings.

• The oblique rotation was developed to rotate factors, without the constraint of 
orthogonality of factors, although they are often not easily interpreted.
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12.3.2.3  Analyzing the Results

With the application of FA, three practical issues should be taken into account: 
(1) multicollinearity and singularity, (2) outliers among variables and with respect 
to the solution, and (3) validation of results. Extreme multicollinearity and singular-
ity must be avoided for those algorithms that require matrix inversion. When multi-
collinearity is present, it might be necessary to eliminate some variables. Variables 
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that are unrelated to others should be identified as potential outliers. To determine 
which objects (samples or cases) are multivariate outliers, one should calculate a 
critical value by looking up the critical χ2 at the desired alpha level (Tabachnick and 
Fidell 1983). Confirmatory FA is performed to test hypotheses about the structure 
of the underlying processes (e.g., which variables in a data set form coherent clus-
ters that are relatively independent of one another). Thus, confirmatory FA requires 
a validation process that can be carried out with an independent test set of data 
(external validation) or the same data set (validation set). Algorithms used in the 
latter validation include cross validation, leverage correction, bootstrap, or Mallows 
Cp (Martens and Næs 1989).

12.3.2.4  Current Problems with FA

Computationally, FA needs to invert the correlation matrix. If this correlation matrix 
includes variables that are 100 % redundant, the inverse of the matrix cannot be 
computed; this is the so-called ill-conditioning matrix. In practice, this happens 
when there are high intercorrelated variables (e.g., variables that are the sum of 
other variables). Statistical packages can artificially add a small constant to the 
diagonal of the matrix, thus lowering the whole correlation in the correlation matrix, 
but researchers usually forget that these resulting estimates will not be exact.

12.3.3  Multidimensional Scaling

Multidimensional scaling (MDS) is an alternative to FA when the goal of the analysis 
is to explain observed similarities or dissimilarities (distances) between investigated 
objects (e.g., samples from different geographical origins). MDS can analyze any 
kind of similarity or dissimilarity matrix, in addition to correlation matrices. 
It can be applied to the results of cluster analysis; thus, the aforementioned algo-
rithms for the distances and amalgamations can be used to build the similarity (or 
dissimilarity) matrix.

The MDS procedure allows the researcher to ask questions and to derive from 
those questions underlying dimensions without the respondents ever knowing the 
researcher’s real interest. This is of great interest for VOO sensory characterization 
or for studies on the relationship between sensory descriptors and the chemical 
compounds responsible for them. Thus, MDS is not so much an exact procedure as 
it is a way to rearrange objects in an efficient manner, so as to arrive at a configura-
tion that best approximates the observed distances. In more technical terms, the 
program uses a function minimization algorithm that evaluates different configura-
tions with the goal of maximizing the goodness of fit (or minimizing lack of fit). 
Stress is the commonest measure of goodness of fit. It is used to evaluate how well 
(or poorly) a particular configuration reproduces the observed distance matrix. 
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Thus, the smaller the stress value, the better is the fit of the reproduced distance 
matrix to the observed distance matrix.

The reproduced distances plotted on the vertical (Y) axis against the original 
similarities plotted on the horizontal (X) axis configure the Shepard diagram. 
The result is a step line that represents the so-called D-hat values. The interpreta-
tion of dimensions usually represents the final step of this multivariate procedure. 
As in FA, the final orientation of axes in the plane or space is mostly the result of 
a subjective decision by the researcher because the distances between objects 
remain the same regardless of the type of rotation. An analytical way of interpret-
ing dimensions is to use regression techniques to regress some meaningful vari-
ables on the coordinates for the different dimensions. Figure 12.3 shows an 
example of the application of MDS. An interesting application is given by 
Aparicio et al. (1996a).

12.3.3.1  Factor Analysis Versus Multidimensional Scaling

Although similarities exist between MDS and FA, the two procedures are funda-
mentally different in their essence. FA requires that the underlying data be distrib-
uted as multivariate normal and that the relationships be linear, whereas MDS 
imposes no such restrictions. Because FA tends to extract more factors than MDS, 
the latter often yields more-interpretable solutions. MDS can be applied to any kind 
of distances or similarities, but FA requires the computation of a correlation matrix. 
Concerning sensory analysis and characterization, MDS can be directly applied to 
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the analysis of stimuli, whereas FA requires the consideration of stimuli on certain 
sensory descriptors (Schiffman et al. 1981).

12.3.4  Discriminant Analysis

Discriminant analysis is used not only to determine which variables discriminate 
between two or more naturally occurring groups, but also to determine which 
variables are the best predictors discriminating between groups. The discriminant 
model may be interpreted as a special type of FA that extracts orthogonal factors. 
This procedure is disparaged by certain chemometricians who say that it capitalizes 
on chance because it “picks and chooses” the variables to be included in the model. 
If the procedure is applied with rigor (Fisher for the selection of initial variables, 
adequate values of F-to-Enter and F-to-Remove, Jackknife algorithm, and a valida-
tion set), however, the procedure can render results as good as the unsupervised 
procedures.

The objective of the procedure is to build a model in which all of the variables 
can better predict to which group an object (sample or case) belongs (e.g., a sample of 
VOO cv. Picual with respect to the Picual variety group). Forward stepwise analysis 
can be used to build a model of discrimination step by step. At each step, all 
unselected variables are evaluated to determine which one contributes most to the 
discrimination between groups, and that variable will then be included in the model. 
The backward stepwise analysis first includes all the variables in the model and 
then, at each step, eliminates the variable that contributes least to the prediction of 
group membership. The model retains only the important variables, that is, those 
variables that contribute the most to the discrimination between groups. The control 
of the variables included or excluded from the model is carried out by the a priori 
F-to-enter and F-to-remove values. The F value is a measure of the extent to which 
a variable makes a unique contribution to the prediction of group membership. 
These values must be fixed with strictness; the higher the values, the lesser the 
variables included but the better the validation results. F-to-enter values can be 
taken from an F-distribution (m × n) table at 99 %, where m is the number of groups 
and n the number of samples of the smallest group.

12.3.4.1  Current Tests Before Assuming the Final Conclusions

It is assumed that the variance/covariance matrices of variables are homogeneous 
across groups. It is suggested, however, to review the within-groups variances and 
correlation matrices before accepting final conclusions and rerun the analyses 
excluding one or two groups that are of less interest when in doubt. The a priori 
probabilities, which can greatly affect the accuracy of the classification, are addi-
tional factors that need to be considered when analyzing the objects to be classified. 
If the analyst sees that there are more objects (samples) in one group than in any 
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other, the discriminant analysis should be readjusted with a priori probabilities 
proportional to the sizes of the groups, or another user-defined algorithm.

Once the procedure has computed the classification scores, the analyst should 
know the posterior probabilities by the Mahalanobis distances. The probability that 
an object (i.e., a sample) can be classified within a group is proportional to the 
Mahalanobis distance from the hypothetical sample location to the group centroid.

Another assumption of discriminant function analysis is that the variables used 
to discriminate between groups are not completely redundant. If any one of the 
variables is completely redundant with respect to the other variables, then the matrix 
is ill-conditioned and cannot be inverted.

A few extreme outliers have a large impact on the means and increase the variability 
as well. An inspection of the means and standard deviations or variances could assist 
in detecting outliers that must be removed or the methods that must be used to correct 
their influence.

The number of discriminant functions, which makes reliable groups differ, is 
typically one or two, so that the remaining orthogonal discriminant functions 
scarcely provide additional information about group membership and are, in general, 
better ignored.

Finally, the major “real” threat to the validity of significance tests occurs when 
the means for variables across groups are correlated with the variances (or standard 
deviations). Intuitively, if there is high variability in a group with particularly high 
means on some variables, those high means are not reliable. The overall signifi-
cance tests, however, are based on pooled variances, that is, the average variance 
across all the groups. Thus, the significance tests on the relatively larger means 
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(with the large variances) would be based on the relatively smaller pooled variances, 
resulting, erroneously, in statistical significance.

Figure 12.4 shows the results of applying stepwise linear discriminant analysis 
(SLDA) to some Andalusian VOOs characterized by 55 variables (chemical com-
pounds), although the procedure used only 7 of them. Thus, SLDA can be applied 
to select the best variables characterizing a priori clusters, and then PCA works 
with only those selected variables (Baeten et al. 1996). This two-step procedure 
would avoid building a model from pure noise or where noise has a great influence 
(Aparicio 1997).

12.3.4.2  Other Statistical Multivariate Procedures in Food 
Characterization

Multivariate calibration was developed to find the relationship between one or more 
dependent variables and a group of independent variables. The objective is to design a 
model for the relationship. In practice, a linear model is usually used for explaining 
the relationship, but other possibilities also exist. Stepwise multiple linear regression, 
partial least-squares regression, principal component regression, and piecewise linear 
regression are the most commonly used procedures for linear solutions. Nonlinear 
regression procedures, like logistic models, growth models, and probit and logit 
models, among others, are used as well.

Ridge regression (RR) analysis is used when the independent variables are highly 
interrelated and stable estimates for the regression coefficients cannot be obtained 
via ordinary least-squares methods (Pfaffenberger and Dielman 1990).

Correspondence analysis is a descriptive/exploratory technique designed to 
analyze simple two-way and multiway tables containing some measures of corre-
spondence between the rows and columns. The results provide information similar 
in nature to those produced by FA techniques.

Another interesting statistical procedure is canonical correlation, which allows 
one to determine the correlation between two sets of objects and to know the redun-
dancy between them; this procedure is particularly useful in sensory analyses. 
Procluster analysis (Arnold and Williams 1986) is also able to analyze the behavior 
of each panelist in sensory analysis. Statistical sensory wheel (SSW) (García- 
González et al. 2009a), based on directional statistics (Mardia 1972) and PCA, 
allows for clustering inside a circle of not only the sensory descriptors but also of 
the chemical compounds responsible for them. This algorithm is able to determine 
the relationship between sensory descriptors and chemical compounds, certain syn-
ergies and antagonisms between chemical compounds, and the interaction between 
sensory descriptors and basic stimuli.
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12.4  Artificial Intelligence Methods in Food 
Characterization

When the analyst faces a characterization problem and makes the decision to 
analyze it using artificial intelligence methods, the most common methods chosen 
are expert systems (ESs), artificial neural networks (ANNs), and fuzzy logic. 
Usually, one wonders which method would give the best conclusions. Each one of 
these methods (models) has its advantages and disadvantages. Although they are 
dissected in subsections below, simple definitions can shed light on their possible 
application in food characterization. Neural networks are models that can learn 
from past experiences through adaptive programs, which means that they do not 
reqeuire knowledge about the nature of the relationship of the process parameters, 
but they have some of the disadvantages of discrimination systems. The theory of 
fuzzy sets provides a convenient means to deal with imprecision, vagueness, and 
ill-defined and doubtful data (Aparicio et al. 1996a; Aparicio 2000). ESs are intelli-
gent, efficient, and reliable programs that are able to solve a particular problem 
based on knowledge bases of heuristic rules. They also have the ability to self-learn 
and to correct inaccurate stored information.

12.4.1  Expert Systems

Statistical packages are generally employed because they provide users with the 
mechanics of data analysis; however, they do not help very much with analytical 
strategies. A user must think about different aspects simultaneously while conduct-
ing an analysis, which is not easy because data analysis must be done by structur-
ing the analysis processes into various successive steps. Despite these problems, 
probability theory has been extensively applied in olive oil characterization, 
whereas too few applications of ESs have been made (Aparicio 1988; Aparicio and 
Alonso 1994; Aparicio et al. 1994a; Adler et al. 1993; Betteridge et al. 1988; 
González- Andujar 2009), perhaps because of the lack of mathematical background 
among analysts.

The ability to make decisions on the basis of knowledge makes ESs different 
from statistical programs. Their essential characteristics are the self-learning, 
look- ahead, and back-propagation to the point that they are sine qua non conditions 
for true ESs. The most important tasks in building an ES are to extract knowledge 
rules and to design an algorithm for controlling them. The resulting ES is composed 
of a knowledge base and an inference engine. The former contains the domain 
knowledge in the form of facts and rules, while the latter is able to cluster only the 
knowledge related to a specific universe of discourse (e.g., a varietal VOO, the geo-
graphical origin of a VOO) and to apply the rules in the appropriate order to infer 
correct conclusions.
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ESs work with rules that have been built independently. Each rule has proposi-
tions that are related to a parameter, or a ratio between parameters or an equation 
classifying categories (e.g., two varietal VOOs) of the universe of discourse (e.g., a 
varietal olive oil) to be characterized. The SEXIA TM has a knowledge base of 
more than 400 rules that compile more than 1,400 samples of European VOOs char-
acterized by 65 chemical compounds (Aparicio and Alonso 1994). The knowledge 
base stores rules related to geographical origin, cultivar, ripeness, extraction sys-
tems, and so on.

12.4.2  Artificial Neural Networks

Artificial neural networks (ANNs) have become one of the most applied artificial 
intelligence algorithms. They are adaptive algorithms capable of learning from past 
experiences. The algorithm, based on a binary threshold unit (McCulloch and Pitts 
1943), allows universal computation under certain conditions. ANNs, like the 
human brain, process information through a training process using a set of known 
samples to reduce the error of a predicting model. The training process makes it 
possible to determine the efficiency of a model and can be repeated (retrained) in the 
case of a significant change in the nature of the data.

ANNs have been applied to analyze complex nonlinear data with satisfactory 
outputs. Thus, ANNs are particularly useful for processing data that are difficult to 
interpret because of the absence of chemical assignments, such as those registered by 
sensors or spectrometers. Two of the main advantages of ANNs over other algorithms 
are the high adaptability and the high noise tolerance (Gardner et al. 1990), which 
make this mathematical procedure adequate for processing chemical data affected by 
repeatability or sensitivity problems. Furthermore, ANNs are able to compensate the 
signal shift in quantification due to errors in calibration or to drift problems of some 
instruments (Lazzerini and Maggiore 1998). ANNs also have some disadvantages, 
such as the difficulty of selecting an appropriate training system and the ANN archi-
tecture (Singh et al. 1996). The values of the parameters at the beginning of training 
are randomly selected, and consequently the training process is subjected to noncon-
trolled variations that make it nonreproducible (Lazzerini and Maggiore 1998). As a 
consequence, the training time to obtain optimum results is unpredictable to some 
extent since it depends on the initial values. The procedures for exploring data prior 
to training are necessary to know the nature of the information, namely, variability, 
linearity, and noise, among other features. PCA can be used and its principal compo-
nents can even be submitted as input variables in ANNs.

The structure of neural networks is a set of nodes at different levels (or layers) 
where the node of a layer is linked with all the nodes of the next layer. This structure 
is the so-called multilayer perceptron, or MLP (Huang 2009), and it is a procedure 
commonly used for classification tasks. Figure 12.5 shows the general structure of 
a MLP. The perceptron is a set of input terminals – nodes, units, or neurons (i and j) 
– that are distributed in three layers: input layer, hidden layer, and output layer. 
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The input layer feeds input patterns of one or more intermediate layers of units, 
commonly called hidden units. The hidden layers are followed by an output layer 
where the result of the computation is read off. Each of these units or neurons com-
putes a weighted sum of its inputs from other neurons of the previous layer. When 
the MLP is designed to classify samples into two groups or classes, the output layer 
is formed by a single unit. In that case, the final output is typically assigned a 
binary value (1 or 0) according to whether the sum is above or below a certain 
threshold. This classical definition has been generalized in the equation

 
n f w n a for i j to ni ij j i: ( ), , ,= − =Σ 1

 

where the number ni represents the state of the unit and is continuous-valued; f(x) is 
a general nonlinear function called activation function; wij represents the strength of 
the connection between unit i and unit j (if it is zero, then there is no connection, but 
if it is positive or negative, then it indicates an excitatory or inhibitory connection); 
ai is the specific threshold value for unit i; and the sign := emphasizes that the equa-
tion is not a function of time since it is updated asynchronously.

Figure 12.6 shows the details of a node or neuron and the synaptic connections 
with other nodes. As was explained earlier, the synaptic connection between neu-
rons is defined by an equation in which each node has a weight value associated 
with it (wij). Thus, the input value of each node is obtained by summing up all the 
output values of the nodes of the previous layer, multiplied by the corresponding 
weights (wij) and subtracting the threshold values (ai and aj). Then the resulting 
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Fig. 12.5 General scheme of a multilayer perceptron (MLP)
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value is submitted to an activation function [f(x)] to yield the output of this node. 
This output will be the input value for the next layer. The activation function shown 
in Fig. 12.6 is the sigmoid function that is appropriate for classification tasks.

The design and training of an ANN involve choosing the right network architec-
ture (organization of layers and nodes) and the right weight and threshold values (wij, 
ai, and aj). The most common solution is the iterative adjustments of the wij strengths, 
which may be done by supervised or unsupervised learning. The former is based on 
the comparison of the network output with known correct answers. The differences 
between the ANN output and the right answers are represented by the error factor, 
which is used for generating the weight adjustment in the output and hidden layers. 
In general terms the design and the training includes three basic steps:

 1. Selection of the best input variables before starting the training. This selection 
can be carried out by genetic algorithms. These algorithms imply the evolution 
or small changes of an initial population (initial randomly selected data set). 
These small changes are called mutations. The algorithm is run until the best 
possible classification rates are reached.

 2. Selection of the best network architecture. As a general rule, the structure of the 
network is defined by taking into account the notion that the number of units of 
the hidden layer should be similar to half of the sum of input and output units. 
The network architecture is very important because each application requires its 
own design. To get good results, one should build into the network as much 
knowledge as possible and use criteria for optimal network architecture such as 
the number of units, number of connections, learning time, cost, and so on. A 
genetic algorithm can be used to search the possible architectures (Whitley and 
Hanson 1989). Figure 12.7 shows some networks of unsupervised and super-
vised procedures.

 3. Network training. Once the structure of the network is decided, the weight and 
threshold values that define the connection between layers must be established 
through a training process that minimizes the prediction error. The error of a 
particular MLP is obtained by comparing the outputs of the N training samples 
with the expected results (for example, 0 and 1 for two classes). The error func-
tion can be the root mean square error (RMSE) function in which all the errors 
are squared and summed up, resulting in a single value that represents the error 
of the neural network. The RMSE function is expressed as
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where N is the number of training samples,

f xo

n�
( )  is the expected value of the activation function of the output node for 
sample n, and

f xo
n ( )  is the observed value of the activation function of the output node for 
sample n.

Although there are many kinds of training algorithms to minimize RMSE 
values, two of the most widely used in MLP are backpropagation (BP) and conju-
gated gradient descent (CGD) (Bishop 1995). These two supervised algorithms use 
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Fig. 12.7 Networks of different kinds of artificial neural networks (ANN): (a) one-layer percep-
tron; (b) two-layer feedforward perceptron; (c) network for PCA with anti-Hebbian learning; (d) 
v1 is the first PCA, v2 the second PCA, and so on; a simple competitive learning network; (e) 
simple Hebbian learning; (f) Sanger’s unsupervised learning
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the concept of error surface. An error surface is a surface of p + 1 dimensions that 
represents the error of a model for p parameters. These p parameters are the weights 
and threshold values (w and a). These algorithms starts with an initial set of w and 
a values randomly selected. The algorithms search for a global minimum error by 
computing the slope at each point on the error surface and moving toward w and a 
values, which provide lower RMSE. The algorithms run until a local minimum 
error is obtained where any change in w and a results in no improvement in 
RMSE. The training algorithms also stop if the differences between the RMSE of 
the training set of samples and a verification set of samples are too high to avoid 
an overfitting of the weight and threshold values.

Once the network is trained, the performance of the designed network can be 
checked by an external validation set of samples. Therefore, in general terms, the 
design of MLPs requires three sets of samples (Fig. 12.8): the training set to select 
the best variables (weights and thresholds), the verification set to avoid overfitting 
or overlearning, and the validation set to test the performance when working with 
unknown samples.

The network can also be trained with unsupervised procedures in which there is 
no pattern with which results can be matched and the network is expected to create 
categories from the correlation between the input data. Thus, there is no feedback 
saying what the outputs should be or whether they are correct. This means that 
unsupervised learning can only do something useful when there is redundancy in 
the input data (Barlow 1989). Unsupervised learning can be based on Hebbian 
learning (Hebb 1949) and extension rules (Oja 1989; Sangers 1989), where multi-
ple output units are often active together, or on competitive learning in which only 
one output unit per group is on at a time. The former learning offers different pos-
sibilities such as procedures close to statistical algorithms of principal components 
and cluster analysis. The objective of competitive learning is to categorize the 
input data by different models such as Willshaw and von der Masburg or Kohonen’s 
algorithm. Unsupervised learning is rapid as it does not use BP, which can be 
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Fig. 12.8 Sample sets required for designing and testing a multilayer perceptron (MLP)
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extremely slow, and it is advisable to apply it before training a network with a 
supervised procedure with BP. This unsupervised learning works in the case of 
problems where similar input vectors produce similar outputs. Counterpropagation 
networks use unsupervised procedures for the connection of the inputs with the 
hidden layer and supervised procedures for the connection of the hidden layer with 
the outputs.

In regard to traceability, Schierle and Otto (1992) and Lohninger and Stancl 
(1992) also carried out comparative studies of ANNs and multivariate statistical 
procedures. Although ANNs have been extensively applied in many kinds of appli-
cation to characterize foods, this procedure works better than classical statistical 
techniques in complex classification tasks, where the data sets are large and have a 
significant noise component. For that reason, ANNs are particularly useful in 
sensory quality characterization and geographical traceability of olive oils.

12.5  State of the Art in Virgin Olive Oil Traceability

The many factors that affect the traceability of VOOs can be clustered into four 
broad groups: (1) environmental (soil, climate); (2) agronomic (irrigation, fertilization); 
(3) cultivation and harvesting (cultivar, ripeness); and (4) technological factors 
(postharvest storage and extraction). The diversity and interrelationship of these 
factors make it very difficult to carry out a complete traceability of VOOs by either 
their chemical composition or sensory descriptors.

The first step for correct traceability is to define the strategy for olive oil sampling. 
General objectives look for intercluster differences taking into consideration the 
maximum intracluster variability. A geographical origin characterization, for exam-
ple, requires samples from all the sources of variation (cultivar, altitude, extraction 
systems, harvesting time, or ripeness, among others). Specific objectives, by con-
trast, look for samples with the minimum intracluster variability. The ripeness char-
acterization, for example, should avoid VOO samples obtained by different extraction 
systems but collect samples from different altitudes and climates. At any rate, how 
information is managed is crucial to avoid obvious or wrong conclusions. In general, 
the mathematical problems are limited to the improper use of procedures or the 
nonexistence of a validation process.

Another big problem concerns the distribution of the values of the chemical 
parameters over the years. A high degree of data dispersion for some chemical 
parameters over time might decrease the coefficients of correct classification 
obtained by statistical procedures applied to a crop from a single year. Studies using 
information from only one crop can yield a high value of misclassifications when 
they are verified with data from other crops.

Finally, the quantification of chemical compounds is crucial for arriving at 
plausible results, although there are classical problems affecting the analyses. 
Thus, the use of unidentified compounds can lead to the selection of artifacts as 
potential sources of discrimination. The use of redundant information, such as 
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chemical compounds and their sum, or fatty acids and certain triacylglycerols 
(TAGs), can be a useless activity, particularly because it may also produce noise 
in the course of discrimination. A real problem is also the use of data sets obtained 
by different chemical methodologies (e.g., capillary, semicapillary, and packed 
chromatographic columns), which leads to problems when the information is 
cross-tabulated.

12.5.1  Characterization of Certain Agronomic  
and Pedoclimatic Aspects

It is generally accepted that climate has a great influence on ripeness and, hence, 
on the chemical composition of vegetable oils. For example, the concentration of 
β-sistosterol increases and those of campesterol and stigmasterol decrease when 
the climate becomes colder. These conclusions, which had been extensively 
 demonstrated with oilseeds, have also been studied in olives.

Many studies have reported significant statistical differences between oils from 
olive groves cultivated near the Mediterranean Sea and those harvested in the moun-
tains. Thus, VOOs of fruits collected from low altitudes have higher amounts of 
sterols, tocopherols, and phenols and lower contents of chlorophylls and unsatu-
rated fatty acids (García-González et al. 2009a; Moussa et al. 1996) than oils from 
the mountains. Beyond this point, it has been verified that linoleic acid, 
24- methylene-cycloartanol, β-sitosterol, and copaene are distinguishing features 
among VOOs from elevations below 400 m and above 700 m (Table 12.1), even 
using a test set with samples from different crop years (Aparicio et al. 1994a; Paz 

Table 12.1 Content of some chemical compounds of cv. Picual at different altitudes

Chemical compound

Altitude

<400 m 400–700 m >700 m

Palmitoleic acid (%) 0.82 0.68 0.62
Linoleic acid (%) 5.20 5.43 5.73
β-sitosterol (mg/kg) 1,329.22 1,250.68 1,103.38
Sigmasterol (mg/kg) 16.87 14.06 12.26
Campesterol 48.82 46.42 41.23
Sum of sterols (mg/kg) 1,459.77 1,380.26 1,217.96
Cycloarthenol (mg/kg) 104.81 161.55 194.39
24-methylene cycloarthanol (mg/kg) 610.43 979.14 1,203.55
Phytol (mg/kg) 32.68 27.97 39.43
Copaene (mg/kg) 0.26 0.34 0.59
Tridecene (mg/kg) 5.68 5.05 3.65
Heptadecene (mg/kg) 0.029 0.027 0.23
Heneicosane (mg/kg) 0.43 0.41 0.36
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Aguilera et al. 2005). Because 24-methylene-cycloartanol increases and β-sitosterol 
decreases during ripening (Frega and Lercker 1986), the test results also indicate 
that olives at high altitudes reach maturity more slowly.

The fact that the ratio of unsaturated/saturated fatty acids rises with the altitude 
of olive grove zones has great importance from the standpoint of either shelf life 
or sensory quality. Paz Aguilera et al. (2005) corroborated the findings of Aparicio 
et al. (1994a) that olive oils from low elevations have higher oxidative stability 
than those from high altitudes because the percentage of unsaturated fatty acids 
increases as the temperature decreases within the same growing area. This oxidative 
stability is also related to the content of α-tocopherol, which has a pronounced anti-
oxidant activity (Blekas et al. 1995), and phenolic compounds, which have tradi-
tionally been considered the most important antioxidants (Papadopoulos and 
Boskou 1991). Cimato (1991) reported that the concentration of tocopherols is not 
affected by altitude, unlike the total content of polyphenols, which is double in 
coastal zones (elevation <100 m) for all the stages of ripeness studied in the variet-
ies Frantoio, Leccino, Moraiolo, and Coratina.

The amount of unsaturated acids also has great importance from a sensory quality 
viewpoint because the most important volatiles are produced from linoleic and lino-
lenic acids through the lipoxygenase pathway. Moussa et al. (1996) found that the 
content of linoleic acid was higher at high altitudes (approximately 800 m), but, in 
contrast, that of linolenic acid was higher at lower elevations (approximately 
100 m). This difference based on altitude was also observed in later studies (Aparicio 
et al. 1994a; Issaouia et al. 2010). VOOs obtained from monovarietal olive groves 
at high altitudes are, in general, sweeter and have an herbaceous fragrance com-
pared to the corresponding oils from lower elevations. A plausible explanation 
could lie in the linoleic/linolenic ratio since linoleic acid gives rise to hexanal and 
hexyl-acetate volatile compounds, which are responsible for green desirable per-
ceptions, while (E)-2-hexenal (green, astringent) is produced from linolenic acid.

In addition to altitude, soils and climatic variables of olive grove zone affect 
VOO chemical composition. The influence of temperature and rainfall on the bio-
synthesis of oil was studied by Angerosa et al. (1996a), who took into account the 
maximum and minimum values of these variables. Major TAGs (OOO, POL, SOO, 
OLL) and phytol contents were tentatively correlated, by multivariate procedures, 
with the autumn temperatures and relative humidity of summer months and the 
rainfall of the whole year. Concerning soils, Cresti et al. (1994) reported the influ-
ence of salinity in olive oil composition. The contents of aliphatic and triterpenic 
alcohols and the linoleic/linolenic ratio increase considerably with salinity, showing 
an accelerated ripening of fruits induced by salinization.

With regard to soil, Montedoro et al. (1993) reported significant differences in 
the total content of polyphenols according to the type of soil, e.g., 155.7 ppm for 
clayey soils and 314.2 ppm for calcareous soils. The improvements in soil fertiliza-
tion impact on sensory quality and chemical characteristics of olive oil (Dag et al. 
2009; Fernández-Escobar et al. 2006).

Studies on the effect of soil, salinity, and irrigation regimes on chemical compo-
sition have increased in importance because of the new agricultural practices of 
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high-density orchards (Stefanoudaki et al. 2009). Until recently, the olive tree was a 
crop of dry regions, and traditional agricultural practices did not require irrigation. 
The increase in olive oil prices and recent droughts in the Mediterranean basin have 
altered traditional agricultural practices, and irrigated olive groves are exponentially 
increasing in all producer countries. The balance between the irrigation pros and 
cons is described in Chap. 2. The differences between irrigated and nonirrigated 
olive trees can also been found by analyzing their VOO chemical and sensory char-
acteristics. In general, irrigation affects chemical components related to bitterness 
and even the fatty acid profile, and the total content of polyphenols, partially responsible 
for bitter taste, is lower in VOOs from irrigated groves. The decrease in bitterness 
with irrigation is of great importance for varieties of cultivar characterized by high 
values of astringent, throat-catching, or bitter descriptors, for example, cv. Coratina. 
Furthermore, the sensory profiles of VOOs from irrigated and nonirrigated olive 
trees are quite different (Salas et al. 1997; Gómez-Rico et al. 2006). Figure 12.9 
shows the most remarkable volatile compounds responsible for VOO aroma. If the 
sensory descriptors characterizing these volatile compounds (García- González 
et al. 2009a) are taken into consideration, then that lends more scientific support to 
the notion that VOOs from irrigated olive trees are less bitter and astringent than oils 
from nonirrigated olive grove zones.
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12.5.2  Characterization of Stages of Ripeness

The ripeness of olives is important for their harvesting because the accumulation of 
fatty acids rises with maturity and, hence, the extraction yield. For ages, olives were 
bought mostly for their oil content, and hence farmers were interested in harvesting 
when olives were mature enough. But studies on the evolution of chemical com-
pounds during ripeness have allowed us to determine not only the best time for 
harvesting, but also to delineate the importance of olive maturity to sensory quality. 
VOO obtained from overripe olives has higher yield, but the chlorophyll content is 
relatively low (Criado et al. 2007) and it is poorer in phenols (Kalua et al. 2005) and 
has smaller amounts of some aromatic compounds (García-González et al. 2010b). 
In addition, late harvesting may also increase the likelihood of damage to the fruit, 
and this irremediably produces inferior olive oil quality, organoleptic defects and 
higher peroxidation, if not higher free acidity.

Several physical and chemical methods have been proposed for the evaluation 
of the optimum time of harvesting or, at least, for the characterization of the olive 
ripeness process. These simple and reliable physical methods can be easily applied 
in the field to determine the optimum harvest time, although they can have serious 
flaws due to their great variability with the ripeness of olive varieties. The chemical 
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methods are not rapid and straightforward, but they are precise enough and give 
plausible explanations about the evolution of olive oil chemical composition. 
For example, Fig. 12.10 shows the evolution of the series of volatiles compounds 
with time. A good correlation (adjusted-R2 = 0.98) was found between the content 
of hexanal and the percentage of dry yield of olives (Aparicio and Morales 1998). 
This aldehyde, characterized by the sensory perception green-sweet, was also well 
correlated with the overall grading of the former European Community Regulation 
(EC 1995). This means that there is a good agreement between the best sensory 
quality, hexanal, and the highest industrial yield in the case of healthy olives and a 
sound extraction process.

However, studies on the best date for harvesting are only a part of the research 
devoted to a better knowledge of the evolution of chemical composition during olive 
ripening. Frega and Lercker (1986) studied the lipid extracts from epicarp and kernel 
mesocarp of the olive drupe obtained in the last 6 months of ripening. The epicarp 
was found to be coated mostly with the triterpenic acids oleanolic, ursolic, and 
maslinic (Jancini and Fedeli 1972), while the most mature olives revealed the presence 
of 18- and 16-carbon-atom fatty acids in addition to 28-, 26-, and 24-carbon atoms. 
The kernel mesocarp contains certain fractions of unsaponifiable matter (alcohols, 
4-methyl-sterols, and sterols) that are modified during the ripening process of the 
drupe. There is an increase in triterpenic alcohol 24-methylen-cycloartanol, which 
corresponds to a decrease in butyrospermol and cycloartenol (Mariani et al. 1991), 
a decrease in 4-methyl-sterol citrostadienol that produces an increase in 3-methyl-
sterol gramisterol and an increase in sterol Δ5- avenasterol due to a decrease in 
β-sitosterol. Later, Esti et al. (1996a) verified the Δ5-avenasterol to β-sitosterol ratio 
analyzing three different cultivars (Coratina, Leccino, Frantoio). This relation could 
be explained by the fact that the percentage of stones in the total weight of olive 
diminishes with ripeness, and olive oil from stones has a high concentration of 
campesterol and β-sitosterol but a low of Δ5- avenasterol content (Christopoulou et al. 
1996). These authors completed their studies by showing that erythrodiol, uvaol, and 
aliphatic alcohols are accumulated in the flesh and skin, with the concentration of 
erythrodiol being particularly high in the skin. More recent studies have centered on 
the combination effect of cultivar, irrigation, and maturity and their effect on quality 
and chemical characteristics (Anastasopoulos et al. 2011; Salvador et al. 2001; 
Stefanoudaki et al. 2000).

Although the evolution of sterols with ripeness has a certain importance (Δ5- 
avenasterol is an unofficial test of quality), the evolution of other variables with 
ripeness, e.g., PUFA or polyphenols, is of greater relevance. Thus, Moussa et al. 
(1996) found that oils from high altitudes had higher chlorophyll contents compared 
with those from low altitudes, which is explained by the fact that olives grown in 
high altitudes reach maturity more slowly. Their conclusions highlight the fact that 
the loss of chlorophylls parallels the formation of other pigments responsible for the 
purple color of olives (Chap. 7). Analyzing the phenolic fraction, the authors found 
that protocatechuic and gallic acids could be good markers for the stages of ripeness 
because they are easily degraded during the ripening process. Thus, phenolic com-
pounds have been proposed to design predictive models to determine the maturity 
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stage, tyrosol and oleuropein derivatives being the most informative phenols (Kalua 
et al. 2005). Esti et al. (1996a) also found that the content of oleic acid increased at 
the expense of palmitic acid during ripening of the cultivars Leccino and Frantoio, 
while the content of linoleic acid rose with ripening in the cultivar Coratina and 
decreased in the cultivars Leccino and Frantoio. Working with cv. Frantoio, Tacchino 
and Borgogni (1983) found that the contents of aliphatic C22, C24, C26 alcohol and 
C28 diminished with the ripeness of this cultivar. The maturity dependence of 
aliphatic alcohols has been corroborated by more recent studies where the importance 
of cultivar and geographical origin has also been highlighted (Lazzez et al. 2008; 
Ranalli et al. 2002).

The evolution of chemical composition during ripening can also be studied from 
a sensory quality viewpoint. The decrease in total phenols and tocopherols during 
ripening [15–35 % for tocopherols and 52–66 % for phenols in the last 4 months of 
fruit maturation Moussa et al. (1996)] is directly responsible for the decrease in 
bitterness. Thus, the effects of ripening on sensory quality are obvious and have 
been studied with either sensory descriptors or volatiles and phenol compounds. 
Morales et al. (1996) studied the influence of ripening on the concentration of green 
aroma compounds. Nine volatile compounds, produced through the lipoxygenase 
cascade, were quantified in four varieties of cultivar with the objective of looking 
for general markers characterizing basic stages of olive ripeness. Arbequina and 
Picual (Spain), Coratina (Italy), and Koroneiki (Greece) were the varieties selected. 
They represent a substantial proportion of the bottled VOO trade, and they are 
completely different from either a sensory evaluation or by chemical composition, 
and the evolution of their ripeness is also rather different. The authors found that 
there are markers for unripe olives – (Z)-hex-3-en-1-ol and (E)-hex-2-en-1-ol – and 
for normal ripe – hexyl acetate – regardless of the variety, though the total content 
of volatile compounds decreases during ripening (Aparicio and Morales 1998). 
In the light of the evolution of unsaturated fatty acids during ripening (Moussa et al. 
1996; Esti et al. 1996), the linoleic/linolenic ratio determines the bitterness and 
green perception of oils through the contribution of volatile compounds to VOO 
flavor. For example, (E)-hex-2-enal contributes to green odor but also to intense bitter 
taste (Aparicio 2000; García-González et al. 2009a).

The concentration of phenols, responsible for taste, also varies with ripening, 
and this variation strongly depends on the genotype (García-González et al. 2010b). 
In addition to the organoleptic change (mainly bitterness) over maturation, the 
change in the concentration of phenols also leads to a change in stability against 
oxidation (Nieto et al. 2010). A significant decrease in concentration is observed for 
secoiridoid derivatives, in particular for secoiridoid derivatives of hydroxytyrosol 
(Gómez-Rico et al. 2006).

Ripeness can also be observed using emergent techniques such as 13C-NMR 
(Chap. 11). Vlahov (1996b) studied the assumption that the content of diacylglycer-
ols (DAGs) can be related to the maturation stage of olives. On the basis of total 
diglyceride content and the DAG 1,2/DAG 1,3 ratio, Vlahov obtained a complete 
compositional glyceride picture for olive cultivars that provides useful information 
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regarding the ripeness stages of the olives processed. The DAG content enabled a 
possible classification of cv. Nebio and Coratina as late cultivars, unlike Dritta, 
Caroleo, and Cassano, which were early maturing fruits.

12.5.3  Characterization of Extraction Systems

Characterization of the extraction process has been a recurrent topic of research each 
time a new extraction system has been implemented/developed (Chap. 3). The research 
has usually been focused on either the chemical composition or the sensory quality 
of olive oils obtained by the extraction systems used at that moment. In the 1980s, 
the interest pointed to differences between pressure and three-phase centrifugation 
systems (Martel and Alba 1981; Lanzón et al. 1986; Nergiz and Ünal 1990) by 
the quantification of triterpenic and aliphatic alcohols. Today, however, the research 
is focused on the production of good-quality olives by centrifugation systems char-
acterized by lower content of certain volatile compounds (n-octane, 2-methyl-
1-propanol, 2-methyl-1-butanol, and acetic acid) that are responsible for defects like 
fustiness and winey taste (Morales et al. 1995) and the problems with the volume of 
wastewaters and alperujo (Capasso et al. 1992). The three-phase centrifugation 
systems evolved into two-phase centrifugal decanters that avoid the use of added 
water in the process (Chap. 3). From the first adoptions of this system in industrial 
olive processing in the early 1990s, numerous researchers have studied their differ-
ences also in terms of VOO sensory descriptors. VOOs obtained by two- phase 
decanters have high contents of (1) phenols (Jiménez-Márquez et al. 1995; Gimeno 
et al. 2002); (2) ortho-diphenols, hydroxytyrosol, tocopherols (Angerosa and 
Di Giovacchino 1996); and (3) (E)-2-hexenal and total volatile substances (Di 
Giovacchino et al. 2001). By contrast, these oils are characterized by low values 
of pigments, aliphatic and triterpenic alcohols, steroid hydrocarbons, and waxes 
(Ranalli and Angerosa 1996). Tables 12.2 and 12.3 show some chemical compounds 

Table 12.2 Mean content of sterols and alcohols in virgin olive oils, cv. Koroneiki and Coratina, 
obtained by centrifugation systems of two (A) and three (B) phases

Chemical 
compound (%)

Coratina Koroneiki Chemical compound  
(mg/kg)

Coratina Koroneiki

A B A B A B A B

Cholesterol 0.19 0.28 0.42 0.52 Docosanol 12 6 31 27
Stigmasterol 0.69 0.77 0.88 0.93 Tetracosanol 11 11 76 65
Δ7-Campesterol 0.74 0.34 0.28 0.24 Hexacosanol 23 22 112 91
Δ5-Avenasterol 7.28 6.98 18.73 20.92 Octacosanol 11 11 39 34
Stigmastadienol 0.54 0.62 0.48 0.70 Total aliphatic alcohols 63 58 267 243
Δ7-Stigmastenol 0.17 0.21 0.52 0.45 Cycloarthenol 414 427 201 219
Δ7-Avenasterol 0.25 0.27 0.37 0.39 24-methylene-cycloarthanol 229 252 311 324
β-Sitosterol 84.19 83.90 69.80 69.50 Citrostadienol 70 75 217 228
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and sensory descriptors of VOOs cv. Koroneiki and Coratina obtained by centrifu-
gation systems of two and three phases.

From the viewpoint of sensory quality, malaxation (Chap. 3) is the most important 
step of a centrifugation system whatever the number of phases. Malaxation tempera-
ture is the main factor, and it has been the most studied parameter, together with time 
(Aparicio et al. 1994b; Alba 1996; Stefanoudaki et al. 2011). The values of tempera-
ture range between 25 °C and 35 °C; the former corresponds to the cold extraction 
conditions while the latter is in the neighborhood of the maximum value suggested 
by experts. The malaxation time varies according to ripeness, variety, and sanitary 
conditions of olives. In general terms, a range of time between 15 and 90 min covers 
almost all published studies. From a sensory viewpoint, low temperatures (T ≤ 25 °C) 
and medium times (35–45 min) are the best extraction conditions to promote the 
formation of green volatile compounds responsible for desirable sensory perceptions 
(Aparicio et al. 1997). Some studies (Morales and Aparicio 1999; Morales et al. 
1999) have shown that at a high temperature (35 °C) the production of alcohols is 
promoted compared to esters that are increased at a low temperature (25 °C). The 
amount of aldehydes depends on the malaxation time. Thus, high temperatures 
(T ≥ 35 °C) during the mixing process promote the formation of volatile compounds 
responsible for undesirable sensory perceptions (e.g., bitter tasting) while, in 

Table 12.3 Mean values of sensory descriptors and content of some volatile compounds and 
phenols of virgin olive oils, cv. Koroneiki and Coratina, obtained by centrifugation decanters of 
two (A) and three (B) phases

Sensory 
descriptora

Varieties of cultivar

Chemical 
compound

Varieties of cultivar

Koroneiki Coratina Koroneiki Coratina

A B A B A B A B

Cut green lawn 1.60 0.69 1.37 1.47 Methyl acetateb 42 35 5 3
Twig 0.63 0.66 0.72 0.87 Ethyl acetateb 52 23 17 12
Green olives 1.53 1.02 1.49 1.46 (Z)-3- hexenalb 753 84 444 325
Wild flowers 0.31 0.15 0.64 0.36 (E)-2- hexenalb 19,040 16,006 27,435 25,280
Green banana 0.46 0.33 0.58 0.30 Pentan-1-olb 58 29 47 37
Green tomato 1.27 0.68 0.62 0.45 Hexyl acetateb 723 700 29 28
Almond 0.30 0.21 1.19 0.81 3-hexyl acetateb 263 91 14 14
Bitter almond 0.48 0.09 0.73 0.56 (Z)-2-penten- 1-olb 2,052 917 61 54
Walnut husk 0.30 0.26 1.03 0.18 Hexan-1-olb 4,052 41 1,060 912
Artichoke nd 0.38 0.28 0.55 (E)-3-hexen- 1- olb 77 52 29 28
Apple 0.39 0.41 0.78 0.22 (Z)-3-hexen- 1- olb 2,360 423 150 138
Green hay 0.58 0.35 nd 0.92 (Z)-2-hexen- 1- olb 75 tr 47 10
Butter/cream 1.37 1.75 1.29 1.27 (E)-2-hexen- 1- olb 917 849 2,567 1,767
Bitter 0.49 0.30 1.65 1.06 σ-diphenolsc 12.1 7.0 21.1 14.7
Pungent 1.33 0.48 2.07 1.18 Total phenolsc 82.3 50.58 220.3 192.6

A two-phase decanter, B three-phase decanter, nd none detected, tr traces
aStructured scale 1–5
bμg/kg
cmg/L as gallic acid
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contrast, low temperatures (T ≤ 25 °C) favor the production of desirable green sen-
sory perceptions (e.g., cut grass and pleasant odor) (Aparicio 2000).

Other volatile compounds that significantly vary with malaxation temperature are 
hexanal, 1-penten-3-ol, (E)-2-hexenal, octane, and (Z)-2-penten-1-ol (Kalua et al. 
2006). The advantages of cold extraction also affect the concentration of erythrodiol 
and aliphatic alcohols. Christopoulou et al. (1996) extracted (with hexane) samples 
of olives cv. Koroneiki by applying two different temperatures of extraction (cold and 
hot) in the laboratory. The composition of oils showed that the total concentrations of 
aliphatic alcohols and erythrodiol were more than twice as high at hot temperatures. 
Phenols (total content and composition), which affect the bitterness and stability of 
the oils, also varied significantly with malaxation temperature; they are present at 
lower concentrations when high temperatures are used. Thus, Kalua et al. (2006) 
determined that phenolic compounds that are strongly affected by malaxation condi-
tions are 3,4-dihydroxyphenyl ethyl alcohol-decarboxymethyl elenolic acid dialde-
hyde (3,4-DHPEA-DEDA), tyrosol, vanillic acid, and (+)-acetoxypinoresinol. 
Nevertheless, the variation in all these compounds depends on the cultivar, and it is 
not possible to reach general conclusions about the malaxation effect on the chemical 
characteristics of oils (Stefanoudaki et al. 2011).

12.5.4  Characterization of Monovarietal Virgin Olive Oils

Perhaps because of the enormous number of different cultivars (Bartolini et al. 1998) 
or perhaps because farmers have a great fondness for their own traditional cultivars, 
the characteristics of varietal VOOs have been profusely described in the literature on 
the basis of either chemical or sensory aspects (Aparicio and Luna 2002; García- 
González and Aparicio 2010). Until recently, the olive cultivar was clearly linked to 
geographical origin or climatic aspects, and the autochthonous cultivar was, in fact, in 
the majority in each olive grove zone only 50 years ago. Through modern agricultural 
practices (Chap. 2), however, plastic cultivars have been disseminated to the point 
where they are now major cultivars in olive grove zones where they were unknown 
only 20 years ago. As examples, the autochthonous Northern Spain cv. Arbequina is 
extensively cultivated in countries as far away as Chile, Argentina, Australia, and New 
Zealand. These changes have meant that studies on the characteristics of the same 
cultivar under different pedoclimatic conditions have exponentially risen in recent 
decades (Aparicio et al. 1991; Vlahov 1996a; Salas et al. 1997; Ceci and Carelli 2007; 
Baccouri et al. 2008; García-González et al. 2010a).

From a mathematical point of view, the correct characterization of varietal 
VOOs requires sampling where the different parameters affecting the final product 
(e.g., extraction systems, geographical origin, ripeness) are represented in, more or 
less, their exact proportion as in the overall production. From chemical and techni-
cal points of view, almost all the chemical compounds identified in VOO have been 
used in this characterization. Some authors have used certain series of chemical 
compounds (Zunin et al. 2005; Giuffrida et al. 2011), whereas other authors have 
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preferred to work with several series (e.g., hydrocarbons, sterols, fatty acids) 
(Ollivier et al. 2006; García-González et al. 2009a) together with sensory descriptors 
(Tena et al. 2007).

The relationship between cultivar and sensory quality has engaged researchers 
since Gutiérrez (1964) published an organoleptic method for the evaluation of VOO 
aromatic characteristics and Flath et al. (1973) described a method for the quantifi-
cation of volatile compounds in VOO. In further works carried out with both 
methodologies, Gutiérrez et al. (1974) introduced two parallel but alternative ways 
to study VOO sensory quality through either sensory descriptors or the chemical 
compounds responsible for flavor.

The sensory and chemical characteristics of most European monovarietal VOOs 
– Arbequina and Picual (Spain), Koroneiki and Tsunnati (Greece), and Moraiolo, 
Frantoio, Coratina, and Cima de Bitonto (Italy) – were studied covering different 

Descriptora

Varieties of cultivar

K C P A T Cb M F

Fruity 42 31 39 33 37 30 50 28
Green 41 31 34 26 32 26 32 14
Bitter 39 48 42 16 35 37 70 30
Pungent 45 62 45 22 45 55 62 62
Sweet 35 30 31 40 30 34 23 39
Cut grass flavor 39 29 38 23 26 32 20 55
Tomato flavor 16  8 22 26 12 8 21 24
Throat-catching 39 56 39 18 41 48 38 20
Green appearance 36 31 30 22 39 19 28 –
Fresh after mouthfeel 25 25 29 21 23 20 51 –
Apple smell 21 21 30 21 16 25 28 26
Flowers aroma 22 18 24 19 15 24 27 25

K Koroneiki, C Coratina, P Picual, A Arbequina, T Tsunnati, 
Cb Cima di Bitonto, M Moraiolo, F Frantoio
aUnstructured scale of 100 cm

Table 12.5 Concentrations of some volatile compounds of various European olive oil varieties

Volatile compound Varieties of cultivar

(μg/kg) K C P A T Cb M F

Hexanal 275 478 189 300 110 42 48 30
(Z)-Hex-3- enal 658 390 316 175 422 214 218 119
(E)-Hex-2- enal 5,416 27,464 1,882 10,282 9,737 21,158 5,058 11,728
Hexyl acetate 524 20 212 78 80 39 66 171
(Z)-Hex-3- enyl acetate 289 25 66 14 40 55 35 61
Hexan-1-ol 349 866 242 446 294 496 226 526
(E)-Hex-3-en- 1-ol 17 19 17 13 7 15 7 22
(Z)-Hex-3-en- 1-ol 756 696 601 424 311 314 612 683
(E)-Hex-2-en- 1-ol 221 1,388 157 266 367 870 204 498

K Koroneiki, C Coratina, P Picual, A Arbequina, T Tsunnati, Cb Cima di Bitonto, M Moraiolo, 
F Frantoio

Table 12.4 Sensory 
descriptors of various 
European olive oil varieties 
obtained by centrifugation 
systems from normal ripe 
olives
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stages of ripeness, extraction systems, and shelf life (Tables 12.4 and 12.5). A statistical 
sensory wheel (Fig. 8.7) was designed in order to reduce the large number of VOO 
descriptors to the most noteworthy (Aparicio and Morales 1995). The results were 
then applied to the individual characterization of cultivars (Aparicio et al. 1996a) by 
means of fuzzy logic profiles (Calvente and Aparicio 1995).

The same varieties were also characterized by volatile compounds quantified by 
dynamic headspace and thermal desorption cold trap injector GLC (Aparicio and 
Luna 2002). This information was used to build a consensus plot where volatile 
compounds explain basic perceptions of VOO flavor inside the statistical sensory 
wheel (Aparicio et al. 1996b; García-González et al. 2009a). The studies of the 
volatile composition of monovarietal oils has clearly benefited from the widespread 
use of solid-phase microextraction (SPME), a rapid and easy technique for the con-
centration of volatile compounds prior to chromatographic injections. Thus, many 
studies have been carried out on Spanish (García-González et al. 2010b), Greek 
(Kandylis et al. 2011), Italian (Kotti et al. 2011), Turkish (Kaftan and Elmaci 
2011), and Tunisian (Tena et al. 2007; Issaouia et al. 2010; Dabbou et al. 2010) 
varieties cultivated in different geographical locations.

These cultivars have also been analyzed by nonvolatile compounds. Gandul- 
Rojas and Mínguez-Mosquera (1996) found that mono- and diesterified xantho-
phylls and pheophorbide were the pigments exclusive to the Arbequina cultivar 
when they analyzed the quantitative differences in the contents of chlorophylls and 
carotenoids of nine single Spanish VOOs. Aparicio-Ruiz et al. (2009) established 
differences and similarities in the pigment composition of Spanish varieties (see 
Chap. 7 for more information). Giuffrida et al. (2011) characterized the pigments of 
Italian cultivars, finding auroxanthin only in olive oils from the Umbria and Molise 
regions. Esti et al. (1996a) found that the total content of alcohols could be used to 
distinguish among varieties since, for example, it varies from 178 mg/kg for Frantoio 
to 62 mg/kg for Coratina. Uceda and Hermoso (1996) measured the total content of 
phenols and tocopherols of 27 varieties. They found that the major source of variation 
of these compounds is the variety, 79 % in the case of tocopherols but only 46 % in 
the case of phenols, whose interaction with the stage of ripeness is around 35 %. 
Nevertheless, the quantitative composition of phenols strongly depends on irrigation 
(Stefanoudaki et al. 2009) and pedoclimatic conditions (García-González et al. 
2010a). The comparative analyses of the varieties Arbequina, Coratina, Koroneiki, 
and Picual – among the major cultivars – have allowed knowing their distinctive 
chemical properties (Aparicio et al. 1997):

• Arbequina has high concentrations of major sterols, phytol, and notably high 
amounts of linoleic acid and low amounts of oleic acid.

• Coratina has high concentrations of phenols, methyl sterols, and triterpenic alcohols 
but low amounts of major sterols and aliphatic alcohols.

• Picual has a low content of triterpenic alcohols except for 24-methylene cycloar-
thanol and a low content of linoleic acid.

• Koroneiki has high concentrations of erythrodiol, almost all aliphatic alcohols, 
and linolenic and arachidic fatty acids.
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Other cultivars have also been studied. VOOs cv. Verdial are characterized by 
high values of erythrodiol and phytol but also by other compounds such as, for 
example, 24-methylene-24-dihydro-lanosterol, citrostadienol, butyrospermol. 
VOOs cv. Hojiblanca are easily detected by high contents of hydrocarbon α-copaene 
(Aparicio and Alonso 1994; Guinda et al. 1996), while cv. Cornicabra is character-
ized by methyl sterols, cycloeucalenol, and 24-ethyllophenol. Table 12.6 shows the 
values for some chemical compounds of different European cultivars.

The total content of phenols (mg/kg) is a good marker for distinguishing between 
varieties at similar stages of ripeness. Thus, the concentration ranges at a medium 
maturity stage are 110–273 mg/kg for Frantoio, 67–228 mg/kg for Leccino, 
78–199 mg/kg for Moraiolo, and 163–555 mg/kg for Coratina, although the upper 
limits for Frantoio and Leccino are much lower when samples from low altitudes 
are not taken into account (Cimato 1991).

The varieties Mignola, Orbetana, and Leccino have also been characterized 
according to their phenol content and oxidative stability (Servili et al. 2007). Thus, 
VOOs from

Table 12.6 Mean concentration of some fatty acids, phytol, erythrodiol, sums of sterols, alcohols 
and methyl sterols of various European olive oil varieties

Varieties P S O L Ln PH ER ST MST AA TA

Arbequina 12.54 2.12 75.33 8.52 0.59 564.6 22.6 1,432.6 154.7 204.9 1247.8
Coratina 9.73 3.15 76.90 7.46 0.61 81.4 26.2 1,192.3 217.1 65.0 712.2
Cornicabra 8.36 2.59 78.66 7.04 0.64 237.2 45.5 1,519.3 152.4 181.0 715.4
Farga 9.41 2.44 71.72 8.61 0.54 97.0 43.1 1,551.6 177.1 360.8 841.0
Frantoio 9.53 2.91 78.20 7.36 0.64 192.3 26.2 1,325.3 245.3 177.2 872.3
Hojiblanca 8.97 3.29 75.21 9.51 0.71 44.9 29.6 1,946.2 260.5 175.8 1,146.5
Imperial 9.67 2.27 80.09 4.63 0.90 90.7 29.8 1,481.0 180.6 188.3 945.7
Koroneiki 13.27 2.04 71.90 8.83 0.71 147.2 44.9 1,965.2 - 249.3 593.8
Leccino 14.24 1.83 77.70 7.72 0.81 177.6 18.9 1,271.5 117.4 121.8 1,071.5
Lechín 10.51 1.42 70.83 13.89 1.14 108.1 26.6 1,806.9 327.4 135.9 734.7
Moraiolo 10.51 2.18 77.70 7.48 0.59 101.2 26.1 1,184.7 148.3 134.3 836.4
Morrut 7.57 2.04 73.03 13.73 0.11 113.4 47.2 1,463.7 120.3 135.8 639.8
Nevadillo 11.02 3.02 75.32 7.32 0.69 50.1 30.7 1,596.1 186.1 205.1 1,069.7
Picual 9.91 3.21 77.83 5.02 0.65 24.5 18.5 1,310.2 160.1 227.1 1,162.7
Redondilla 12.46 1.68 68.28 14.06 1.08 118.6 37.2 2,032.3 387.4 121.4 1,066.6
Sevillenca 11.13 1.65 66.49 17.06 1.04 215.0 32.1 2,002.3 300.3 89.3 998.2
Verdiala 9.01 2.23 66.72 8.38 0.83 228.7 69.1 1,606.3 337.4 162.4 878.3

Note: The contents of chemical compounds are given in milligrams per kilogram, except for fatty 
acids, which are given in percentages
P palmitic acid, S stearic acid, O oleic acid, L linoleic acid, Ln linolenic acid, PH phytol, ER eryth-
rodiol, ST total content of 4-desmethylsterols, MST total content of 4-monomethylsterols, AA total 
content of aliphatic alcohols, TA total content of 4,4’-dimethylsterols 
a Verdial de Huevar
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• cv. Mignola contained 706–900 mg/kg of total phenols, had a peroxide number 
between 5.8 and 7.4, and their oxidative stability ranged from 4.84 to 6.0 h;

• cv. Orbetana contained 419–745 mg/kg total phenols, had a peroxide number 
between 7.0 and 9.2, and an oxidative stability ranging from 3.28 to 4.9 h; and

• cv. Leccino contained 370–433 mg/K total phenols, had a peroxide number 
between 5.8 and 10.5, and an oxidative stability ranging from 2.4 to 3.82 h.

Esti et al. (1996a) studied fatty acids, sterols, and aliphatic alcohols of varietal 
VOOs (Gentile, Frantoio, Leccino, Coratina, and Cellina) produced in Molise. Ranalli 
et al. (2002) also checked the use of aliphatic alcohols as genuineness markers of 
cultivars, together with sterols and triterpene alcohols. Seven categories were charac-
terized in this study (Leccino, Dritta, Caroleo, Coratina, Castiglionese, Carboncella, 
and Nebbio). Pigments also allow characterization of varieties. Thus, the content of 
violaxanthin, lutein, and total pigments are cultivar-dependent parameters (Aparicio-
Ruiz et al. 2009). Koprivnjak and Conte (1996) used fatty acids and hydrocarbons 
(unsaturated and aliphatic) to compare the Croatian varieties Bianchera, Carbonazza, 
and Busa with the Italian Leccino. These authors found that low values of aliphatic 
hydrocarbon C24 characterize autochthonous Croatian varieties of cultivar, while high 
values of C25 and C35 do so for Italian Leccino.

This kind of characterization has been carried out using spectroscopic techniques 
such as nuclear magnetic resonance (Chap. 11). Thus, Vlahov (1996a) studied the 
stereospecific distribution of major fatty acids between the 1,3- and 2-positions 
of glycerol in oil samples cv. Leccino from different geographical origins (Tuscany, 
Abruzzo, Campania, Marche, and Lazio) by 13C-NMR spectroscopy. Later, she 
applied 13C NMR to quantify monoacylglycerols, DAGs, and TAGs of VOOs from 
different varieties of cultivar, Nebbio, Coratina, Leccino, Dritta, Caroleo, and 
Grossa di Cassano (Vlahov 1996b). Vlahov concluded that DAG contents were 
 significantly lower in the Nebbio and Coratina varieties.

Furthermore, FT-Raman and infrared spectroscopy (Chap. 10) has also been used, 
although the most innovative application is the attempt to identify VOOs by DNA 
technology, although so far it has met with very limited success. Thus, Ben-Ayed et al. 
(2012) extracted DNA and analyzed microsatellite markers in a series of monovarietal 
olive oils from Tunisia, Spain, Italy, and Greece. Alleles with very slight differences 
in molecular weight or partially degraded, because they are usually extracted from 
olive oil, can be differentiated by capillary electrophoresis and might be used to 
differentiate olive oils by cultivar, although much more work must be carried out 
before determining the usefulness of the methodology.

12.5.5  Traceability of Virgin Olive Oils from Their 
Geographical Origins

Since ancient times, the characterization of geographical origin has been a perennial 
research issue. Thus, the characterization of the geographical origin of VOO has a 
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significant economic interest (Gerber 1995). The sensory and chemical characteriza-
tion of the geographical origin of VOOs is needed not only to protect designations of 
origin, but also to delineate the best olive oil for some consumers. In addition, it also 
helps analysts to develop powerful tools against fraud.

This issue requires the establishment of strong relationships between chemical 
and sensory characteristics with the agronomic, climatic, and botanical aspects in 
such a way that it would be almost impossible for these relationships to occur in 
other regions. This means that the traceability of geographical origins should not be 
carried out with a few series of chemical compounds or a simply data manipulation. 
The study should be carried out with a large number of chemical compounds and data 
analyzed by statistical techniques or artificial intelligence algorithms. The series of 
chemical compounds and the type of mathematical procedures will depend on the 
objectives. Major components (fatty acids) can give only basic information or 
characterize clusters that are very different (Tsimidou and Karakostas 1993; 
Alonso and Aparicio 1993). If a proper characterization is claimed, many more 
minor compounds should be added to the study (García-González et al. 2009b).

Thus, the studies can be divided according to the chemical compounds used 
(minor or major chemical compounds) and the mathematical procedures applied 
(statistical or artificial intelligence). The methodologies for good characterization 
include many possible combinations, from the analysis of major compounds with 

Fig. 12.11 Results of applying the multilayer perceptron (MLP) to Italian (red color), Portuguese  
(blue color) and Spanish ( pink color) samples of the data set. The classification percentages 
between classes are shown on the plot
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multivariate statistical procedures to the application of artificial intelligence 
algorithms to a great number of minor compounds.

A large panoply of multivariate data analyses and artificial intelligence algo-
rithms has been used in recent years (Longobardi et al. 2012; Chiavaro et al. 2011; 
García-González et al. 2009b; Calvente and Aparicio 1995; Angerosa et al. 
1996b). These mathematical procedures should not be applied as a philosopher’s 
stone but always as specific tools for each problem and objective. However, the 
greatest problem concerns the distribution of the values for individual chemical 
and sensory parameters over the years. A high degree of data dispersion for some 
parameters over time may decrease the coefficients for correct classification, but 
it increases the certainty factor in the validation step. In fact, studies using infor-
mation from only one crop can yield a high value of misclassification when they 
are verified with data from other crops.

The complexity of chemical information required to identify the geographical 
origin of olive oils also demands powerful mathematical tools, such as MLP. Thus, 
the geographical identification of VOOs must be addressed by a complete chemical 
profiling of olive oil samples (e.g., 64 compounds analyzed by GC and HPLC 
including fatty acids, sterols, hydrocarbons, and alcohols) and the design of artifi-
cial neural network (ANN) models for each of the levels of a proposed classification 
scheme, from country to protected designations of origin (García-González et al. 
2009b, 2012). Figure 12.11 shows the results of classifying olive oil samples from 
Italy, Portugal, and Spain by means of fatty acid composition and a MLP designed 
for identifying samples from each country.

12.5.5.1  Mediterranean Basin

Eddid and Nickless (1987) found clear statistical differences between the fatty acid 
composition of olive oils produced in the Mediterranean countries Libya, Tunisia, 
Turkey, and Italy. Fatty acids, together with TAGs, were also used to distinguish 
VOOs from Italy, Greece, Morocco, Tunisia, and Spain (Gigliotti et al. 1993). 
In both studies, the content of linoleic and palmitic acids were greater in the African 
oils, thereby delineating the effect of latitude on the accumulation of linoleic acid at 
the expense of a lower content of oleic acid. This series has also been used to carry 
out a characterization of Italian, Portuguese, and Spanish VOOs by mean of statis-
tics and an ES (Alonso and Aparicio 1993). With respect to the level of significance, 
oleic and linoleic acids are highly correlated with Italian oils, palmitic acid with 
Spanish oils, and linolenic acid with Portuguese oils.

12.5.5.2  Italian Virgin Olive Oils

From the viewpoint of characterization, Italy means not only the second world 
producer and first consumer of VOO (Chap. 2) but also the challenge of 

12 Olive Oil Characterization and Traceability

http://dx.doi.org/10.1007/978-1-4614-7777-8_2


468

characterizing olive grove zones with a large number of cultivars. Italy, in contrast 
to Spain, has its olive grove zones spread throughout the country, but perhaps with-
out the intensive and extensive cultivation developed in Spain.

Fatty acids and TAGs have been widely used to identify geographical origins of 
Italian VOOs. Gigliotti et al. (1993) delineated a certain possibility of distinguish-
ing oils by latitude – Northern (Garda, Liguria, Tuscany) versus southern (Puglia, 
Calabria, Sicily) – using fatty acid and TAG compositions, while Montedoro et al. 
(1995) were able to discriminate between four regions (Liguria, Umbria, Marche, 
Apulia). Alonso and Aparicio (1993) made further advances using the SEXIA ES. 
Eight Italian regions (Basilicata, Calabria, Liguria, Puglia, Sardinia, Sicily, Tuscany, 
Umbria) were initially clustered into three large groups (Northern, Southern, 
Sardinia) with correct classifications of between 77.4 % and 99 %. The ES has deci-
sion rules that are able to distinguish not only between producer countries but also 
inside them. These works established the basis for a characterization of Italian olive 
oils in relation to oils produced in other countries (Chiavaro et al. 2011; Kotti et al. 
2011) and between particular producing regions like Sicily, Basilicata, and Liguria, 
among others (D’Imperio et al. 2007; Zunin et al. 2005; Drava et al. 1994).

Tuscan Olive Grove Zones

The Tuscan VOO has had a good reputation on the world market since ancient 
times, and hence, Tuscany has been, without doubt, the most studied of Italian 
regions on the basis of either chemical or sensory characterization. From the first 
studies, where only the fatty acid profile was used in the characterization, to the latest 
contributions, where ESs and sets of over 75 chemical compounds were used, many 
papers have been published. The papers cover the whole set of variables (e.g., vari-
eties, geographical origin, extraction systems, climate) studied from different series 
of chemical compounds, sensory descriptors, and mathematical procedures.

Aparicio et al. (1994c) described the chemical compounds that could characterize 
the VOOs produced inside olive grove zones, which can, more or less, coincide with 
the provinces of Tuscany. This study analyzes the results in the light of geographical 
(e.g., mountains, valleys) and pedoclimatic information. For example, the valley 
zones of the province of Lucca, influenced by the proximity of the mountain range 
to the north, produce VOOs characterized by 24-methylene cycloarthanol and 
the lowest values of erythrodiol; in contrast, the chemical composition of VOOs 
produced in Arezzo is fairly homogeneous and its VOOs can be distinguished from 
the rest of Tuscany by stigmasterol concentrations.

12.5.5.3  Greek Virgin Olive Oils

Although Greece is the third producer country and its VOOs have gained a fully 
deserved reputation for high quality, fewer papers today are published character-
izing Greek regions or their varieties in comparison with papers studying Italian 
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ones. Fatty acids, in combination with PCA, have been used to separate oils from 
the north and south, thus confirming once again the relationship between latitude 
of olive grove zones and olive oil fatty acid profile (Tsimidou and Karakostas 
1993). TAG composition has confirmed the results obtained by fatty acid analysis, 
and the researchers were able to distinguish olive oils from Crete and the 
Peloponnese from those from Sterea Hellas, Corfu, and Evros. On the other hand, 
oils produced from different Greek Ionian islands were characterized according to 
free acidity, peroxide content, spectrophotometric parameters, chlorophyll content, 
phenols, sterols, and fatty acid and TAG compositions (Longobardi et al. 2012). 
Oils produced in southern Greece, such as Cretan oils, have received attention by 
researchers who characterized them in terms of phenols, seterols, and fatty acid 
content, among other chemical variables (Vekiari et al. 2010). Other variables used 
to study Greek oils include spectrophotometric parameters and volatile compounds 
(Longobardi et al. 2012; Poliarekou et al. 2011; Spyros and Dais 2009). However, 
no study has focused on compiling Greek VOO production with all chemical and 
agronomic information as described for Spanish oils (see the section “Andalusian 
Virgin Olive Oils”).

12.5.5.4  Portuguese Virgin Olive Oils

Portugal is the fourth European producer, but Portuguese olive grove zones are few 
and far between. Forina et al. (1983) were the first who examined the fatty acid and 
sterol compositions of Portuguese olive oils, and they were able to distinguish two 
great zones (Douro Valley and southern Portugal). Alonso and Aparicio (1993) also 
distinguished VOOs from northern regions from oils produced in the south by mul-
tivariate procedures applied to fatty acids. These authors were able to differentiate the 
oils from three great zones – North (Minho, Tras-os-Montes, Beira Alta), mid-South 
(Algarve, Alentejo, Ribatejo), and West Coast (Douro, Beira, Litoral) – by applying 
possibility theory (Aparicio 1988). Later, Aparicio et al. (1994c) were able to obtain 
better results by applying an ES. They explained the results by, for instance, the 
geographical origin of samples. The values of palmitic and palmitoleic acids 
increase in olive oils as one goes from north to south; the lowest values belong to 
Minho and the highest to Algarve. The geographical longitude is characterized by 
stigmasterol, whose values decrease as one goes from the coast to the inland regions. 
VOOs from the central coastal region of Portugal are very different from those of 
the other areas. Oils from Tras-os-Montes constitute a fairly homogeneous unit 
extending to some parts of the north of Beira Alta, while the South produces oils 
chemically similar to Beira Baja. Ribatejo, which represents the midland, is affected 
by its neighbors, while oils from the South of Portugal are a group apart, except for 
VOOs from the Beja zone, which are rather different. Oils from the Northeast have 
also been characterized by tocopherols, sterols, tocotrienols, and fatty acids (Matos 
et al. 2007; Cunha et al. 2006). A characterization of olive oil from different regions 
in Portugal has been addressed with DNA markers (Martins-Lopes et al. 2008). 
The new super-intensive orchards, mostly based on cv. Arbequina, modify the 
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sensory characteristics and the composition linked to a particular region. 
Consequently, the conclusions of previous studies could be modified if they were 
run using the new agricultural practices.

12.5.5.5 Spanish Virgin Olive Oils

Spain is by far the major world producer and exporter of olive oil (Chap. 2). In Spain 
the most innovative extraction systems have been tested or designed, which has 
resulted in the concentration of olive oil production in about 500 cooperative societies. 
More than 1,000 samples were used by Aparicio and collaborators (Aparicio 1988; 
Aparicio and Alonso 1994; Aparicio et al. 1994c) to characterize the various Spanish 
VOOs and compare them with VOOs from other producing countries. Each sample 
was characterized by 65 chemical compounds, including fatty acids, methyl sterols, 
sterols, prenols, aliphatic and terpenic alcohols, and aliphatic and sesquiterpenic 
hydrocarbons (Aparicio et al. 1994c). In addition, the most representative samples 
were characterized by 85+ volatile compounds (Morales et al. 1995), sensory descrip-
tors (Aparicio et al. 1992; 1996a, 1996b), and TAG composition (García-Pulido and 
Aparicio 1993). With such a large amount of information, Aparicio et al. (1991c) 
described the enormous possibilities of ESs in olive oil characterization through 
a practical example. The objective was to distinguish VOO of cv. Hojiblanca, 
produced in Málaga (a province of Andalusia), from all other VOOs, either from the 
same variety produced in its neighboring orchards or, for example, as far away as 
Italy (Liguria and Tuscany). The validation test was carried out with a test set of 26 
samples that belonged to a different crop year; 15.8 % of the samples from outside 
the zone were classified inside, and 85.7 % of samples produced inside the zone 
were correctly classified.

A general study of the geographical origin of Spanish VOOs shows that coastal oils 
are mainly distinguished by the content of triterpenic alcohols, while sterols and fatty 
acids distinguish the oils from the inland provinces. When the characterization is inside 
a province or a particular orchard, then hydrocarbons are the most valuable compounds. 
The characterization of Spanish Protected Designation of Origin (PDO) was carried 
out using a whole set of chemical compounds (Aparicio et al. 1994c). As mentioned 
below, the application of ANNs to the same chemical data makes it possible to obtain 
a classification with optimum reliability (García- González et al. 2009b).

Andalusian Virgin Olive Oils

Andalusia produces more than a quarter of the total world production of olive oil, 
the Andalusian province of Jaén being the first world producer and exporter. Dozens 
of different varieties are cultivated in this region, although Picual represents more 
than 60 %, followed by Hojiblanca, Lechin, Nevadillo, Verdial, Arbequina, and oth-
ers. Aparicio and Alonso (1994) used 340 samples to characterize the Andalusian 
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provinces and olive grove zones. Some of the provinces were easily characterized 
because their VOOs are monovarietal, such as as Jaén (Picual), Malaga (Hojiblanca), 
and Huelva (Verdial and Manzanilla). The provinces of Jaén (which accounts for 
60 % of Andalusian production) and Cordoba (a mosaic of different varieties and 
microclimates) were deeply, widely, and profusely studied using the SEXIA ES. 
Today there is enough chemical, sensory, and mathematical background informa-
tion to defend their protected designations of origin against false copies or to predict 
the international markets where these oils would be well accepted by either regular 
or potential consumers. The province of Jaén, being 99 % monovarietal, has also 
been used to detect the influence of pedoclimate variables (e.g., climate, altitude, 
soils) on the chemical and sensory parameters of VOOs using a large number of 
samples instead of partial and subjective observations. In a recent work, the oils 
produced in three traditional regions, corresponding to PDO Estepa, PDO Montoro‐
Adamuz, and Campiña de Jaén, were characterized in terms of the chemical composi-
tion of major and minor compounds (García-González et al. 2012). This study was 
conducted to point out the distinctive properties of these oils in relation to oils pro-
duced in surrounding areas.
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Fig. 12.12 Overlay of 16 FTIR spectra corresponding to different categories (virgin olive oil, refined 
olive oil, and olive-pomace oil) and different cultivars (Hojiblanca, Royal, Picual, Coratina, Arbequina, 
Frantoio, Nevado, Verdial, Morruda, Cornicabra, Manzanilla, Coratina, Koroneiki, Chemlali, Chami, 
Tsounati). The variance spectrum computed for all these spectra is shown as insert
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12.5.6  Characterization of Olive Oil Categories

If there were no clear boundaries between characterization and authentication 
concepts, the paradigm would be the study of olive oil categories. Chromatographic 
techniques have been successfully used to determine the characteristics of each 
olive oil category (Chap. 16), although spectroscopic techniques have also been 
used with identical or even greater success. Since the infrared absorption spectra of 
several unsaturated fatty acids and methyl esters were collected in the early 1950s, 
the characterization of olive oil categories has been carried out with infrared (Lai 
et al. 1994) and by FT-Raman (Aparicio and Baeten 1998) spectroscopies. Lai et al. 
(1994) applied principal component analysis (PCA) and linear discriminant analysis 
(LDA) to investigate the potential of FT-MIR in distinguishing extra virgin from 
refined olive oils. Almost all the samples (12 out of 13) were correctly classified 
using a calibration set, and no error was obtained in an independent validation set. 
Figure 12.12 shows the FTIR bands of EVOO, refined olive oil, and olive-pomace 
oil from olives of different cultivars. Differences were found among these olive oil 
categories, as shown in the variance spectrum showing that FT spectroscopy is a 
powerful spectroscopic technique for olive oil characterization.

The characterization of quality categories has also been addressed with sensor 
systems and ANNs. Thus, MLP has been designed and trained to classify samples of 
VOOs between lampante and nonlampante oils by means of an array of metal oxide 
sensors, with the aim of making it a screening method of early detection of sensory 
defects (García-González and Aparicio 2003). Figure 12.13 shows the MLP outputs 
for each of the training samples that covered a wide range the median of defects.

Fig. 12.13 Results of applying multilayer perceptron (MLP) to lampante and nonlampante virgin 
olive oils, and schematic of MLP designed for this purpose
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12.6  Challenges and Future Trends

Instrumental advances have led to greater success in the development of traceabil-
ity. However, geographical traceability is still in need of intense research to incor-
porate new “omic” procedures for better characterizations. The information obtained 
from these and other procedures should be compiled to build a large database that 
would make it possible to determine the geographical origin of the most representa-
tive VOOs around the world with fine certainty factors and avoid the in-vogue tree 
structure designs that lack mathematical support and might lead to more problems 
than solutions. Future work on geographical traceability will focus on building 
an olive oil map, where the most productive cultivars and all the approved PDOs 
will be characterized by chromatographic, spectroscopic, and isotopic techniques. 
The resulting databases, in conjunction with new procedures of classification and 
visualization techniques, would make it possible to evaluate the best combination of 
these techniques in VOO traceability.
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13.1  Introduction

Lipids are the structural components of all living cells and play a number of critical 
roles. They have an important role in the metabolism of cells by providing a source of 
energy and reserve storage materials and a pool of essential fatty acids. Any healthy 
diet should contain an adequate amount of lipids that can be obtained from a variety 
of foods (WHO 2003).

Food lipids are usually complex mixtures that can be affected by external variables 
rendering changes to their chemical composition that can be associated with a loss 
of sensory and nutritional quality. The main processes leading to a deterioration of 
lipids are hydrolytic rancidity or lipolysis and oxidative rancidity or oxidation. 
Rancid fat derives from a wide variety of chemical substances. Human taste buds 
are highly sensitive to some compounds such as lactones and free fatty acids, so only 
minute amounts of these compounds need to be produced to spoil the taste of a food 
(Ho and Shahidi 2005). Although lipolysis, which is caused by the release of free 
fatty acids (FFAs) from glycerides, is extremely important in determining how a 
product tastes, it is unlikely to be of any nutritional significance because fats are 
in any case enzymatically hydrolyzed in the small bowel before they are absorbed. 
In some cases hydrolytic rancidity is regarded as desirable. However, oxidation leads 
to the formation of both unpalatable and toxic compounds and is thus nutritionally 
undesirable (Sanders 1983; Matthaeus 2010).

Lipid oxidation has been recognized as the major problem affecting edible oils, 
as it is the cause of important deteriorative changes in their chemical, sensory, and 
nutritional properties (Velasco and Dobarganes 2002).

Autoxidation and photooxygenation proceed due to the presence of oxygen in air 
and are virtually inevitable. Understanding lipid oxidation has been impeded by the 
fact that lipids are usually complex mixtures containing minor components that may 
catalyze or inhibit oxidation and because primary oxidation products are labile and 
easily convert into secondary products (Knothe et al. 2007).

As lipids oxidize, they may form hydroperoxides, which are susceptible to 
further oxidation or decomposition into secondary reaction products such as alde-
hydes, ketones, acids, and alcohols. In many cases, these compounds adversely affect 
flavor, aroma, taste, nutritional value, and overall quality (Vercellotti et al. 1992; 
Matthaeus 2010). Many catalytic systems can oxidize lipids. Among these are light, 
temperature, enzymes, metals, metalloproteins, and microorganisms. Most of these 
reactions involve some type of free radical or oxygen species. The oxidation may be 
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produced either in the dark (autoxidation) or in the presence of light (photooxidation), 
which differ in their oxidation pathway due to the action of external variables 
(Velasco and Dobarganes 2002).

Virgin olive oil (VOO), one of the few oils being consumed without any chemical 
treatment, has high resistance to oxidative deterioration due to both a fatty acid com-
position characterized by a high monounsaturated-to-polyunsaturated fatty acid 
ratio and a pool of minor compounds with high antioxidant activity composed 
mainly of polyphenols and tocopherols. Most of these minor compounds are 
removed or drastically reduced during the refining process and, consequently, are 
present in much lower amounts in edible refined oils than in virgin oils. However, 
even if VOO generally has a high resistance to oxidation, some minor compounds that 
are also eliminated during refining, i.e., FFAs and photosensitizers, are prooxidants 
and consequently will contribute to a high variability in the stability of different 
VOOs (Velasco and Dobarganes 2002).

Olive oil lipolysis usually begins while the oil is in the fruit, while oxidation is 
mainly produced during the oil extraction process and storage (Kiritsakis 1990; 
Velasco and Dobarganes 2002). Postharvest and storage effects promote gradual 
lipid oxidation with decreases in shelf life stability due to continuing organic chemical 
processes set up by the initial peroxidations (Heath and Reineccius 1986). The effects 
of postharvest storage and processing of the raw commodities on lipid oxidation are 
of great interest in the case of olive oil. Olive oil is oxidized when it comes into 
contact with oxygen, although certain substances retarding oxidation (antioxidants) 
are present in plant tissue.

The final composition of VOOs is the result of a high number of variables affect-
ing all stages from oil formation in the olive tree up to the status of the oil at 
consumption. Some of these variables have important effects on the concentration 
of compounds modifying the stability toward oxidation, and they can be divided as 
follows (Velasco and Dobarganes 2002):

 1. Variables acting before oil extraction: numerous factors such as, for example, 
olive variety, environmental, climatic, soil and cultivation conditions, tree age, 
olive ripeness, and olive health are involved in the composition differences in 
VOO during its formation in the fruit.

 2. Variables acting during oil extraction: including the influence of the various 
stages of the process such as milling, olive paste preparation, oil extraction 
system, and filtering on the quality and stability of VOOs.

 3. Variables acting after oil extraction during storage: once the olive oil has been 
extracted, oxidative deterioration can be influenced by external variables related 
to oil storage and retail packing, among which oxygen availability, temperature, 
light, and possible metal contamination during storage stand out.

An important effect on the status of the oil at consumption can also be attributed to 
the culinary processes that usually contribute to the thermal degradation of the oils, 
with frying being one of the most common processes. In addition to many other uses, 
olive oil is considered to be excellent for applications involving high temperatures 
(Casal et al. 2010) since it fulfills all the fatty acid criteria of the stable healthful frying 
oils (Kochhar 2000) with the added advantage of its relatively low melting point.
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Several parameters related to olive oil deterioration are nowadays included in 
official regulations with regard to olive oil and olive-pomace oils (IOC 1996a; EC 
1997, 2007, 2008, 2011). They include determination of peroxide value (PV), ultra-
violet absorbance, sensory analysis, and free acidity as quality indicators of these 
kinds of oils. Tables 16.6, 16.7 and 16.8 show the established values related to oxi-
dation. They are currently used to establish the different oil categories in EC regula-
tions (EC 2011).

13.2  Oxidative Deterioration of Olive Oil

VOO is considered to be resistant to oxidative degradation due to the low content of 
polyunsaturated fatty acids (PUFAs). It is characterized by a high monounsaturated-
to- polyunsaturated fatty acid ratio and by the presence of natural antioxidant minor 
components such as α-tocopherol and phenolic compounds: hydroxytyrosol, tyro-
sol, caffeic acid, and others (Aparicio et al. 1999; Boskou et al. 2005). The presence 
of linoleic and small amounts of linolenic acids makes olive oil susceptible to oxida-
tion, similar to other vegetable oils. Most of the undesirable changes in olive oil can 
be attributed to the reactions caused by oxidative degradation. The rate of these 
reactions is affected by many factors, and some of them will be discussed later in 
detail. The presence of oxygen in air is the main factor causing oil quality deteriora-
tion. Oxidative degradation in olive oil is the most important cause of negative 
changes and happens by both enzymatic and chemical reaction pathways.

13.2.1  Enzymatic Oxidative Deterioration

Degradation of lipids in plant tissues occurs by a process often called the PUFA 
cascade (Feussner and Wasternack 2002; Wang and Hammond 2010). Typically, dif-
ferent enzymes are involved in the oxidative decomposition of unsaturated fatty acids 
(Fig. 13.1). The sequence begins with the hydrolysis of various acylglycerides by 
lipases, lipolytic acyl hydrolases, and phospholipases, and free PUFAs are released. 
Then specific lipoxygenases convert unsaturated fatty acids into two main hydroper-
oxides, namely 9 and 13 isomers, which have poor stability. In the last step of the 
cascade, lyases, isomerases, and dehydrogenases degrade hydroperoxides into a 
variety of volatile and nonvolatile products. The flavor components formed, such as 
aldehydes, ketones, and alcohols, are usually directly responsible for off- flavors in 
oils (Fig. 13.1). VOO is unique because the same enzymatic processes are also respon-
sible for the formation of its genuine and appreciated flavor. In olives the formation 
of 13-hydroperoxides from linoleic and linolenic acids is promoted, leading to the 
formation of C6 aldehydes and alcohols, which are the main contributors to VOO 
sensory perception (Morales et al. 1996; Aparicio and Morales 1998). Free unsaturated 
fatty acids, particularly linoleic and linolenic in plants, are the preferred substrates 

M.T. Morales and R. Przybylski

http://dx.doi.org/10.1007/978-1-4614-7777-8_16
http://dx.doi.org/10.1007/978-1-4614-7777-8_16
http://dx.doi.org/10.1007/978-1-4614-7777-8_16


483

oxidized by lipoxygenases. A certain type of lipoxygenases is able to catalyze the 
oxidation of unsaturated fatty acids when they are part of triglycerides (Christopher 
et al. 1972). For an efficient and high rate of oxidation, enzymes involved in oxidative 
degradation of PUFA require the constant presence of oxygen (Siedow 1991). Lack of 
oxygen does not terminate oxidative degradation since some lipoxygenases and other 
enzymes involved can oxidize fatty acids in the absence of oxygen, in this case forming 
free radicals instead of hydroperoxides (Feussner et al. 2001). The presence of trace 
amounts of hydroperoxides accelerates the oxidation of unsaturated fatty acids by 
lipoxygenase, particularly under anaerobic conditions (Siedow 1991).

Enzymes catalyzing PUFA degradation are very active during olive maturation. 
During olive harvest, storage, and processing, damage to the fruit occurs often, and the 
contents of the broken cells are exposed to oxygen-stimulating enzyme activity. During 
the production of VOO these pathways are activated at a relatively high rate, forming 
desirable volatile compounds, when olives are crushed and oil pressed. As can be seen 
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Fig. 13.1 Enzymatic oxidation of unsaturated fatty acids. Numbers with lipoxygenase represent 
enzymes producing specific isomers of hydroperoxide
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in Fig. 13.2, the profile of volatile compounds of intact and cut olives is quite different, 
with the volatile compounds being produced by the action of lipoxygenase and other 
enzymes immediately after the olives are cut, thus exposing cell contents to oxygen. 
It is noteworthy that in intact fruits (Fig. 13.2a) significant amounts of hydrocarbons are 

Fig. 13.2 Chromatograms showing volatile compounds of intact (a) and cut olive fruits (b). 
(Courtesy of SEXIA Group, Instituto de la Grasa, Sevilla, Spain)
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present. However, typical VOO volatile compounds, such as hexanal and hexan-1-ol, 
were observed at very low levels, indicating that they are formed by oxidative degrada-
tion of PUFAs when olive cells are damaged. The volatile profile of cut olives (Fig. 13.2b) 
showed a considerable change due to the production of volatile compounds (aldehydes 
and alcohols) offering characteristic green flavors, coming from oxidative degradation 
products formed from both linoleic and linolenic acids.

The breakdown enzymes can be native to the olive fruit/plant, whereas microbial 
enzymes cannot be excluded as an additional deterioration factor. The formation of 
small amounts of the hydroperoxides can have an accelerating effect on oxidation in 
the finished oil. Free radicals formed from the decomposition of hydroperoxides can 
escalate further oxidation, causing earlier-than-expected off-flavor formation and 
lowering oil storage stability.

Nonvolatile decomposition oxidation products, particularly hydroxylated and 
oxylated fatty acids, are responsible for the bitter taste of oils. In soybean, isomers 
of trihydroxyoctadecanoic acid were identified as being responsible for bitterness 
formation (Baur et al. 1977). These acids probably originated from the free radical 
decomposition of hydroperoxides of linoleic and linolenic acids degraded by 
 nonenzymatic and enzymatic oxidation (Biermann et al. 1980).

13.2.2  Lipid Autoxidation

Over the past few decades many comprehensive reviews have been written on the 
mechanism of lipid oxidation (Frankel 1989, 2005). Many catalysts or initiators 
accelerate the oxidation of lipids. These include light, temperature, enzymes, met-
als, metalloproteins, pigments, and microorganisms. In these reactions free radicals or 
reactive oxygen species such as singlet oxygen are formed. The main substrates for 
these reactions are unsaturated fatty acids and oxygen. The free radical mechanism 
of lipid oxidation is usually divided into three stages: initiation, propagation, and 
termination (Ingold 1969). In the initiation stage free radicals are formed directly 
from fatty acids with the help of initiators such as temperature, light, other free radi-
cals, and heavy metals (Fig. 13.3). As mentioned earlier, fatty acid oxidation can 
proceed by hydrogen abstraction, and the carbon-centered radical formed is then 
stabilized by spontaneous rearrangement to form conjugated dienes.

During the propagation stage, lipid radicals react with oxygen to form peroxyl 
radicals. Formed at this stage, peroxyl radicals react with another molecule of 
lipid, forming a lipid radical and a hydroperoxide (Fig. 13.3). This stage of lipid 
radical and hydroperoxide formation is autocatalytic and progresses at a fast rate. 
The hydroperoxides formed are not stable and decompose easily to produce a wide 
range of nonvolatile and volatile products. Among these products, radicals are also 
present that can initiate or stimulate the oxidation process (Fig. 13.4). The volatile 
and nonvolatile products formed can decompose and be further oxidized to pro-
duce the whole range of secondary products (Schieberle and Grosch 1981). With 
time the amount of PUFAs decreases, while the proportion of hydroperoxides 
increases (Fig. 13.4). However, the onset of off-flavor compounds is delayed 
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hydroperoxide. Antioxidants: OS oxygen scavenger, CB chain reaction breaker, S synergist, Q 
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because these are secondary products of oxidation and are formed when primary 
oxides decompose. The formation of nonvolatile oxidation products starts earlier 
since primary oxidation compounds belong to this group (Fig. 13.4). All these 
products directly affect the quality of oils, and many of them are the major cause of 
off-flavor formation and changes in taste, as described earlier for enzymatic oxida-
tion (Fig. 13.3).

During the termination stage, radicals react with each other and form nonradical 
products. Any reaction that prevents the propagation of peroxidation or removes 
free radicals from the system plays a key role in the termination mechanism 
(Fig. 13.3). Chain-breaking antioxidants, such as phenolic components, react with 
lipid radicals and form nonreactive radicals, stopping the propagation chain (Simic 
et al. 1992). Examples of phenolic antioxidants include tocopherols, butylated 
hydroquinone, and propyl gallate.
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The relative rate of oxidation of oleate:linoleate:linolenate was reported to be on 
the order of 1:12:25 based on peroxide formation (Frankel 1983). The rate of hydro-
peroxide decomposition is related to the number of double bonds in the oxidized 
fatty acid. Linolenate hydroperoxides decompose faster than linoleate and oleate 
and can also propagate the oxidation of other fatty acids (Frankel 1962).

Figure 13.5 shows the change in the fatty acid composition of VOO during  oxidation. 
The fatty acid percentage was determined by periodically removing aliquots during the 
oxidative process from 0 to 33 h of oxidation (Morales et al. 1997). The quantification 
was based on the major saturated acid (C 16:0) initially present to show the real content 
of unaltered fatty acids (Dobarganes and Perez-Camino 1988). As expected, mainly 
unsaturated fatty acids were altered during the process; thus oleic, linoleic, and linole-
nic acids were those most affected. Linolenic acid showed a faster decomposition than 
linoleic acid, followed by monounsaturated fatty acids, which showed a similar behav-
ior. The most important decrease was observed after 21 h of oxidation, when a higher 
amount of volatiles was detected. Linolenic acid practically disappeared after 33 h of 
oxidation, linoleic acid content was drastically reduced, and oleic acid was also affected 
by the oxidative deterioration. These results were in accordance with the volatile 
 compounds found in the oxidized samples, as many aldehydes were detected after 21 h 
of oxidation. Their concentrations increased further during the following hours, mean-
ing that the main volatile decomposition products found in oxidized olive oils were 
produced from monohydroperoxides of the unsaturated oleic, linoleic, and linolenic 
fatty acids as the total content of unaltered fatty acids was reduced from 98.2 % (0 h)  
to 80.8 % (21 h) and, later, to 49.2 % (33 h).
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13.2.3  Photosensitized Oxidation

Photosensitized oxidation has been recognized as being most detrimental to the 
 oxidative stability of vegetable oils. Most oils contain natural photosensitizers that are 
activated when oils are exposed to light during processing and commercial distribution 
(Carlsson et al. 1976). Exposure to light can cause the formation of hydroperoxides 
when both oxygen and the photosensitizer are present. Usually, the amount of oxygen 
dissolved in oil as a result of processing is sufficient to oxidize oil in a commercial 
container to a PV value of 10 meq/kg (Przybylski and Eskin 1988). The process of 
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formation of hydroperoxides can take place by photooxidation, and transfer of energy 
occurs as described in the following mechanism (Foote 1968):

 Sensitizer hv SensitizerGround Excited+ → ,  (13.1)

 Sensitizer RH Sensitizer RExcited H+ → + * ,  (13.2)

 Sensitizer O Sensitizer OExcited Ground+ → +3
2

1
2 ,  (13.3)

 1
2

3
2O RH ROOH O+ → + .  (13.4)

Energy (hν) is transferred from light onto the sensitizer (Sensitizer Excited), which 
in turn can react directly with a lipid (RH), forming radicals (R*) that in turn initiate 
autoxidation (Eq. 13.2). More damaging is the reaction of an excited sensitizer 
with ground state oxygen to form singlet oxygen (Eq. 13.3). The transferral of 
energy onto an acceptor, an unsaturated fatty acid, causes the formation of a hydro-
peroxide. Singlet oxygen has been found to react with linoleic acid about 1,500 
times faster than normal oxygen (Rawls and Van Santen 1970). Therefore, this 
reactive component is defined as the most important initiator in the free radical 
autoxidation of vegetable oils. The effectiveness of light initiation is inversely 
proportional to the wavelength, where shorter wavelengths are the most effective. 
This process is propagated by the free radical mechanism discussed earlier, and 
similar hydroperoxides are formed (Frankel 1983).

Singlet oxygen is more often produced by the activity of natural photosensitizers 
such as chlorophyll, its degradation products, and other pigments usually present in 
oils (Bradley and Min 1992). Hydroperoxides formed from singlet oxygen oxida-
tion decompose easily to form a variety of alkoxy and peroxy radicals, which in turn 
accelerate free radical autoxidation.

Oxidation of unsaturated fatty acids by singlet oxygen can be inhibited by com-
pounds that react faster with this initiator or by quenchers that deactivate singlet 
oxygen to its ground state form (Foote 1976). Among the most efficient natural 
quenchers known are α-tocopherol and β-carotene. Other known quenchers include 
amino acids, proteins, sulfides, phenols, and metal chelators (Bellus 1978).

13.3  Primary Oxidation Products

The main primary oxidation products formed from unsaturated fatty acids are 
 various isomers of hydroperoxides whose formation is dependent upon the number 
of double bonds and the mechanism of oxidation (Table 13.1). Linolenic acid pro-
duces the largest number of hydroperoxide isomers during both oxidation mechanism 
followed by linoleic and oleic acids. Photooxidation was found to be the most efficient 
oxidation, particularly for linolenic acid where the most isomers were formed. Among 
primary products fatty acids with conjugated double bond configurations are also 
formed. However, these compounds are very unstable (Frankel 1985).

Among vegetable oils, olive oil contains a variety of minor components that can 
also be affected by oxygen present in oil and may undergo oxidative degradation, 
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which leads to the formation of a variety of oxidation products. Chlorophyll, an 
olive oil quality indicator, is affected by oxidation in the phytyl chain forming 
hydroperoxides and small-molecule hydroxy degradation products. These products 
change the color of the oil and form radicals that, in turn, may initiate oxidation of 
other oil components (Rontani et al. 2007).

Phytosterols usually form the majority of minor components in vegetable oils 
including olive oil. These components are prone to oxidative degradation, form-
ing a variety of oxides belonging to the following component groups: epoxides, 
keto, hydroxy derivatives. Each of these compounds is formed through a free 
 radical mechanism similar to that described earlier for fatty acids. The oxides  
are unstable and degrade forming a variety of free radicals and off-flavor 
 components, similar in structure to ones formed during degradation of fatty acids 
(Rudzinska et al. 2009).

13.4  Secondary Oxidation Products

Primary oxidation compounds are unstable and easily decompose into a variety of 
compounds with lower molecular weights than the parent fatty acid (Fig. 13.3). 
Among degradation products, off-flavor components are formed that are the most 
detrimental to quality when rancidity is developed in oils, fats, oilseeds, and oil 
containing fruits and food products (Przybylski and Eskin 1995; Morales et al. 
1997, 2005). Another group of hydroperoxide degradation products are nonvolatile 
molecules of hydroxy acids, keto acids, and hydroxyaldehydes. These compounds 
are usually thought to be the most detrimental to human health (Kasai and Kawai 
2008; Guichardant and Lagarde 2009). All of the oxidative degradation products are 
very reactive chemically compounds and are precursors of oligomer formation and 
a variety of interaction products.

Table 13.1 Isomers of hydroperoxides formed from oxidation of fatty acids (%)

Hydroperoxide 
isomer

Oleic Linoleic α-Linolenic

FR PH E FR PH E FR PH

8-OOH 26–28
9-OOH 22–25 48–51 XA 48–53 32 XA 28–35 20–23
10-OOH 22–24 49–52 16–17 13
11-OOH 26–28
12-OOH 17  8–13 12–14
13-OOH XA 48–53 34–35 XA 10–13 14–15
15-OOH 12–13
16-OOH 41–52 25–26

Data from Frankel (1983)
XA during enzymatic oxidation the proportion of isomers is fatty-acid-composition dependent; 
however, 9 and 13 isomers of linoleic and linolenic acids will dominate (Feussner et al. 2001), 
Oxidation: E enzymatic, FR free radical oxidation, PH photooxidation
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13.5  Minor Components and Vegetable Oil Oxidation

Several minor components have been identified in oils and fats from plants, including 
tocopherols, tocotrienols, sterols, phospholipids, FFAs, phenols, chlorophylls and 
derivatives, carotenoids, mono- and diacylglycerides, and trace metals (Perrin 1992). 
The amount of these components present in oil is determined by the plant species and 
by the oil processing conditions. Their proportion is usually higher in crude oils when 
compared with oils that are refined and deodorized because most of these components 
are removed or volatilized during the processing steps, resulting in only trace amounts 
in the refined, bleached, and deodorized oils (Jawad et al. 1984; Jung et al. 1989; 
Velasco and Dobarganes 2002).

These minor components have been reported to affect the oxidative stability of 
vegetable fats and oils by various mechanisms, but the effect of many of these minor 
components on oil oxidation, either by autoxidation or photooxidation, is still con-
troversial or remains unclear.

13.5.1  Free Fatty Acids

The addition of different fatty acids to purified substrates has demonstrated a prooxi-
dant effect of FFAs on edible oils. FFAs added to soybean oil have been shown to 
reduce its stability (Miyashita and Takagi 1986; Mistry and Min 1987). The prooxidant 
effect of FFAs was explained as being due to the presence of a carboxyl group 
in their structure, and the probable mechanism was attributed to the catalytic action 
of the carboxyl group on the decomposition of a small amount of hydroperoxides 
formed in the initial stages of autoxidation. Olive oils with high acidity have been 
found to be less resistant to oxidation than those having lower acidity values 
(Kiritsakis and Tsipeli 1992). The influence of oleic acid addition to VOOs on 
oxidative stability has been evaluated and a prooxidant effect, dependent on the FFA 
concentration in filtered VOOs, was found, but the opposite behavior was found 
when the oil was not filtered. The authors suggested that suspended-dispersed mate-
rials in cloudy virgin oils exert such a beneficial effect that they proposed avoidance 
of filtration to extend the olive oil shelf life (Frega et al. 1999).

13.5.2  Phospholipids

Olive oil contains the following phospholipids: phosphatidylcholine (PC), phospha-
tidylethanolamine (PE), phosphatidylinositol (PI), and phosphatidylserine (PS) in a 
range of 40 to 135 ppm (Alter and Gutfinger 1982).

Several studies have shown an antioxidant effect of PE, PC, PI, and phosphatidic 
acid (PA) when added to vegetable oils at levels of up to 3 % (Pokorny 1990). 
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The antioxidant activity of phospholipids was attributed to their capacity to chelate 
metals and, thus, inactivate their prooxidant effect. PE appeared to be the most 
effective. The greater potential as an antioxidant of this phospholipid was attributed 
to its amino group, which has the capacity to chelate metals.

Phospholipids can also act as synergists with phenolic compounds and tocopherols 
to improve their effectiveness (Hudson and Ghovami 1984). There is evidence that 
phospholipids have stronger synergistic activity when used at temperatures over 
50 °C (Husain et al. 1986).

However, phospholipids isolated from crude oils by column chromatography 
with silicic acid have shown prooxidant activity when added to vegetable oils. The loss 
of antioxidant activity was attributed to changes in polarity and geometrical struc-
ture during the isolation procedure.

At a high temperature their beneficial action has also been demonstrated, 
although they may cause foaming and darkening and thereby decrease the oil’s shelf 
life in practice. However, their presence at a low concentration (<0.01 %) does not 
have an adverse effect on the oil color and foaming, but it can improve the frying 
stability of oils (Velasco and Dobarganes 2002).

13.5.3  Phenolic Compounds

Phenolic compounds are present in olive mesocarp, but they are water soluble, 
although small quantities have been found in VOO. The amount of phenolic com-
pounds in VOO can be influenced by various factors including the olive cultivar and 
degree of ripeness, as well as by production and extraction technologies (Gallina- 
Toschi et al. 2005). Polyphenols and tocopherols are the two main groups of pheno-
lic compounds acting as primary antioxidants to inhibit oxidation in VOOs. The 
antioxidant activity of natural phenolic compounds has been related to their free 
radical scavenging properties, particularly their ability to donate a hydrogen atom to 
the lipid radical formed during the propagation phase of lipid oxidation; they mainly 
act as chain breakers by donating a radical hydrogen to alkylperoxyl radicals and 
subsequently forming a stable radical (Shahidi and Wanasundra 1992; Velasco and 
Dobarganes 2002).

13.5.3.1  Polyphenols

Polyphenols constitute the active hydrophilic antioxidant group of compounds in 
olive oil. Most hydrophilic phenols in olive oil are exclusive to the Olea europaea 
species (El Riachy et al. 2011). The prevalent classes of hydrophilic phenols found 
in VOO are phenolic alcohols, phenolic acids, flavonoids, lignans, and secoiridoids. 
The latter include glycosidic derivatives of oleuropein, demethyloleuropein, and 
ligstroside, which are the most abundant phenolic antioxidants of VOO (Servili 
et al. 2004).
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Natural polyphenols, either simple compounds such as phenolic acids or their 
esters, or more complex; for example, lactones, chalcones, and flavonoids all have 
antioxidant activity and protect vegetable oils from oxidation (Shahidi and 
Wanasundra 1992; Boskou et al. 2005).

Early studies evaluating the antioxidant activity of oat extracts suggested that 
antioxidant activity was largely attributable to phenolics present in the grain, mainly 
caffeic acid (Daniels and Martin 1961). The extended shelf life of VOO compared 
to other vegetable oils that similarly contain chlorophyll was attributed to the pres-
ence of phenolics. The active phenols in the oil were mainly o-diphenols, such as 
hydroxytyrosol, protocatechuic, caffeic, p-coumaric, sinapic, cinnamic, and syringic 
acids (Papadopoulos and Boskou 1991).

At least two or three neighboring phenolic hydroxy groups and a carbonyl group in 
the form of an aromatic ester, lactone, chalcone, flavanone, or flavone are consid-
ered the essential molecular features required to achieve a high level of antioxidant 
activity (Dziedzic and Hudson 1984). Therefore, the antioxidative efficiency of 
monophenols increases substantially when one or two methoxy substitutions at the 
ortho-position in the phenol structure are present. The bonds in the p-position in 
cinnamic acids ensure even better efficiency than the carboxyl group in benzoic acid 
(Cuvelier et al. 1992).

The presence of hydrophilic phenolic compounds in VOO and their high anti-
oxidant activity can be explained by the fact that polar antioxidants are more effec-
tive in nonpolar lipids whereas nonpolar antioxidants are more active in polar lipid 
emulsions (Bendini et al. 2007). In a bulk oil system the hydrophilic antioxidants, 
such as polar phenols, are oriented in the air–oil interface (a low quantity of air 
is always trapped in the oil) and becomes more protective against oxidation than 
the lipophilic antioxidants, like tocopherols, which remain in solution in the oil 
(Frankel 1996).

13.5.3.2  Tocopherols

Tocopherols constitute the lipophilic antioxidant group of olive oil and are noted for 
their effective inhibition of lipid oxidation in all vegetable oils (Sayago et al. 2007). 
The alpha isomer of tocopherols is the major endogenous antioxidant present in 
olive oil and is found in a range of 12–150 ppm. Olive oil produced from olive kernel 
showed higher amounts of tocopherols (Ruiz-Lopez et al. 1995). Tocopherols are 
considered to be the major natural antioxidants present in most vegetable oils. 
However, in VOOs, they compete with polyphenols at the early stages of oxidation, 
and their contribution to VOO stability is considered to be of minor importance with 
respect to that of polyphenols (Velasco and Dobarganes 2002).

Their antioxidant activities are dependent mainly on their concentration and the 
presence of synergistic compounds (Pokorny 1991). Tocopherols have been reported 
to act essentially as proton donors and free radical scavengers based on the 
tocopherol- tocopheryl semiquinone redox system (Sayago et al. 2007). Their maxi-
mum activity was observed when present in oil at levels between 400 and 600 ppm 
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(Clark et al. 1990). Higher levels of tocopherols added to the oil did not improve 
stability significantly. Moreover, in some oils they can act as prooxidants (Huang 
et al. 1994). This prooxidant activity of tocopherols was always found when these 
components were added to oil. Several studies have shown that the antioxidant 
activity of natural tocopherols is higher than that of the synthetic tocopherols (Wu 
and Weng 2001) since distribution and amalgamation of these components into oil 
play an important role in their antioxidant or prooxidant activity.

Tocopherols also act as singlet oxygen quenchers via a charge-transfer quench-
ing mechanism. Tocopherols increased oxidative stability of vegetable oils during 
storage with light and when chlorophyll was present. The antioxidant activity 
decreased from α-tocopherol to β- and γ-tocopherols (Yamaguchi and Matsushita 
1977; Jung and Min 1991).

The effect of several external agents – temperature, irradiation, refining, deodor-
ization, and storage – on the content of tocopherols in vegetable oils has been 
studied. All the studies concluded that, with increased action of the external agent, 
the content of tocopherols decreased (Sayago et al. 2007). In the case of olive oil, 
the processing systems – extraction in two or three phases (Gimeno et al. 2002) – 
or destoning of the olive (Lavelli and Bondesan 2005) did not apparently affect the 
final tocopherol content. However, the state of maturation of the olive has a deci-
sive influence on the tocopherol content of the oil, such that those obtained from 
green olives were richer in tocopherols than those obtained from ripe olives 
(Beltrán et al. 2005).

13.5.4  Chlorophylls and Derivatives

Chlorophylls and their derivatives are present in olive oils in variable amounts. 
The profile of VOO is determined by the green pigments that are initially found in 
the fruits and the derivatives formed during milling and paste beating. Chlorophylls 
a and b, originally found in the fruit, are converted into more stable pigments, pheo-
phytins and subsequently pyropheophytins, which are the products of the removal 
of the carboxymethyl group (Gandul-Rojas et al. 2000; Roca and Mínguez- 
Mosquera 2001; Gallardo-Guerrero et al. 2005). These structural changes in the 
chromophore group of the chlorophylls affect the color of the oil, which changes 
from bright green to olive-brown and finally to yellow. The content of chlorophylls 
and their derivatives depends on the stage of maturity of the fruit, decreasing con-
tinuously from the beginning to the end of the olive harvesting period (Gutiérrez- 
Rosales et al. 1992).

Chlorophylls and pheophytins have a prooxidant action in the presence of light; 
they act as catalysts in the formation of singlet state oxygen, which can react directly 
with the double bonds of oleic, linoleic, or linolenic fatty acids, thereby generating 
reactive species of oxygen. Thus, chlorophylls and their derived pigments enhance 
the early phases of the process of autoxidation and generate allyl hydroperoxides 
(Giuliani et al. 2011).
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Spanish olive oils contain from 0.4 to 45 ppm of total chlorophylls depending on 
the fruit cultivar, fruit maturity, processing system, and storage conditions, but the 
majority of these compounds were present in the form of degradation products such 
as pheophytins (Gandul-Rojas and Mínguez-Mosquera 1996; Criado et al. 2007). 
The oxidative stability of olive oil is greatly affected by the presence of chlorophylls 
and their derivatives, especially in the presence of light (Interesse et al. 1971). These 
compounds have the ability to transfer energy from light into chemical molecules 
(Bradley and Min 1992).

Several investigations have shown the prooxidative effect of chlorophylls and 
their derivatives in olive, soybean, and corn oils exposed to light. The amount of 
chlorophyll added to the oil proportionally reduced oxidative stability during 
storage in light. It has also been reported that during storage without light some 
chlorophyll derivatives act as antioxidants. These photosensitizers could show 
slight antioxidant effects on the oils in the dark, probably by donating hydrogen 
to break the free radical chain reactions (Endo et al. 1984; Gutiérrez-Rosales 
et al. 1992).

The relative prooxidant activity of pheophorbides, pheophytins, and chlorophylls 
was found to be 1.3:1.1:1, respectively, when measured by methyl linoleate oxidation 
(Endo et al. 1984). In soybean oil during storage in light, after 1 day of exposure, 
chlorophylls were destroyed, while their decomposition products were stable and 
present in the oil. Pheophytins were the most stable when present in oil and also 
had the highest activity as photosensitizers. These components must be removed from 
an oil to improve its oxidative stability (Usuki et al. 1984).

13.5.5  Carotenoids

Spanish olive oils contain from 0.8 to 18.3 mg/kg of carotenoids (Gandul-Rojas and 
Mínguez-Mosquera 1996; Criado et al. 2007) depending on the fruit cultivar, fruit 
maturity, processing system, and storage conditions. Carotenoids are naturally 
occurring hydrocarbon pigments possessing conjugated double bonds that have been 
found to be potent protectors against photosensitized oxidation by acting as singlet 
oxygen quenchers (Bradley and Min 1992). The physical quenching mechanism of 
carotenes is based on their low singlet energy state, which facilitates the acceptance 
of energy from the singlet oxygen. The carotenoid triplet formed transfers acquired 
energy as heat and returns to its original state (Foote and Denny 1970).

The rate of singlet oxygen quenching is related to the number of conjugated 
double bonds present in the polyene chain of carotenoid and increases when the 
number of these bonds increases. Canthaxanthin shows the greatest antioxidant 
activity, followed by β-carotene (Lee and Min 1990).

At levels of 5–20 ppm, β-carotene had the highest potency in protecting purified 
vegetable oils containing chlorophyll against deterioration under exposure to light, but 
the same protective effect was not observed during storage without light (Lee and 
Kim 1992). The presence of carotenoids in edible oils may also help to protect 

13 Olive Oil Oxidation



496

against the formation of singlet oxygen by blocking light transmission through the 
oil. Due to their possible function as a natural light filter, carotenoids effectively 
absorb light with wavelengths between 400 and 500 nm (Frankel 1991).

Although carotenes are compounds efficient at protecting against photooxidation, 
their degradation by lipid peroxides is expected due to the oxidative susceptibility 
of hydroxy groups and the conjugated double-bond system in the carotenoid mole-
cule (Haila and Heinonen 1994). Carotenoids either may act as singlet oxygen 
quenchers or are oxidized, thus protecting the oil until all of them are destroyed by 
oxidation (Kiritsakis and Dugan 1985).

Some studies suggest that β-carotene may act as an effective inhibitor of photo-
oxidation in vegetable oils only when tocopherols are present (Warner and Frankel 
1987). Furthermore, in the absence of light, carotenoids or their oxidation products 
may act as prooxidants in vegetable oils (Lee and Kim 1992).

The carotenoid fraction appears to have lower thermal stability than chlorophylls 
(Del Carlo et al. 2010).

13.5.6  Sterols

Plant sterols are collectively known as phytosterols, existing mainly as free sterols 
and sterol esters of fatty acids, with β-sitosterol, campesterol, brassicasterol, 
and stigmasterol as the major compounds identified in vegetable oils (Zambiazi 
1997). The main olive oil sterols are β-sitosterol, Δ5-avenasterol, and campesterol. 
A number of other sterols are also found, but they are present in smaller quantities. 
The total sterol content in olive oils is in the range of 180–265 mg/100 g (Mariani 
et al. 1993), while the ranges for each sterol in Spanish olive oils are described by 
Aparicio et al. (1996a).

Sterols show natural antioxidant activities in foods (Choe and Min 2009). 
They seem to be ineffective at low temperatures and under the conditions of accel-
erated storage tests, although their influence on oil stability at high temperatures, 
where they act as inhibitors of polymerization reactions, has been demonstrated 
(Velasco and Dobarganes 2002). There is evidence that some naturally occurring 
phytosterols may improve stability during heating of cooking oils. Unsaponifiable 
fractions from oat, olive, Vernonia anthelmintic, and corn oils, which are rich in 
sterols, were found to act as antioxidants when added to vegetable oils heated to 
frying temperatures. Among the sterols, vernosterol, Δ7-avenasterol, and fucosterol 
were effective when added at a concentration of 0.2 %, while ergosterol, lanosterol, 
β-sitosterol, stigmasterol, and cholesterol were ineffective at the same concentration 
levels (White and Armstrong 1986).

It was found that Δ5-avenasterol and fucosterol, when added at concentrations up to 
0.1 %, retarded the oxidation of vegetable oils at elevated temperatures. The ethyli-
dene group, which is characterized by a double bond between carbon atoms C20 and 
C24, was expected to be responsible for this activity (Zambiazi 1997). The formation 
of an allylic free radical at carbon C29 followed by isomerization to a relatively 
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stable tertiary free radical (Gordon and Magos 1983) has been proposed as a mode 
of action of these phytosterols.

The prooxidant activity of some sterols has also been demonstrated. It was found 
that the addition of 5 % sitosterol caused a twofold increase in the oxidation rate of 
tristearin heated at 120 °C (Yanishleva and Schiller 1984). In olive oil, a reduction 
in sterol content was observed when oxidation of oil occurred (Leone et al. 1976).

It has been reported that some sterols were oxidized during storage of vegetable 
oil and at an accelerated rate during frying. During storage approximately 30–45 % 
of sterols were oxidized, while during frying almost all sterols were transformed 
into oxides and high molecular weight components (Rudzinska et al. 2009; Ryan 
et al. 2009). Sterol deterioration during frying was found to be affected by frying 
time, frying technique, and by the oils’ unsaturation, being more extensive in 
 polyunsaturated oils than in monounsaturated oils such as VOO (Salta et al. 2008).

13.5.7  Metals

Many reports have described the deleterious effect of trace amounts of metals on the 
oxidative stability of oils. The general chemical mechanism for metal catalysis of 
lipid oxidation may follow different pathways (Choe and Min 2006). Specifically, 
iron, copper, and nickel behave as direct initiators by electron transfer or indirect 
initiators by redox reactions. Another possible pathway is by initiation of fatty acid 
oxidation through the reaction of metals with triplet oxygen. The superoxide anion 
radical produced can either lose an electron to produce singlet oxygen or react with 
a proton of the lipid components to form a hydroperoxyl radical. Both radicals have 
high reactivity and may initiate autoxidation (Schaich 1992).

Metal reactions have proven to be complex and dependent on factors such as the 
specific metal complex, valence state of the metal, concentration of the metal, 
oxygen partial pressure in the system, types of lipids, and the presence of hydroper-
oxides (Schaich 1992).

Transition metals, which contain two or more valence states, have the highest 
oxidation potentials. These metals include iron, copper, and nickel, as well as others 
of minor importance such as cobalt, chromium, and aluminum (Labuza 1971).

Copper accelerates hydrogen peroxide decomposition 50 times faster than ferrous 
ion (Fe2+), and ferrous ion acts 100 times faster than ferric ion (Fe3+) (Choe and Min 
2006). Metals also accelerate autoxidation of oil by decomposing hydroperoxides, 
and Fe2+ is much more active than Fe3+ in decomposing lipid hydroperoxides to 
catalyze autoxidation (Halliwell and Gutteridge 2001).

Crude oil contains transition metals such as iron and copper. However, refining 
reduces their contents. Edible oils manufactured without refining, such as extra virgin 
olive oil (EVOO), contain variable amounts of transition metals. Trace amounts of 
Fe and Cu may originate from the soil and fertilizers or from the contamination 
of the processing equipment and storage containers. Concentrations of Fe and Cu 
reported for VOO range between 0.5–3.0 and 0.001–0.2 mg/kg, respectively, and 
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other metals such as Cr, Mn, Sn, Ni, and Pb have also been reported in VOOs at very 
low concentrations (μg/kg) (Velasco and Dobarganes 2002).

Copper, iron, and nickel, in particular, greatly reduce the oxidative stability of 
unsaturated lipids and accelerate the development of rancidity in edible oils and fats 
when present at concentrations of a few parts per million (Angerosa and Di Giacinto 
1993). Martín-Polvillo et al. (1994) set up a method for the direct determination of 
Al, Cr, Cu, Fe, Ni, and Pb by atomic absorption spectroscopy. They concluded that 
VOO showed lowered stability after storage in contact with a carbon-steel sheet than 
when stored in the absence of metals. In conclusion, metals affect not only the initia-
tion but also the degree of chain reaction branching, secondary reactions, and the 
nature of termination reactions (Labuza 1971). Fe3+ also causes decomposition of 
phenolic compounds such as caffeic acid in olive oil and, thus, decreases oil  oxidative 
stability (Keceli and Gordon 2002).

13.5.8  Volatile Compounds

The decomposition of primary oxidation products (hydroperoxides) produces second-
ary volatile oxidation products, which give rise to off-flavors in oils. The formation 
of volatile oxidation products in edible oils is a great concern for the edible oil 
industry as it leads to the development of undesirable flavors and odors in oils, 
which reduces their shelf life or makes them unfit for human consumption. However, 
in the case of VOO, enzymatic oxidation through the lipoxygenase pathway is the 
main producer for desirable green and fruity flavors (Morales et al. 1999), while 
chemical oxidation is the main cause of the spoilage of VOO (Morales et al. 1997; 
Luna et al. 2006).

Decomposition occurs through homolytic cleavage of hydroperoxides. Various 
reaction pathways for the development of these volatile products have been reviewed 
(Frankel 1985; Kochhar 1993; Choe and Min 2006). The dominance of a particular 
pathway depends on the oxidation state of the oil as well as on other factors such as 
oxygen pressure, temperature, and the presence of pro- and antioxidants. The main 
decomposition products include aldehydes, ketones, alcohols, acids, hydrocarbons, 
lactones, furans, and esters. Table 13.2 shows the volatile compounds identified in 
oxidized olive oil samples by different authors. Aldehydes are the most important 
volatile breakdown products and major contributors to unpleasant odors as they 
have very low odor thresholds. Aliphatic alcohols make a small contribution to 
off- flavors because their flavor thresholds are higher than those of the corresponding 
aldehydes. Saturated hydrocarbons have even higher threshold values, while several 
unsaturated hydrocarbons are moderately potent flavors. Aliphatic acids have 
high flavor thresholds, so they must be present in high concentrations to produce 
off- flavors. Furans and ketones also contribute to undesirable flavors in olive oils. 
The flavor response of these volatiles is affected by the position and geometry of 
the double bonds present in the molecule. Unsaturated aldehydes and ketones are 
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susceptible to further oxidation, and new off-flavor compounds are formed (Kochhar 
1993). Sensory descriptions such as, for example, oxidized, rancid, fishy, soapy, 
painty, and tallowy have been used to describe the undesirable flavors developed in 
edible oils.

13.6  Thermoxidation: Frying

Deep-fat frying is one of the oldest and most popular food preparation methods. 
Frying is a process of immersing food in hot oil that is held at a temperature of 
 150–190 °C, where simultaneous heat and mass transfer occurs between the oil and 
fried food. High temperature, the presence of oxygen, and chemically active food and 
oil components form the desirable and unique qualities of fried foods. Fried foods are 

Table 13.2 Volatile 
compounds identified in 
oxidized olive oils by 
different authors

Volatile compounds

Acetaldehyde 2,4-Heptadienal
Hexane 1,4-Heptadiene
Cyclohexane 1-Octen-3-ol
Propanal 2,5-Octadien-2-one
Octane 2-Nonenal
Tetrahydrofuran Octanol
Pentanal 3,5-Octadien-2-one
Chloroform Decanal
Methyl benzene Undecanal
Hexanal 2-Decenal
4-Methyl-2,3-dihydrofuran Nonanol
1-Penten-3-ol Pyrrole
Heptanal Butanoic acid
z-Methyl-x,y-dihydrofuran 2,6-nonadienal
2-Methyl-2-butenal 2,4-nonadienal
2-Pentenal Terpenic hydrocarbons
2-Hexenal 2-Farnesene
1,3-Nonadiene Pentanoic acid
Octanal 2-Undecenal
2-Heptenal 2,4-Decadienal
6-Methyl-5-hepten-2-one Hexanoic acid
Hexanol 6-Methyl-5,9-undecadien-2-one
3-Hexenol Heptanoic acid
Nonanal Furan
2-Octenal Octanoic acid
1,3-Dichlorobenzene Nonanoic acid
Acetic acid Methyl heptanoate

Source: Dobarganes et al. (1986), Solinas et al. (1987, 1988), 
Morales et al. (1997, 2005), Luna et al. (2006)
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very popular among consumers due to their outstanding flavor, color, and crispy 
 texture (Boskou et al. 2006). Frying oil acts as a cooking medium and contributes to 
the texture and flavor of fried food as a source of flavor precursors and taste compo-
nents. The amount of oil absorbed by fried products (Table 13.3) is affected by time, 
food surface area, moisture in food, breading and coating of fried products, and type of 
frying oil (Mehta and Swinburn 2001). The absorbed oil during frying tends to accu-
mulate on the surface of fried food and replaces evaporated water inside the product 
during cooling and draining (Moreira et al. 1997, 1999a). Olive oil has an advantage 
linked to its relatively low melting point, which means that it drains from the fried food 
easily, thus leading to a low content of oil in the fried food (Rossell 2001).

Complex reactions happen during deep-fat frying, causing the formation of pleasant 
or unfavorable flavors, as well as affecting the color, texture, and nutritional value of 
fried foods. Among these reactions, the most common are oxidation, hydrolysis, and 
oligomerization of oil and food components. A portion of the volatile compounds is 
steam-distilled into the frying facility atmosphere, often causing contamination. 
Volatile compounds formed from degradation undergo further chemical reactions to 
yield compounds with higher molecular weight. Nonvolatile compounds are another 
group of components formed during frying that change the physical and chemical 
properties of oil and fried foods. Deep-fat frying reactions decrease the content of 
unsaturated fatty acids and endogenous minor components such as phenolics and 
 antioxidants in oil (Allouche et al. 2007). As a consequence of chemical changes, the 
following parameters increase in value: foaming, color, viscosity, density, specific 
heat, content of FFAs, polar materials, and oligomeric compounds (Fig. 13.6).

Physical parameters, which are usually selected for specific operations, such as 
temperature, time, type and freshness of frying oil, antioxidants, oxygen accessibility, 
endogenous oil and food components, and the design of a fryer, significantly affect the 
rate of oxidation, hydrolysis, and oligomerization occurring during frying.

13.6.1  Hydrolysis of Oil

When food is fried in heated oil, moisture moves from the food into the oil, where 
it is transformed into steam and evaporates with a bubbling action, significantly 
extending exposure to oxygen on the surface of the oil. Water attacks the ester bond 

Table 13.3 Fat content in 
fried products

Fried product Oil (% w/w)

Potato chips 20–38
Corn chips 25–38
Tortilla chips 23–30
Doughnuts 20–25
French fries 6–20
Fried noodle 10–18
Adapted from Mehta and Swinburn (2001)
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of triacylglycerols and produces di- and monoacylglycerols and FFAs (Fig. 13.4). 
The amount of FFAs formed in frying oil usually increases with the number of 
batches fried. However, in currently developed frying oils this increase is slow, as 
shown in Fig. 13.6 (Chung et al. 2004). Using FFA for frying oil quality monitoring 
is of minimal value due to the slow accumulation of these compounds. Hydrolysis 
occurs preferably in oils containing short and unsaturated fatty acids rather than in 
oils with long and saturated fatty acids and is driven by the solubility of fatty acids 
in water (Nawar 1969).

13.6.2  Thermal Oxidation of Oil

Oxygen reacts with oil faster under frying temperatures even when elevated 
temperatures lower its solubility in oil (Houhoula et al. 2003). The mechanism of 
thermal oxidation is essentially the same as for autoxidation. The rate of thermooxi-
dative degradation of oils is thought to be higher than autoxidation at ambient con-
ditions, but specific and detailed data are not available. The mechanism of thermal 
oxidation involves the initiation, propagation, and termination of the reaction, as 
described earlier.

The oil needs to be in a radical state to react with oxygen during the oxidation 
reaction, and the weakest point in the acid molecule is at the methylene-interrupted 
carbon located between double bonds. The energy required to break the 
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carbon- hydrogen bond on carbon 11 of linoleic acid is 50 kcal/mol, while the 
hydrogen- carbon bond on saturated carbons without a neighboring double bond is 
approximately 100 kcal/mol (Min and Boff 2002). The various strengths of hydrogen- 
carbon bonds of fatty acids explain the differences in oxidation rates of stearic, 
oleic, linoleic, and linolenic acids during thermal oxidation or autoxidation.

Heat, light, metals, and reactive oxygen species facilitate radical formation in oils. 
Polyvalent metals such as Fe3+ and Cu2+ remove hydrogen protons from oils to form 
alkyl radicals by oxidation-reduction mechanisms with metals, even at low tempera-
tures. The alkyl radicals formed are very reactive and interact with other alkyl, alkoxy, 
and peroxy radicals to form a variety of primary and secondary products.

The oxygen-oxygen bond formed in hydroperoxides is weak and requires only 
44 kcal/mol of energy to break (Hiatt et al. 1968). The hydroperoxides are generally 
unstable and during frying decompose easily (Fig. 13.7). Hydroperoxides are decom-
posed into alkoxy radicals and hydroxy radicals by homolysis of the peroxide bond. 
Toschi et al. (1997) identified a variety of monooxygenated products formed during 
thermal oxidation of methyl linoleate. The alkoxy radicals react with each other or 
with other radicals to form new radicals and nonradical products, usually oligomers. 
The formation of nonradical volatile and nonvolatile compounds usually ends the 
oxidative degradation process.

Most volatiles are removed from frying oil by steam distillation during frying 
(May et al. 1983). Wu and Chen (1992) observed that when water was added to  
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the frying system, the amount of volatile compounds decreased significantly. The 
disappearance or loss of volatile compounds in frying oil is due to the combination 
of evaporation, decomposition, and the reaction of volatile compounds with other 
food components (Nawar 1985).

13.6.3  Oligomerization

The major decomposition products of frying oil are nonvolatile polar and nonpolar 
compounds, mainly oligomers of various radicals, triacylglycerol, and minor com-
ponents such as sterols, tocopherols, and phenolics (Dobarganes et al. 2000). Dimers 
and polymers are large molecules and are formed by a combination of the following 
bonds: -C-C-, -C-O-C-, and -C-O-O-C- (Kim et al. 1999; Rudzinska et al. 2010). 
Hydroxy and keto dimers of linoleate, including the dimers of oleate, were found in 
soybean oil during frying (Christopoulou and Perkins 1989). Rudzinska et al. (2010) 
observed that phytosterols during thermooxidative degradation are mainly trans-
formed into oligomers with small amounts of volatile and oxidized products formed. 
Oligomerization during frying follows the usual radical mechanism. Oils rich in 
linoleic and linolenic acids form oligomers more easily during frying than high 
oleic acid oils (Bastida and Sanchez-Muniz 2001).

Oligomers formed during frying are rich in oxygen and usually have ether or 
peroxide bridges. Yoon et al. (1988) reported that oxygen-rich oligomers accelerated 
the oxidation of oil and significantly increased the oil viscosity (Tseng et al. 1996). 
Furthermore, these compounds reduce heat transfer, increase foaming, stimulate 
absorption of oil by food, and cause changes in the color of fried foods. Oligomers are 
highly conjugated compounds forming a brown, resinlike residue on the walls of the 
fryer, at the contact area between oil and the air (Moreira et al. 1999b).

13.6.4  Degradation of Oil Components

High temperatures during frying stimulate the degradation of fatty acids, particularly 
unsaturated, into a variety of volatile and nonvolatile compounds, as discussed earlier. 
Among components formed are a variety of compounds that may be toxic to different 
extents. Uriarte and Guillén (2010) observed the formation of alkylbenzenes as products 
of linoleic and linolenic acid thermooxidative degradation. These components with 
gamma carbonyls are the primary contaminants in frying facilities, deteriorating air 
quality and causing continuous exposure of workers. It is well established that many 
minor components of oils degrade at similar rates to fatty acids during frying. 
Tocopherols, sterols, and phenolics are involved in oxidative degradation and form radi-
cal intermediates, which further interact to often produce oligomers. Andrikopoulos 
et al. (2002) observed that 85–90 % of tocopherols disappeared during multiple frying 
in olive oil. Other typical olive oil phenolics were more resistant to degradation  compared 
to tocopherols. However, after multiple batch frying, only 20–30 % were left.
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Rastrelli et al. (2002) reported that during storage, tocopherols were degraded at a 
faster rate than other phenolics in olive oil. However, during frying, tocopherols and 
olive oil phenolics disappeared at the same rate, indicating similar antioxidant poten-
tials. Hydroxytyrosol, oleuropein, and derivatives of elenolic acid thermooxidatively 
degraded at a rate similar to that of tocopherols during food frying (Brenes et al. 2002; 
Gomez-Alonso et al. 2003). Most of the degradation of phenolics can be linked to the 
formation of oligomers by reactions between the same phenolic molecules or between 
different radical molecules. The most prone to oligomer formation are quinone-type 
phenolics (Robards et al. 1999). The effect of thermal oxidation on the minor compo-
nents of VOO has been recently studied in depth. It was reported that the degradation 
of unsaturated fatty acids by the thermal oxidation process is related to the decreased 
concentration of o-diphenols and α-tocopherol. There is evidence that some pheno-
lic compounds, such as tyrosol, lignans, and oxidized derivatives of secoiridoids, 
remain in the oil mostly in unchanged form, even when the level of polar compo-
nents exceeds 25 %, whereas α-tocopherol is usually completely transformed into an 
oxidized form. Chlorophyll pigments, such as pheophorbides and pyropheophytins, 
are the most resistant to thermooxidative degradation (Tena 2010).

13.7  Measurement of Lipid Oxidation

Lipid oxidation leads to the formation of hydroperoxides, primary products that are 
very unstable, and, by decomposition, form secondary products. These secondary 
products may include hundreds of individual components that adversely affect food 
flavor. In many cases, these components are associated with oxidative rancidity or 
off-flavor formation.

The major importance of food quality control is the determination of the extent 
of oxidation in foods and food products. Analytical methods developed to measure the 
extent of oxidation are based on products formed or involved in this deteriorating 
process. Methods characterized below can be divided into two groups. The first 
measures oxygen (as the main cause of oxidation) and primary products, the second 
measures secondary products formed from the decomposition of hydroperoxides.

13.7.1  Primary Products, Substrates

13.7.1.1  Oxygen Consumption

Oxygen is one of the major causes of oxidation that can be measured to evaluate 
oil stability. Consumption of oxygen can be performed by gas chromatography 
(GC) with a thermal conductivity detector or by measuring the decrease in pressure 
when oxygen is consumed. GC measures directly the amount of oxygen present in 
headspace over the stored oil and can be performed under accelerated conditions 
with full control of parameters. The change in pressure is evaluated also under 
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controlled conditions and can be directly converted into oxygen consumption. Both 
methods are relatively simple and evaluate directly the amount of oxygen utilized 
for oxidation of the particular oil.

13.7.1.2  Conjugated Dienes and Trienes

During the formation of peroxy radicals and hydroperoxides a shift in double-bond 
configuration occurs, thus transforming the normal methylene-interrupted configura-
tion into conjugated forms. Conjugated dienes (CDs) show absorption at 232 nm and 
trienes at 268 nm (Noor and Augustin 1984). By measuring CDs, the oxidative status 
of oil is estimated indirectly. Good correlations between sensory scores and CDs were 
reported for stored oils, and potato and tortilla chips (McMullen and Hawrysh 1991).

13.7.1.3  Peroxide Value

Measurement of peroxide values (PVs) is used as an indicator of the initial oxidation 
since it measures the hydroperoxide content. There are numerous procedures for the 
assessment of PV. The most common method is iodometric titration, although spectro-
metric methodologies have recently been established (Chap. 10). The second most 
common procedure used is based on the redox potential of iron combined with colori-
metric measurement. An excellent discussion of the problems encountered with PV 
assessment can be found in Rossell (1987). A number of studies have shown a high 
correlation between PV and sensory scores for stored oils (Przybylski et al. 1993).

13.7.2  Secondary Decomposition Products

13.7.2.1  Thiobarbituric Acid Test

The thiobarbituric acid (TBA) test is based on the reaction between TBA and 
malondialdehyde. It is one of the most often used tests to assess rancidity in foods, 
particularly foods of animal origin. TBA produces a red color complex with an 
absorption maximum at 532 nm. This test is not specific to malondialdehyde, and 
there are reports stating that other oxidation aldehydes and peroxides also form a 
colored complex that could affect the evaluation. A good discussion of the limita-
tions and modification of this procedure can be found in St. Angelo (1996).

13.7.2.2  Carbonyl Compounds

The oxidation of oils can be measured colorimetrically by determining the 
 carbonyl compounds, which are formed as main products of hydroperoxide 
decomposition. With this method components directly responsible for off-flavor 
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are measured. Carbonyl compounds can be measured as 2,4-DNPH (2,4-dinitro-
phenylhydrazine) or hydroxylamine (oximes) derivatives (Henick et al. 1954; 
Przybylski and Hougen 1989). These compounds can be measured in either oils 
or food products. From another point of view, high correlations were found 
between the amount of unsaturated and saturated carbonyls and sensory scores 
(Eskin and Vaisey-Genser 1989).

13.7.2.3  Anisidine Value

The test is based on the reaction of p-anisidine with unsaturated carbonyl compounds 
present in oils where the colored reaction product is formed and measured by spec-
trophotometry. Anisidine values (AV) below 10 are recommended for freshly refined 
oils. A good correlation between AV and sensory scores has been found for oils and 
fried products (McMullen and Hawrysh 1991). A combination of the peroxide and 
anisidine values is often used as a complete description of oil oxidative status and is 
called the TOTOX index (Holm 1972).

13.7.3  Volatile Analysis by Gas Chromatography

Analysis of flavor components by GC is a direct measurement of compounds 
responsible for off-flavor formation and is, therefore, the most suitable for compari-
son with sensory evaluation. This methodology can also provide data on the origin 
of flavor compounds and their precursors (Frankel 1993).

Initially the most widely applied techniques for volatile analysis by GC were 
static headspace, dynamic headspace, and direct injection. Dynamic headspace 
techniques have been widely applied in the study of olive oil oxidation (Dobarganes 
et al. 1986; Solinas et al. 1987; Morales et al. 1997), although during recent years 
solid-phase microextraction (SPME) has been the most common sample prepara-
tion technique for the evaluation of volatile compounds in oxidized olive oil 
samples (Chap. 8).

13.7.4  Testing Resistance to Oxidative Stability

A number of accelerated tests have been developed to evaluate oil resistance to 
oxidation. According to Frankel (Frankel 1993), oxidative stability tests where a 
temperature above 85 °C is applied are not reliable due to the different mechanisms 
of oxidation involved. Furthermore, it has been found that results from Rancimat 
and the active oxygen method (AOM) did not agree with stability tests performed at 
60 °C (Warner et al. 1989).
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13.7.4.1  Active Oxygen Method

In the AOM or Swift test, air is bubbled through oil held at 98 °C. Samples of oil 
are taken at various intervals and the PV determined. By plotting PV against time, 
the induction period is established.

13.7.4.2  Oxygen absorption tests

Oxidative deterioration can also be monitored by holding the oil at elevated 
temperatures in a closed system and measuring oxygen absorption. Many variations 
of this procedure have been devised including ASTM oxygen bomb, the FIRA-
Astell apparatus, the Sylvester test, and weight gain or gravimetric procedures.

13.7.4.3  Conductivity Tests

Conductivity tests are based on the decomposition of hydroperoxides and the 
formation of short-chain fatty acids, which change the conductivity of water. 
These acids are produced when oils are heated at 100 °C or higher temperatures 
and are mainly formic and acetic acids. Several automated instruments based on 
the conductivity principle have been developed, including Rancimat and OSI 
(Rossell 1987).

13.7.4.4  Accelerated Storage Tests

Accelerated storage tests have been used extensively to monitor the stability of 
vegetable oils using a modification of the Schaal oven test (Eskin et al. 1989). In 
this test, oxidation is accelerated by holding the sample of oil from 60 °C to 65 °C 
in the dark and samples are evaluated at defined intervals by measuring the extent 
of oxidation. Variations of the Schaal oven test conditions exist and include differ-
ences in the oil quantity used for storage, the size of storage containers, differences 
in ratios between the surface of the oil and its volume, and whether or not the 
 containers are covered during storage. The ratio between surface area and volume 
of oil directly affects the rate of oxidation. The Schaal oven test is more reliable 
than tests carried out at elevated temperatures because it reproduces similar oxida-
tive changes observed under actual shelf life conditions (De Man et al. 1987).  
By increasing the temperature of storage the oxidation rate is increased, so the 
whole test can be performed in a shorter time. One day of storage at this condition 
is equivalent to about 1 month at ambient temperature (Evans et al. 1973). This test 
is also performed with light exposure to evaluate any photooxidation effect on oil 
oxidative stability.
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13.7.4.5  Ambient Storage Tests

These are performed similarly to the Schaal oven test but at ambient temperature. 
The tests must be performed for a long time due to the slow oxidation process; thus, 
they are costly and time consuming.

13.8  Flavor and Off-Flavor of Virgin Olive Oil

As was described in Chap. 8, VOO has a desirable and complex flavor mainly due to 
the presence of many volatile compounds. Many of them are produced through the 
lipoxygenase pathway and are always present in the headspace of VOOs, although at 
different concentrations depending on the olive cultivar. When oils are subjected to 
oxidation, new volatile compounds that were not initially present appear and the 
initially pleasant sensory characteristics of the oil eventually give way to unpleasant 
sensory attributes.

The changes in the chemical compounds responsible for the VOO flavor – mainly 
produced through biochemical pathways – and the formation of off-flavors, 
produced through (chemical) oxidative pathways (Frankel 1985; Dobarganes et al. 
1986; Kochhar 1993), indicate the main differences found between VOO flavors 
and off-flavors. The volatile compounds identified in VOO flavor have been found 
to be quite different from those identified in VOO off-flavor. The explanation could be 
their different origins, mainly biochemical for flavors and chemical for off- flavors. 
The main differences that characterize off-flavors are the absence of C6 aldehydes 
and alcohols (produced from linolenic acid), which contribute to the green flavor of 
VOO, the absence of esters contributing to fruity flavor, and the presence of many 
aldehydes with low odor thresholds contributing to the typical rancid odor of oxi-
dized oils (Table 13.2). The profile of volatile compounds of a VOO sample respon-
sible for its flavor, which can be considered a fingerprint of the oil, abruptly changes 
when the sample is deteriorated by oxidation. Figure 13.8 shows the profile of volatile 
compounds of various olive oil samples oxidized at various levels. Qualitative and 
quantitative changes in the volatile composition of the oil can be observed.

The change in the volatile composition of VOO along the oxidation process was 
studied using an accelerated process (Morales et al. 1997). In this experiment, the 
initial flavor disappeared in a few hours, and then the oxidation process started, 
producing a great amount of volatile compounds, only some of them being present 
in the initial flavor.

During the first hour the total volatiles decreased as they were stripped by the gas 
flow rate, aided by the rise in temperature. At 5 h, there were practically no volatiles 
in the oil. At this point, the oil could be considered refined oil, as the initial volatiles 
produced mainly through enzymatic pathways had completely disappeared. A remark-
able point is the small amount of hexanal at 5 h, while it was one of the major peaks 
in the initial VOO flavor. From this time on, a further increase in new volatiles 
(breakdown products of lipid hydroperoxides) was observed while the oxidation 
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Fig. 13.8 Chromatograms of oxidized virgin olive oil samples. Top to bottom: increasing oxidation. 
Note:1 pentanal, 2 hexanal, 3 (E)-2-hexenal, 4 hexan-1-ol, 5 nonanal, 6 acetic acid, 7 butanoic 
acid, 8 pentanoic acid, 9 hexanoic acid, 10 heptanoic acid, 11 octanoic acid. (Courtesy of SEXIA 
Group, Instituto de la Grasa, Sevilla, Spain)
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process continued. The great increase in the total volatile content, showing the 
progressive deterioration in the olive oil, corresponded to the induction time, deter-
mined by the Rancimat method as 46.4 ± 0.35 h. Once the initial volatiles disap-
peared, the concentration of certain volatiles increased, for instance, 2- farnesene 
greatly increased after 5 h oxidation. During subsequent hours the concentrations of 
several aldehydes increased, such as hexanal, produced by breakdown of linoleate 
13-OOH, nonanal and 2-decenal, arising from oleate 9-OOH, and 2-heptenal, by 
decomposition of linoleate 12-OOH. Pentanal and heptanal originating from the 
decomposition of linoleate 13/11-OOH and octanal from oleate 11-OOH were also 
produced in the following hours. 2-Undecenal from oleate 8-OOH was also greatly 
increased. Almost all these volatiles are responsible for VOO off-flavors because 
their threshold levels for odor are very low, as can be seen in Table 13.4. This table 
also shows the aldehydes identified during the process and their odor thresholds 
(Meijboom 1964), which are low enough to contribute to olive oil off-flavor; in fact 
all of them are chemical compounds having sensory properties.

Hexanal/Nonanal Ratio. The advance of oxidation processes in refined vegetable 
oils is indicated by the increase in total volatiles and the concentration of some specific 
volatile compounds such as hexanal (Snyder et al. 1988; Warner et al. 1988). 
Some of the volatiles found in oxidized samples are also present in the initial flavor 
of VOO. This is true for hexanal, which is present in the initial VOO flavor because 
it is produced from linoleic acid through the lipoxygenase pathway. It has been 
demonstrated that hexanal is an important flavor compound of VOO and contributes 

Table 13.4 Threshold values and sensory properties of virgin olive oil aldehyde 
off-flavor components

Volatilesa Sensory propertiesb OTc

Hexanal Fatty, powerful, oily, grassy 0.32
Nonanal Fatty, waxy, painty, citrus 13.50
2-Heptenal Oxidised, tallowy, pungent –
2-Decenal Painty, fishy, fatty –
Pentanal Woody, bitter, oily 0.24
2,4 Heptadienal Fatty, rancid (hazelnut), cinnamon 3.60
Undecanal Fatty, tallowy –
Heptanal Oily, fatty, heavy, woody, penetrating, nutty 3.20
Octanal Fatty, sharp, citrus 0.32
2-Nonenal Penetrating, fatty, waxy, beany, rancid 3.20
Decanal Penetrating, sweet, waxy, painty 6.70
2,4-Decadienal Powerful, fatty, citrus 2.15
2-Hexenal Sweet, fragrant, almond, fruity, green, leafy 10.0
2-Octenal Brown beans, herbaceous, spicy –
2-Undecenal Fresh, fruity, orange peel –

OT odor threshold
aChemical compounds identified and quantified by Morales et al. (1997)
bSensory characteristics found in the literature (Kochhar 1993)
cOdor threshold values (mg/kg) in paraffin oil obtained from Meijboom (1964)
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to the sweet perception (Morales et al. 1996; Aparicio et al. 1996b). On the other 
hand, it has been demonstrated that the hexanal content in VOO is positively cor-
related with the overall acceptability of potential and habitual consumers of VOO 
(McEwan 1994). In consequence, hexanal is not an adequate marker for the begin-
ning of oxidation in the case of VOO, although it has been used with success in 
refined vegetable oils (Snyder et al. 1988; Warner et al. 1988).

Because the main biochemical pathway – the lipoxygenase pathway – promotes 
the formation of C6 volatile compounds from linoleic and linolenic hydroperoxides 
rather than the C9 compounds, nonanal was either not found or found only at trace 
levels in VOO. Nonanal and hexanal follow a similar behavior during VOO oxida-
tion, and the shape of both curves, after a polynomial fit of their whole set of data, 
was similar (Fig. 13.9). In fact, both sets of data (nonanal and hexanal) have been 
found to be highly correlated (R = 0.99). A regression coefficient of R = 0.89 was 
found for nonanal and R = 0.84 for hexanal. But when a linear regression was 
applied to a partial set of data, from 9 to 46 h of oxidation, R = 0.98 was obtained for 
nonanal and R = 0.94 for hexanal. Thus, an appropriate way to detect the beginning 
of oxidation could be an early measurement of nonanal. In fact, there is a good cor-
relation (R = 0.98) between the amount of this compound and the oxidation time 
from 5 h to the induction period, and an equation has been formulated for explaining 
the oxidation of a VOO until its induction period, with an acceptable predicted 
regression (R = 0.88) (Morales et al. 1997). Initially, hexanal was very high while 
nonanal was detected at trace levels, but in the course of the oxidation both com-
pounds were present in similar amounts. Thus, the hexanal/nonanal ratio changes 
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Fig. 13.9 Changes in hexanal and nonanal content of virgin olive oil during oxidative deterioration 
process (Courtesy of SEXIA Group, Instituto de la Grasa, Sevilla, Spain)
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abruptly from thousands, in gourmet oils, to lower than two in oxidized oils, whatever 
their levels of oxidation. Because the major part of hexanal does not result from the 
lipoxygenase cascade but from autoxidation, it would be possible to predict the level 
of oxidation of a VOO with a predicted regression of R = 0.84.

13.9  Sensory Characterization of Volatile Compounds 
Responsible for Off-Flavor

Although the sensory properties of VOO are well known (IOC 1996b), there is little 
information about the sensory characteristics of oxidized olive oils. Morales et al. 
(1997) trained assessors to evaluate VOO samples subjected to oxidation for several 
hours. Their results were compared with the evolution of volatiles during the process. 
Only a few volatiles appeared after 5 h of oxidation, and assessors characterized this 
oil as refined, fried, oxidized, despite its being well known that refined oils have no 
volatile compounds since they are deodorized. After 11 h of oxidation, the major 
volatile compounds were hexanal and nonanal, which smelled fatty and waxy. 
The assessors basically characterized this oil as rancid. The possible synergy 
between these compounds and other volatiles present at lower concentration could 
explain why the assessors characterized this oil as rancid. Hexanal (fatty), 2- heptenal 
(oxidized, tallowy), nonanal (fatty, waxy, painty), and decanal (penetrating, waxy) 
were the major volatiles at 21 h, and their sensory descriptors completely agreed 
with the sensory perceptions of the assessors for this oil – unpleasant, rancid, pen-
etrating. After 21 h of oxidation, several aliphatic acids, such as hexanoic, nona-
noic, octanoic, and heptanoic acids, appeared, perhaps having been formed by 
further oxidation of their corresponding aldehydes. Aliphatic ketones formed by 
autoxidation of unsaturated fatty acids also contributed to the undesirable flavors 
of the VOO because they have low threshold values (Kochhar 1993), e.g., 5-hepten-
2-methyl-6- one and 3,5-octadien-2-one, characterized as having fatty, fruity odor 
notes, were found in samples. 1-3-nonadienes arising from linoleate 9-OOH, 
described as rancid and buttery (Evans et al. 1971), and furans and alcohols such as 
1-penten-3-ol, 2-pentanol, 1-octen-3-ol, and octanol were also found in oxidized 
samples. Aliphatic alcohols make a small contribution to off-flavors because their 
flavor thresholds are significantly higher (Kochhar 1993) than those of their aldehyde 
counterparts. The transformation into an alcohol of even a small amount of potent 
off-flavor aldehyde above the detection level will bring about considerable odor 
reduction (Eriksson et al. 1977; Kochhar 1993).

Morales et al. (1997) describe that the initially pleasant sensory characteristics of the 
oil (pleasant, green banana) changed abruptly after 30 min oxidation. All their trained 
assessors agreed on the initial sensory description of the oil, its overall acceptability 
being given as 7.1, which that means EVOO according to EC regulations (EC 1995). But 
this description got progressively worse during olive oil oxidation. After 30 min the 
initial value decreased to 4.1, which means lampante VOO according to EC regulations 
(EC 1995), and the assessors agreed that the oil did not smell like a VOO due to the loss 
of the fresh VOO volatiles. Surprisingly, the PV, at 3.2, had not changed at this point of 
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the process (Fig. 13.10). The authors detected an apparent disagreement between sen-
sory evaluation and PV. Thus the odor was described as rancid by assessors after 9 h of 
oxidation, while the PV remained at 18.3, an accepted value for a VOO in EC regula-
tions (EC 1995, 2011); its maximum is 20. To check this disagreement, the authors 
carried out a hedonic evaluation that showed that the initially acceptable VOO was 
rejected in the initial steps of oxidative deterioration. After 12 h of oxidation, asses-
sors stated that they would never have tried the oil. A good correlation (R = −0.85) 
was detected between the flavor scores and the amount of nonanal from 0 to 12 h, 
although the coefficient abruptly dropped to R = −0.51 when the oxidation process was 
analyzed from 0 to 22 h. The latter result has a logical explanation since the amount of 
nonanal rose exponentially when the flavor score had reached its minimum.

Morales et al. (1997) also studied the evolution of the total volatile compounds 
responsible for VOO flavor during the oxidation process. A regression coefficient 
of R = 0.91 was obtained by the polynomial fit of the whole set of total volatile com-
pounds versus time. When the linear regression was applied to a selected set of data, 
from 9 to 46 h (induction time), the linear regression coefficient was R = 0.98.

13.10  Sensors and Oxidation

An alternative to the analysis of volatile compounds by GC to detect the presence 
of oxidation secondary products in olive oil has been the use of different kind of 
sensors, usually arranged as a sensor array and connected to a pattern recognition 
procedure to discriminate between high-quality and oxidized/rancid oils.
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Sensors based on semiconductive organic polymers (Kreiss-Rogers 1997; Hodgins 
1997) were initially applied to ascertain the quality of VOO and to evaluate rancidity in 
VOOs (Morales et al. 2000; Aparicio et al. 2000). A selected set of sensors was corre-
lated with the main volatile compounds responsible for the rancid perception using a 
standard olive oil that is used by the International Oil Council for training assessors. 
The results (Fig. 13.11) show the utility of this kind of sensor, not only in terms of their 
linear response but also in detecting low percentages of rancid sensory attributes up to 
levels that fully trained assessors are barely able to detect properly.

Later, metal oxide semiconductor (MOS) sensors were used to classify olive oils of 
various qualities (García-González and Aparicio 2004), to evaluate olive oil oxida-
tion during storage (Buratti et al. 2005), and to monitor the oxidative status of VOOs 
with different phenolic contents (Lerma-García et al. 2009). MOS sensors have also 
been used as a chromatographic detector by coupling to GC, demonstrating the 
sensor sensitivity to alcohols, aldehydes, and compounds responsible for the rancid 
sensory defect in VOO (García-González and Aparicio 2010).

Other kinds of sensors have also been employed to discriminate rancid from 
good-quality oils, an electronic nose based on SPME coupled with a surface acoustic 
wave sensor array was used to analyze different quality VOOs (García-González 
et al. 2004), and recently an artificial olfactory system, based on quartz crystal micro-
balance sensors using chromatographic stationary phases as sensing films of the 
sensors has provided promising perspectives to differentiate edible from lampante 
VOOs (Escuderos et al. 2010).
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13.11  Future Trends

The finding of safe and accurate oxidation markers for olive oil, the implementation 
of efficient sample preparation protocols and powerful analytical separation proce-
dures (using new or improved detectors), the unification of analytical methods for the 
establishment of antioxidant activity, the measurement of oxidative stability, and the 
prediction of performance during frying, as well as absorption and bioavailability to 
clarify the nutritional benefits of VOO, will be some of the aspects related to olive 
oil oxidation of interest in the near future.
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14.1            Introduction 

 Generally, the sensory quality of a food infl uences its acceptability and desirability. 
It is determined by a set of positive characteristics evaluated through sense organs. 
Color, odor, taste, and tactile sensations have a true physiological function as they 
stimulate the appetite and gratifi cation effect and make foods acceptable. 

 Stimulation of the sense organs from volatile and nonvolatile compounds gives 
rise to a spectrum of perceptions that are memorized as characteristic of a given 
product and allows its correct identifi cation when next experienced. 

 Quality attributes that can be detected through the sense organs are appearance, 
size and shape, color, viscosity, kinesthetic sensations (e.g., hardness, fi brousness, 
palatability   , crispness), tactile sensations, chemesthetic sensations (the combined 
response to cutaneous, thermal, and painful stimuli elicited by some irritants), odor, 
and taste. The number of attributes is drastically reduced for olive oils because some, 
such as size, shape, and kinesthetic sensations, have no signifi cance for liquid mate-
rials, while others, such as cloudiness and viscosity, can be easily modifi ed or mea-
sured using suitable instruments. Therefore, only color, odor, taste, sensations such 
as oiliness and fl uidity, and chemesthetic sensations (e.g., pungent and astringent) 
have importance in the evaluation of the sensory quality of olive oils. 

 Analytical methods have been investigated to identify and quantify chemical 
volatile and nonvolatile compounds responsible for fl avor (Chaps.   8     and   9    ). 
However, sometimes the search for relationships is made diffi cult by the fact that 
these connections may exist between a single odor note and the sum of volatiles, 
rather than between a single odor note and a single compound (Piggott  1990 ). Thus, the 
possible relationships between detected components and the sensory perceptions 
have been pointed out by the application of multivariate statistical procedures 
(Aparicio et al.  1996 ; Morales and Aparicio  1993 ; Morales et al.  1995 ). For example, 
the close relationship between volatiles and desirable and undesirable sensory per-
ceptions has been considered by several researchers to be a useful tool to describe 
and quantify oil fl avor (Angerosa et al.  1996a ; Aparicio and Morales  1994 ). 

 In addition, the qualitative and quantitative determinations of volatiles, even if 
carried out by means of concentration systems for oil aroma, do not provide infor-
mation about fl avor because they cannot render an account of the interactions occur-
ring in the olfactory system or between taste and smell. Because of the chemical 
complexity of olive oil, it is very diffi cult to know the kinds of mixed interactions 
involved (Breslin  1996 ; Lawless  1986 ). It is likely that there are interactions within 
volatile compounds; interactions of odor with taste, of color with fl avor and taste, 
and of taste with viscosity; interactions between oral trigeminal irritations from 
some compounds such as secoiridoid compounds and taste and odor. The result of 
all these complex interactions is that the strength of a few sensations elicited by 
some compounds could be suppressed, whereas the sensations of other stimuli 
could be enhanced. Moreover, new qualities can be produced by the perceptual 
fusion and blending of taste and odor sensations (Erickson and Covey  1980 ). Even 
more, it should be taken into account that high concentrations of a volatile com-
pound do not always result in a strong odor response. 
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 Thus, in spite of the progress made in the analytical fi eld, some problems have not 
been resolved completely using only instrumental analyses. Therefore, sensory analysis 
is still the most effective means to evaluate differences, qualities, and quantities of the 
sensory stimuli elicited by foods and to determine whether they are liked or preferred.  

14.2     Quality Parameters of Olive Oils 

 Color, taste, and aroma are the main parameters for the defi nition of the quality of 
olive oils. These attributes are ascribable to certain compounds retained in olive oil as 
the result of its mechanical extraction from the fruit of the olive tree ( Olea europaea  
L.) and to the fact that it usually can be consumed without further treatment. 

14.2.1     Color 

 Color is perhaps the most important sensory characteristic of foodstuffs, especially 
if it is related to some other aspects of quality. 

 The color of virgin olive oils (VOOs), when just extracted, ranges between light 
yellow and a more or less deep green depending on the content of liposoluble pig-
ments (chlorophylls and carotenoids) naturally occurring in the fruits. Chlorophylls 
give oils their yellow/green color, whereas carotenoids determine shades between 
yellow and red. The level of these pigments is related to genetic factors, to the ripen-
ing degree of olives, and to the conditions adopted for oil extraction. Such pigments 
decrease in concentration as the fruit ripens and disappear at the moment of com-
plete maturity. For more information see Chap.   7    .  

14.2.2     Taste 

 Taste is the sensation perceived when the gustatory papillae are stimulated by some 
soluble substances. The four basic distinctive tastes are sweet, salty, acid, and bitter. 
The sweet sensation is elicited by substances such as sucrose, salty by sodium 
chloride, acid by the pH of some acids (weak acids give rise to weaker stimuli), and 
bitter by such substances as caffeine and quinine. Olive oil contains no sugars or 
sodium chloride, and, moreover, acid sensations cannot be stimulated by the free 
fatty acids responsible for its free acidity because of their very low dissociation 
constant. Secoiridoid compounds are, perhaps, the only substances responsible for 
true gustatory perception in VOOs. 

 Aglycons of the various glycosides naturally occurring in olive fruits (Gariboldi 
et al.  1986 ; Kubo and Matsumoto  1984 ), all of which contain tyrosol or hydroxyty-
rosol in their molecular structure (   Angerosa et al.  1995 ,  1996b ; Montedoro et al. 
 1993 ), are mainly responsible for bitterness (Chap.   9    ). Bitter is the most important 
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taste perception of VOOs; it is due to an interaction between polar molecules and 
the lipid portion of taste papillae membranes (Bate-Smith  1973 ). 

 The level of secoiridoid compounds in VOOs is heavily infl uenced by genetic 
factors, the ripening stage of fruits, and the technological process of oil extraction. 
Secoiridoid concentration increases with fruit growth until a maximum is reached 
that is generally observed as the olives turn to purple; from this stage on, their 
polyphenol content decreases (   Montedoro et al.  1992 ). 

 The kind of crushing affects bitter taste (   Angerosa and Di Giacinto  1995 ), long 
periods and high temperatures of malaxation weaken the bitter intensity, while 
extraction systems in which partition phenomena between water and oil and the 
converse are reduced, such as in pressing or when using two-phase centrifugal 
decanters, provide oils that have a stronger bitterness (Angerosa and Di Giovacchino 
 1996 ; Di Giovacchino et al.  1994 ). 

 The same compounds mentioned previously could also be responsible for the 
astringency that is sometimes perceived in VOOs. Astringency, a chemically induced 
tactile sensation (Lee and Lawless  1991 ), can be defi ned as the drying, puckering 
sensation in the mouth elicited, for example, by quince fruits. There is wide agreement 
on attributing this sensation to precipitation in the oral cavity of salivary proteins 
because of their nonspecifi c hydrogen bondings with  ο -diphenolic groups with a 
concomitant loss of their lubricating power and production of an unpalatable dry 
sensation (Lee and Lawless  1991 ; Naish et al.  1993 ). 

 In addition, secoiridoid compounds give rise to a pungent perception through the 
stimulation of the fi bers carrying thermic, tactile, and painful sensations (nociceptive 
fi bers) from the trigeminal nerve. Nociceptive fi bers are associated with taste buds 
in the fungiform papillae (Withehead et al.  1985 ).  

14.2.3     Aroma 

 The delicate fragrant aroma of VOOs is the sum of sensations perceived when 
several chemicals, transported by air streams during inhalation and expiration 
actions, reach and stimulate the odor receptors located in neurons of the olfactory 
epithelium (García-González et al.  2011 ; Royet and Plailly  2004 ). 

 Odorants are compounds with a low molecular weight (<300), volatile enough so 
that a suitable number of molecules reach the olfactory epithelium and can dissolve 
into the mucus that covers the sensitive olfactory cells, forming bonds with the 
specialized receptors (Moruzzi  1977 ; Rolls  2006 ). The mechanism that allows 
humans to identify the intensity and quality of odorous stimuli correctly is still not 
completely understood (Faurion  2006 ; García-González et al.  2011 ). 

 Individual differences in sensitivity have been observed in “normal” human 
subjects when they have been tested for the determination of thresholds of some 
odorants. Such signifi cant individual differences in the ability to smell among 
different groups of subjects in the world would seem to be related to genetic, cultural, 
and environmental factors. 
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 The odor strength seems to be related more to chemical factors, such as the volatility 
and hydrophobic character, and to the stereochemical structure of odorants rather than 
to their concentration. The size, shape, conformation, type, and position of functional 
groups of odorants have been shown to be important elements in establishing their suit-
ability to bond to olfactory receptor proteins present in the olfactory epithelium and 
giving rise to perceptions. Odor quality is also infl uenced by  cis / trans  isomerism. 
Bedoukian ( 1971 ) studied the olfactory characteristics of seven primary hexenols and 
found appreciable differences between the  cis  and the  trans  isomers of each alcohol, the 
 cis  forms being sharper and greener and  trans  isomers more fatty. In addition, changes 
in the position of the double bond have resulted in different shades of green odor and in 
different degrees of pleasantness. The kind of functional group is more related to odor 
strength than to odor quality. Hatanaka and co- workers ( 1992 ) found that the odor 
intensity of C 6  unsaturated aldehydes is 10–1,000 times stronger than that of the corre-
sponding hexenols having the same position and geometry of the double bond, but the 
odor quality was practically the same in both classes of compounds. 

 These fi ndings are of particular importance for VOOs because they contain more 
than 100 volatiles identifi ed by gas chromatography-mass spectrometry (GCMS), 
which give rise to the special aroma of VOOs. The characterization from a sensory 
point of view as established by sniffi ng techniques for most identifi ed compounds 
has proven that no substance is able to give rise to all the sensations and shades 
that form the olive oil aroma but that each one contributes to it; see Chap.   8     for 
more information. 

 The ripening degree of fruits at harvesting affects considerably the oil aroma 
(Chap.   12    ). In fact, the strongest balanced aroma is presented when the maximum 
content of volatiles is achieved (Angerosa and Basti  2001 ). This is reached at various 
times according to the olive variety, though the processing system and the condi-
tions adopted during oil extraction are also responsible for changes in volatile 
composition and, thus, in the quality and strength of aroma. The severe crushing    of 
fruits performed by metallic crushers and long periods and high temperatures of 
malaxation have negative effects on the aroma of resulting oils (Angerosa  2002 ). 
Further, extraction systems in which the partition phenomena between water and oil 
and vice versa are reduced as much as possible, such as in pressing or in two-phase 
centrifugal decanters, provide oils with stronger aromas.   

14.3     Specifi c Vocabulary for Virgin Olive Oils 

 A specifi c vocabulary has been developed to describe fl avors of VOOs, that is, oils 
obtained from fruits by purely mechanical means and which can be consumed without 
any further treatment. Extracting oil from olives that have suffered damage from 
diseases or adverse weather conditions or alterations owing to fermentation and 
catabolic phenomena results in lampante VOO. Because of the disgusting tastes 
and odors, these oils must undergo a set of technological treatments, known as the 
refi ning process, to make them edible. 
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 The refi ned oils obtained from these technological treatments, which include 
neutralizing, bleaching, and deodorizing as essential steps of the refi ning process 
(Chap.   19    ), do not contain substances that are able to stimulate the olfactory epi-
thelium, the gustative buds, and the free endings of the trigeminal nerve; therefore, 
they are fl avorless. The lack of natural antioxidants in refi ned oils (Boskou  2006 ) 
also promotes their autoxidation and, hence, the production of short-chain alde-
hydes that are responsible for rancid perception (Chap.   8    ). 

 Generally, descriptions of the fragrant and delicate aromas of VOOs fall into two 
main groups: (1)  olive fruity , the sensation that recalls olive fruit, and (2)  green 
notes , which are reminiscent of leaves or green fruits. Six-carbon aldehydes, alco-
hols, and esters, having odor qualities reminiscent of leaves, green fruits, or vegeta-
bles and smelling of different shades of freshly cut grass, are considered responsible 
for the so-called green notes (Morales et al.  1994 ). Therefore, because of the usually 
high concentration of the C 6  compounds, green odor notes play an important role in 
producing the fragrant and delicate aroma of high-quality VOOs that is obtained 
through the balance of green and fruity attributes (Chap.   8    ). 

 The sensations perceived when a VOO is consumed, however, are due to the 
 combined stimulation of olfactory and gustatory receptors. The combination of sensa-
tions elicited by the senses of smell and taste is commonly called fl avor. Therefore, 
besides the separate sensations arising from the stimulation of the aforementioned 
senses, interactions of taste–taste and odor–odor stimuli at the receptor level, as well as 
interactions of taste–aroma at the central cognitive process level, contribute to fl avor 
(Verhagen and Engelen  2006 ). Such interactions can considerably modify the informa-
tion that could be normally obtained by the simple sum of the separate sensations 
 arising from taste, smell, and touch. The fl avor description, performed by dissecting all 
possible elicited sensations, represents the sensory profi le of foods and beverages. 

 The basic positive attribute of VOOs is fruity, the typical sensation that is remi-
niscent of healthy, fresh fruits harvested at the right ripening stage. It is accompanied 
by other sensations that differ in relation to the ripening degree of olives when 
processed. The fl avor of oils obtained from unripe olives is generally characterized 
by green sensations that recall freshly cut grass (grass attributes) or leaves (leaf 
attributes), a more or less bitter taste, and rather intense pungency ascribable to a 
high content of both C 6  components and secoiridoid compounds. The green sensa-
tions are stronger when oils are extracted from unripe fruits or from fruits processed 
with their leaves. In this case, bitterness and pungency are quite intense and a chemi-
cally induced tactile sensation of astringency also appears. These oils are not com-
monly accepted by consumers for direct consumption and must be suitably modifi ed 
by blending. Nevertheless, their bitterness, pungency, and astringency, being charac-
teristic attributes of oils obtained from unripe healthy fresh fruits, must always be 
considered positive attributes. These attributes become weaker during oil preservation 
owing to the drop in the concentration of secoiridoids (Angerosa et al.  1993 ). 

 Green attributes do not describe the fl avor of oils extracted from ripe olives or from 
those preserved for some time because of the lower accumulation of compounds 
arising from the lipoxygenase pathway. Also, they are characterized by weak inten-
sities of bitter and pungent sensations that are due to decreasing amounts of secoiri-
doid compounds during the ripening of fruits. These oils are called sweet. 
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 Sometimes oils are not reminiscent of olive fruity notes but, depending on the 
variety of olives and their ripening degree, other fruit attributes, such as apple, 
tomato, almond, artichoke, or wild fl owers may be detectable. 

 Often, the basic sensory profi le of VOO is considerably modifi ed because of the 
presence of defects. These defects are mainly ascribable to the deterioration of fruits 
that results from lengthy storage of the olives and from the fermentation or oxidizing 
processes to which the oils are subjected during their preservation. Descriptions of 
these defective fl avors require a further number of attributes.

 –     Fusty : This fl avor is typical of oils obtained from fruits that have been stored in 
jute sacks or in larger, deep piles for long periods before their extraction. It is a 
common defect. Small processing plants and the lack of suffi cient storage areas 
for large quantities of fruit often result in olives being stored in unsuitable condi-
tions for a long time. This leads to their deterioration, with a noteworthy warming 
of bulk, and to the appearance of this characteristic (fusty) defect in the resulting 
oils (Angerosa et al.  1990 ; García-González and Aparicio  2010 ; Morales et al. 
 2005 ). It must be underlined that the fusty defect, ascribable to  Pseudomonas  
and  Clostridium  genera, is perceived after only 4 days of olive preservation, 
and its strength increases during subsequent storage days, as shown in the 
Table  14.1 . Moreover, after 6 days vinegary and musty attributes are strongly 
perceived because of the considerable development of both acetic acid bacteria 
ascribable to  Acetobacter  genus, which transform the ethanol produced by 
yeasts, and of molds (Angerosa et al.  1999 ).

 –       Winey : Sometimes the conditions of olive storage facilitate the development of a 
greater amount of yeasts and result in only a poor growth of  Acetobacter . In this 
case, ethanol, ethyl acetate, and, in a lower proportion, acetic acid are the main 
metabolites, and the resulting oil suffers from the winey defect whose intensity 
is linearly dependent on metabolite concentrations (Morales et al.  2000 ).  

 –    Musty : Relatively low temperatures and high humidity promote mold development 
and the emergence of the musty sensory defect. Among those species naturally 
occurring on the olive cuticle, numerous  Aspergillus  and  Penicillium  genera have 
been identifi ed (Marsilio and Spotti  1987 ). Instead of C 6  and C 5  metabolites 
 produced by the normal plant hydroperoxide lyase cascade, molds produce C 8  
 primary and secondary alcohols and C 8  ketones that have an earthy mushroomlike 
odor quality and give the resulting oils their characteristic sensory musty defect 
(Angerosa et al.  1999 ; García-González and Aparicio  2010 ; Morales et al.  2005 ).  

 –    Rough : This thick, pasty mouthfeel sensation is sometimes perceived in olive oils.  

  Table 14.1    Organoleptic 
evaluation and fl avor 
characteristics of oils 
obtained from fruits at 
different storage times  

 Storage days  Fruity intensity  Main defects 

 0  2.8 ± 0.3  Absent 
 2  2.3 ± 0,2  Absent 
 4  2.0 ± 0.0  Fusty 
 6  1.3 ± 0.4  Fusty, vinegary, musty 
 8  0.9 ± 0.2  Fusty, vinegary, musty 

   Source : Angerosa et al. ( 1996c ), with permission of 
Grasas y Aceites  
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 –    Metallic : This fl avor is reminiscent of metal and occurs in oils obtained from 
processing plants used at the beginning of the olive crop and, especially when 
any apparatus involved in olive oil processing is made of iron.  

 –    Muddy sediment : This aroma is typical of oils stored for a long time on their 
 sediments (Angerosa et al.  2004 ; García-González and Aparicio  2010 ; Morales 
et al.  2005 ).  

 –    Rancid : During its preservation, oil suffers an oxidizing process characterized by two 
steps. During the fi rst step, oxygen reacts with unsaturated fatty acids, giving rise to 
odorless and fl avorless hydroperoxides that do not result in any special sensory 
 characteristics. At the same time, secoiridoid compounds sharply decrease because 
of their antioxidant activity (Chap.   9    ). Oils in this step are characterized, from the 
sensory point of view, by a weakening of fruity, green, bitter, and pungent attributes. 
During the second stage, a fragmentation of  hydroperoxides occurs. The accumula-
tion of products of this fragmentation, mainly formed by disgusting odor aldehydes, 
causes the appearance of rancid defect and its subsequent increase (Chaps.   8     and   13    ).  

 –    Hearty : This fl avor is typical of oils obtained from muddy ground picked olives that 
have spontaneously fallen from trees and have been processed without washing. 
Sometimes, more or less strong musty shades may also contribute to this fl avor.  

 –    Pressing mat : This fl avor is characteristic of oils obtained from olive pastes 
pressed with unclean pressing mats.     

14.4     Sensory Testing 

 Various sensory tests have been developed to provide the evaluation of the organo-
leptic characteristics of foods, including oils. Some of these tests are designed to 
give information about overall acceptability of a product or to determine the prefer-
ence of assessors or consumers between two products or among samples of the 
same food (preference tests). Other tests are used to evaluate qualitative and quanti-
tative sensory differences between two products (paired tests, triangle tests, duo-trio 
tests, ranking tests), others to identify, describe, and quantify each sensory quality 
perceived in the assessment (descriptive tests). Several tests work well in determin-
ing an individual’s sensory acuity, and they are used to screen candidates who wish 
to become assessors. The most common tests used in the sensory analysis of olive 
oils are tests for consumers, qualitative discriminant tests, qualitative-quantitative 
discriminant tests, and descriptive tests. 

14.4.1     Consumer Tests 

14.4.1.1     Acceptability Tests 

 The acceptability tests are generally performed to evaluate the sensory characteristics 
of a given product during its preservation. Assessors are requested to give evaluations 
by means of rating scales for those organoleptic properties that make it acceptable. 
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   Preference Tests 

 Preference tests are usually carried out by a large number of persons who are 
 generally chosen from habitual consumers of the product to be assessed. These tests 
aim to measure the rate of preference granted by consumers to a given product or their 
overall general liking for the product. There is evidence that the pattern of overall 
preferences differs between trained and untrained assessors, thus demonstrating 
the inappropriateness of using panelists to provide measures of preference or accep-
tance (Shepherd et al.  1988 ). In fact, it is unlikely that a limited number of assessors 
could represent all the consumers of a product in an effective way because assessors 
might differ from the consumer population in socioeconomic status, sex, culture, 
region of residence, or familiarity with the product tested. In addition, the prefer-
ence behavior of any individual or of any group is going to differ in some aspects 
from that of other individuals and groups. 

 An example of the application of this kind of test to VOOs is provided by 
McEwan ( 1994 ). A number of judges, totaling more than 100, all having familiarity 
with the product to be evaluated and differing in age, socioeconomic status, and 
culture, evaluated the acceptability of 8 VOOs extracted from varieties cultivated in 
Greece, Spain, and Italy. The overall grading was evaluated using nine-point hedonic 
scales that ranged from “like extremely” (9) to “dislike extremely” (1) (Peryam and 
Pilgrim  1957 ). The calculation of the median showed that consumers preferred 
Greek oils with medium fruity and slightly bitter and pungent attributes, and they 
disliked oils, such as Italian oils from the Coratina variety, characterized by a strong 
odor and taste and chemically induced tactile sensations.   

14.4.1.2     Qualitative Discriminant Tests 

 Paired difference, paired preference, triangle, and duo-trio tests are quite popular 
because they are easily carried out and results can be interpreted immediately. In these 
tests, assessors evaluate samples differing in only one characteristic. 

   Paired Tests 

 In paired tests, assessors are requested to indicate the existence of a possible difference 
or to express a preference between two suitably labeled samples. Generally, more 
replications of the evaluation of the same samples are carried out. In paired differ-
ence tests, assessors can provide only right or wrong identifi cations; thus, these tests 
are unimodal. In contrast, paired preference tests are bimodals because judges 
can prefer a sample with a greater or a lesser intensity of a given characteristic. 
There are different probabilities that an assessor could provide, at random, correct 
identifi cations (null hypothesis) for paired difference or preference tests. Roessler 
et al. ( 1978 ) calculated, listed, and published for either difference or preference tests 
the different critical values, at various levels of signifi cance. These values are 
needed to establish whether or not the differences detected by assessors between 
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two samples are statistically signifi cant. Samples are signifi cantly different if the 
number of right identifi cations is greater than the corresponding critical value for 
the number of total identifi cations at a given level of signifi cance.  

   Triangle Test 

 The triangle test is the test most used for screening and training assessors and for 
evaluating foods. Two identical samples and one slightly different sample, suitably 
labeled, are presented to each assessor, who is required to indicate the odd or different 
sample. Great attention is required in planning the test, in randomizing, and in coun-
terbalancing the order of presentation of stimuli in the triad because there is better 
discrimination when the odd sample shows the strongest stimulus (O’Mahony  1995 ). 
Samples will be statistically different, at a given level of signifi cance, if the observed 
number of right identifi cations is greater than the critical value calculated for the total 
number of identifi cations and listed in special tables (Roessler et al.  1978 ). This test, 
besides pointing out sensory differences among similar samples of olive oils, also 
has been used to evaluate the threshold concentration of the most important odorants 
in VOOs (Guth and Grosh  1993 ).  

   Duo-Trio Test 

 Three quite similar samples are involved in this test, with one differing from the 
other two. One of the two identical samples, identifi ed as a reference, is assessed 
fi rst by each assessor. Next, the other samples, suitably labeled (blind samples), 
are assessed. Assessors are requested to identify the sample that is identical to the one 
used as a reference. The same statistical procedure adopted for paired difference 
tests is applied to data provided by the assessors, with 0.5 being the probability of 
choosing samples at random.   

14.4.1.3     Qualitative-Quantitative Discriminant Test 

 The arrangement or ranking test is widely used in the screening of subjects who will 
become assessors of VOOs. They are requested to arrange a series of oil samples 
according to the increasing or decreasing strength of a specifi c quality (e.g., fl avor, 
bitterness, rancidity). Assessors can be required to arrange samples in accordance with 
their overall general liking. In this case, a great number of assessors or consumers will 
carry out the test.    

14.5     Scales 

 Some sensory tests use various kinds of scales for the quantifi cation of the strength 
of different attributes. Some advantages result from the use of scales. They provide 
more information about samples than difference or ranking tests because their 
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use points out not merely the difference between two samples but also the size of 
the difference. Generally, scales are easy to use for both experts and inexperienced 
subjects and can be applied to a large number of different stimuli. Moreover, data 
derived from the application of scales to the evaluation of sensory characteristics are 
quite useful as they can be statistically processed. 

 The most common scales applied to the sensory evaluation of olive oils are interval 
structured or unstructured scales. In structured scales, the amplitude of the attribute 
intensity is divided into equal intervals, generally ranging from 6 to 9, so that the end 
effects due to the reluctance of assessors to use the extreme portions of the scales can 
be limited (Lawless  1991 ). Figures and descriptive words are usually associated with 
each step of the scale to make the choice easier for the assessors and to allow the 
application of statistical procedures to the results in order to verify the existence of 
signifi cant differences among the attributes or the scores of the samples. 

 This kind of scale can also be used to measure the degree of pleasantness attrib-
uted to a given product. In this case, it is termed a  hedonic scale , and the rating of 
the product is committed to verbal categories (e.g., like extremely, like very much, 
like moderately, like slightly, neither like nor dislike, dislike slightly, dislike moder-
ately, dislike very much, dislike extremely). Each category can be associated with a 
score, as in the scale developed by Peryam and Pilgrim ( 1957 ). Another scale often 
used, especially with children or with people who speak different languages, is the 
face scale that is formed by a series of facial expressions (look) ranging between 
repulsion and maximum pleasantness (Kroll  1990 ). 

 Improvements in discrimination accuracy can be obtained by adopting continuous 
unstructured scales simply formed with a line defi ned by the lower and higher intensi-
ties of the attribute to be evaluated. The assessor draws a vertical line at the point that, 
in his or her opinion, represents the strength of the perceived sensation. The distance 
from the starting point, expressed as centimeters or millimeters, is regarded as the 
measure of the intensity of the attribute. This kind of unstructured scale, recently 
adopted in the sensory evaluation of VOOs, has the advantage of allowing the asses-
sor to evaluate freely the strength of the various attributes along a continuum, rather 
than according to predetermined steps, such as in structured scales. In addition, 
the adoption of an unstructured scale eliminates possible discrepancies that could take 
place in the evaluation of the amplitude of the intervals between each step of the 
structured scale and, consequently, produce incorrect results.  

14.6     Descriptive Analysis Tests 

 The most valuable approach to the sensory evaluation of foods and beverages, 
including olive oil, has been found in the descriptive analysis. This sensory method-
ology uses a group of selected and trained persons, called a panel, who identify and 
measure the strength of different sensations perceived by their sense organs in stan-
dardized environmental conditions. In this method, the panel represents a sensory 
instrument. 
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 The panel is termed  analytical  if the sensory evaluation is performed by a small 
number of selected and well-trained subjects called assessors, judges, or panelists; 
the panel is termed  consumer  when a larger number of persons, randomly chosen 
among regular consumers of the product to be assessed, provide the sensory data. 
In the latter type, the inexperience of the assessors is outweighed by their increased 
number in order to avoid any loss of the test’s signifi cance. 

 The descriptive analysis has been developed in many forms, including the fl avor 
profi le method, quantitative descriptive analysis (QDA), free-choice profi le, and 
some grading techniques. Flavor profi le and QDA are the most common forms used 
in the sensory analysis of oils. The application of QDA to the sensory evaluation of 
olive oils is usually known as a panel test. Common features of all descriptive tech-
niques are the selection of assessors, their training, and the maintenance of the panel 
under the supervision of a sensory analysis scientist, who is the panel leader. 
Descriptive tests require established protocols for the sample preparation, scales for 
the quantifi cation of attributes or for the evaluation of overall general liking, and 
techniques for the development of a vocabulary. In QDA, application of statistical 
procedures to data provided by the assessors produces results that can be considered 
to have a degree of reliability similar, because of their signifi cance levels, to that of 
other methods usually adopted in scientifi c fi elds. 

14.6.1     Flavor Profi le 

 A quite descriptive technique, the fl avor profi le, was developed by Caincross and 
Sjöström ( 1950 ). It is based on the identifi cation and strength evaluation of each 
characteristic of aroma, fl avor, and aftertaste of the product to be tested by selected 
and trained assessors who work in a group. 

 Assessor screening uses suitable fi xed discrimination tests of odor and fl avor 
differences, and the training of assessors includes the teaching of olfaction and tasting 
techniques, the use of references for the identifi cation of each sensory characteris-
tic, and the calibration of their intensities. 

 Assessors are requested to develop an ad hoc vocabulary and to list the sensory 
attributes in the order in which they occur in the tasting. Several panel sessions are 
usually needed so that the panelists understand the meaning of each descriptive term 
and adopt a common terminology. Every effort must be made to encourage complete 
freedom of expression during discussions and to avoid pressure and domination. 

 The strength of each sensory characteristic is generally rated by means of an arbi-
trary scale with the following designations: not detectable, barely detectable, slightly 
strong, moderately strong, and strong. The overall fl avor is evaluated with the same 
scale and is represented by the sum of the intensities of all characteristics. 

 The fl avor profi le is fi nally obtained through group consensus for each attribute after 
discussion of individual results, in which all the members of the panel, including the 
panel leader, take part. Statistical procedures cannot be applied to data from the fl avor 
profi le method. Because only one profi le is obtained for each sample as a consensus of 
the group, the method is not usually applied to the sensory evaluation of olive oils.  

F. Angerosa and C. Campestre



535

14.6.2     Quantitative Descriptive Analysis 

 QDA is a technique for quantitative characterization of sensory attributes according 
to their order of occurrence. It was developed because of the need to submit the 
responses of assessors working in a group to statistical procedures (Stone et al. 
 1974 ,  1980 ). QDA is a valuable means of obtaining information about the appear-
ance, texture, aroma, and fl avor of foods. It is used to check the quality of a product, 
to study its shelf life, to improve its quality, to develop new formulations, and to 
verify the infl uence of technology in treated foods. 

 The technique, like all quantitative descriptive analyses, has fi ve essential features: 
(1) screening of panelists, (2) training panelists, (3) setting objectivity conditions, 
(4) maintaining the skill of panelists, and (5) determining scores. The QDA has proved 
to be a valuable and effective tool in evaluating the sensory quality of VOOs. In fact, 
it is the descriptive method most often applied to olive oils. The most common sen-
sory tests used in the screening and training of assessors and the vocabulary specifi -
cally developed for VOOs have been extensively described by the Commission of 
the European Communities (EC) in its Regulation 2568/91 (EC  1991 ). 

14.6.2.1     Screening of Panelists 

 Assessors are selected from a group of individuals (at least double the number are 
needed) who should have some familiarity with the product to be assessed. 
Obviously, sensory acuity plays an important role in the selection, but it is not the 
only screening criterion. Certain personal characteristics of the candidates, such as 
ability to memorize odors, patience, persistence, motivation, availability, interest in 
sensory analysis, cooperation, verbal ability to describe different sensations, and 
ability to deal with abstract concepts, must be considered as even more important 
prerequisites. 

 Identifi cation and arrangement tests are carried out to verify the ability of the 
candidate to recognize and describe odors, to identify bitter tastes, and to determine 
off-odor characteristics, such as rancid, winey-vinegary, or fusty sensations and 
certain oral chemesthetic sensations.  

14.6.2.2     Training 

 The training of the selected subjects is the most critical step of the QDA. It begins 
with an orientation, during which the selected subjects learn to work in a group, 
to identify and describe attributes, and to quantify differences of sensation intensity. 
After this initial step, the real training follows. Panel members learn tasting tech-
niques and familiarize themselves with the sensory methodology and the multiple 
stimuli elicited by a specifi c food. They also learn to dissect, identify, and defi ne 
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each sensory characteristic of olive oils, and in this way they develop an ad hoc 
vocabulary that allows them to communicate each sensation that they experience. 
In addition, they learn to recognize and record the attributes in the same order in 
which they occur. 

 Different concepts representing the various sensory characteristics should 
be defi ned through the presentation of suitable standards. The use of reference 
 standards during the training of panelists plays a key role in developing appropriate 
descriptive terminology and in evaluating intensities (Raney  1986 ). It is desirable to 
have many references of various intensities for each attribute. It has been proven 
that the presentation of more than one standard (which can defi ne sensations 
 falling outside, as well as within, a given concept) is quite useful in producing a 
concept that can be agreed upon by panelists (Civille and Lawless  1986 ; Ishii and 
O’Mahony  1991 ; O’Mahony  1991 ) in a more precise way than that obtained 
by giving to  panelists only one standard (Ishii and O’Mahony  1987 ). The sensory 
profi le is described by the average strengths of all characteristics perceived by 
panelists.  

14.6.2.3     Conditions for Test Objectivity 

 Because panelists play the role of a measurement instrument, it is very important to 
minimize all the effects that can trouble them or disturb the experiments during their 
execution. It is known that the mental or physical state of a panelist can infl uence 
the sensory evaluation of foods because mental or physical stress can modify taste 
perception (Nakagawa et al.  1996 ). Some sensory facilities must be adapted to mini-
mize sensory fatigue and bias that result from the test environment. For this reason, 
noise, room temperature, hygrometric conditions, uniform and diffuse lighting, 
comfortable booths constructed of appropriate materials that are easily cleaned, 
glasses, and temperature are generally standardized. In addition, the sensory labora-
tory must be organized in a suitable way so that the panelist’s work is facilitated and 
the repeatability and reproducibility of results are ensured.  

14.6.2.4     Maintenance of the Panel 

 Maintenance of the panel is provided by continuous training throughout its duration 
of the same panel, checks to determine the sensory acuity of the panelists, and exer-
cises to allow the measurement of panel performance. The sensory testing experience 
seems to have only small effects on the performance of assessors (Chambers and 
Smith  1993 ; Clapperton and Piggott  1979 ; McBride and Finley  1989 ); improve-
ments in reproducibility by the panelists would be ascribable more to the training 
than to experience (Chambers and Smith  1993 ). The performance of new panelists, 
after a period of training, should be compared with that of more experienced panel-
ists through mathematical procedures (Aparicio et al.  1991 ).  
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14.6.2.5    Scale and Score Sheet 

 Assessors are requested to record and measure the intensity of each attribute, accord-
ing to the order of its occurrence, on structured or unstructured scales. This allows for 
the application of statistical procedures to the responses of each panelist. Panelists 
often use score sheets for the evaluation of sensory characteristics; in this case, they 
cannot provide information on the order of attribute occurrence. This limitation can 
be serious because considerable changes in some attributes are not indicated.   

14.6.3     Free-Choice Profi le 

 A free-choice profi le is a descriptive sensory analysis developed some years ago 
and applied to a number of foods and beverages, including olive oil (Beal and 
Mottram  1993 ; Servili et al.  1995 ). This technique assumes that assessors 
 perceive the sensory qualities of a product in the same way but describe them in 
different ways. In free-choice profi ling, each assessor is requested to (1) describe 
freely all or some defi ned sensory characteristics in his or her own words in accor-
dance with their occurrence and (2) score each quality according to an intensity 
scale in a similar way to fl avor profi ling. It is not necessary that all assessors 
 consider the intensity scale in the same way. The number of descriptors depends 
on the sensory acuity of the assessors and their ability to develop vocabularies; the 
latter point is related to their experience and familiarity with the product to be 
assessed. 

 Assessors are selected on a number of criteria, the most important being their 
objectivity, their willingness to participate, their ability to recognize and describe 
odors, and their availability. 

 The free-choice profi le is faster than other conventional descriptive techniques 
because it does not require extensive training of assessors and because the develop-
ment of a language for the product being assessed and the consensus of all the assessors 
about the meaning of the terms they use are not required. Because of their lack of 
training, assessors are asked to profi le only a limited number of samples (two or 
three), generally presented after randomization during each session. Three or four 
replication evaluations are usually carried out (Beal and Mottram  1993 ). Because 
assessors use individual vocabularies and regard intensity scales in different ways, it 
is not possible to describe the sensory characteristics of a product as a result of the 
average intensities of each attribute perceived, such as in the QDA. Free-choice- 
profi le data are usually processed by generalized Procrustes analysis (GPA) to elim-
inate the effects resulting from the different scales and to remove the differences in 
the scoring range used by different assessors. GPA allows for the calculation of a 
consensus confi guration as the average of the individual confi gurations of assessors. 
Generally, principal component analysis (PCA) is applied to the consensus confi gu-
ration to reduce the number of its dimensions (Oreskovich et al.  1991 ).   
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14.7     Sensory Evaluation of Virgin Olive Oils 

 Performed with the initial aim of establishing a basic quality of VOOs to be 
 commercialized, the sensory evaluation represents a powerful tool to get additional 
information of great interest for producers and dealers. Thus, the sensory evaluation 
of VOOs can be performed for any of these six reasons   : (1) to establish a basic 
 quality of the commodity by verifying the absence or the presence and strength of 
defects; (2) to give help in the identifi cation of particular sensory attributes that 
make typical VOOs produced in certain geographical areas to which the EU has 
granted Protected Designation of Origin (POD) or Protected Geographical Indication 
(PGI) designations as well as to verify that their productions fi t into their disciplin-
ary bodies; (3) to reveal possible modifi cations of sensory profi les in relation to the 
variety, geographical origin, technology, and shelf life of the product; (4) to fi nd 
critical sensory characteristics for consumer preferences; (5) to produce uniform 
sensory profi les by blending VOOs from diverse cultivars, producing orchards and 
extraction systems; or (6) to evaluate, in sensory terms, the differences in preference 
between habitual and potential consumers. 

 The fi rst point can be well solved using the sensory assessment, also called the 
IOC panel test, which has proven to be a fi ne sensory instrument to distinguish 
between oils with defects and those without defects, and therefore to classify the 
various categories of VOOs defi ned by IOC (Chap.   1    ). The panel test is the result of 
collaborative international studies encouraged and supported by IOC that were 
undertaken during the 1970s and 1980s in an attempt to achieve a quantitative 
descriptive analysis of VOOs. Although most of the producer countries took part in 
developing the methodology, Spain (Gutiérrez et al.  1974 ,  1984 ; Gutiérrez  1989 ) 
and Italy (Solinas  1987 ) offered the most important contributions. 

 The method was based on the application of the QDA adapted to VOOs with the 
use of an agreed vocabulary of sensory attributes specifi cally developed for VOOs, 
a uniform testing technique, and environmental standardization. The carefully 
selected ad hoc vocabulary, including positive and negative attributes recognized in 
VOOs, are evaluated in an agreed scale by persons suitably screened and trained. 
Completely defi ned after many years of work, the test was adopted as trade standard 
by IOC in June 1987 for evaluating the sensory characteristics of VOOs. The test 
was also incorporated into EU regulations (EC  1991 ) with the main aim of detecting 
defects and their intensity for the classifi cation of various grades of VOOs. 

 In the last 20 years, the test has undergone several changes by IOC experts 
that were adopted by the Commission of the European Communities in subsequent 
regulations. However, the documents about the screening tests of assessors, the indi-
cation about their training, the testing technique, and the environmental standard-
ization (IOC  2007a ,  b ,  c ;  2011a ,  b ) are basically those described in the fi rst draft of 
IOC method and, therefore, in EC Regulation 2568/91 (EC  1991 ). The only differ-
ences concern (1) the introduction of wet wood, among other negative attributes; 
(2) the temperature of the testing room (actually 20–25 °C instead of 20–22 °C); (3) 
the elimination of information about the hygrometry of the testing room; and (4) a more 

F. Angerosa and C. Campestre

http://dx.doi.org/10.1007/978-1-4614-7777-8_1


539

detailed description of the knowledge, competences, duties, and responsibilities of 
the panel leader, recognized as the key fi gure for good work by the panel. 

 The removal of the hygrometry of the testing room could hide the wish to meet the 
diffi culties of some countries, especially those of subtropical zones, in reproducing 
and keeping the relative humidity (RH) between 60 % and 70 %, as suggested in the 
original method. A study aimed at investigating the question of whether the olfac-
tory function changes in relation to air pressure and humidity showed that the odor 
threshold for butanol, for example, is lower in humid atmospheres than in drier 
conditions (Kuehn et al.  2008 ). Excessive dryness and excessive humidity of the 
mucous membrane reduce or suppress smell (Cavazzani and Uras  2000 ). It was 
shown that at 25 °C it is necessary to keep the RH above 30 % to avoid dryness of 
the eyes and skin and above 10 % to avoid dryness of the nasal mucous membrane 
(Sunwoo et al.  2006a ,  b ). 

 A review of the relevant health literature indicates that at room temperature, the 
lowest level of risks to human health is achieved when the RH ranges from 30 % to 
60 % (Sterling et al.  1985 ). This range of RH provides comfort for room occupants. 
IOC stipulations comply with this range when the methodology stipulates that 
assessors must perform the sensory tests in comfortable rooms (IOC  2007c ). Also, 
the increased range of room temperature between 20 °C and 25 °C is aimed at assuring 
comfort to assessors and, consequently, of assuring their complete attention to the 
sensory test. 

 In sensory analysis, generally, panelists independently evaluate the smell, taste, 
aroma, mouthfeel, and other traits of each sensation that they perceive. In the IOC 
test methodology, however, panelists measure each perception resulting from the 
entire olfactory–gustatory–tactile sensation. On the other hand, it has been shown 
that the sensory characterization of olive oils is not improved by the independent 
evaluation of all sensations that form the fl avor (Aparicio et al.  1994 ). Moreover, all 
olfactory–gustatory–tactile sensations perceived when oil is in the mouth are 
enhanced and more precisely identifi ed because of the higher concentration of odor-
ants in the retronasal pathway and trigeminal stimulation (Voirol and Daget  1986 ). 

 In forming a panel for the sensory evaluation of VOOs, identifi cation tests 
are used to verify the ability of each candidate to recognize and describe odors. 
The candidate must be able to identify bitter taste, certain undesirable odors such as 
rancid, winey-vinegary, and fusty/muddy sediment sensations, and some kinesthetic 
sensations. The methodology establishes that for the formation of a panel, fi rst of 
all, the determination of the mean threshold concentration for fusty/muddy sedi-
ment, winey-vinegary, rancid, and bitter attributes should be performed. In a second 
step, the identifi cation and arrangement tests, to verify the ability of each candidate 
to recognize and describe odors and an oral sensation, should be carried out. 

 Determination of the mean threshold is performed using dilution techniques of 
reference oils with known high intensities of fusty/muddy sediment, winey, rancid, 
and bitter attributes, respectively. The mean threshold concentration, not being 
linked to any habit, should be similar for different groups of assessors and therefore 
may be used to integrate various panels by their olfactory gustatory sensitivity. 
On the basis of the mean threshold concentration, a series of 12 samples is prepared 
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for each attribute in such a way that the mean threshold concentration holds the 
tenth place in this scale. The screening is carried out by asking each candidate to 
arrange some prefi xed samples in the series. The statistical procedures allow the 
selection of only those candidates showing suffi cient discriminatory power for the 
intensities of the stimuli used in the selection (IOC  2011a ). The number of errors 
made by candidates evaluating samples during the test must fall within the limits 
described in the methodology. 

 In screening candidates, particular attention must be given to the choice of subjects 
who do not show bitter taste blindness. It has been proven that bitter taste blindness 
(very high thresholds for bitter attributes) is associated with genetic and anatomic 
differences among human subjects. Genetic studies led by Kalmus ( 1971 ) to ascribe 
bitter taste blindness to subjects having two recessive  tt  alleles in their genetic store 
and the ability to perceive bitter taste to subjects with at least one dominant and one 
recessive  Tt  allele (low thresholds). Other research (Bartoshuk et al.  1992 ; Jones 
and McLachlan  1991 ) confi rmed three different distributions of thresholds relating 
to bitter taste and divided subjects into nontasters, tasters, and supertasters. 
Nontasters are weak at perceiving bitterness, whereas supertasters strongly taste this 
attribute (Bartoshuk  1993 ). This subdivision seems to relate to the number of reces-
sive alleles that a human subject has in his or her genetic store (Bartoshuk  1993 ). 

 In addition, large anatomic differences in the number and size of fungiform 
 papillae  on the tongues of nontasters, tasters, and supertasters have been observed 
(Bartoshuk  1993 ; Miller and Reedy  1990 ). Supertasters have the greatest number of 
fungiform  papillae  and, therefore, perceive the strongest bitter intensity. Obviously, 
different proportions of nontasters, tasters, and supertasters on the panels have 
repercussions for the evaluation of the bitter attributes in VOOs. This gustative note, 
which gives rise to pleasant or disgusting sensations according to its low or high 
concentration, can be perceived by assessors, in the same way of other attributes, as 
a quality factor or as a reason for aversion in relation to its intensity. Moreover, the 
aforementioned distribution of subjects also affects the rating of the strength of 
pungency. Supertasters, having more taste buds that are associated in fungiform 
 papillae  with nociceptive fi bers from the trigeminal nerve (Withehead et al.  1985 ), 
might perceive the pungent attributes (another chemically induced tactile sensation 
in VOOs) as stronger than do tasters and nontasters. For the same reason, they expe-
rience a stronger sensation of burning from capsaicin (Bartoshuk  1993 ). 

 The training of assessors is an important duty and responsibility of the panel 
leader and is essential for having repeatable and reproducible data. Panel leaders 
must be experts in sensory analysis as well as in the different kinds of oils they will 
come across during their work. They must have sensory ability, skill, and patience 
in planning tests, meticulousness in their preparation, organization, and execution. 
In addition to the selection, training, and checking of adequate assessors, they are 
responsible for organization of the panel, including the reception and storage of 
samples, their preparation, coding, and presentation to the assessors, the compiling 
and processing of the data, and the keeping of records of panel activity. 

 During their training, assessors must be guided by the panel leader to familiarize 
themselves with the methodology and to increase their own ability in recognizing, 
identifying, memorizing, and quantifying the different sensory notes that can be 
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perceived when VOOs are tasted. The training degree achieved after a number of 
sessions is evaluated on the basis of the increasing percentage of correct judgments 
if discriminatory trials are used, or by analyzing the variance in the average indi-
vidual values of the panel if tests based on scales are implemented. One of the most 
common procedures for verifying whether assessors have acquired or are keeping 
up with their skills is to include one or more reference samples among those to be 
assessed and to study the variance of each assessor. Study of the variance allows an 
assessment about whether or not an assessor works well. 

 In the training of panelists, the diffi culty of fi nding a set of reference standards 
capable of defi ning each possible sensory characteristic of VOOs is a big handicap 
because, unfortunately, only a few such standards are available. Initially, many panels 
were formed through the IOC in the producer countries and subsequently in the 
European countries because of the inclusion of the IOC test in EC regulations (EC 
 1991 ) for the classifi cation of olive oils in relation to quality. Until now the IOC has 
made a great effort to provide some reference standards to all the panels selected 
and trained according to the procedure detailed in the initial and subsequent modi-
fi cations (EC  1991 ,  2008 ). Despite this effort, the number of reference standards 
available from the IOC is not suffi cient for all possible attributes of VOOs. Usually 
each year (because of the stability of the oil over time) during the time of oil extrac-
tion from fruits, panel leaders, who have a profound knowledge of olive oil from 
sensory, chemical, and technological points of view, look for oils with some dominant 
attributes to be used as references. 

 Unfortunately, it is not always easy to fi nd oils that show a particular dominant 
defect that is present at high intensity. This is often the case for oils characterized 
by fusty or winey defective sensory attributes. Often VOOs, because of poor fruit 
preservation before oil extraction (Angerosa et al.  1996c ,  1999 ; García-González 
and Aparicio  2004 ,  2010 ; Morales et al.  2000 ,  2005 ), elicit fusty or winey sensory 
notes, but their intensities are not usually high enough to be used as reference mate-
rials. For this reason, the reference material for the winey sensory defect is often 
replaced by vinegary, which can be more easily prepared by adding small amounts 
of acetic acid to VOOs. Unfortunately, however, it is not easy to reproduce the 
defective fusty sensory attribute since it results from a complex mixture of chemical 
compounds; see Chap.   8     for more information. 

 The sensory perception of the qualities of olive oil samples is evaluated in booths 
(Fig.  14.1 ) of an environmentally isolated sensory panel room at a temperature 
between 20 °C and 25 °C by 8 to 12 assessors. All facilities adopted for the evalua-
tion of VOOs are extensively described in IOC trade standards (IOC  2007b ,  c ). 
The oil samples (15 mL each) are presented in covered blue glasses (Fig.  14.2 ) 
(diameter 70 mm; capacity 130 mL) and warmed at 28 ± 2 °C. The cover is removed 
from the warmed glass, and the sample is smelled and then tasted by each assessor 
to judge its fl avor.

    In the fi rst draft of the method (EC  1991 ) panelists noted on the score sheet 
(Fig.  14.3 ) the intensity of each attribute on a structured scale of 0–5. They also 
rated the overall grading for the characteristics of the oil on a 9-point scale (9 for 
exceptional extra virgin olive oils [EVOOs], 1 for the worst). The grading had to 
agree with the absence or presence of defective fl avors, as well as with the intensity 
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  Fig. 14.1    Arrangement of booth for olive oil sensory analysis according to Commission 
Regulation (EEC) 2568/91 (EC  1991 ) ( Source : IOC ( 2007a ), with permission of the International 
Olive Council)       
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  Fig. 14.2    Glass used for olive oil sensory analysis according to Commission Regulation (EEC) 
2568/91 (EC  1991 ) ( Source : IOC ( 2007a ), with permission of the International Olive Council)       
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VIRGIN OLIVE OIL
PROFILE SHEET

OLFACTORY-GUSTATORY-TACTILE NOTES
GRADING TABLE

REMARKS...................................................
........................................................

NAME OF ASSESSOR................................
LEGEND OF SAMPLE................................

1 Barely perceptible
2 Slight perceptible
3 Average
4 Great
5 Extreme DATE............................................................

0 1 2 3 4 5
Olive fruity (ripe and green)
Apple
Other ripe fruit
Green (leaves, grass)
Bitter
Pungent
Sweet
Other allowable attribute(s)
(Specify.....................)
Sour/Winey/Vinegary/Acid
Rough
Metallic
Mustiness/humidity
Muddy sediment
Fusty (“Atrojado”)
Rancid
Other unallowable attribute(s)
(Specify.....................)

Defects Characteristics
Overall 
Mark:
Points

None

Olive Fruity
Olive fruity and
fruitness of other
fresh fruit

9
8
7

Barely
perceptible

Weak fruitness of
any type 6

Slight 
perceptible

Rather imperfect
fruitness, anomalous
odours and tastes

5

Considerable, on
the border of
acceptability 

Clearly imperfect,
unpleasant odours
and tastes

4

Great and/or
serious, clearly
perceptible

Totally inadmissible
odours and tastes 
for consumption

3
2
1

  Fig. 14.3    Profi le sheet and grading table of IOC old sensory assessment according to Commission 
Regulation (EEC) 2568/91 (EC  1991 ) ( Source : IOC ( 2007a ), with permission of the International 
Olive Council)       

of the fl avors. This overall grading was considered a measure of the quality of the 
oil and identifi ed the grades of olive oil in relation to their quality.

   The minimum score to classify an olive oil as extra virgin (6.5) was established 
in the initial EC regulations (EC  1991 ), but it has been modifi ed several times by 
subsequent EC regulations that granted an allowance for oils that had obtained 
scores of at least 5.0 on the IOC test. The allowance was one point from 1995 (EC 
 1995 ) to 2002 (EC  2001 ). Thus, the minimum score to classify any oil as EVOO 
was 5.5, and oils with slight but perceptible defects were included among oils of 
very high quality. 

 When defective fl avors were absent, panelists verifi ed the presence and strength 
of the positive attributes, particularly the fruity sensation that is defi ned as the whole of 
olfactory–gustatory perceptions that recall healthy and fresh fruit at the correct 
ripening degree. The lack of fruity notes in an oil sample excluded it from extra 
virgin and virgin grades, whereas a very strong intensity of fruity – often associated 
with extreme bitter and pungent sensations – made the oil rather disagreeable    for 
direct consumption, thus suggesting that it should be mixed with VOOs characterized 
by weak strengths of these sensory attributes. 

 

14 Sensory Quality: Methodologies and Applications



544

 On the other hand, medium intensities of positive notes, such as fruity, that the 
methodology ascribed to high-quality VOOs did not always refl ect consumer 
requirements (Lyon and Watson  1994 ). A study carried out in 1994 showed, generally 
speaking, that people living in northern regions preferred oils with weak sensory 
attributes, whereas people in living in southern regions preferred oils characterized 
by strong aromas and more pronounced bitter and pungent sensations (Pagliarini 
et al.  1994 ). The consumption of olive oils with delicate aromas was also accepted 
among nonhabitual consumers living in countries where olive oil was not yet well 
known (McEwan  1994 ). 

 The fi rst draft of the IOC method, adopted by the EC in 1991, as shown by the 
results of tests performed by panels in many countries working in agreement with 
IOC directives (Fedeli  1993 ), yielded a poor reproducibility of the overall grading 
scores (Ranzani  1994 ). The poor reproducibility seemed mainly related to panelistsʼ 
using different portions of the intensity scale in their evaluation of oil samples with 
barely or slightly perceptible defects because of ineffective training. It could also 
have been due to differences in the evaluations of the positive quality attributes 
because assessors of panels might have diverse cultural and food habits. 

 At the request of some national members, the IOC attempted to overcome these 
problems by revising the method of organoleptic evaluation of VOO, and a new 
methodology was developed after reevaluation of the criteria needed to assess fl avor 
characteristics (IOC  1996 ). The new profi le sheet (Fig.  14.4 ), agreed on by producer 
countries after numerous sessions of work, mainly points out the negative attributes 
(e.g., fusty, musty, winey-vinegary, muddy sediment, metallic, and rancid) that can 
usually be detected in VOOs (EC  2002 ). Other defects, such as heated or burnt, 
hay- wood, greasy, vegetable water, brine, earthy, pressing mat, rough, cucumber 
(the fl avor sometimes produced in oils hermetically packed for too long), grubby 
(the fl avor of oils obtained from olives attacked by the olive fl y), carefully described in 
the specifi c vocabulary for VOO, can be used as negative attributes for the designa-
tion “others.” Among positive notes, only fruity, bitter, and pungent sensations are 
considered.

   The strength of each attribute is rated on an unstructured scale 100 mm long, and 
the limits are linked up to the lowest and the highest intensities of each attribute. 
This kind of scale gives assessors the opportunity to freely evaluate the strength 
of the attributes continuously and not according to prefi xed intervals. In this way, 
problems arising from different interpretations of the terms used in the structured 
scale with clear intervals, and possibly ignoring the assumption that all the sensory 
intervals of the scale are equal, are overcome. In fact it is very diffi cult to be sure 
that the distance between “barely perceptible” and “slightly perceptible” in Fig.  14.3  
is the same as the distance between “average” and “extreme.” 

 Assessors place a vertical mark on the scale that better describes their response 
to the attribute that is being evaluated. Intensity data, expressed as centimeters, 
are statistically processed to calculate the median of each negative and positive 
attribute. When at least 50 % of panelists report a negative attribute as “others,” the 
panel leader must calculate the median of this attribute and the corresponding 
classifi cation. 
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 Some years later, IOC experts reported some problems when the revised method 
was used in collaborative tests. These concerned both the robust variation coeffi cient, 
exceeding the limit value established by the methodology, and the reproducibility of 
the classifi cation of defective VOOs. Thus, the analysis of data provided by the dif-
ferent panels participating in collaborative trials revealed some confusion between 
two negative sensory notes, i.e., muddy sediment and fusty attributes. The wrong 
identifi cation of the defective note by some panels    often implied different classifi ca-
tions of the same VOO. Consequently, this had repercussions for the reproducibil-
ity of methodology. The lack of reproducibility in classifying some defective VOOs 
showed an ineffective training of assessors, who proved to have an unsatisfactory 
knowledge of defects and, consequently, a poor precision in recognizing them. 

PROFILE SHEET

INTENSITY OF PERCEPTION OF DEFECTS

INTENSITY OF PERCEPTION OF POSITIVE ATTRIBUTES

Name of taster:

Sample code:

Date:

Fruity/Muddy 
sediment

Winey,vinegary,
acid, sour

Musty, humid, 
hearthy

Frostbitten olives 
(wet wood)

Rancid

Other (specify)

Bitter

Fruity

Pungent

greenly ripely

  Fig. 14.4    Profi le sheet and grading table of IOC current sensory assessment according to 
Commission Regulation (EC) 640/2008 (EC  2008 ) ( Source : IOC ( 2007c ), with permission of the 
International Olive Council)       
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 In 2007, IOC experts adopted revised versions of the methodologies related to 
the organoleptic assessment of VOOs (IOC  2007a ,  b ,  c ,  2011a ) in order to improve 
the reproducibility of panels from different countries and to meet requests of both 
producers and dealers, who asked to have the possibility of adding some informa-
tion about sensory characteristics in the oil labels. The latest revised methodology 
(IOC  2011b ) was exclusively designed for the classifi cation or labeling of VOOs 
according to the intensity of fruity and sensory defects perceived by a panel of 
assessors suitably selected and trained (IOC  2011b ; EC  2011 ). To overcome prob-
lems related to reproducibility, the revised methodology unifi ed fusty and muddy 
sediment    sensory descriptors, though the origin of these defects is very different 
(Morales et al.  2005 ). The fusty defect arises from improper preservation of olive 
fruits (Angerosa et al.  1996c ; García-González and Aparicio  2010 ), whereas 
muddy sediment arises as a result of incorrect preservation of oil (Angerosa et al. 
 2004 ), so that information for producers and oil mill workers is lost by using the 
suggested profi le sheet for the VOO sensory assessment. The new methodology 
shows, in addition to the merging of fusty and muddy sediment defects, three 
other changes when compared with EC Regulation 796/02 (EC  2002 ): (1) a new 
maximum limit value of defect perception (EC  2011 ; IOC  2011b ) (Table   16.8    )    for 
VOO category (3.5) to minimize any problem deriving from a possible poor har-
monization among different panels; (2) the differentiation between green and ripe 
fruity sensory perceptions; (3) the possibility for panel leaders to certify that oils 
comply with the defi nitions (mild oil, well balanced) and ranges that correspond 
to some adjectives (light, medium, intense) according to the intensity and percep-
tion of the attributes as indicated by EC regulations and the IOC Trade Standard. 

 Neither the current IOC trade standard for sensory assessment (IOC  2011c ) 
nor EC regulations (EC  2011 ) take into account color, though it could positively 
or negatively affect a consumer’s decision to purchase. In fact, the fl avor of 
appropriately colored foods is proven, in general, to be perceived with a stronger 
intensity and much better identifi ed than those with inappropriate coloring 
(Clydesdale  1993 ). 

 The color of just-extracted VOOs ranges from light yellow to deep green, depend-
ing on the content of pigments naturally occurring in the fruits. It is known that oils 
from fruits that are green or turning purple appear to be more or less green and are 
characterized by stronger fl avor and more bitter and pungent attributes than oils 
obtained from black olives, which are light yellow or yellow-green and elicit delicate 
aromatic notes and a weak bitter perception. Therefore, colors of VOOs often pro-
vide suggestions about their fl avor to consumers and direct their preferences toward 
oils specifi cally colored in accordance with familial, cultural and socioeconomic, 
and behavioral factors relating to their food habits. Moreover, the color of olive oil is 
perceived by consumers as a mark of freshness. One must remember that oil is 
obtained from olives within a period of a few months but is consumed over a period 
of at least a year. During its storage, it is possible to see a progressive lightening 
of green color and deepening of yellow color because of the slow degradation of 
chlorophylls (Chap.   7    ).  
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14.8     PDO and PGI Designations 

 Today consumers choose foods on the basis of new criteria such as nutritional 
and healthy aspects, freshness, and genuineness, in addition to sensory quality. 
The choice of foods is often linked to a particular territory where producers continue 
using traditional methods of production of genuine and high-quality food products 
with specifi c and unique sensory characteristics, which obviously are typical of that 
production zone. The warranty label of quality and genuineness is perceived by 
consumers as an important assurance against adulteration and fraud. 

 Great effort has been made by the EC in the promotion of food products having 
particular quality and typical characteristics linked to specifi c geographical zones 
since 1992 when the EU promulgated the strict and detailed rigorous regulations EC 
Regulation 2081/92 (EC  1992a ) to protect the reputation of regional food products 
(e.g., VOO) clustered inside the word typical. The aim of this regulation was also 
to avoid unfair competition by nongenuine products, whose inferior quality could 
mislead consumers. The regulation provides producers with exclusive trade labels 
– Protected Designation of Origin (PDO) and Protected Geographical Indication 
(PGI) – for their food products. 

 The PDO designation covers agricultural products and foodstuffs produced, 
processed, and prepared in a given geographical area using recognized procedures 
whose quality or characteristics are expected to be tied, essentially or completely, to 
the geographic area of origin. PGI, however, is used to denote agricultural products 
and foods closely linked to the geographical area where they are produced, pro-
cessed, or prepared. Furthermore, there are Agencies of Protection (PDO and PGI 
Authorities), independent of the producers, that assure the enforcement and respect-
ing of rules (Article 10.1 of Regulation 510/2006) (EC  2006 ). These agencies 
encourage the diversifi cation of agricultural production, protect product names 
from misuse and imitation, and help consumers by providing information on the 
specifi c characteristics of the products. The list of registered names can be found on 
the DOOR database   :   http://ec.europa.eu/agriculture/quality/database/index_en.htm    . 
The current designations are shown in Table  14.2 . For more information on PDO 
and PGI see   http://ec.europa.eu/agriculture/quality/schemes/index_en.htm    .

   The physicochemical characteristics of PDO oils reported to disciplinary bodies 
are not always able to make an unequivocal differentiation because geographical 

  Table 14.2    Number of PDO 
and PGI designations 
registered for various 
European countries 
until 2010  

 Country  PDO  PGI 

 Spain  20  – 
 Italy  37  1 
 Greece  15  11 
 Portugal  6  – 
 France  7  – 
 Slovenia  1  1 

   Source : Authors  
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regions are sometimes very close to each other. Thus, a working group of sensory 
experts was created by the IOC with the responsibility for drawing up a method to 
assess the sensory attributes of EVOOs characteristic of a geographical origin, 
within the policy of product quality differentiation. 

 The designation    of origin (DO) – PDO or PGI – authority shall select the sensory 
descriptors of its DO and incorporate them into a profi le sheet, together with the 
maximum and minimum limits of the median for each descriptor. Table  14.3  shows 
the direct or retronasal aromatic olfactory sensations and gustatory and tactile 
sensations described by the IOC in its trade standard for designations of origin 
(IOC  2005 ). Some of these sensory descriptors from Table  14.3  are often perceived 
in VOOs (e.g., apple, almond, artichoke, grass, and tomato), while other descriptors 
are less frequently detected such as fi g leaf and chamomile. Some of these attributes 
are defi ned in an unequivocal way (e.g., almond, chamomile, vanilla, artichoke), 
although others – such as citrus fruit, exotic fruit, and soft fruit – include a plurality 
of different sensations.

   Obviously, not all the descriptors can be evaluated by assessors at the same time 
because of their very large number. Thus, the DO authority shall select the charac-
teristic descriptors of the designation of origin (ten at the most) from those defi ned 
in Table  14.3  and incorporate them into the profi le sheet (Fig.  14.5 ). This means that 
the authorities for the indications of origin need to collect a large number of VOO 
samples that include all the kinds of VOO produced within the geographical area. 
In addition, the authorities need to determine the characteristic of the sensory profi le 
by analyzing the results with the accompanying software of the methodology that 
allows the determination of the median, the confi dence intervals of the individual 
descriptors from the median, the robust percentage coeffi cients of variation, the 
related minimum and maximum limits, and the intervals of the attributes used.

      Table 14.3    List of possible descriptors for DO extra virgin olive oils according to 
information in IOC trade standard COI/T.20/Doc.No. 22   

  Direct or retronasal aromatic olfactory sensations  
 Almond  Apple  Artichoke 
 Camomile  Citrus fruit  Eucalyptus 
 Exotic fruit a   Fig leaf  Flowers 
 Grass  Green pepper  Green 
 Greenly fruity  Herbs  Olive leaf 
 Pear  Pine kernel  Ripely fruity 
 Soft fruit  Sweet pepper  Tomato 
 Vanilla  Walnut 

  Gustatory sensations  
 Bitter  Sweet 

  Tactile or kinaesthetic sensations  
 Fluidity     Pungent 

  Qualitative retronasal sensation  
 Retronasal persistance 

  Source: IOC ( 2005 ), with permission of the International Olive Council 
  a Pineapple, banana, passion fruit, mango, papaya  
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   Analysis of the regulations of PDO and PGI designations approved by the 
Commission of the European Communities frequently reveals the inadequacy of the 
number and kind of sensory descriptors used as evidence for the various sensory fea-
tures of each PDO or PGI. Most of the regulations only report indications about the 
presence and intensity of the main sensory descriptors of VOOs of good quality (e.g., 
fruity, bitter, and pungent). Attributes such as grass, leaf, almond, and tomato are 
cited in approximately 50 % of the regulations only, while other descriptors shown in 
Table  14.3  – such as chamomile, walnut, pear, citrus fruit, and fi g leaf – do not appear 
at all. However, recently approved PDOs (e.g., Colline Pontine, Terre Aurunche, and 
Tergeste) already report the limit values of the intensities of each sensory descriptor 
as recommended by the IOC in its “Guide for Determining the Characteristic Profi le 
of D.O. Extra Virgin Olive Oils” (IOC  2005 ). Therefore, it has been suggested that 
the PDO and PGI regulations approved some years ago should be revised. 

 The verifi cation of compliance with a given PDO or PGI designation from a 
sensory point of view includes the preliminary evaluation of the olive oil grade 
and then checking of the sensory features reported in the regulation. The oil 
 classifi cation must be performed according to regulations in force and therefore 
by applying the revised IOC method for the sensory evaluation of VOOs (EC 
 1992b  and subsequent modifi cations) that establishes the intensity of the sensory 
descriptors on the basis of the median of intensities perceived by each panelist quan-
tifi ed on a continuous scale 100 mm long; EVOOs must have no organoleptic 

  Fig. 14.5    Profi le sheet adopted for designation of origin of virgin olive. Information collected 
from IOC Document COI/T.20/Doc. No. 22 ( Source : IOC ( 2005 ), with permission of the 
International Olive Council)       
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defects (medians of negative attributes = 0) or median of fruity greater than 0. 
However, many PDOs were approved by the EU before the adoption of the revised 
IOC method by the EU when the grading score for the sensory evaluation of VOOs 
was carried out by means of a profi le sheet with a structured scale from 0 to 5. The 
two methodologies are different not only because of the kind of scale (structured 
versus unstructured) but because of the mathematical algorithm applied to deter-
mine the intensity of each descriptor. 

 The large number of requests and grants of PDO and PGI designations from the 
EU emphasizes the need to develop methods for assessing the sensory attributes of 
these EVOOs in order to have harmonized procedures of evaluation.  

14.9     Other Regulations 

 The US Department of Agriculture (USDA) revised the old US grade standards for 
olive oils and olive-pomace oils to conform to current industry standards commonly 
accepted in the USA and abroad by request of the California Olive Oil Council 
(COOC), a trade association of olive oil producers. These revised standards (USDA 
 2010 ), which are organized and structured similarly to the most recent IOC trade 
standards, provide a common language for trade and provide consumers more assur-
ance of the quality of the olive oil that they purchase. The revised standards include 
objective criteria for the various grades of olive oil and olive-pomace oil, including 
defi nitions of EVOO, VOO, olive oil, refi ned olive oil, and olive-pomace oil. 
This revision affects importers of olive oil and more than 500 domestic olive oil 
producers and growers. 

 The North American Olive Oil Association (NAOOA) – a trade association of 
marketers, packagers, and importers of olive oil in the USA, Canada, and their 
respective suppliers abroad – was established in 1989. The association strives to 
foster a better understanding of olive oil and its taste, versatility, and health benefi ts. 
A condition of membership in the NAOOA is that all members must agree to abide by 
the IOC standard and agree that the testing of EVOO samples will include organo-
leptic testing by an IOC-certifi ed panel. 

 The COOC is the only North American certifi ed quality control program that 
exceeds strict international standards for EVOO with respect to the percentage of 
free fatty acids (0.5 vs. 0.08 of the IOC). The COOC is dedicated to promoting quality 
EVOOs made in California, and it represents over 90 % of all olive oil production 
in California, which is estimated to be around 1.2 million gallons in the 2010–2011 
harvest, with 30,000 acres planted with over 50 different cultivars. 

 The blending of olive oil with other edible oils, if clearly labeled as a blended 
vegetable oil and if the content and proportion of the blend are prominently 
displayed on the container’s label, is not prohibited. California Senate Bill (SB) 634 
(CSB  2007 ) defi nes fl avored olive oil to refl ect market practices (e.g., fl avored oils, 
such as lemon olive oil or jalapeño olive oil, are becoming increasingly popular with 
consumers) but also requires that olive oil be labeled consistently with the updated 
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food grade defi nitions. State law, however, does not defi ne olive oil grades, and as a 
result the grades commonly seen on olive oil bottles – such as extra virgin – do not 
need to meet any standards. SB 634 helps consumers make informed choices based 
on consistent standards of quality. 

 The Australian Olive Association (AOA) was created to underpin and enhance 
the quality of all Australian olive products and associated production processes. The 
association developed the Australian Olive Industry Code of Practices (AOA  2009 ) 
that address olive oil quality, food safety, ethical marketing, environmental stan-
dards, and other issues. The oil must meet most of the same chemical standards as 
the IOC and be certifi ed free of sensory defects and possessing some olive fruitiness 
by three AOA-accredited tasters. The association has the “Australian Certifi ed Extra 
Virgin” seal that can only be found on AOA member olive oils produced in Australia. 

 Olives New Zealand (ONZ) was established to create an environment for the 
New Zealand olive industry to produce premium-quality EVOOs and olive products 
and to market them successfully nationally and internationally. Its certifi cation 
program, which is open to nonmembers as well as members, includes bottling and 
labeling standards as well as chemical and sensory criteria in accordance with IOC 
trade standards (IOC  2011c ). The ONZ certifi cation also requires that the oil be 
bottled in dark glass, or if in clear glass that it be in a box or other light-excluding 
package, together with the pressing date.  

14.10     Importance of Sensory Profi le in Virgin 
Olive Oil Analysis 

 The current offi cial IOC profi le sheet of fl avor description and quality grading, even 
if it allows an oil to be placed in one given category rather than in another, does not 
provide any description of fl avors because the panelists mainly evaluate defects 
and only three sensory descriptors related to quality characteristics of VOOs (fruity, 
bitter, and pungent). Therefore, if one wanted to monitor small but meaningful 
changes in oil sensory profi les ascribable to genetic factors, ripening stages of fruits, 
or technological processing of oil extraction, it would be necessary to use a larger 
number of descriptors on the score sheet and have suitably trained assessors to 
detect the various fl avor shades. An example could be represented by the profi le 
sheet shown in Fig.  14.6 , which was developed in the course of a project carried out 
within the framework of Agro-Industrial Research (AIR) (AIR  1999 ) with the aim 
of differentiating subtle changes in the green attributes of VOOs resulting from 
unripe fruits (Angerosa et al.  1997 ).

   QDA was the sensory methodology used. Twelve assessors, eight females and 
four males, ranging in age from 22 to 50 years, were requested to dissect and freely 
describe, in their own words, the different sensations they perceived during the 
evaluation of VOOs. The oils were extracted from fruits of diverse olive varieties at 
different ripening stages. Descriptors used by each assessor were different, as former 
experiences associated with the perceived sensations of each assessor were obvi-
ously not the same. Several sessions were needed for extensive discussion among 
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assessors to determine the meaning of each descriptor and to discard redundant 
descriptors. The descriptors fi nally agreed on by consensus were selected and 
included in the evaluation profi le sheet. Assessors were selected and trained according 
to the EC ( 1991 ) regulation. 

 After suitable training to familiarize assessors with the developed vocabulary, 
the methodology was applied to the evaluation, in triplicate, of oils obtained from 
unripe fruits of different varieties and of changes occurring during olive paste 
malaxation in relation to temperature and time. The oils were presented according 
to an experimental design that minimized any possible bias and carryover effects. 
Figures  14.7     – 14.10  display the results of the experiments. Thus, the increase from 
25 °C to 35 °C in the malaxation temperature (Fig.  14.7 ) causes a general weaken-
ing of the oil fl avor. Green banana and almond notes disappear, and other signifi cant 
losses are recorded for walnut husk, green tomato, and particularly for bitterness 
and pungency. Malaxation time infl uences the fl avor of the resulting oils; prolonged 

VIRGIN OLIVE OIL
PROFILE SHEET

OLFACTORY-GUSTATORY-TACTILE NOTES

Descriptors 0 1 2 3 4 5

Cut green lawn

Green leaf or twig

Green olives

Wild flowers

Green banana

Green tomato

Almond

Artichoke

Apple

Walnut husk

Green hay

Butter/Cream

Bitter 

Pungent 

1 Barely perceptible
2 Slight perceptible
3 Average
4 Great
5 Extreme

REMARKS.........................................................

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NAME OF ASSESSORS....................................

LEGEND OF SAMPLE......................................

DATE......................

  Fig. 14.6    Profi le sheet developed to differentiate shades of green attributes in virgin olive oils 
( Source : Authors)       
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periods (Fig.  14.8 ) reduce typical green notes such as green leaf, cut green lawn, and 
walnut husk, whereas they do not seem to affect the intensity of fruity sensations.

      The evaluation of oils extracted from unripe olives of Greek (Koroneiki) and 
Spanish (Picual) varieties harvested in the production countries at the same ripening 
degree showed evidence of different fl avor profi les for the two varieties (Fig.  14.9 ). 
In addition, the profi le sheet was able to differentiate oils from the same Greek variety 
in relation to geographic origin (Fig.  14.10 ).  

14.11     Statistical Procedures 

 Sensory data, as obtained by assessors through the use of evaluations, represent the 
sensory profi le of VOOs; nevertheless, their examination does not give complete 
information. Information regarding possible correlations among attributes, the per-
formance of panels and individuals, and possible discrepancies among assessors in 
the meaning of descriptors or in the use of scales can be obtained from sensory data 
by the application of statistical procedures. These last-named methodologies can 
also identify sensory attributes that can differentiate samples of a product, to reveal 
how many differences could exist in the work of various panels, to compare  different 
descriptive analytical methodologies, and to predict consumer acceptance from 
descriptive panel profi les. Although mathematical procedures are profusely 
described in Chap.   12    , Table  14.4  briefl y summarizes the most common procedures 
applied in sensory analysis and their corresponding purposes.
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  Fig. 14.7    Changes in green attributes of oils from Frantoio variety in relation to malaxation 
 temperature ( Source : Authors)       
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  Fig. 14.8    Infl uence of malaxation time on the sensory profi le of oils from Frantoio variety 
( Source : Authors)       
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  Fig. 14.9    Free profi les of Spanish (Picual) and Greek (Koroneiki) varieties harvested at same 
ripening degree ( Source : Authors)       
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  Fig. 14.10    Sensory differentiation of oils from same variety (Koroneiki), harvested at same ripening 
degree, in relation to their geographic origins ( Source : Authors)       

   Table 14.4    Classic statistical procedures applied in sensory analysis   

 Procedure  Purposes 

 Analysis of variance 
(one-two way) 

 To test the arrangement test reliability 

 Student’s  t   To test individual and panel performance 
 Principal component 

analysis (PCA) 
 To test individual and panel performance 
 To fi nd primary sensory variables and eliminate redundant data 

 Factor analysis (FA)  To reveal relationships between sensory attributes 
 Correlation 

coeffi cients 
 To test degree of association between mean intensities and overall grading 
 To verify possible discrepancies in meanings of attributes among 

different panels 
 To point out relationships between panels or different scales 

 Cluster analysis  To group descriptors used by different panels in sensory evaluation 
 To verify whether or not two panels work in the same way 

 Multiple regression  To predict consumer acceptance from descriptive panel profi les 
 To provide information about panel performance and identify discrepancies 

among panelists in the meaning of descriptors and in the use of scales 
 Generalized procrustes  To identify sensory attributes that allow a clear differentiation of 

samples 
 Analysis (GPA)  To use consumers for descriptive purposes 

 To compare different descriptive, analytic methodologies 

   Source : Authors  
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15.1            Introduction 

 Consumers play a signifi cant role in the success or failure of products, and olive oil 
is no exception. Sensory properties play a key role in food acceptability; aroma, 
taste, texture, appearance, and color are among the factors that infl uence fi nal con-
sumption by consumers (Cardello  2003 ; Drewnowski  1997 ). However, acceptabil-
ity and consumption are also infl uenced by extrinsic factors that include contextual, 
cognitive, social, and cultural variables (Cardello  2003 ; Sijtsema et al.  2002 ). As a 
consequence, product acceptability relies on a number of complex variables that are 
either continuous (e.g., concentration of a particular ingredient, product age) or cat-
egorical (e.g., consumer gender and product brand). The complexity of these factors 
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suggests that it is important to determine the most appropriate methods to under-
stand how consumers perceive olive oil. This chapter is intended to introduce some 
of these methodologies as they relate to olive oil.  

15.2     Quantitative Research 

 In using quantitative measures – in the form of structured questions and answers, 
where consumers are selected randomly from the study or target population – 
researchers must follow basic principles and guidelines in the preparation of ques-
tionnaires (Bradburn et al.  2004 ; Dillman  2007 ; Groves  2004 ). Consumer responses 
can then be analyzed through a diverse set of statistical procedures. The main 
advantage of quantitative research is the ability to test hypotheses and to obtain 
results from subject populations. Disadvantages include consumer bias, fatigue or 
boredom (for example, with long questionnaires), and variability between 
researcher-administered and self-administered questionnaires. 

15.2.1     Survey Research 

 Survey research is designed to collect information concerning a topic of interest 
through the use of questionnaires. Answering a survey questionnaire involves four 
processes: comprehension, retrieval, judgment, and response (Jobe and Mingay 
 1989 ; Tourangeau et al.  2000 ). First, the subject needs to understand the question. 
Second, the subject must remember the relevant information that the question calls 
for. Third, the subject needs to determine which parts of the retrieved information 
are relevant to the question. Fourth, before responding, the subject weighs his/her 
answers based on several factors, including the sensitivity of the information, the 
social desirability of the answer, and the probable accuracy of the answers, before 
eventually committing to a response to the question. 

 The format of the questions determines the best method of contacting the con-
sumer: survey questionnaires can be administered by telephone, in person, by mail, 
or over the Internet. Table  15.1  describes each method. Writing clear questions is 
key when designing survey questionnaires; ambiguous or complicated questions or 
vague terms in the questionnaire are likely to produce biased results (Bradburn and 
Miles  1979 ; Fowler  1992 ). Lawless and Heymann ( 2010 ) provide the following 
recommendations for designing a questionnaire:

•     Be brief.  
•   Use plain language.  
•   Do not ask what they do not know.  
•   Be specifi c.  
•   Multiple-choice questions should be mutually exclusive and exhaustive.  

C. Delgado et al.
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•   Do not lead the respondent.  
•   Avoid ambiguity.  
•   Beware of the effects of wording.  
•   Beware of halos and horns.  
•   Pretesting is usually necessary.    

 Several researchers have considered the advantages and disadvantages of various 
question formats, especially regarding the use of open-ended or closed-ended ques-
tions. Open-ended questions offer the advantage of being easy for the researcher to 
structure, and for respondents to answer, since they can use their own words. The 
disadvantages are that sometimes respondents fail to provide an answer, and the use 
of their own words makes statistical analysis and interpretation of results more dif-
fi cult. With closed-ended questions, the main advantage is the ease of coding and, 
therefore, the relative ease of statistical analysis and interpretation; however, there 
is a risk that consumers will not understand the question or will choose from among 
answers that do not fully or accurately refl ect their true opinions or attitudes (Belson 
and Duncan  1962 ; Converse  1984 ; Rasinski et al.  1994 ; Bradburn et al.  2004 ; 
Groves  2004 ; Smyth et al.  2006 ; Dilman  2007 ). 

 The format of the questionnaire can also affect the survey results, so the researcher 
must consider how the survey will be administered (either self-administered or han-
dled by an interviewer). Self-administered questionnaires offer the advantage of 
eliminating bias from an interviewer, especially for sensitive questions; the pres-
ence of the interviewer is, however, useful in clarifying questions or instructions. 
Also to be considered is whether the questionnaire will be on paper or in a computer- 
based format (either online or via a CD). The computer-based format has the advan-
tages of forcing the respondent to select an answer (e.g., even if one of the choices 
is “prefer not to answer”) and of allowing the researcher access to the data almost 
immediately, thereby reducing the cost of transferring the data onto computer. The 
paper questionnaire, on the other hand, is useful when the survey needs to be con-
ducted in a location where no computers are available – e.g., outside supermarkets 
– or when the respondent does not feel confi dent using computers (Bourque and 
Fielder  2002 ; Dillman  2007 ; Groves  2004 ). Finally, the format and style of the 
questionnaire also have an effect on the respondent. Recommendations for ques-
tionnaires include having a clear format, using the same font size for all questions, 
highlighting (in color) the different responses, and, when questionnaires are more 
than one page in length, indicating clearly that the questionnaire continues on the 
next page (Dillman  2007 ; Sanchez  1992 ). 

 Survey research has been applied to understand consumer behavior regarding 
extra virgin olive oil (EVOO) in our laboratory (Santosa  2010 ) and by others. In this 
research, we utilized different question modes to accommodate the large numbers 
of topics being covered. The formats included yes/no, check-all-that-apply, multiple- 
choice, and open-ended questions. The survey questionnaire was self-administered 
and consisted of three main parts: oil consumption and purchase behavior, demo-
graphics, and psychographics. The survey was administered to 178 northern 
California consumers from April to August 2009. Three consumer segments were 

C. Delgado et al.
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identifi ed. Using hierarchical cluster analysis (HCA), the survey study segmented 
consumers based on three criteria: (1) types of olive oil consumed, (2) olive oil 
brands consumed, and (3) origin of olive oils consumed. Based on the HCA dendro-
grams, three consumer clusters were identifi ed (Table  15.2 ). A summary of the 
results from this survey follows.

15.2.1.1       Events Prompting Olive Oil Use 

 Most consumers were prompted to start consuming olive oil by their awareness of 
olive oil’s health benefi ts. These consumers were unlikely to have consumed olive 
oil when they were still living at home with their family and were unlikely to have 
olive oil consumption as part of their cultural traditions. Few consumers who were 
prompted by cultural tradition or from having their parents or family use olive oil 
when they were still living at home continued their consumption habits into their 
adult life. A large majority of consumers also started consuming olive oils because 
of one of a number of events, such as starting to cook by themselves; their spouse or 

    Table 15.2    Summary of hierarchical segment (cluster) analysis results of consumer segmentations 
based on three different criteria   

  Number of consumers    %    Description of types of olive oil consumed  
 Cluster 1  106  59.6  Only EVOOs 
 Cluster 2  45  25.3  (1)  EVOOs and one other type of olive oil such 

as non-EVOO or fl avored olive oils or both 
types 

 (2)  Only non-EVOOs 
 (3)  Non-EVOOs and fl avored olive oils 
 (4)  Only fl avored olive oils 
 (5)  Not sure what types of olive oils consumed 

 Cluster 3  27  15.2  Both EVOOs and fl avored olives oils 

  Number of consumers    %    Description of types of olive oil brand consumed  
 Cluster 1  77  43.3  (1)  Store brands 

 (2)  Don’t know brand names 
 Cluster 2  54  30.3  (1)  Imported brands 

 (2)  Imported and store brands 
 (3)  Imported and local brands 
 (4)  Imported, store, and local brands 

 Cluster 3  47  26.4  (1)  Local brands 
 (2)  Local and store brands 

  Number of consumers   %   Description of origin of olive oils consumed  
 Cluster 1  71  40.0  Imported 
 Cluster 2  71  40.0  Imported and local 
 Cluster 3  36  20.0  (1)  Local 

 (2)  Don’t know origin 

15 Olive Oil Consumer Research: Methods and Key Learnings
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partner using olive oil for preparing meals and cooking; a recipe calling for olive oil 
use; a cooking show they watched often using olive oil as an ingredient; having an 
olive oil tasting or sampling at a tasting room, a farmers’ market, or olive-oil-related 
event; and having olive oil as a condiment for bread dipping at a restaurant. Very 
few consumers started consuming olive oil because they had lived or had a holiday 
overseas. Most of the consumers in the survey were unlikely to be prompted to start 
consuming olive oil as a result of receiving it as a gift.  

15.2.1.2     Shopping Place 

 Consumers who purchased store brand olive oils were more likely than any other 
consumer group to go to discount retailers (i.e., a warehouse club such as Costco). 
This consumer group, together with the most diverse consumer group (cluster 2), 
also normally went to supermarkets. Consumers in cluster 2 were also more likely 
to have purchased olive oils imported from overseas, on a Web site, and from winer-
ies. Consumers who purchased only local brands or both local and store brands 
were more likely to have purchased olive oils from specialty/gourmet stores, at an 
olive oil tasting/fair/holiday or food festival, from olive oil farmers/producers or an 
ethnic market. Some consumers across the three consumer clusters also went to a 
farmers’ market to buy their olive oils. This pattern was found to be statistically 
signifi cant ( p  < 0.05).  

15.2.1.3     Typical Price Range and Volume 

 There was a tendency for store brand olive oil buyers to buy cheaper oils between 
$5 and $7.99 or $5 or less per half-liter, for consumers who purchased either local 
brands or both local and store brands to buy in the higher middle price point between 
$16–$20.99 and $21–$25.99, and for consumers who purchased imported brands or 
imported brands and a combination of other types of olive oil brands to buy from the 
highest price range of $26–$30.99 or $31 and above. However, these trends were 
not statistically signifi cant ( p  > 0.05). This could be due to the fact that most of the 
consumers coming from the three different consumer groups bought from the mid-
dle price range between $8–$9.99 and $10–$15.99. 

 Consumers who could not estimate the typical olive oil volume they bought 
came primarily from the consumer group that bought store brand olive oil. This 
group tended to buy the bigger volume of 5 L, 2 gal, or bulk size. Like this consumer 
group, consumers who consumed only local brands or both local and store brands 
tended to buy bulk size as well, in addition to the smaller size of 250 mL and the 
bigger size of a half-gallon. Consumers who typically bought imported brands or 
imported brands and other types of olive oil tended to buy the medium size of 
750 mL and the bigger size of 2 L. It can be seen that each consumer group had two 
different sizes of olive oil that they tended to buy. The trends observed were not 
statistically signifi cant ( p  > 0.05). This could be because other sizes, such as 
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350–375 mL, 500 mL, and 3 L, were shared by most consumers across the three 
consumer groups, or because each consumer group had the same tendency of pur-
chasing at least two different sizes.  

15.2.1.4     Purchase Frequency 

 Figure  15.1  shows the correspondence analysis (CA) results of how the purchase of 
olive oil brands affected purchasing frequency. To analyze a data set of nominal or 
ordinal level, CA or multiple correspondence analysis (MCA) is used to detect sig-
nifi cant associations between two variables or several variables at once, respec-
tively. CA may produce either a symmetrical map, which plots the principal 
coordinates of the rows and the columns, or an asymmetrical map, which shows the 
describing variable (usually the rows) in standard coordinates and the variable being 
described (the columns) in principal coordinates (Blasius and Greenacre  2006 ). The 
measure of variance is closely related to the chi-squared statistic. The objective of 
CA is to represent the maximum possible variance in a map of few dimensions. The 
map is interpreted in how the categories lie relative to one another and how the other 
categories are spread out relative to the former categories. The origin coincides with 
the average for the data set at hand. Therefore, the categories are judged in terms of 
how much they deviate from the average. Consumers who purchased only local 
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  Fig. 15.1    Correspondence analysis of purchase frequency for olive oil bought for own consump-
tion and use at home for consumer clusters based on olive oil brands purchased       
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brands or both local and store brands tended to buy either once every 2–3 months or 
once a year or less. Store brand olive oil buyers tended to purchase once every 4–6 
months. Consumers who purchased only imported brand oils or imported and some 
other brands of olive oil tended to buy once a month or more. The apparent trends 
were not statistically signifi cant ( p  > 0.05). This could be because the purchase fre-
quency of once every 2–3 months was shared by all consumer groups. Since con-
sumers purchased different sizes of olive oils depending on the intended use, they 
fi nished the different bottles at different rates. Hence their purchasing frequency 
varied as well.

15.2.1.5        Beliefs About Production Region 

 Survey participants believed that Italy was the region producing the highest-quality 
EVOO. California was the second most cited. If California was combined with the 
local regions, then the USA    was the second most cited country, with Spain coming 
in third. About 23 % of the consumers surveyed felt unsure or did not know what 
the best region was for producing EVOO (Fig.  15.2 ). A chi-squared test of indepen-
dence showed that the consumer segments and their beliefs were signifi cantly 
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associated ( p  < 0.05). It can be seen that some consumers who purchased and 
consumed both locally made olive oils and imported olive oils had tasted olive oils 
from Portugal, Australia, and New Zealand and believed these regions were produc-
ing top EVOOs comparable to those of California, while still maintaining that Italy 
produced the best oils. Consumers who bought imported oils cited Italy as the best 
producing region more often than California or other local regions. This consumer 
group was also more likely to be familiar with olive oils produced in France, Spain, 
and other areas. Some consumers who purchased only locally made olive oils, 
together with the few consumers who did not know where their olive oil came from, 
believed that the best EVOOs came from the Mediterranean region or Europe. This 
consumer group, together with the group that consumed only imported oils, admit-
ted to not knowing or not being sure where the best EVOO came from, more so than 
the consumers who consumed both imported and local oils.

15.2.1.6       Olive Oil Consumption Motivation 

 Flavor, health benefi ts, and cuisines/cooking were shared in different proportions as 
the three most cited motivators behind purchasing and consuming olive oil among 
the three consumer segments.  

15.2.1.7    Olive Oil Purchase Motivation 

 Some consumers purchased local olive oils out of convenience – for example, 
because they happened to see some at the farmers’ market or at the supermarket 
while shopping for other household groceries. Besides fi nding the intended use of 
olive oil as an infl uential indicator of consumer behavior, this survey’s results high-
lighted that the physical presence of others (i.e., farmers/producers at the table) 
might also impact purchasing behavior of those consumers who consumed local oils 
or who shopped at the farmers’ market. The small size, packaging container, appear-
ance of the olive oils, and the tasting awards the olive oil had garnered attracted this 
consumer segment. Awards have also been shown to affect wine choice in certain 
ways depending on whether the buyers are low- or high-involvement consumers 
(Lockshin et al.  2006 ). Some consumers who purchased both local and imported 
olive oils did so to support the local growers or farmers and because of a personal 
connection to the producer. The olive oils tended to be organic and of the specialty 
type or were perceived to be of higher quality and suitable for special purposes or 
occasions. Supporting the local economy was shared by this consumer segment 
together with consumers who purchased only local olive oils. Consumers who pur-
chased imported olive oils tended to buy olive oils that were familiar or relatively 
cheaper or on sale or discounted in some other way. The oils tended to be in large- 
quantity containers and at a good price point. Because a liking for the taste or fl avor 
of the olive oils was the main reason cited for buying the olive oils consumers had 
at home, this reason was shared rather similarly across segments.  
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15.2.1.8    Product Label Information 

 Consumers were asked how frequently they read the olive oil product label informa-
tion and what kind of information they were interested in. About 20 % admitted to 
never reading the product label information prior to deciding which olive oil to buy. 
The majority of consumers who normally bought store brands  never  read the pack-
aging label, although some  rarely  read it. The second highest percentage of con-
sumers who  rarely  read the label tended to buy locally produced olive oils or both 
locally produced and store brands. Some of this consumer segment  sometimes  read 
the label. Most consumers belonging to the most diverse segment, who purchased 
all three types of brands,  sometimes  read the label. Some actually read it  most of the 
time , with a few reading it  all of the time . 

 CA was performed on consumer segments based on olive oil brands consumed 
and the kinds of information they would read on the product label (Fig.  15.3 ). The 
chi-squared test showed that there was a signifi cant association between consumer 
segments and the kinds of information they would read on product labels ( p  < 0.05). 
Consumers who purchased only store brand oils were more interested in learning 
about recommendations on how to use the olive oil. Consumers who purchased the 
whole range of oils were more interested in learning whether the oil was organic 
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and how the olives had been processed. Flavor descriptions of the olive oils, health 
benefi ts, and quality certifi cation were shared by these two consumer groups as 
information they read on the label. Consumers who purchased local brand oils or 
both local and store brands were more interested in the olive varietal or cultivar 
(single or blend) and whether the oil had won any awards. Some of these consumers 
wanted to learn whether the olive oil was a store or generic brand, although more 
consumers who purchased store brands were more interested in this than any other 
group. These consumers might only be buying the store private label brand and not 
other brands they perceived to be generic or they might be buying the brands that 
have been established for a while in the supermarket aisle and not the grocery store/
private label brands. Whether or not the olive oil was extra virgin and still within the 
“best before” date were factors across all consumer segments, hence their position 
near the origin.

15.2.2         Use of Sensory Evaluation Methods and Survey 
Research to Uncover Consumer Preferences 

 Some authors have discussed how consumers’ responses about why they preferred 
Product A instead of Product B tend to be ambiguous; some consumers say they like 
a product because of its fl avor, while others say they disliked a product because of 
the fl avor (Elmore et al.  1999 ; Lawless and Heymann  2010 ). As an alternative, it is 
suggested that researchers fi rst try to obtain the sensory characteristics of the prod-
ucts, using any of the analytical sensory methodologies that require training of the 
panelists (mainly descriptive analysis methods), second ask for hedonic consumer 
responses, and then relate the results through statistical procedures, the most com-
mon being preference mapping (Lawless and Heymann  2010 ; Næs et al.  2010 ). 

15.2.2.1    Characterization of Products 

 The fi rst step in training judges is to teach them how to characterize the products, so 
that they can identify differences and similarities among them. A sensory methodol-
ogy called descriptive analysis is typically used for this purpose. Different tech-
niques have been used: Quantitative Descriptive Analysis (Stone and Sidel  2004 ), 
Sensory Spectrum method (Meilgaard et al.  2007 ), or generic descriptive analysis 
(Lawless and Heymann  2010 ). While those methods differ in theory, the principles 
and outputs are similar. In general, these techniques require recruiting panelists 
based on their availability and their previous experience, screening them for any 
anosmia or allergies, then training them with specifi c tasks to develop the vocabu-
lary or to refamiliarize them with terms already in the literature. Training is accom-
plished by introducing standards, ways of quantifying the attributes, and selecting 
the scale to rate them. The next step is for the researcher to evaluate the panel per-
formance after training, primarily to evaluate whether there is consistency of ratings 
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both within the group and with each of the individuals involved (reproducibility). 
Once consistency is determined and additional training is given, if needed, the pan-
elists are ready to evaluate the samples; if the panel will be used over a long term, 
the next step is monitoring their training and performance. 

 We conducted a study to characterize 22 EVOOs (50 % of them from California, 
50 % imported) (Table  15.3 ) using a generic descriptive analysis to develop the 
language and methodology for the evaluation of EVOO. A panel of 18 judges (14 
women, 4 men), with an average age of 29 years for the women and 30 years for the 
men, was assembled for this study. Each panelist completed 10 training sessions 
(development of the language, concept alignment, agreement). A total of 22 attri-
butes were defi ned by the panel. EVOOs were evaluated in triplicate, with fi ve sam-
ples evaluated per session. The samples were served in a randomized order according 
to a Latin square design provided by FIZZ software (Biosystèmes, Couternon, 
France). Samples were coded with random three-digit numbers. More details about 
the methods can be found in Delgado and Guinard ( 2011a ). A canonical variate 
analysis (CVA) was conducted to understand sensory similarities and differences 
among the 22 EVOOs and characterize their signifi cant sensory attributes (Fig.  15.4 ). 
CVA was selected because it restricts the classifi cation of the sensory properties of 
the EVOOs to fewer groups and categories and also reveals signifi cant differences 
among the products. We found that the California oils in the experimental set were 
defi ned by green-bitter, nutty, tea, ripe fruit, and pungent characteristics. Chilean 

    Table 15.3    Extra virgin olive oils used for consumer preference tasting study   

 ID  Country of origin  Variety 

 U1  USA (California)  Arbequina 
 U2  USA (California)  Blend 
 U3  USA (California)  Arbequina/Arbosana/Koroneiki 
 U4  USA (California)  Sevillana 
 U5  USA (California)  Frantoio 
 U6  USA (California)  Mission/Manzanilla/Sevillana/Barouni/Ascolano 
 U7  USA (California)  Manzanilla/Mission 
 U8  USA (California)  Blend 
 U9  USA (California)  Arbequina 
 U10  USA (California)  Frantoio/Leccino/Pendolino/Coratina 
 U11  USA (California)  Mission 
 S1  Spain  Picual 
 S2  Spain  Hojiblanca 
 C1  Chile  Picual 
 C2  Chile  Arbequina 
 I1  Italy  Frantoio 
 I2  Italy  Taggiasca (late harvest) 
 I3  Italy  Taggiasca 
 I4  Italy  Picholino 
 A1  Australia  Hojiblanca 
 GS  Spain  Generic brand (oils from several countries) 
 GI  Italy  Generic brand (oils from Italy) 
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and Australian oils shared some attributes with the California profi le. Tropical, 
herbal, and fl oral attributes were the main characteristics found in the Spanish oils 
in the set. Some of the main attributes for the Italian oils in the experimental set 
were nutty, buttery, and the defect of rancidity.

15.2.2.2        Consumer Hedonic Ratings 

 The next step in understanding the drivers of liking is to know consumers’ opinions 
regarding the set of products (i.e., individual olive oils). Consumer studies require a 
large number of consumers in order to make the tests sensitive enough to be mean-
ingful (the power of the test). Some recommendations regarding consumer tasting 
studies are as follows:

•    Follow all the principles of safety  
•   Consider the consumer sample size and whether the sample is representative of 

the target population. If the sample is not random, consider whether it is a conve-
nient sample or a quota sample.  

•   Show the products in blind conditions (no brand or packaging), in the same con-
tainer and coded with three-digit random numbers.  

•   Present the samples using exactly the same volume.  

  Fig. 15.4    Canonical variate analysis for 22 extra virgin olive oils (EVOOs) for fi rst two dimen-
sions. Note: products are represented by  spheres ; see Table  15.3  for a full description of EVOOs. 
Vectors represent attributes ( n  = 20), short vectors show that certain attributes—namely, spicy and 
wood—discriminated less among the oils. Each circumference represents the 95 % confi dence 
interval (Chatfi eld and Collins  1980 ), with two overlapping spheres indicating the products are not 
signifi cantly different ( Source : Adapated from Delgado and Guinard ( 2011a ), with permission of 
John Wiley & Sons)       
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•   Establish an experimental design; balance the order presentation; use a warm-up 
sample to eliminate fi rst-order effects.  

•   Provide consumers with palate cleaners; apple slices (such as Granny Smith) 
work well as palate cleanser.  

•   Determine the best environmental setting for the test.    

 Regarding the location, the choices are to use a central location test (CLT) or 
home use test (HUT). The CLT is generally used when the researcher needs more 
control over the products – for instance, when serving temperature is important, 
sensitive products will be used, or cooking must be done before the food is pre-
sented for evaluation. In addition, the CLT is recommended when the number of 
products to test is large, in which case it is recommended to split the products into 
sessions and conduct the experiment in a sensory laboratory facility. On the other 
hand, in cases where the objective is to intercept consumers and ask them for their 
preference for a few products with a short questionnaire, the location can be a super-
market or shopping center. HUTs are convenient when the researcher is interested 
in how consumers will use the products. The home environment is also convenient 
because consumers have a long period to try the product and experience it in real 
conditions. However, the limitations are that responses from people other than the 
test subject may infl uence the target consumer and that the tests are more expensive 
and take more time to conduct and to gather responses. 

 Figure  15.5  shows the steps that should be considered when designing sensory 
consumer studies. Studies today can be as complex and sophisticated as the research-
er’s objectives. The basic sensory consumer tests measure preference and accep-
tance. Preference implies that there is a comparison to be made between two or more 
products, with the consumer indicating which she/he prefers. Acceptance involves 
asking the consumers for their degree of liking of a product, using either a hedonic 
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scale – the most common being the nine point hedonic scale by Peryam and Pilgrim 
( 1957 ) – or another kind of scales such as the just about-right (JAR), where consum-
ers indicate whether the intensity of certain attributes are just right, not enough or too 
much (Gacula Jr. et al.  2007 ; Popper  2004 ;    Rothman and Parker,  2009 ). More details 
about these techniques can be found in Lawless and Heymann ( 2010 ).

15.2.2.3        Integrating Sensory and Consumer Data to Identify Drivers 
of Liking 

 Once the information (descriptive data and consumer hedonic scores) is collected, 
statistical procedures are needed to relate the sensory properties with the hedonic 
scores. Preference mapping has been applied for this purpose by many sensory sci-
entists (Elmore et al.  1999 ; Guinard et al.  2001 ; Johansen et al.  2010 ; Suwansri et al. 
 2002 ; Yenket et al.  2011 ). To understand consumer preferences for EVOO, we 
recently used external preference mapping, in which descriptive analysis ratings 
were analyzed through a canonical variate analysis (CVA) (Fig.  15.4 ), to show the 
relationship to consumers’ hedonic scores by regressing them into the CVA space 
(Delgado and Guinard  2011b ). In this study, we also used cluster analysis to reveal 
any segments based on overall liking as well as a brief exit survey. We identifi ed 
three consumer segments (Fig.  15.6 ). The fi rst segment ( n  = 54) was characterized 
by their liking of the majority of the EVOOs, by the reputation of the oil, which is 

  Fig. 15.6    External    preference mapping for 22 extra virgin olive oils (EVOOs) (Dimension 1 ver-
sus Dimension 2). Note: EVOOs are represented by  solid circles , attributes are represented by 
vectors. Consumers in segment 1 ( n  = 54) are identifi ed by a  solid red square , segment 2 ( n  = 49) by 
a  green cross , and segment 3 ( n  = 33) by a  diamond in purple . See Table  15.2  for a full description 
of the EVOOs ( Source : Adapated from Delgado and Guinard ( 2011b ), with permission of Elsevier)       
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the main factor infl uencing EVOO purchase, and by these consumersʼ considering 
imported oils to be better than local oils. The second segment ( n  = 49) considered 
bitter and pungent as negative drivers of liking, were less sensitive to defects, and 
considered price as the most important driver of EVOO purchase. These consumers 
thought that EVOOs were a healthier product compared with other edible oils but 
that the EVOOs in the study generally tasted the same. The third segment, cluster 3 
( n  = 33), preferred oils with nutty, tea, ripe fruit, and buttery characteristics, while 
tropical fruit, fl oral, mint, and herbal characteristics proved to be negative drivers of 
liking. For these consumers the information about the product was the main driver 
of purchase, and they felt that EVOOs enhance the taste of salads.

15.3          Qualitative Methods 

 Qualitative research methods use a diverse set of techniques (e.g., in-depth inter-
views, focus groups, and observational studies, among others) to understand con-
sumer issues. As a result, they produce a limited amount of quantitative data to be 
analyzed. Some researchers point out that they lack statistical validity, that the con-
sumers may not be representative of the population, and that the methods can be 
overused or used when not appropriate (McCarthy and Perreault  2005 ). The advan-
tage, however, is that qualitative data involve words and visual images of products 
and objects, all of which can be subjected to analysis. The main advantage lies in the 
depth of the researchers’ analyses, which allow them to understand in more detail 
what consumers think of or feel about a particular topic or product. 

15.3.1     Focus Group 

 A focus group interview is one of the most widely applied methods in qualitative 
research. This method involves recruiting of 3–4 groups of 8–10 consumers accord-
ing to the specifi c requirements of the study. This technique requires that a profes-
sional moderator lead a discussion following a topic guide, and then consumers as 
a group interact and interchange comments (Krueger  1998 ; Morgan et al.  1998 ; 
Templeton  1994 ). Focus groups can be applied to explore how consumers perceive 
new ideas to help in product development, to understand whether the image of the 
product established by marketing matches consumers’ expectations, and to obtain 
concepts and ideas directly from consumers. 

 Table  15.4  summarizes our focus group fi ndings (Santosa  2010 ). The importance 
of sensory factors such as fl avor/taste for both consumption and purchase activities 
cannot be understated because they were repeated across different topics as well as 
discussion groups. Nonsensory factors related to product variables, such as the per-
ceived health benefi ts of olive oil, were important for consumption behavior, 
whereas cost/price were important for purchase behavior. These fi ndings paralleled 
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   Table 15.4    Summary of focus group fi ndings   

  Consumption behavior  
 Event prompting 

olive oil use 
 Key factor  Health benefi ts 
 Other nonsensory 

factors 
 Family cooking since childhood, cultural 

tradition, media exposure (TV cooking 
show, cookbooks), restaurant dining, 
overseas holiday trip, or temporary 
education overseas 

 Contexts  Life milestone: college, marriage 
 Form of olive oil 

use 
 Culinary method  Roasting, sautéing or frying, drizzling, 

marinating, and dipping 
 Less common  Baking 
 Less common 

nonculinary uses 
 Hair/leather conditioner, additive in lotion, face 

mask/body lotion, homemade infused oil, 
oiling decks, animal foods 

 Concern  Inappropriate taste in baked sweets/desserts 
 Wasted fl avors as a result of baking 

 Habits  Other oils consumed  More common: canola oil, sesame oil 
 Less common: peanut oil, mixed/blend oil, 

grapeseed oil 
 Context  Purpose of cooking use, culinary use 
 Reason  Taste and perceived healthiness of oil 
 Kind/brand of 

oil consumed 
 (1) Store/private label 
 (2) Supermarket bulk oil 
 (3) Established imported oil 
 (4) Locally produced oil 
 (5) Oil brands at specialty store 

 Length of consumption  Could not estimate, different rates for different 
bottles, 2–3 months or 4–6 months 

  Purchasing behavior  
 Shopping location  More common  Supermarket, warehouse club, farmers’ market 

 Other places  Winery, specialty/gourmet store, restaurant 
 Mediating effect  Convenience, proximity 
 Context  Day trips/traveling vacation vs. household 

grocery shopping 
 Marketing 

variables 
 Typical volume  Unable to estimate volume, 500 mL, 1 L, 2 L 
 Typical price range  Unable to estimate price, $6–$10, $12–$15, and 

around low $20s for bigger size or bulk oil 
 Most expensive olive 

oil paid for 
 Only ballpark range cited: 

 Lowest: $15–20 
 Middle: $20–25 
 Highest: $30–40 

 Nonsensory factor  Shopping location, sampling opportunity, 
product appearance, purpose of use 

 Contexts  Purpose of cooking use, culinary use 
 Packaging material  Glass – dark or green with metal twist cap or 

cork closure: more common 
 Glass – clear or plastic: less common 

(continued)
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 Buying habits  Purchase frequency  Variable frequencies: average 2–5 times/year; 
less common: twice a month or once a year 

 Motivations  Reasons  (1) Sensory characteristics: fl avor/taste most 
common, texture and smell less common 

 (2) Perceived health benefi ts 
 Other reasons  (1) Olive oil usage 

 (2) Culture/tradition 
 (3) Geographical area of production 

 Purchasing decision 
factors 

 (1) Cost/price 
 (2) Value 
 (3) Quality 
 (4) Place of origin 
 (5) Flavor/taste 
 (6) Organic 
 (7) Volume or size 
 (8) Purpose of use 
 (9) Reliability 
 (10) Familiarity 
 (11) Appearance 
 (12) Packaging features 

 Contexts  Purpose of use 
  Products  
 Concepts related to 

olive oil 
 (1) Olive related 
 (2) Physical characteristics of olive oil 

packaging 
 (3) Sensory characteristics 
 (4) Quality 
 (5) Food items or dishes 
 (6) Usages 
 (7) Emotion or nostalgia 
 (8) Health-related concepts 
 (9) Geographical location 
 (10) Cartoon 

 Product knowledge  Little known  Meaning unknown; don’t know much about it; 
IOC; COOC seal of quality requirements 

 More common  First pressed/cold pressed, not heated, less 
processing, no solvents/chemicals used in 
extraction process, more purity 

 Less common  Better for health, premium oil, better quality 
oil, more perishable oil, fresh oil 

 Opposing views  Flavor: rich, fruity, more fl avorful vs. light 
fl avor 

 Importance of “extra 
virgin” 

 Not at all – a lot 

 Production origin 
image 

 Common  Italy (Lucca, Tuscany) 
 Runner up  California/Yolo County 

Table 15.4 (continued)
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factors found in the food choice model of Shepherd and Sparks ( 1994 ), where food- 
related factors, personal factors, and economic factors were found to be important 
variables explaining food choice. These fi ndings also paralleled some of the values 
identifi ed in the food choice process models of Furst et al. ( 1996 ) and Connors et al. 
( 2001 ), where taste, health, and cost were the three main values, and also with some 
of the factors in the food choice model of Köster ( 2009 ), where intrinsic product 
characteristics such as taste were found to be essential factors infl uencing eating 
behavior and food choice.

   Sensory and nonsensory factors interacted to affect both the consumption and 
purchase of olive oil, depending on the context. Contextual factors clearly affecting 
olive oil consumption behavior were the intended use and whether consumers were 

 Quality image  Common criterion  Taste/fl avor 
 Other criteria  Reputable source, expensive oil, oil color, 

texture 
 Color perception  The greener the oil, the more fl avorful the oil 
 Texture liking  Heavier vs. lighter 

  Consumers  
 Consumer 

language 
 Most common positive 

attribute 
 Fruity 

 Ambiguous positive terms  Smelled good, pleasant taste, smooth, delicious, 
very nice, smooth 

 Most common negative 
attributes 

 Bitter aftertaste, hotness, burning sensation 
(irritating/stung back of throat) 

 Other common negative 
attributes 

 Oily, fi shy, medicinal, meat fl avor, astringent, 
spicy, metallic, chemical taste, and off-taste 
or off-fl avor 

 Bipolar attributes 
preference 

 Butter or buttery, bitter fl avor or aftertaste, 
pepper aftertaste/fi nish or peppery fl avor, 
grass or grassy fl avor 

 Emerging issues 
and concerns 

 Laws for certifi cation   Pros : Trade fairness/local industry stability, 
consumer fairness 

  Cons : Expensive products, products taste 
similar/same 

 Quality  (1) Can’t tell fl avor differences between less 
and better quality 

 (2) Non-extra virgin with no chemicals is 
acceptable 

 (3) Greater confi dence if olive oil is made in 
California (upon awareness of adulterated 
European olive oil) 

 (4) Quality concern for oil 
 Date  (1) Freshness 

 (2) Length of supermarket shelf storage 
 Flavor impact  (1) Not suitable for certain dishes 

 (2) Impart unwanted fl avor to foods 
 (3) Cannot be heated at high temperature like 

peanut oil or grape seed oil 

Table 15.4 (continued)
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buying the olive oil for themselves or for someone else. These two contexts were 
considered jointly with both sensory and nonsensory factors. For example, if the 
purchase was intended as a gift, then consideration of where the person lived and 
how the person was going to use/consume the olive oil affected what kind of olive 
oil the consumers purchased. If the olive oil was for personal consumption, the 
intended use of the olive oil affected the price consumers were willing to pay. If 
consumers were just using the olive oil for cooking, where the fl avors of other food 
ingredients were going to overpower the fl avor of the olive oil or the fl avor of the 
olive oil would be reduced or eliminated as a result of the cooking process, then 
consumers wanted to purchase a less expensive olive oil. However, if consumers 
were going to use the higher-quality olive oil for a special purpose, such as enjoying 
the taste or fl avor in salad dressing or as dipping oil, then they were willing to pay 
more. A few consumers with Italian or Spanish roots consumed olive oil out of habit 
because it was a tradition of the Italian or Spanish culture to include olive oil in 
daily cuisine or diet. Hence, the consumption habits of this consumer group were 
infl uenced by its culture. 

 During the focus group discussions, some less knowledgeable consumers or con-
sumers having less experience with EVOO had the opportunity to learn new infor-
mation and modify their perceptions as a result of the acquired learning. It was 
discovered that after they assimilated new information about EVOO from the more 
experienced or knowledgeable consumers, they were willing to consider changing 
their current consumption and purchasing habits from using the less expensive, 
bigger-size/bulk-packaged olive oils toward more expensive, less bulky sizes, or 
from their current brand to a different brand. They did this in order to obtain better- 
quality and purer olive oil and thus to avoid potential unknown/unwanted chemicals 
or other ingredients. Chocarro et al. ( 2009 ) also found that the level of consumer 
knowledge of particular products could affect their perceptions of other extrinsic 
product characteristics.  

15.3.2     Modifi ed Sorting Task 

 We also carried out a modifi ed sorting task of EVOOs with 31 consumers (Santosa 
et al.  2010 ). A sorting task asks subjects to place objects with similar characteristics 
into one of several groupings. In the study this pattern for sorting was selected over 
the typical three-group selection scheme because the researchers wanted to shorten 
the time involved for subjects to make a determination (Bech-Larsen and Nielsen 
 1999 ). After being presented with the oils in their original package, participants 
were asked to verbalize their rationale for their choices after they sorted the prod-
ucts to aid the researchers in understanding consumer perceptions of EVOOs. 
Consumers did not taste the oils. To fully investigate the product variables, the sort-
ing task in this study was broken into two stages, allowing subjects a second oppor-
tunity to make evaluations and elaborate on their verbal descriptions for each of the 
test samples. 
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 During the fi rst stage of the sorting task, each consumer was asked to group the 
olive oil products based on their perceived similarities. Consumers were informed that 
they would be describing the characteristics that governed their choice of group after 
they fi nished the sorting task. Then, in the second stage of the sorting task, they were 
asked to perform the sorting task once more  within  each of the groupings they created 
to see whether they perceived other characteristics that might differentiate particular 
samples from the others within each group. In the second stage consumers were not 
allowed to move samples across groups, and they were asked to provide descriptions 
once more for any newly formed groupings. Each session lasted 35–40 min. 

 The modifi cation of a simple sorting task into two stages afforded better product 
discriminations (Fig.  15.7 ). DISTATIS, a three-way extension of classical multidi-
mensional scaling, which explores the level of consumer agreement as well as the 
structure of the EVOO products, was employed to analyze sorting data. A more 
detailed description of the general principles and operation of this statistical analy-
sis technique can be found in Abdi et al. ( 2007 ). Table  15.5  describes the oils used 
in this study. Subjects created more groupings of imported oils (numbers 1–9) com-
pared with California oils (numbers 10–25). In addition to revealing similar sensory 
factors of the oils (e.g., different fl avor strengths and fl avor profi les), the modifi ed 
sorting task also allowed researchers to examine nonsensory factors that had been 
mentioned in focus groups (e.g., price, volume/size, origin, and intended use). We 
were able to associate different qualities that had determined the subjects’ grouping 
of the oils based on place of purchase, organic vs. nonorganic, scale of production, 
types, and sizes.

  Fig. 15.7    Positioning of 25 
extra virgin olive oils from 
second stage of sorting task. 
Note: For description of the 
25 oils see Table  15.5 . 
( Source : Santosa et al. 
( 2010 ), with permission of 
Elsevier)       
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    The modifi ed sorting method allowed for further understanding of consumer per-
ceptions of olive oil packaging since different kinds of bottle shape, height, and 
label were physically presented in front of consumers for detailed examination. 
Bottles that were shorter or smaller or had square or round profi les were perceived 
as more utilitarian due to their ability to fi t easily into one’s pantry. Taller, thinner 
bottles were viewed as cumbersome to handle or easily toppled and therefore less 
suitable for typical kitchen use such as cooking. However, these same bottles were 
seen as appropriate for gift giving due to their aesthetic appeal. 

 When the harvest year appeared on the label, when the area of olive oil produc-
tion was known also for its wines, or when the bottle shape resembled that of a wine 
bottle, even if it was of smaller size, as was the case for several of the California oils, 
consumers sometimes described the samples using  wine references .  

   Table 15.5    Origin, type of 
olive variety, and bottle color 
of extra virgin olive oils used 
in focus group, sorting, and 
mean-chains studies     

 Product ID a   Origin and variety  Bottle color 

 1  Imports  Clear 
 2  Imports  Clear 
 3  Imports  Clear 
 4  Italy  Clear 
 5  Spain  Clear 
 6  Greece  Dark 
 7  Greece  Dark 
 8  Italy  Clear 
 9  Spain  Clear 
 10  CA blend  Dark 
 11  CA blend  Dark 
 12  CA blend  Dark 
 13  CA blend  Clear 
 14  CA Manzanilla  Clear 
 15  CA Mission  Clear 
 16  CA blend  Dark 
 17  CA Frantoio  Clear 
 18  CA blend  Dark 
 19  CA blend  Dark 
 20  CA Arbequina  Dark 
 21  CA Arbequina  Dark 
 22  CA Taggiasca  Dark 
 23  CA Arbequina  Dark 
 24  CA Arbequina  Dark 
 25  CA blend  Dark 

   a Products 1–8 were bought at local supermarkets 
in Davis, CA, USA;  CA  California; products 

9–25 were donated by producers  
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15.3.3     Means-End Chain Analysis 

 Means-end chain (MEC) theory postulates a hierarchical link among product attri-
butes, product use benefi ts, and the value consumers place on the identifi ed benefi ts 
(Gutman  1982 ). A soft-laddering interview was utilized to probe consumers’ con-
sumption and purchasing motivations because in this kind of in-depth interview the 
respondents are restricted as little as possible in their natural fl ow of speech. This 
method involved a series of  why  questions to uncover the attributes, consequences, 
and values associated with olive oil consumption. 

 An in-depth interview was conducted with 63 consumers (Santosa and Guinard 
 2011 ), in which two main questions were asked to understand purchase and con-
sumption motivations: (1) Why do you consume olive oil? (2) Why did you buy the 
olive oil(s) that you currently have at home? Each consumer was given an illustra-
tion of how the interview session would proceed prior to the actual interview ques-
tions. Each interview session lasted for about 30–40 min. 

 Figures  15.8 ,  15.9 , and  15.10  show the hierarchical value maps (HVMs) of con-
sumer purchase motivations for the olive oils they currently had at home, for the 
three groups of consumers in the analysis – those who consumed only locally made 
olive oil, those who consumed only imported olive oil, and those who consumed 
both kinds. The HVMs show that there were some differences in consumer percep-
tual orientations among the three consumer groups. The least complex HVM was 

  Fig. 15.8    Hierarchical value map for olive oil purchase motivations among consumers who cur-
rently consume locally made olive oil ( Source : Santosa and Guinard ( 2011 ), with permission of 
Elsevier)       
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  Fig. 15.9    Hierarchical value map for olive oil purchase motivations among consumers who cur-
rently consumed imported olive oil ( Source : Santosa and Guinard ( 2011 ), with permission of Elsevier)       

  Fig. 15.10    Hierarchical value map for olive oil purchasing motivations among consumers who 
currently consume both imported and locally made olive oil ( Source : Santosa and Guinard ( 2011 ), 
with permission of Elsevier)       
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that of local oil purchasers (Fig.  15.8 ). Culture was found to play a role in the behav-
ior of some consumers who were of Italian descent (Fig.  15.9 ). These consumers 
used olive oil because they were used to it as part of their daily diet, just as their 
families of origin (e.g., parents or grandparents) had done when preparing and 
cooking meals or when they lived in Italy.

     The MEC interview elicited a smaller variety of attributes than the focus group 
interviews. Still, both sensory and nonsensory factors and contexts motivating pur-
chasing behaviors were uncovered using the MEC method.  Less fl avored  olive oil 
was associated with the  bigger volume/sized  product and  cheaper price  or  reason-
able price  and, consequently, was  for cooking . An additional context uncovered was 
 social interaction  among people during meals. This  social interaction  context also 
interacted with another context discovered in the focus groups and the modifi ed 
sorting task, i.e.,  purpose of use . 

 From the HVMs, it can be seen that one product attribute could be associated 
with multiple personal values. For example, among consumers who purchased both 
local and imported olive oils,  locally made  was linked to  pleasure ,  buy Californian , 
 food security ,  loyalty , and  environmental consciousness  (Fig.  15.10 ). Conversely, 
several product attributes sometimes served a single personal value. Again, among 
consumers who purchased both local and imported olive oils,  less fl avor ,  big quan-
tity ,  cheaper/on sale , and  reasonable price  attributes could serve to fulfi ll the 
  fi nancial responsibility  value (Fig   .  15.10 ).   

15.4     Conclusions and Future Trends 

 Asking questions and making observations are the two basic methods of obtaining 
information about consumers. Questions can be used in both quantitative and quali-
tative research, while observations are applied only in qualitative research. The 
method chosen must be that which best fi ts the research objectives and should not 
be interchanged with another method simply because of budget constraints or other 
extrinsic factors. 

 Using a combination of qualitative and quantitative methodologies allows the 
researcher to understand how discrete and nondiscrete independent variables affect-
ing consumer consumption and purchase behaviors for olive oils interact and infl u-
ence each other. As appropriate, consumer research should also combine this 
mixed-method approach with multivariate statistics to fi nd patterns and trends. In 
some cases qualitative research is used to understand consumer perception of a 
product/concept and can serve as a starting point for designing a quantitative study 
and extend results to a target population. 

 All the methods illustrated in this chapter show that both sensory and nonsensory 
factors affect consumer choice in the purchase and consumption of EVOOs. When 
designing an experiment, researchers must keep in mind that each method should 
answer a particular question or help solve a specifi c problem. 
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 Consumers differ in their preferences for the different brands of olive oil and in 
their attitudes. Consumer segmentation, whether preestablished by marketing con-
cepts/demographics or determined after data collection, helps researchers address 
these differences.     
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16.1  Introduction

The authenticity of products labeled as olive oil has become an important issue 
from both commercial and health aspects. Olive oil has recently gained in popular-
ity because of its quality, its potential health benefits derived from its consumption, 
and its strict purity control. But it is the high price of olive oil and its reputation as 
a healthy and delectable oil that makes it a preferred target for fraudsters. 
Adulteration may take place not only by accidental contamination during the stages 
of oil processing but even more often by deliberate mislabeling of less expensive 
olive oil categories or admixtures containing less expensive edible oils for the purpose 
of financial gain.

In countries that manufacture seed oils and import olive oils, the admixtures of 
expensive olive oils with less expensive and lower-grade oils have traditionally been 
more than a potential problem. Numerous adulterants have been found in virgin olive 
oil (VOO). These range from refined olive oil (ROO), raw olive-pomace oil, and 
synthetic olive oil-glycerol mixtures to seed oils, such as corn, cottonseed hazelnut, 
rapeseed, soybean, and sunflower, among others. This procedure is harmful for emer-
gent VOO markets whose local consumers buy olive oil for its health benefits (Kafatos 
and Comas 1991; García-González et al. 2009) and are surprised to receive oil that 
does not fulfill this expectation. Hence, an effective regulation of olive oil purity 
requires tighter control by exporting countries, clear definitions for olive oil products, 
uniform labeling regulations, and rapid, easy, and accurate instrumental techniques 
and methodologies.

Several institutions (e.g., Antifraud Unit of EU-OLAF and the International 
Olive Council [IOC], among others) are actively involved in antifraud measures 
that aim to avoid any image of a hypothetical uncontrolled distribution of adulter-
ated olive oil into the market, and their standards contain those provisions needed 
to ensure fair trade and prevent fraud as well as safety and consumer protection. 
The result is a strictly controlled olive oil market by means of trade standards that 
are periodically revised and upgraded.

Advances in knowledge and technology have undoubtedly led to greater success in 
the fight against adulteration over the years, but it is equally true that the same tech-
niques and knowledge are also used by fraudsters to invalidate the usefulness of official 
methods. Such competition requires not only a considerable investment in perfecting 
techniques or developing new ones but also a rapid pace of research and development 
in methods of detection of malpractices (Aparicio et al. 2007). However, no rapid and 
universal method exists that is officially recognized for all the authenticity issues.

Authenticity is a multifaceted issue that covers many aspects including charac-
terization, adulteration, mislabeling, and misleading origin, among many others. 
With this plethora of possible issues, the large number of olive oil categories, and 
the numerous edible oils that can potentially be used in spiking, it is not surprising 
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that numerous methods have been used or suggested to detect olive oil adulteration 
just during the past 10 years. Thus, many modern instrumental techniques have 
been used, such as high-performance liquid chromatography (HPLC), gas liquid 
chromatography (GLC), supercritical fluid chromatography (SFC), chiral chroma-
tography, stable carbon isotope ratio analysis, silver ion chromatography, mass 
spectrometry (MS), nuclear magnetic resonance (NMR) spectrometry, near-infra-
red (NIR) spectroscopy, Fourier transform mid-infrared spectroscopy (FTIR), 
FT-Raman spectroscopy, and others (Lai et al. 1995; Aparicio 1998; Aparicio and 
Aparicio-Ruiz 2000; Bianchi 2002; Ogrinc et al. 2003; Aparicio et al. 2007; 
Frankel 2010).

The test results of those chemical analyses are used to check and classify olive oil 
against international specifications and legal regulations. All these decisions are, 
therefore, directly linked to money. Whenever such decisions are based on different 
methods of analysis, it is obvious that not only is the expertise of the analyst a critical 
item, but so are the quality of the equipment, reagents, environment (e.g., temperature, 
humidity, air pollution), and many other factors. Validated analytical methods are thus 
essential for the quality performance of analytical laboratories, and the analysts must 
demonstrate the quality of their results. An important first step in establishing these 
requirements is the quality performance of laboratories, which is directly related to 
the use of standardized methods of analysis. Standardized methods, such as ISO stan-
dards or other national standards, have the advantage that the performance of the 
methods has been checked and, as a rule, meets a required degree of precision.

16.2  Definitions of Authenticity and Official Methods

The criteria that define the genuineness of a food product depend on the commodity, 
although the following definition has been suggested for authenticity: “A product is 
authentic as long as it is firstly described accurately by the label and secondly com-
plies with the current legislation in force in the country where it is marketed or sold” 
(Lees 1998). Thus, an authentic food is one that is truly derived from a specified 
source, where the term source (e.g., a particular category of olive oil) must be 
clearly defined. When the foodstuff definition is fairly broad, the legal detection of 
adulteration will be rather difficult due to the highly sophisticated fraudulent prac-
tices. On the other hand, a clear and strict definition requires an armory of analytical 
techniques that must be capable of distinguishing adulteration by picking up minor 
differences present, even at trace levels.

The definitions of the designations of olive oils and olive-pomace oils, according 
to the IOC, appear in Chap. 1, and they clearly belong to the aforementioned second 
type of possible definitions where clear and strict definitions are given. All of these 
categories are important from the adulteration viewpoint, although extra virgin olive 
oils (EVOOs) and VOOs are the most noteworthy due to their economic implica-
tions in either adulteration or characterization.,

Table 16.1 shows the main authenticity issues and their paradigm; two of them 
are still challenges for analysts – detection of the presence of deodorized VOO in 

16 Olive Oil Authentication

http://dx.doi.org/10.1007/978-1-4614-7777-8_1


592

VOOs and traceability of VOOsʼ geographical origin – despite the arsenal of ana-
lytical techniques at the analyst’s disposal (García-González and Aparicio 2006; 
Aparicio et al. 2007).

Three different normative and legal sources have traditionally ruled olive oil 
production and international trading, although there are also other regulations in 
force in some producer countries. Besides IOC trade standards for its members, 
which are almost all the producer countries, a number of regulations exist within the 
European Union (EU), which, although they can only be applied within the EU, 
control the largest olive oil market.

As stated, olive oils are subject to worldwide trade, so that a further level of regu-
lation is needed, and this is provided by the Codex Alimentarius Commission that 
is a shared rule for a large number of countries.

EU regulations are in force for EU countries, while IOC and Codex standards are 
agreements that signatory countries voluntarily have accepted to comply with the 
limits established for each quality and purity criterion including the precision 
values.

16.2.1  European Community Legislation

The early legislative reference dealing with olive oils in Europe dates back to 1966 
within the framework of the European Economic Community (EEC) Regulation 
136/66, published on 22 September, when the EEC was made up of six countries. 
This regulation established the rules for a common organization of the market in oils 
and fats, olive oil being one of the commodities.

Olive oils were described in Articles 35 and 36, and the definition for VOO 
already stated that free acidity should not exceed 1.0 % (w/w), while sensory 
characteristics should be “absolutely perfect,” and definitions were established for 

Table 16.1 Main authenticity issues and subissues and their current examples

Issue Subissue Paradigm

Adulteration Addition of cheap oil to 
expensive oils

Detection of refined hazelnut in ROO

Addition of refined oils to VOO Detection of seed oils in VOO
Addition of low to high olive 

oil categories
Detection of deodorized VOO in VOO

Geographical origin Inexact label Detection of VOO from several origins
Traceability Characterization/authentication of PDOs

Production systems Organic vs. conventional Detection of conventional in organic VOOs
Extraction system Centrifugation and percolation Characterization of VOO obtained  

by two-phase centrifugation systemCold-press versus solvent
Type Species Characterization of edible oils

Variety Characterization of varietal VOOs

Note: PDO protected denomination of origin
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other categories of oils extracted from olives as well. Table 16.2 reports the original 
definitions of Regulation (EEC) 136/66, now deeply modified.

The first amendment was Regulation (EEC) 2658/87 (EC 1987), which modified 
the definitions of VOOs, although the authentic milestone for EEC quality and purity 
definitions of olive oils was Regulation (EEC) 2568 published on 11 July 1991 (EC 
1991). This regulation established (1) the parameters that had to be checked to assess 
purity and quality; (2) the limit for each parameter, depending on olive oil category; 
(3) and the methods that had to be applied to check whether a sample met the limits 
for its category. Also, Regulation (EEC) 2568/91 deeply changed the analytical 
approach to olive oil control. Thus, the regulation officially proposed, for example, 
the use of gas chromatographic open tubular columns, which were then introduced in 
several national official methods, and the methodology for the sensory evaluation of 
virgin oils by applying the so-called panel test method. VOO was the first food with 
legislation that included conducting a sensory evaluation.

A number of amendments have been introduced in the regulations to protect the 
purity and quality of the oils as knowledge and analytical instrumentation have 
improved. Table 16.3 shows the evolution of the main amendments in the successive 
regulations from 1991 until today.

Table 16.2 Definition of oils extracted from olives, as established by Article 35 of Regulation 
EEC 136/66

Name Definition

Virgin olive oila Natural olive oil obtained solely by mechanical processes, enclosed pressure. 
Any admixtures with different oils and with oils by different tecnologies 
are forbidden

Extra Olive oils with perfect sensory characteristics whose content of free 
fatty acids, expressed as oleic acid, cannot exceed 1 g/100 g

Fino Olive oil whose characteristics are the same of extra except for 
free fatty acid content, which cannot exceed 1.5 g/100 g

Ordinaryb Olive oil whose taste is good except for free fatty acid content, 
which cannot exceed 3.3 g/100 g

Lampante Olive oil whose taste is not perfect or whose free fatty acid 
content as oleic acid exceeds 3.3 g/100 g

Refined olive oilc Olive oil obtained by refining of VOOs
Pure olive oil Oil obtained by mixing virgin olive oil and refined olive oil
Olive marc oil Oil obtained by solvent extraction of byproduct listed at TARIC category ex 

23.04 described by Article 1, Paragraph 2, Letter E
Refined olive 

marc oil
Edible oil obtained by refining of oil described at point 4

Refined marc  
and olive oil

Oil obtained by mixing refined marc oil and virgin oil

Olive marc oil  
for technical 
purposes

Any other oil extracted from products listed in Custom Category ex 23.04 
described at Article 1, Paragraph 2, Letter E, different from those listed in 
previous categories

EEC European economic community
aThe expression “pure virgin olive oil” was admitted as well
bThe term “semifino” was also admitted
cThe expression “pure refined olive oil” was admitted as well
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Table 16.3 Evolution of European Union regulations on olive oils. Information at http://eur-lex.europa.
eu/JOIndex.do

Regulation Subject EEC official journal

3682/91 Gives details on realization of panel test: Annex XII of Reg. 
(EEC) 2568/91

L349; 18/12/1991; p. 36

1429/92 Amends method for analyzing fatty acid composition, trans 
isomer evaluation, and their related limits

L150; 2/06/1992; p. 6

1683/92 Amends information of sensory descriptors: L176; 30/06/1992; p. 27
Positive, depending on quality
More or less positive, but not to be considered as defects
Negative, to be considered as defects

1996/92 Amends trilinolen method for raw olive-pomace oils L199; 18/07/1992; p. 18
3288/9 Informs about following panel test aspects: L327; 13/11/1992; p. 28

Application of panel test method is postponed to 1.
Sensory assessors must be formed and trained.
Tolerance must be added to score established by panel as follows:

+ 1.5 in 1992/1993; +1.0 in 1993/1994; and +0.5 in 1994/1995.
183/93 Substitutes method based on aliphatic alcohols for waxes. L22l; 30/01/1993; p. 58
620/93 Amends limits of trilinolein for olive-pomace oil categories L66; 18/03/1993; p. 29
177/94 Amends some details within regulation text L24; 29/01/1994; p. 33
2632/94 Indicates suggestions for panel test method L280; 29/10/1994; p. 43
826/93 Establishes that method for wax evaluation will be applied on 1 May L87; 7/04/1993; p. 6
656/95 Adopts method based on stigmastadienes; amends some limits 

for other chemical parameters
L69; 29/03/1995; p. 1

2527/95 Waiting for revision of panel test method; a tolerance of + 1.0 
point is stated for oils obtained in 1993/1994

L258; 28/10/1995; p. 49

2472/97 ∆ECN42 method replaces trilinolein one L341; 12/12/1997; p. 25
282/98 Amends some figures of ΔECN42 method L28; 4/02/1998; p. 5
2248/98 Amends limit of linolenic acid for oils produced in Morocco in 

1998/1999, 1999/2000, and 2000/2001
L282; 20/10/1998; p. 55

379/99 Establishes that sampling must be carried out according to 
ISO-EN 661 and ISO-EN 5555 norms (ISO 2003, 2001)

L46 l; 20/02/1999; p. 15

455/01 Amends Regulation 378/99 by adding regulation to sampling L65; 7/03/2001; p. 9
As carried out according to ISO-EN 661 and ISO-EN 5555 norms
Rules for sampling storage, handling, and time limit to send sample 

to laboratories and to carry out analysis are introduced as well
2042/01 Amends limit of linolenic acid for olive oils produced in Morocco L276; 19/10/2001; p. 8
796/02 Amends panel test method with new adopted method. Furthermore: L128; 15/05/2002; p. 8 

(to be applied on 
1/9/2002)

A procedure of arbitration for panel test results is adopted
A method for analysis of aliphatic alcohols (need for 

olive-pomace oils) is adopted
Limits and their relationship for waxes, aliphatic alcohols, 

erythrodiol in order to identify oils obtained by second 
centrifugation of pomace are established

A standardized method for fatty acids methyl esters is adopted
1989/03 Amends Annex 1 according to (CEE) Regulation 1513/01: lower 

free acidity for EVOO, deletion of ordinary category, deletion 
of word “virgin” in definition of lampante olive oils

L292; 13/11/2003; p. 57

702/07 Adopts a new method for determination of saturated fatty acids at 
second position of triacylglycerol. The method is substituted 
by determination of 2- monopalmitine; a lower limit is fixed. 
The stigmastadiene limit is lowered to 0.10 mg/kg

L161; 22/06/2007; p.11

61/11 Adopts method for alkyl esters and related limit L23; 27/01/2011; p. 1
61/11 Corrigendum of Italian version of Reg. (EU) 61/2011 L48; 23/02/2011; p. 19

http://eur-lex.europa.eu/JOIndex.do
http://eur-lex.europa.eu/JOIndex.do
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Table 16.4 Quality criteria established for EVOOs; limits of parameters are shown in Tables 16.6 
and 16.7

Parameter EU limit Explanation of quality criteria

Free acidity ≤ 0.8 g % w/wa The higher the value, the worse the olive quality
The processing of unhealthy olives increases free acidity

Peroxide 
value

≤ 20 meq O2/kg oil After extraction from olives, oil undergoes oxidation 
depending on several external variables

Management of olive oil storage should be checked
K232 ≤ 2.50 Oxidation products absorb at this wavelength

The higher the oxidative status, the higher the value
K270 ≤ 0.22 Oxidation products absorb at this wavelength

The higher the oxidative status, the higher the value
∆K ≤ 0.01 The higher the oxidative status, the higher the value
Panel test Me (sensory defects) = 0 Sensory defects induce rejection of VOO by consumers

Me (fruity attribute) > 0 EVOOs must have a fragrant fruity odor
A low value does not fit with extra-virgin designation

Alkyl esters (b) EVOOs should have no ethyl esters or at trace level
High values characterize lampante olive oils

Me median value, FAME fatty acid methyl esters, FAEE fatty acid ethyl esters
aAs oleic acid
b∑(FAME + FAEE) ≤ 75 mg/kg or [75 mg/kg < ∑(FAME + FAEE) ≤ 150 mg/kg and (FAEE/
FAME) ≤ 1.5]

Tables 16.4 and 16.5 show the limits established for each quality and purity criterion 
of EVOO as well as the objective of its implementation, while Tables 16.6 and 16.7 
display the same information but for all the olive oil categories, according to Regulation 
(UE) 61/2011 (EC 2011). It is important to note that VOO is the only oil whose sen-
sory characteristics are used as quality criteria. The sensory assessment (so-called 
panel test) contributes to distinguish between VOO categories only. Thus, it is impor-
tant to bear in mind that according to the EU regulation, sensory assessment is used 
only to classify the sample as extra virgin or virgin or lampante, but not to establish a 
quality score inside the same category of the European regulation. A sample, for 
instance, is classified as extra virgin if its median of defect is zero and at the same time 
its median of the fruity attribute is higher than zero.

Chemical parameters, on the other hand, which are qualified by their maximum or 
minimum limits detectable in the oil by chromatographic means, are used to classify 
all the olive oil designations as well as to check purity by measuring the maximum 
admitted concentration of some selected compounds that are typical of oils of dif-
ferent botanical origins. Thus, the analytical methods have fixed limits, maxima, or 
minima, for the percentages of certain FAs and sterols, total of trans- oleic 
isomers, total of trans-linoleic and trans-linolenic isomers, trilinolein, triterpene dial-
cohols (erythrodiol and uvaol), and saturated FAs of triglycerides in position 2. 
The total content of waxes, sterols, halogenated solvents, and stigmastadienes are also 
limited by maximum or minimum values. The chromatographic results are supple-
mented with the measurement of quality parameters, such as peroxide value, free acidity, 
and spectrophotometric values of K232, K270, and ΔK.
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Table 16.5 Purity criteria established for EVOOs; limits of parameters are shown in Tables 16.6 
and 16.7

Parameter Explanation of purity criteria

Waxes (mg/kg) A higher value is related to presence of olive-pomace oil
2-glyceryl monopalmitate (%) A higher value is related to presence of esterified oils whose 

TAGs are obtained by chemical synthesis
Stigmastadienes (mg/kg) A higher value is related to presence of refined oil, even if UV 

absorption or fatty acid trans isomers are within the limits, as 
well as of desterolized oils

∆ ECN42 A higher value is related to presence of seed oils even if fatty acid 
composition fits with olive oils, and to presence of olive- 
pomace oil

K232 A higher value is related to presence of refined oil
K270

∆K
Myristic acid (%) A higher value is related to presence of seed oil, mainly 

fractionated palm oil
Linolenic acid (%) A higher value is related to presence of seed oils such as soybean 

oil and low erucic rapeseed oilEicosacoic acid (%)
Eicosecoic acid (%)
Behenic acid (%)
Lignoceric acid (%) A higher value is related to presence of seed oils such  

as peanuts oil
∑C18:1 trans isomers (%) A higher value is related to presence of refined oils, even if UV 

absorption is inside the limits∑(C18:2 + C18:3) trans 
isomers

Cholesterol (%) A higher value is related to presence of animal fats or of 
fractionated palm oil

Brassicasterol (%) A higher value is related to presence of Brassicaceae oils (e.g., 
rapeseed, canola) even if with “zero” erucic acid content

Campesterol (%) A higher value is related to presence of seed oils
Stigmasterol (%)
Apparent β-sitosterol (%)* A lower value depends on presence of seed oils
∆7-stigmastenol (%) A higher value is related to presence of compositae oils (e.g., 

sunflower, safflower) even if with high oleic acid content
Total sterols (mg/kg) A lower value is related to presence of seed oils or of destero-

lized oils
∑(Erythrodiol + Uvaol) (%) A higher value is related to presence of olive-pomace oil as well 

as grape seed oil
*Apparent β-sitosterol is ∑ (β-sitosterol + ∆5,23-stigmastadienol + sitostanol + ∆5-avenasterol + 
∆5,24-stigmastadienol + clerosterol)

16.2.2  International Olive Oil Council: Trade Standards

EU regulations are useful tools within the EU, but there are producing countries that 
do not belong to the EU, and in addition, there are a number of issues not covered 
by the EU regulations, for example, the promotion of worldwide consumption of 
olive oil and table olives, international cooperation on research and development, 
the creation of permanent technical forums for all the actors, the analysis of the 
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Table 16.6 Olive oil purity and quality characteristics according to Commission Regulation (EU) 
61/2011 (EC 2011)

Designation (1) (2) (3) (4) (5) (6a) (7) (8) (9b)

EVOO ≤0.05 ≤0.05 ≥1,000 ≤4.5 ≤250 ≤0.10 ≤│0.2│ B ≤2.50c

VOO ≤0.05 ≤0.05 ≥1,000 ≤4.5 ≤250 ≤0.10 ≤│0.2│ B ≤2.60c

Lampante VOO ≤0.10 ≤0.10 ≥1,000 ≤4.5c ≤300c ≤0.50 ≤│0.3│ C –
Refined olive oil ≤0.20 ≤0.20 ≥1,000 ≤4.5 ≤350 – ≤│0.3│ C –
Olive oil ≤0.20 ≤0.20 ≥1,000 ≤4.5 ≤350 – ≤│0.3│ B –
Crude olive- residue oil ≤0.20 ≤0.10 ≥2,500 ≤4.5d >350d – ≤│0.6│ ≤1.4% –
Refined olive- residue oil ≤0.40 ≤0.40 ≥1,800 ≤4.5 >350 – ≤│0.5│ ≤1.4% –
Olive- residue oil ≤0.40 ≤0.40 ≥1,600 ≤4.5 >350 – ≤│0.5│ ≤1.2% –

Designation (10b) (11b) (12) (13) (14) (15) (16) (17) (18) (19)

EVOO ≤0.22 ≤0.01 ≤0.8 ≤20 ≤0.5 ≤0.5 ≤0.1 ≤4.0 <Camp ≥93.0
VOO ≤0.25 ≤0.01 ≤2.0 ≤20 ≤0.5 ≤0.5 ≤0.1 ≤4.0 <Camp ≥93.0
Lampante VOO – – >2.0 no limit ≤0.5 ≤0.5 ≤0.1 ≤4.0 – ≥93.0
Refined olive oil ≤1.10 ≤0.16 ≤0.3 ≤5 ≤0.5 ≤0.5 ≤0.1 ≤4.0 <Camp ≥93.0
Olive oil ≤0.90 ≤0.15 ≤1.0 ≤15 ≤0.5 ≤0.5 ≤0.1 ≤4.0 <Camp ≥93.0
Crude olive-residue 

oil
– – No limit No limit ≤0.5 ≤0.5 ≤0.2 ≤4.0 – ≥93.0

Refined olive-
residue oil

≤2.00 ≤0.20 ≤0.3 ≤5 ≤0.5 ≤0.5 ≤0.2 ≤4.0 <Camp ≥93.0

Olive-residue oil ≤1.70 ≤0.18 ≤1.0 ≤15 ≤0.5 ≤0.5 ≤0.2 ≤4.0 <Camp ≥93.0

Notes:
(1): Trans-oleic fatty acid (%)
(2): Sum of trans-linoleic and linolenic fatty acids (%)
(3): Total sterol content (mg/kg)
(4): Erythrodiol and uvaol content (% total sterols)
(5): Wax content: C40 + C42 + C44 + C46 (mg/kg)
(6): Stigmastadiene content (mg/kg)
(7): Difference between actual and theoretical ECN42 TAG content
(8): Content of 2-glyceryl monopalmitate; B, ≤0.9 if total C16:0 ≤ 14.0% or 1.0 if C16:0 > 14:0%, 
C, ≤0.9 if total C16:0 ≤ 14.0% or 1.1 if C16:0 > 14:0%
(9): Absorbency in UV at K232

(10): Absorbency in UV at K270
e

(11): Absorbency in UV (ΔK)
(12): Free acidity (%m/m expressed in oleic acid)
(13): Peroxide value (in milleq. peroxide oxygen per kg/oil)
(14): Δ7-stigmastenol (%)
(15): Cholesterol (%)
(16): Brassicasterol (%)
(17): Campesterol (%)
(18): Stigmasterol (%)
(19): The value of β-Sitosterol is calculated as
Δ5,23-Stigmastadienol + Clerosterol + β-Sitosterol + Sitostanol + Δ5-Avenasterol + Δ5,24- Stigmastadienol
aTotal isomers that could (or could not) be separated by capillary column
bQuality characteristics
cWhen the oil has a wax content of between 300 and 350 mg/kg, it is considered a lampante olive 
oil if the total aliphatic alcohol content is ≤ 350 mg/kg or if the erythrodiol + uvaol content is ≤ 3.5%
dWhen the oil has a wax content of between 300 and 350 mg/kg, it is considered a crude olive- residue 
oil if the total aliphatic alcohol content is > 350 mg/kg and if the erythrodiol + uvaol content is >3.5%
eMaximum wavelengths of 268 if iso-octane is used and of 270 nm if cyclohexane is used
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agronomical aspects of olive tree orchards and their environmental impact, the 
implementation of procedures for improving olive oil quality, the perfection of 
extraction technology, and technical assistance to new producing countries.

All these topics are covered by the IOC (formerly IOOC), which is the largest 
association of producer countries and was established in 1956 as a consequence of 
a first agreement on olive oil trade that had been signed in Geneva 1 year earlier. 
The IOC counted 43 countries – 27 from the EU – as members in December 2010, 
in addition to the observers involved in IOC activities.

In the quite simple structure of the IOC, there is a technical committee that 
objectively reviews and discusses the areas of olive oil chemistry and standardiza-
tion, research and development, technology transfer, training, and customized tech-
nical assistance for IOC member countries. Within the technical committee is the 
Chemists’ Group (IOC-CG), whose delegates are chemists from IOC member 
countries, as well as from nonmember countries, who meet at least twice a year to 
study and elaborate analytical methods to check the purity and quality of olive oils.

These studies have been the principal basis for EU regulations. However, the 
European regulations are focused on olive oils and olive-pomace oils produced 
by EU member states, whereas the IOC issues trade standards for its association 
members. As olive tree varieties and climate have a significant effect on the 

Table 16.7 Olive oil purity and quality characteristics according to Commission Regulation (EU) 
61/2011 (EC 2011)

Designations (20a) (21a) (22a) (23) (24) (25) (26) (27) (28) (29)

EVOO Mf > 0 Md = 0 (b) ≤0.05 ≤1.0 ≤0.6 ≤0.4 ≤0.2 ≤0.2 (c)
VOO Mf > 0 0 < Md ≤ 3.5 – ≤0.05 ≤1.0 ≤0.6 ≤0.4 ≤0.2 ≤0.2 (c)
Lampante VOO – Md > 3.5(d) – ≤0.05 ≤1.0 ≤0.6 ≤0.4 ≤0.2 ≤0.2 (c)
Refined olive oil – – – ≤0.05 ≤1.0 ≤0.6 ≤0.4 ≤0.2 ≤0.2 (c)
Olive oil – – – ≤0.05 ≤1.0 ≤0.6 ≤0.4 ≤0.2 ≤0.2 (c)
Crude olive- residue oil – – – ≤0.05 ≤1.0 ≤0.6 ≤0.4 ≤0.3 ≤0.2 (c)
Refined olive- residue oil – – – ≤0.05 ≤1.0 ≤0.6 ≤0.4 ≤0.3 ≤0.2 (c)
Olive-residue oil – – – ≤0.05 ≤1.0 ≤0.6 ≤0.4 ≤0.3 ≤0.2 (c)

Notes:
(20): Organoleptic assessment: median of fruity attribute (Mf)
(21): Organoleptic assessment: median of defect (Md)
(22): Fatty acid methylesters (FAMEs) and fatty acid ethylesters (FAEEs)
(23): Myristic acid (% m/m methylesters)
(24): Linolenic acid (% m/m methylesters)
(25): Arachidic acid (% m/m methylesters)
(26): Eicosenoic acid (% m/m methylesters)
(27): Behenic acid (% m/m methylesters)
(28): Lignoceric acid (% m/m methylesters)
(29): Other fatty acids (% m/m methylesters)
aQuality characteristics
(b)∑(FAME + FAEE) ≤ 75 mg/kg or [75 mg/kg < ∑(FAME + FAEE) ≤ 150 mg/kg and (FAEE/
FAME) ≤ 1.5]
(c)Palmitic: 7.5–20.0; Palmitoleic: 0.3–3.5; Heptadecanoic: ≤ 0.3; Heptadecenoic: ≤ 0.3; Stearic: 
0.5–5.0; Oleic: 55.0–83.0; Linoleic: 3.5–21.0
(d)Of where the median of defects is less than or equal to 3.5 but the fruity median is equal to 0

R. Aparicio et al.



599

chemical and sensory composition of olive oil designations, the limits adopted for 
each criterion can sometimes vary from the EU regulations to IOC trade standards, 
and harmonization is always in progress to minimize hurdles to international trade. 
For example, a nonharmonized issue between EU and IOC is the category “ordi-
nary” VOO that at present has been deleted from the latest EU regulation but is still 
in IOC trade standards. Table 16.8 shows the characteristics that distinguish the 
ordinary VOO from the VOO designation described in Tables 16.6 and 16.7. The 
main differences concern quality criteria.

In 1987 the IOC published the international trade standards to be applied to olive 
oil and olive-pomace oil. The designation for the mixture of ROO and VOO was 
published in 1990. In May 1991, the IOC improved the international trade standard 
in order to cover the definition of VOOs, and in November 1991 this standard incor-
porated the analytical methods and limits adopted for each criterion. The minimum 
organoleptic overall grading for EVOO and fine VOO was included in May 1992. 
The initial limits for FA, waxes and contaminants were amended in June 1993, 
while the designations and definitions for olive oils and olive-pomace oils were 
amended in June 1994. On 17 November 1994, the IOC adopted a new release of 
the general methodology for the organoleptic assessment of VOO, and the guide for 
the selection, training, and monitoring of sensory assessors that was later adopted 
by the EU as well. The need to fight new frauds led to an amendment of the trade 
standard in 1995, which added a method for the determination of steroidal hydro-
carbons in vegetable oils. The proof of polycyclic aromatic hydrocarbon (PAH) 
contaminations resulted in a method for the detection of PAHs in edible olive oils 
and olive-pomace oils, which was added to the trade standard in November 2005. A 
duly validated revision of the method for the determination of the differences 
between the actual and theoretical contents of triacylglycerols (TAGs) with ECN42 
was added to the trade standard in November 2010.

Table 16.8 Particular characteristics of VOO designations according to IOC trade standard (IOC 
2010); ordinary VOO has the same values as VOO for remaining criteria in Tables 16.6 and 16.7

Designations (1) (2) (3) (4a) (5)

EVOO ≤0.8 Md = 0 Mf > 0 ≤2.50b ≤0.22
VOO ≤2.0 0 < Md ≤ 3.5 Mf > 0 ≤2.60b ≤0.25
Ordinary VOO ≤3.3 3.5 < Md≤6.0c – – ≤0.30d

Lampante VOO >3.3 Md >6.0 – – –

Notes:
(1): Free acidity (%m/m expressed in oleic acid)
(2): Organoleptic assessment: median of defect (Md)
(3): Organoleptic assessment: median of fruity attribute (Mf)
(4): Absorbency in UV at K232

(5): Absorbency in UV at K270
aThis determination is solely for application by commercial partners on an optional basis
bCommercial partners in country of retail sale may require compliance with these limits when oil 
is made available to end consumer
cOr when median of defect is ≤3.5 and median of fruity attribute is equal to 0
dAfter passage of sample through activated alumina, absorbency at 270 nm/268 nm shall be equal 
to or less than 0.11
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The IOC-CG carries out experimental studies and validation of analytical 
methodology. The usual procedure involves a member country presenting to 
IOC-CG results of a new method at some stage of the experimentation/research. 
IOC-CG can decide, after analyzing the results, to proceed with a collaborative trial 
for its validation and to propose it as an official IOC method if the results are suitable. 
IOC-CG is also involved in issuing opinions about topics that are not always related 
to analytical methods, such as the establishment of limits for selected parameters or 
the variation of the olive oil chemical composition depending on the environment, 
climate, variety, and other external factors. Consequently, IOC-CG is organized into 
temporary and permanent working groups in accordance with the tasks (e.g., valida-
tion of a particular analytical method versus studies on pesticides).

The proficiency of chemical laboratories previously accredited by their relevant 
national accreditation body is verified in two or three collaborative trials organized 
by the IOC every year. The award of recognition by the IOC lasts for one olive 
oil campaign only.

Another important issue to be kept in mind is that IOC trade standards are based on 
the agreement signed by each member country once a year, while EU regulation is a 
law in force for each country of the EU. This allows the IOC to be quicker in including 
methods, even if they are labeled as provisional, a term that is not allowed within the 
framework of a law. Consequently, the EU needs much more time, according to its 
protocols, to publish regulations. Moreover, and for the same reason, the IOC can stan-
dardize and validate methods to determine parameters that have no associated detec-
tion limits (e.g., phenols and tocopherols) with the sole aim of providing standardized 
methods for determining chemical parameters used in the trade. Thus, the IOC vali-
dated and adopted an HPLC method for determining phenols in 2009, whereas the 
colorimetric method, proposed for the same purpose, still remains provisional through 
lack of reliable precision data (repeatability and reproducibility).

For many years, IOC methods were used worldwide for the analytical control of 
olive oils. Today, however, most of the methods refer to ISO methods, although 
some still refer to American Oil Chemists Society (AOCS) methods. This choice 
has led the IOC to compare already adopted methods, which had been developed for 
olive oils, with ISO methods that had been developed for a wide number of fats and 
oils. Sometimes, however, the peculiar characteristics of olive oils have allowed cer-
tain methods to be included as ISO norms. The IOC is an official liaison organization 
of ISO/TC 34/SC 11 – Animal and vegetable fats and oils, which is a subcommittee 
of ISO/TC-34 – Food products.

16.2.3  Codex Alimentarius

The Codex Alimentarius Commission was created in 1963 by the Food and 
Agriculture Organization (FAO) and World Health Organisation (WHO) of the 
United Nations to develop food standards and to produce guidelines and related 
texts, such as codes of good practice, under the Joint FAO/WHO Food Standards 
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Programme. The main purposes of this program are protecting the health of consum-
ers, ensuring fair trade practices in the food trade, and promoting coordination of all 
food standards work undertaken by international governmental and nongovernmental 
organizations. The food standards contain provisions that are intended for voluntary 
application by commercial partners and not for application by governments.

Codex STAN 33–1981 (formerly CAC/RS 33–1970), which applies to olive oils 
(VOO, ROO, and olive oil) and olive-pomace oils (refined olive-pomace oil and 
olive-pomace oil) was revised in 1989 and 2003 and amended in 2009. The essential 
composition and quality factors of each designation are identical to those described 
by IOC trade standards. Codex is also concerned with possible food additives and 
contaminants (limits for heavy metals, pesticide residues, and halogenated sol-
vents). Codex recommends that olive oils and olive-pomace oils be prepared and 
handled in accordance with General Principles of Food Hygiene (CAC/RCP 
1–1969) and other relevant Codex texts such as Codes of Hygienic Practice and 
Codes of Practice, that the oils intended for human consumption comply with the 
Principles for the Establishment and Application of Microbiological Criteria for 
Foods (CAC/GL 21–1997), and that the oils intended for international trade be 
packed in containers labeled in accordance with the Codex General Standard for 
Labelling of Prepackaged Foods (CODEX STAN 1 – 1985). Today, interest is 
focused on the limits of certain compounds (e.g., linolenic acid) because genuine 
olive oils of some producer countries do not comply with current trade standards 
and official regulations (CAC 2009a).

16.2.4  Further Legislation Regulating Production and Quality

The IOC trade standard contains not only the designations, definitions, and purity 
and quality criteria for olive oils and olive-pomace oils as described previously but 
also other quality criteria, as displayed in Table 16.9. Furthermore, the IOC also 
describes aspects of hygiene and packaging, with recommendations that coincide 
with Codex Alimentarius, although the IOC trade standard is much more explicit 
in the characteristics of the containers, recommending four classes (IOC 2010). 
The IOC standard is also more specific than the Codex Alimentarius standard in the 
aspects of container filling tolerance and labeling (IOC 2010). Concerning the for-
mer, under no circumstance shall the volume be less than 90 %, or 80 % in the case 
of containers with a capacity equal to or less than 1 L. With respect to labeling, the 
IOC distinguishes between three different uses: (a) containers intended for direct sale 
to consumers, (b) packs of oils intended for human consumption, and (c) containers 
allowing the transportation in bulk of olive oils. With respect to the first use, specific 
provisions providing the following information shall be applied: product name, 
designation of olive oil and olive-pomace oil, free acidity of oil, net contents, name, 
address, country of origin, indications of source and appellations of origin, lot iden-
tification, date marking and storage conditions, date of packaging, date of minimum 
durability, storage instructions, and so forth.
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16.3  Standard Methods for Determining Authenticity

The methods of analysis and sampling are internationally refereed methodologies, 
although some differences do exist between the official methods and those for trade 
standards or in-house methodologies. The development of standard or official methods 
normally results from an industry or commercial need and through their validation 
by collaborative studies. The associations that have developed, adopted, or recom-
mended standard methods for olive oil include the Association of Official Analytical 
Chemistry (AOAC), the AOCS, the IOC, the International Union of Pure and 
Applied Chemistry (IUPAC), and the Federation of Oil Seeds and Fats Association 
(FOSFA). The following methods of analysis basically correspond to IOC trade 
standards for olive oil and olive-pomace oil and ISO methods, although alternative 
methods fostered by other associations are cited as well. Table 16.10 displays the 
methods proposed for the determination of the physicochemical parameters and their 
principles, which also require the sampling procedure (ISO 2001) and the preparation 
of the test sample to be added (ISO 2005a).

16.4  Current Analytical Solutions

In the days when adulterations and misleading labeling practices were fairly simple, their 
detection by straightforward analytical techniques was relatively easy. As advanced 
technology has become more widely used, fraudulent practices have become ever 

Table 16.9 Quality and purity criteria of IOC trade standard that are not described in Commission 
Regulation (EU) 61/2011 (Source: EC 2011)

Designation (1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

EVOO ≤0.2 ≤3.0 <0.1 <0.1 ≤0.1 ≤0.1 – – – –
VOO ≤0.2 ≤3.0 <0.1 <0.1 ≤0.1 ≤0.1 – – – –
Ordinary VOO ≤0.2 ≤3.0 <0.1 <0.1 ≤0.1 ≤0.1 – – – –
Lampante VOO ≤0.3 ≤3.0 <0.1 <0.1 ≤0.1 ≤0.2 – – – –
Refined olive oil ≤0.1 ≤3.0 <0.1 <0.1 ≤0.1 ≤0.05 Acceptable – D 200
Olive oil ≤0.1 ≤3.0 <0.1 <0.1 ≤0.1 ≤0.05 Good – E 200
Crude olive- pomace oil ≤1.5 – <0.1 <0.1 – – – ≥120 °C – –
Refined olive- pomace oil ≤0.1 ≤3.0 <0.1 <0.1 ≤0.1 ≤0.05 Acceptable – F 200
Olive- pomace oil ≤0.1 ≤3.0 <0.1 <0.1 ≤0.1 ≤0.05 Good – E 200

Notes:
 (1): Moisture and volatile matter (% m/m)
 (2): Trace of iron (mg/kg)
 (3): Trace of copper (mg/kg)
 (4): Content of lead (mg/kg)
 (5): Content of arsenic (mg/kg)
 (6): Insoluble impurities in light
 (7): Organoleptic characteristics: odor and taste
 (8): Flash point
 (9):  Organoleptic assessment: color; D light and yellow, E light and yellow to green, F light, 

 yellow to brownish yellow
(10): Food additives: maximum content of alpha-tocopherol (mg/kg)
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Table 16.10 Analytical methods proposed for determining physicochemical parameters for 
authentication criteria of olive oils and olive-pomace oils and their principles

Parameter Principle Method

Fatty acid composition GCa COI/T.20/Doc. No. 24 or ISO 5508 
or AOCS Ch 2-91

Unsaponifiable matter Titrimetry ISO 18609 (hexane) or AOCS Ca 
6b-53 or ISO 3596 (diethyl ether)

Free acidity Titrimetry ISO 660 or AOCS Cd 3d-63
Peroxide value Titrimetry ISO 3960 and AOCS Cd 8b-90
Trans fatty acids GC COI/T.20/Doc. No. 17/Rev.1 or ISO 

15304 or AOCS Ce 1f–96
Sterol composition and content GC COI/T.20/Doc. No. 10/Rev. 1 or 

AOCS Ch 6–91 or ISO 12228
Absorbency in ultraviolet Absorption in 

ultraviolet
COI/T.20/Doc. No. 19/Rev. 2 or ISO 

3656 or AOCS Ch 5-91
α-tocopherol HPLC ISO 9936
Moisture and volatile matter Gravimetry ISO 662
Insoluble impurities Gravimetry ISO 663
Copper, nickel, and iron AASb ISO 8294 or AOAC 990.05
Lead AAS ISO 12193 or AOCS Ca 18c-91 or 

AOAC 994.02
Arsenic Colorimetry AOAC 952.13c or AOAC 942.17d or 

AOAC 985.16
Trace of halogenated solvents GLC COI/T.20/Doc. No. 8/Corr.1
Waxes and alkyl esters GC COI/T.20/Doc. No. 28
Waxes Titrimetry COI/T.20/Doc. No. 18/Rev.2; or 

AOCS Ch 8-02
Erythrodiol and uvaol GC IUPAC No. 2431
Aliphatic alcohols GC COI/T.20/Doc. No. 26
Stigmastadienes GC COI/T.20/Doc. No. 11/Rev. 2 or 

COI/T.20/Doc. No. 16/Rev. 1 or 
ISO 15788–1 or AOCS Cd 26-96

2-glyceryl monopalmitate GC COI/T.20/Doc. No 23
Difference between theoretical and 

actual ECN 42 TAG contents
Calculation COI/T.20/Doc. No. 20/Rev.3 or 

AOCS Ce 5b-89
Refractive index Refractometry ISO 6320 or AOCS Cc 7-25
Iodine value Wijs-Titrimetry ISO 3961 or AOAC 993.20 or AOCS 

Cd 1d-92
Flash point FOSFA
Biophenols HPLC COI/T.20/Doc. No. 29
Organoleptic characteristics Sensory assessment COI/T.20/Doc. No. 15/Rev. 3

Notes
Information at www.internationaloliveoil.org/; www.iso.org; www.aocs.org/methods/; www.
aoac.org/
AAS atomic absorption spectrometry, GC gas chromatography, GLC gas–liquid chromatography, 
HPLC high-performance liquid chromatography
aGas chromatography of methyl esters
bAtomic absorption spectrometry with direct graphite furnace
cColorimetry using diethyldithiocarbamate
dColorimetry using molybdenum blue
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more complex and ingenious. Thus, the traditional standard methods based on the 
identification or quantification of a parameter are evolving to become an arsenal of 
analytical techniques (Table 16.11) in which a considerable amount of data are at the 
disposal of the analyst who must habitually apply pattern-recognition algorithms to 
identify the samples (Aparicio 2002; Aparicio and Aparicio-Ruiz 2000; Vandeginste 
et al. 1998).

In the past, the quality of vegetable oils was usually evaluated using index values of 
control tests, such as, for example, acidity (free fatty acid [FFA] content), peroxide 
number, color, flavor, and specific extinction in ultraviolet light, while purity was 
evaluated by other methods that measure the chemical composition of an analysis 
matrix, such as, for example, refractive index, iodine value, saponification value, 
flash point, slipping point, and melting point (Rossell 1986). The superior perfor-
mance of new techniques, however, has meant a decline in the use of the classic 
tests. Today, only a few of these physical and chemical determinations, for example, 
the Fitelson test (AOAC 1995), are considered reliable in establishing the quality of 
olive oil, whereas a sensory assessment (panel test) is believed to be the most 
 decisive for rating the categories of VOO.

The genuineness of olive oils is monitored using the methodologies and instru-
mental techniques described in the aforementioned tables. The official methods 
(EC 2011; IOC 2010) have undoubtedly enabled the control of olive oil adulteration, 
although some authors (Mailer et al. 2010; Salvador et al. 1998) have pointed out 
that some genuine EVOOs are classified outside their natural categories, while, on 
the other hand, certain kinds of sophisticated adulterations are still undetected with the 
current official methods (Gertz 2008). These problems require a considerable 
investment to improve the current official methods or develop new ones that will 
offer not only solutions to these problems but also reduce the numerous official 

Table 16.11 Main characteristics of techniques used in authentication of olive oils

Characteristic Technique

Separation LGC, HRGC, HPLC, RP-HPLC, SFC
Structural and pattern recognition NMR, MS, MOS and SAW sensors, FT-Raman,

NIR, FTIR, IR, DNA
Stable isotope analysis IRMS
Trace elemental analysis ICP-AES, AAS, FAAS, ETA-AAS
In-tandem instruments δ2H-EA-Py-IRMS, HPLC-MS, ICP-MS, HS-MS,

GC-MS, δ2H-GC-Py-IRMS, HS-GC, GC × GC,
LC × LC

GC gas chromatography, HPLC high-performance liquid chromatography, SFC supercritical fluid 
chromatography, NMR nuclear magnetic resonance spectrometry, MS mass spectrometry, NIR 
near-infrared reflectance spectroscopy, FTIR Fourier transform mid-infrared, MOS metal oxide 
semiconductor, SAW surface acoustic wave, IRMS isotopic ratio mass spectrometry, ICP-AES 
inductively coupled plasma atomic emission spectrometry, FAAS flame atomic absorption spec-
trometry, ETA-AAS electrothermal atomization atomic absorption spectrometry, HS-GC headspace 
gas chromatography, H-EA-Py-IRMS, elemental analysis-pyrolysis-isotopic ratio mass spectrom-
etry, H-GC-Py-IRMS gas chromatography-pyrolysis-isotopic ratio mass spectrometry, RP 
reverse-phase
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methods that require high expenditures in manpower, time, and money (for qualified 
personnel and laboratory equipment).

To improve current official methods, other research has focused on the detection 
of adulteration or contamination of olive oils. Some of this research has given rise 
to new official methods, whereas other research, based on emergent techniques, 
represents powerful alternatives to the current regulations or trade standards. 
Currently, however, some new methods are able to detect adulterations in a range of 
more than 10 %, which is no advantage compared with the official methods, or they 
claim that they can detect up to 1 % that seems to be beyond the current state of the 
art and, consequently, its reliability needs to be proven.

Current instrumental techniques can be clustered into two groups: (1) those 
based on contributions from almost all possible analytes in an oil sample, the 
so- called physical methods, and (2) those that rely on measurement of more definite 
information attained from fractionation of olive oil components, the so-called 
chemical methods. The latter group of techniques, which quantify and identify 
series of chemical compounds, analyte by analyte, have as their objective to seek 
compounds that do not appear, or appear only at trace levels, in genuine olive oil but 
that do appear in adulterated oils. Because these techniques provide information 
about why these compounds are present in the adulterated food, this information can 
also be used to remove or diminish the amount of these analytes in the adulteration 
process, e.g., by removing sterols or by bond double bonds of unsaturated FAs to 
maleic anhydride.

The physical group of techniques is based on the analysis of the chemical com-
position of oil using, for instance, a spectroscopic technique. In this area, fraudsters 
are complete ignorant, but analysts can have problems in interpreting the informa-
tion with plausible chemical explanations. This group of techniques can be helpful 
with the use of multivariate statistical techniques. Even then, the conclusions should 
be supported by chemical or biochemical explanations that therefore rule out noise 
or random effects in the samples.

This section does not consider all the investigations on olive oil authenticity 
published in recent years, mainly because many papers have appeared in journals 
that the author was not able to find in the main databases or they were described in 
earlier chapters of this book. Moreover, the attention given to the various chemical 
methodologies has been made roughly proportional to the innovation made, the 
importance of the contribution in the near future, or simply because they are 
 currently applied in some countries to detect adulteration or contamination.

16.4.1  Spectrometric Techniques

The existence of a standard method usually requires 5–7 years from development to 
designation as a validated official method. Today, new instruments and new meth-
odologies are developing so rapidly that an official method is often out of date by 
the time it is released. Spectroscopic techniques offer plausible solutions to current 
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problems of chromatography, a time-consuming technique that requires several 
steps for carrying out quantification, uses polluting solvents, and is impracticable 
for online control – a common demand by farmers and governmental institutions in 
the fight against adulteration. In contrast, the chromatographic techniques rarely 
need univariate statistical algorithms for the interpretation of their results versus 
spectrometry, whose results must be analyzed with the assistance of multivariate 
statistical procedures (Martens and Naes 1989; Aparicio 2002).

Many methods based on spectroscopic techniques that have been published in the 
past decade for the detection of the type and amount of adulteration in olive oils. 
Frequently used spectroscopic approaches are fluorescence, Raman, mid- and near-
infrared, and NMR. However, some of the published results have been criticized 
because of, for example, the manner in which the authors applied the statistical 
procedures, the number and kind of samples selected for the study, the usefulness of 
the marker, and the kind of studied adulteration. Many studies are hyperoptimistic in 
that the statistical procedures are used in a lax way or because they require large 
numbers of samples that the authors have not analyzed or results are often expressed 
in ranges that are not always precise enough. Furthermore, the selection of the mark-
ers by authors is often carried out in an arbitrary way; for example, it makes no sense 
to try to detect “deodorized” hazelnut oil in VOO or ROO using volatiles since the 
volatiles are removed in the deodorization process; likewise, refined hazelnut will not 
be detected using phenols that disappear in the refining process, as demonstrated in 
the literature.

Little or no sample work-up is required for pyrolysis-mass spectrometry (Py- MS), 
which has the advantage of speed of analysis. Py–MS is an analytical fingerprinting 
technique in which the sample is quickly decomposed at several hundred degrees 
Celsius, and the resulting fragments are analyzed by MS, and the MS spectra are 
subsequently submitted to multivariate data analysis. A combination of mathematical 
procedures and Curie-point Py-MS has enabled the design of an artificial neural 
network (ANN) for rapid assessment of the adulteration of EVOOs with various 
seed oils (soybean, sunflower, peanut, corn) or ROO (Goodacre et al. 1993), 
although the main applications have focused on verifying the geographical origin 
(Guillou et al. 1999) by means of diverse isotopic ratios (13C/12C, D/H, 18O/16O), 
for example, in EVOOs of Italian protected designations of origin (PDOs) and 
protected geographical indications (PGIs) (Camin et al. 2010).

Spectroscopic techniques have been considered promising tools for rapid sample 
screening (Baeten et al. 1998). Indeed, the intensities of Raman spectroscopy bands 
near 1,656 cm−1 and 1,670 cm−1 were related to the cis and trans isomer contents 
in the early 1970s (Bailey and Horvat 1972), whereas infrared (IR) spectroscopy 
had already been applied in the 1950s (Barlett and Mahon 1958). Technical devel-
opments have allowed the application of these techniques in olive oil authentication 
(Baeten and Aparicio 1997; Hourant et al. 2000; Vlachos et al. 2006; Gurdeniz et al. 
2007) beyond the determination of trans unsaturated FAs by IR spectroscopy (van 
de Voort et al. 1995), the determination of the iodine value and saponification 
number by an automated attenuated total reflectance (ATR)/FTIR method (van de 
Voort et al. 1992), and the monitoring of the frying process (Tena et al. 2009). Thus, 

R. Aparicio et al.



607

Wesley et al. (1995, 1996) reported a methodology based on an IR technique for 
predicting the level of adulteration (in a range of 5–30 %) in a set of olive oils adul-
terated with corn oil, sunflower oil, and pomace oil. More recently, other authors 
have analyzed NIR and ATR-FTIR spectra with different multivariate statistical 
procedures to detect the adulteration of olive oil with sunflower at 2 % and with 
hazelnut oil at percentages higher than 25 % (Ozen and Mauer 2002) and 8 % 
(Baeten et al. 2005), with cottonseed, rapeseed, and mixtures of corn and sunflower 
oils at 5 % (Gurdeniz and Ozen 2009), with peanut, corn germ, pumpkin, and sun-
flower oils (Alexa et al. 2009), with sunflower and corn oils around 4 % (Özdemir 
and Öztürk 2007; Öztürk et al. 2010), and with palm oil at 1 % (Rohman and Che 
Man 2010). The first application of FTIR- photoacoustic spectroscopy (PAS) for the 
detection of adulteration in olive oil was carried out with sunflower oil by Yang and 
Irudayaraj (2001). The FTIR-PAS sample cell can be easily cleaned after analysis 
compared to the ATR crystal, which requires an elaborate cleaning procedure to 
avoid the memory effect of oil samples on the surface of the ATR crystal.

Fourier transform-Raman spectroscopy (FT-Raman), however, has been used 
only to a limited extent in olive oil authenticity until now. FT-Raman can be regarded 
as a complementary method to the IR technique for analysis and, like FTIR 
spectroscopy, can also provide information on the functional/chemical groups for 
qualitative and quantitative characterization (Zou et al. 2009). Baeten et al. (1996) 
predicted the level of adulteration in a set of VOO samples that were adulterated 
with soybean, maize, and olive-pomace oils at 1 %, 5 %, or 10 % (w/w). The authors 
used multivariate statistical procedures to select only those wavenumbers (3,007, 
2,980, 2,954, 1,758, 1,745, 1,630, 1,440, 1,414, and 1,297 cm−1) that, having a 
chemical explanation, are significant for detecting adulteration; 91.3 % of samples 
were correctly classified. The relative intensities of Raman bands near 3,010 and 
1,630 cm−1, assigned to = C–H symmetric stretching vibration and C = C stretching 
vibration, were useful indicators of different levels of unsaturation. Figure 16.1 
shows the Raman bands at 1,752–1,764 cm−1 and 1,200–1,250 cm−1 of the ring test. 
It is noteworthy that the model was able to detect the adulteration of VOO with 
10 % of the same VOO but refined under mild conditions (approx. 200°C) and 
using charcoal instead of bleaching earth. The intensity ratio of the cis (=C–H) and 
cis (C = C) bonds normalized by a band at 1,441 cm−1 (CH2) has also been used to 
determine the presence of soybean, rapeseed, sunflower seed, and corn oils in olive 
oils at 5 % (Zou et al. 2009), whereas Raman spectroscopy with a visible spectral 
range has been used by El-Abassy et al. (2009) to detect the presence of sunflower 
oil in EVOO at a concentration of 1 % by applying a partial least-squares regres-
sion algorithm.

A comparison of the prediction models from the different spectroscopic methods 
has been carried out (Marigheto et al. 1998; Yang and Irudayaraj 2001). The latest 
results indicate that FT-Raman spectroscopy give the best results in terms of corre-
lation and prediction error, although NIR and MIR techniques also provide good 
results. The nondestructive evaluation, ease of operation, and fast determination 
merit the use of a Raman technique for studies about the adulteration of olive oil 
with lower-quality oils.
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Fluorescence spectroscopy, combined with supervised and unsupervised multi-
variate statistical procedures, has been applied to assess the adulteration of VOO 
with other edible oils. Excitation-emission fluorescence spectroscopy (EEFS) (range 
λex = 300–500 nm at λem = 655 nm and range λem = 650–900 nm at λex = 350 nm) was 
used, together with principal component analysis and ANNs, to detect the presence 
of refined hazelnut oils in ROOs at percentages higher than 9 % (Sayago et al. 2007), 
while other authors used ranges of λex = 300–390 nm and λem = 415–600 nm to 
detect the presence of olive-pomace oil in EVOO at 5 % (Guimet et al. 2005a). Total 
synchronous fluorescence (TSyF), with excitation wavelengths between 250 and 
720 nm, with the help of regression models, has also made it possible to determine 
the presence of corn, olive-pomace, rapeseed, soybean, and sunflower oils in VOOs 
at levels of 2.6–13.8 % (Poulli et al. 2007). For example, TSyF contour plots for 
sunflower, in contrast to VOO, show a fluorescence region in an excitation wave-
length range of 325–385 nm (Poulli et al. 2006)

The detection of adulteration of VOO with low proportions of ROO or olive- 
pomace oil (olive-residue oil) may be detected based on the presence of conjugated 
polyene systems. In fact, a specific extinction coefficient of 270 nm, correspond-
ing to the absorption of conjugated trienes induced by certain types of bleaching 
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Fig. 16.1 Raman shifts 1,753–1,763 cm−1 of a genuine virgin olive oil (sample A) and five samples 
adulterated with its refined virgin olive oil at 10 % (sample C), maize oil at 2–10 % (samples E 
and B), and high oleic sunflower oil at 2–10 % (samples D and F). The shift at 1,758 cm−1 corre-
sponds to C = O stretching vibration (molecule –CO–O-). Small figure shows Raman shifts 1,200–
1,250 cm−1 that basically correspond to C–H bending vibration (molecule cis H–C = C–H)
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earths during the bleaching process (Mariani et al. 1993), is used as an index of 
genuineness of the different categories of olive oil (IOC 2010; EC 2011). EVOO, 
for example, must have specific extinction maxima of 2.50 at 232 nm and 0.22 at 
270 nm (Table 16.6).

However, a vast number of oxidation products formed during VOO oxidation 
absorb in the same region (Guimet et al. 2005b), which results in a decrease in the 
sensitivity of the method even after the oil has been poured over activated alumina 
to eliminate most of the oxidized products. A region that overcomes such problems 
is 310–320 nm, where the conjugated tetraene systems have their absorption maxima. 
In fact, Kapoulas and Andrikopoulos (1987) had already reported that the ratio 
between the absorptions of two consecutive extremes of a second-derivative reflec-
tion at 315 nm showed differences between VOO, ROO, and olive-pomace oil. 
In fact, the ranges of ΔK1%

315 allowed for the unequivocal detection of 5 % adultera-
tion of virgin with the other, cheaper, olive oils. Later, Passaloglou-Emmanouilidou 
(1990) found similar possibilities for the same region calculating ΔK4%

315, from 
direct measurements of the UV spectra, rather than from the second derivative. 
Aued-Pimentel et al. (1993), distinguished VOO from ROO, rice bran oil, soybean 
oil, and sunflower oil using ΔK for second-derivative spectra at 310–313 nm. 
The second-derivative reflections were also used by Calapaj et al. (1993) to distin-
guish between VOO and refined vegetable oils. However, the modern technology of 
deodorizing process made possible to sell deodorized oils with characteristics of 
UV absortion very similar to those of VOO.

The literature also includes methods based on NMR. Table 11.4 (Chap. 11) dis-
plays the nuclei (13C, 1H, and 31P) and frequencies of the instruments used to detect 
the presence of different edible oils in olive oil categories by the quantification of 
specific biomarkers.

The admixure of olive oils with esterified oils was first examined with 13C-NMR 
by Sacchi et al. (1992), who reported that the method could be applied to detect a 
level of 2–3 % saturated components in the sn-2 position. Later, Mavromoustakos 
et al. (2000) studied 12 peaks of the olefinic region (127.5–130.0 ppm) of 13C-NMR 
spectra, as well as the R/β ratios of oleic acid (1.1) and linoleic acid (1.5), to detect 
the presence of seed oils (cottonseed, sunflower seed, soybean, and corn oils) in 
EVOO. 13C-NMR can precisely and easily distinguish olive oils from mixtures of 
olive oils containing 5 % by volume of other edible oils, such as soybean oil, rape-
seed oil, sunflower seed oil, or corn oil (Zamora et al. 2001).

1H-NMR spectroscopy has also been a useful tool to simultaneously determine the 
chemical shifts of the saturated and unsaturated (C18:1, C18:2, C18:3) FAs that allow 
determination of edible oils in olive oils (Guillen and Ruiz 2003). This spectroscopic 
technique has also been used to detect the presence of hazelnut oil (either crude or 
refined) in olive oil categories at 10 % (Mannina et al. 2009) and in lower percentages 
(8 %) in combination with 13C-NMR spectra (García-González et al. 2004). 
Furthermore, high-power gradient NMR diffusion coefficients (D) were determined for 
the rapid screening of EVOO for adulteration with cheaper vegetable oils (Šmejkalová 
and Piccolo 2010). Changes in D values could be detected with adulteration of 10 % 
for sunflower and soybean oils and 30 % for hazelnut and peanut oils.
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16.4.2  Chromatographic Techniques

Chromatographic techniques, as described in Chap. 6, are probably the most effective 
analytical approach when separation of each component of oil is required. In fact, it 
has extensively been applied to lipids – their chemical and physical characteristics 
make them one of the more suitable classes of organic compounds to undergo such 
analyses – and most of the current work on olive oil adulteration is based on chro-
matographic analysis. Thus, HPLC and HRGC analysis have been applied to the 
quantification of FAs, TAGs, sterols, tocopherols, and hydrocarbons (IOC 2010; EC 
2011). Although HPLC presents important advantages compared with GLC, and it 
has increasingly been used in the past decade, the number of analytical methods for 
olive oils is still lower than those applying GLC.

16.4.2.1  Fatty Acid Methyl Esters

FAs were some of the very early compounds to be analyzed by GC that made 
possible an in-depth characterization of edible oils since FA composition depends 
on the botanical family to which the oil-producing plant belongs. FA composition 
was extensively applied to purity control of olive oils with very good results until 
the late 1960s when seed oils with a modified FA composition similar to olive oil 
appeared. The first was safflower (Chartamus tinctorius) cultivar with 70–80 % of 
oleic acid, while its original composition was characterized by 70 % linoleic acid. 
Later, high oleic sunflower and “zero” erucic rapeseed (called canola) were also 
developed. More recently, rapeseed with high oleic content and high oleic soybean 
oil became available to the trade as well.

In light of such issues, the method for the determination of FA composition 
seemed to lose its relevance. Its analytical performances, however, were improved 
and made the method suitable to determine trans isomers of FAs, which were then 
evaluated by IR spectroscopy of oil in a carbon sulphide solution.

The presence of the trans isomers of oleic (octadecenoic), linoleic (octadecadi-
enoic), and linolenic (octadecatrienoic) above their maximum levels (Table 16.6) 
can indicate adulteration with hydrogenated seed oils (Gurr 1986), esterified olive 
oils (Gegiou and Georgouli 1983), illegally treated VOOs (Mariani et al. 1991), or 
mutant (or genetically altered) seed oils desterolized at high temperatures (Paganuzzi 
1997). Today, GC analysis of FAs is carried out as a tool for the calculation of the 
theoretical composition of TAGs with the final objective of determining the value of 
the theoretical ECN42 (equivalent carbon number), which may be compared to the 
experimental ECN42 obtained by HPLC.

Special attention must be paid to the methylation step that can be carried out by 
acid or alkaline catalysis. Several reagents can be used in the acid catalysis – e.g., 
hydrochloric acid in methanol (5 % w/v solution), several concentrations of boron 
trifluoride in methanol (most usual 14 % w/v), sulfuric acid in methanol – while 
alkaline catalysis is usually performed by means of sodium methylate in methanol. 
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The analysts should also take into account that even if the strong acidity of some 
reagents can catalyze the isomerization of unsaturated FAs, it is mandatory to use 
such a reagent if FFAs are present because alkaline catalysis is not effective in meth-
ylation, only in trans methylation.

In summary, FA composition is no longer the ultimate determination to check the 
olive oil purity due to new edible oils from genetically modified seeds. In addition, 
the analysis of FAs is really carried out on their methyl esters (FAMEs), and this 
means that FAs are analyzed without any relation to the TAG to which they are 
bound. This leads to a loss of information that theoretically should be obtained from 
analytical data, while if FAs are considered within the framework of TAG composi-
tion, more restricted modification can occur.

16.4.2.2  Triacylglycerols

TAGs (trihydric alcohols esterified with three FAs) make up the major part of olive 
oil, and they largely determine its main characteristics. The molecular structure of 
each individual TAG species has three basic characteristics: (1) the total carbon 
number (CN), which is the sum of the alkyl chain lengths of each of the three FAs; 
(2) the degree of unsaturation in each FA; and (3) the position and configuration 
of the double bonds in each FA (Buchgraber et al. 2004). Thus, the large number of 
possible FA combinations on the glycerol backbone of TAGs makes the analysis of 
the TAG composition a very challenging task either with GLC or high-performance 
chromatography in normal and reverse-phase modes (HPLC).

The main advantage of GLC over the other competing techniques is the avail-
ability of a flame ionization detector (FID), a simple but universal linear response 
detector. Selectivity in GLC, however, depends on the length and chemical nature 
of the column stationary phase. For a number of years, even after the spread of 
capillary columns, the very high temperature suitable to elute TAGs from gas chro-
matographic columns required the use of very short columns with the consequence 
of a rather poor resolution. Polar stationary phases could not be used at high tem-
peratures so that only some apolar phase columns of dimethyl polysiloxane were 
used, and separation was obtained on the basis of molecular weight only. The kind 
of injection port also affects the analysis results, as discrimination phenomena occur 
when a vaporizing injection port is used (e.g., split/splitless). Programmed tempera-
ture vaporizer (PTV) and on-column (OC) are the most suitable injectors.

It was not until 1985 that a polar stationary phase, so-called RSL-300, was 
designed for a suitable separation of compounds on the basis of molecular weight 
and degree of saturation of molecules. Later, an improved phase (called the tryglyc-
eride analysis phase [TAP]) became available and was used extensively by several 
researchers (Frega et al. 1990) and was followed by other stationary phases with the 
same column dimensions (25 m × 0.25 mm × 0.1 μm) (Table 16.12).

With these new approaches, the presence of trilinolein (LLL) in olive oils was 
highlighted and a limit was established at 0.5 % by the IOC. LLL is a polar 
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molecule with a long retention time in GC analysis on polar phases, which results 
in a poor peak shape and a not very reliable measurement. In contrast, in reverse-
phase high performance liquid chromatography (RP-HPLC), LLL is eluted within 
several minutes and the peak area measurement is more reliable. For this reason 
HPLC was chosen as the official method.

By then, interesting research had already been carried out to detect the presence 
of vegetable oils in olive oil. Thus, Kapoulas and Passaloglou-Emmanouilidou 
(1981) used column chromatography on silicic acid impregnated with ammoniacal 
silver nitrate to isolate a fraction enriched in polyunsaturated triacylglycerides. 
They studied the linoleic acid content and the ratio of oleic to linoleic acid to detect 
mixtures of VOO with refined seed oils at 5–10 %, although the hypothetical ranges 
of linoleic acid for either VOOs or seed oils were narrower than those described 
in the literature by then. Later, Gegiou and Georgouli (1983) proposed different 
ratios of TAG to detect the presence of reesterified oils in olive oils: (1) 1-oleo-2,3- 
dipalmitin to 1,3-dipalmito-2-olein is 8:92 for olive oil and 55:45 for reesterified 
oils; (2) 1,3-dioleo-2-palmitin to 1-palmito-2,3-diolein is 7:93 for olive oil and 
55:45 for reesterified oils; and (3) 1,3-dioleo-2-stearin to 1-stearo-2,3-diolein is 
16:84 for olive oil and 46:54 for reesterified oils.

Gallina-Toschi et al. (1993) studied the TAG composition of olive oil samples by 
stereospecific analysis after partial hydrolysis with ethyl magnesium bromide, 
derivatization, preparative chiral HPLC, transesterification, and GLC quantification 
of FA methyl esters. The stereospecific analysis determined the substituents at all 
positions of the glycerol backbone. The stereospecific analysis of olive oil by enzy-
matic and nonenzymatic methods showed qualitative and quantitative results similar 
to those shown by Damiani et al. (1994).

As HPLC methodology was applied to every sample that must be checked for 
purity, an increasing number of olive oils that did not fit the limit (0.5 %) was high-
lighted. Research showed that not only LLL but also a cluster of incompletely 
resolved peaks were eluted at closed retention times.

As opposed to GLC, where CN components do not overlap even on medium- 
polarity columns, in RP-HPLC the components are separated according to the com-
bined effect of the chain lengths of the FA moieties contained in a given TAG 
species plus their degree of unsaturation. Thus, a number of parameters have been 
suggested for describing the chromatographic properties of TAG molecules. 
Equivalent carbon number (ECN) (El-Hamdy and Perkins 1981) was one of them, 
and it had the greatest success detecting certain admixtures. ECN is based on the 
empirical results that the CN is linearly related to the logarithm of retention volume 
of a TAG in isocratic elution. This observation showed that in RP-HPLC each double 
bond of a TAG decreased the retention volume to approximately that of a saturated 
TAG with two fewer carbon atoms. As a consequence, ECN can be defined by the 
equation ECN = CN−2n, where CN is the sum of the carbon atoms and n is the sum 
of the double bonds per TAG.

Salivaras and McCurdy (1992) explored the use of RP-HPLC in the detection of 
adulterations of VOO with canola oil. Genuine VOOs from various geographical 
origins were mixed with canola oil from 2.5 to 30 %, but samples spiked at less than 
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7.5 % could not be detected. Later, El-Hamdy and El-Fizga (1995) detected 
adulterations with approximately 1 % of linoleic-rich vegetable oils (soybean, sun-
flower, and corn oils) in less than 15 min by RP-HPLC. However, detection of olive 
oil admixed with seed oils nonrich in linoleic acid is more difficult.

ECN was also an incentive for using computer programs to calculate the theoretical 
composition of TAGs from FAs according to their 1,3-random 2-random distribu-
tion or full random distribution (Cortesi et al. 1990). Then, the experimental com-
position of TAGs, determined by HPLC, and their theoretical values calculated 
from FAs were compared. The difference between both values should be zero for an 
authentic olive oil sample, but the analytical error – for example, only some theo-
retical TAGs show good mathematical significance (García-Pulido and Aparicio 
1993) – directed attention to the difference between the real and theoretical ECN42 
triacylglyceride content (∆ECN42). The IOC trade standard and European regulation 
(EC 1997) included a limit of ≤ |0.2| for ∆ECN42. The official method is an invaluable 
tool for the discovery of the fraudulent addition of seed oils to olive oil, even in low 
percentages, although significant deviations were found when the addition was to 
olive-pomace oil (Sinouri et al. 1995).

Concerning RP-HPLC technical aspects, the success of the selected analytical 
procedure depends upon the elution conditions (isocratic adversus gradient) and 
the type of detector. A UV detector with gradient elution, for example, cannot be 
used because some baseline drift can occur in the absorption region used for lipids, 
and in addition, many suitable solvents, such as acetone, cannot be used since they 
absorb strongly in the detection region of TAGs (between 200 and 220 nm). 
The alternative is the use of a refractive index (RI) detector with isocratic elution. 
The mobile phase also has a major effect on the separation of TAGs. Mobile phases 
are generally composed of an organic solvent, usually acetonitrile and an organic 
modifier, mostly acetone or, alternatively, benzene or tetrahydrofurane, which is 
added to improve the solubility of TAGs in the mobile phase. In fact, critical pairs 
are effectively separated with acetone/acetonitrile as the mobile phase in isocratic 
elution, although with this phase, saturated long-chain TAGs are not sufficiently 
dissolved. As a consequence, some researchers (Moreda et al. 2003; Ollivier et al. 
2003) carried out experiments on isocratic elution with propionitrile as previously 
investigated (Podlaha and Toregard 1982; Fiebig 1985). The result is an improved 
separation of the groups of peaks clustered as ECN42 (Fig. 16.2). The method is at 
present under evaluation by IOC to assess whether the change in chromatographic 
conditions could somewhat influence the results of analysis. The improved separa-
tion permitted Cert and Colbs (IOC 2006a) to submit a method called a “global 
method for the detection of extraneous oils in olive oils” to the IOC. This has been 
suggested as a provisional application for the detection of the admixture of hazelnut 
oil to olive oil and thus is also in the evaluation stage.

A different approach to TAG analysis was focused on the discrimination of natural 
(biosynthesized) TAGs from chemically synthetized ones that were obtained from FFAs 
esterified with glycerol. Synthetized TAGs were sold as olive oil in the early 1970s.

The biosynthesis of TAG in vegetable oils, however, does not allow high concen-
trations of saturated FAs, as well as FAs with a carbon chain longer than 18 carbon 
atoms, to be present at 2-position of the molecule; 1 % of such acids esterified at 
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the 2-position of glycerol is enough to conclude that the oil is not genuine. Thus, the 
analytical approach was based on the use of pancreatic lipase, an enzyme that has 
the ability to attack the 1- and 3-position of natural TAGs, thereby producing 
2-monoacylglycerols. In the initial analytical method, TAGs, DAGs, and monoacyl-
glycerols (MAGs) were fractionated by TLC and the band of MAGs was scraped 
off; FAs were then esterified with methanol, and the resulting methyl esters were 
analyzed by GC. However, Motta et al. (1983) demonstrated that the direct analysis 
of a lipolysis reaction was possible by capillary GC that, with some amendments 
(Lercker et al. 1985), avoided the TLC separation step, thus making the analytical 
process easier and faster (Lipp and Anklam 1998). The method was validated and 
included in national regulations (NGD 2005).

The initial limit for the sum of palmitic and stearic acids at the 2-position was 
substituted by the content of 2-glyceryl monopalmitate (IOC 2006b). The method 
was submitted to IOC chemists, and after collaborative trials, mainly aimedat check-
ing for possible authentic samples not fitting the new limit (Table 16.6) due to a high 
content of palmitic acid, it was included in the IOC trade standard in 2006 and 1 
year later brought into EU Regulation 702/2007 (EC 2007).

16.4.2.3  Diacylglycerols

As was already stated, diacylglycerols (DAGs) are major compounds of the polar 
fraction in VOOs (1–3 %) and are found as 1,2- and 1,3-isomers. 1,2-DAGs are 
attributable to TAGsʼ incomplete biosynthesis (Kennedy pathway), whereas 1,3- 
DAGs are attributable to TAGsʼ enzymatic or chemical hydrolysis; in fact, the 
amount of 1,3-TAGs is higher in cloudy VOOs. Several researchers have analyzed 
the amount of DAGs to assess the quality of oils in trade based on the fact that the 
amount of 1,2-DAGs decreases while the amount of 1,3-DAGs increases during 
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VOO storage (Frega et al. 1993; Pérez-Camino et al. 1996; Conte et al. 1997; 
Cossignani et al. 2007). The observation that 1,2-DAGs are more represented than 
1,3-DAGs in fresh oils, whereas the latter increases in old oils, leads to the adoption 
of the ratio between 1,2-DAGs and 1,3-DAGs isomers to indicate VOO freshness. 
Even though the rate of isomerization of 1,2-DAG to 1,3-DAG is influenced by the 
free acidity of the oil, and thus it depends on the quality of the concerned oil, the 
ratio of 1,2-DAG to 1,3-DAG remains a good quality parameter, and it is widely 
applied in trade. Currently, two official methods cover them: DGF Standard Method 
C-VI 16(06) (DGF 2006) and NGD C 87–05 (NGD 2005). In addition, the ratio has 
been proposed as a hypothetical marker for the presence of deodorized olive oil in 
VOO (Gertz and Febig 2006).

Some other approaches have tried to relate DAG isomerization to the illegal 
treatment of lampante olive oils (e.g., deacidification) that could be applied together 
with the deodorization of the oil (Serani et al. 2001). The TMP-value (difference 
between real diacylglycerols and their theoretical content), for example, shall char-
acterize the isomerization time of the 1,2-DAG but it does not give reliable results 
in practice (Gertz and Fiebig 2005).

16.4.2.4  Fatty Acid Alkyl Esters

Fatty acid alkyl esters (FAAEs) are a family of natural neutral lipids present in olive 
oils and formed by the esterification of FFAs with low molecular weight alcohols 
(Pérez-Camino et al. 2002). Inappropriate practices during the olive oil extraction 
process or the bad quality of the olive fruits increases the formation of FAAEs. 
Certain conditions are required to allow the synthesis of alkyl esters: the presence of 
a suitable concentration of FFAs due to the lipolytic activity of endogenous lipase 
of parasitic origin, the presence of methanol originating from fruit pectin demethyl-
ation, and the presence of ethyl alcohol due to fruit sugar fermentation. These con-
ditions usually happen in poor- quality or unhealthy olives that produce lampante 
(virgin) olive oil.

A mild deodorization that removes volatile compounds, responsible for odor, but 
does not modify any other oil compounds (e.g., no trans isomerization of FAs, no 
dehydration of sterols) induced fraudsters to add the resulting deodorized olive oil 
(called deodorato) to VOO. A kind of fraud whose detection is still a challenge for 
analysts, although it has made much progress in its detection with the combined 
action of some analytical methods, one of them is based on the determination of 
alkyl esters (Pérez-Camino et al. 2008).

Collaborative trials led by the IOC Chemists’ Working Group allowed the stan-
dardization and validation of the method, which was officially adopted as an IOC 
trade standard (IOC 2010) and later by the EU (EC 2011). Limits (Table 16.7) were 
established on a twin-track approach: concentrations less than 75 mg/kg or between 
75 and 150 mg/kg. In this latter case, the sample must also have a ratio of ethyl 
esters to methyl esters below 1.5. The latter limit was established on the basis of 
the fact that good-quality VOOs contain a certain amount of methyl esters, but the 
content of ethyl esters is at a trace level.

R. Aparicio et al.



617

Quantification can be determined by isolation with a silica LC chromatography 
(as is used for wax analysis) or by a silica gel solid-phase extraction cartridge fol-
lowed by analysis on a gas chromatograph equipped with an on-column injector or 
with a programmed temperature vaporizer injector using a short nonpolar capillary 
column or a polar capillary column.

16.4.2.5  Sterols

If major compounds are useful for detecting some kinds of adulteration, the compo-
sition of the minor compounds provides information about the identity of oils, 
mostly after the genetic improvement of seeds for producing oils. Sterols, which 
comprise a major portion of the unsaponifiable matter, are the most important of the 
minor compounds. The ranges of concentration of some of them are characteristic 
of the genuineness of vegetable oils; for example, rapeseed oils contain significant 
levels of brassicasterol, while safflower and sunflower seed oils contain high levels 
of Δ7-stigmastenol. In the case of olive oil, sterols have a profile of high levels of 
β-sitosterol and Δ5-avenasterol and low levels of campesterol and stigmasterol 
(Table 16.13). These differences in the profiles of the edible oils can be described as 
the fingerprint of the oil.

These apparent differences in concentration attracted the attention of research-
ers, who used them not only for determining the botanical origin of an oil, but also 
for detecting olive oil adulteration with other vegetable oils, mostly thanks to the 
wide availability of GC-MS instruments that allowed for a reliable identification of 
the sterolic compounds. GLC analysis of sterols, for example, was dramatically 
influenced when some polar stationary phases for packed columns (e.g., 100 ft 
OV-17; OV225) became available as it allowed the separation of the peak called 
β-Sitosterol into three peaks: β-sitosterol, sitostanol, and ∆5-avenasterol. This 
improvement increased as capillary columns were widely adopted. Their power of 
separation highlighted the presence of many more compounds, namely, campesta-
nol, ∆7-campesterol, ∆5,23-stigmastadienol, 24-methylencholesterol, clerosterol, 
and ∆24- stigmastadienol; some of them had already been determined using a TLC/
AgNO3 fractionation of sterols obtained by preparative TLC (e.g., 
24-methylencholesterol).

Concerning the application of sterols in olive oil authentication, the first results 
date back to the mid-1980s when Brumley et al. (1985) detected the presence of 
brassicasterol in olive oil by GC-electron ionization mass spectrometry (GC-EIMS). 
Grob et al. (1994a) were able to detect adulteration of VOO with seed oils (rape-
seed, soybean, sunflower, grape seed) via direct analysis of the sterols by online 
coupled LC-GC-FID. The content of free brassicasterol would allow detection of 
the addition of 2 % rapeseed oil to VOO. By increasing the percentage to 10 %, the 
concentration of free campesterol increases by a factor of 5 and there are also 
increases in γ-tocopherol and the campesteryl-C18-ester that are almost negligible in 
olive oil. The addition of 10 % soybean oil to olive oil is easily detected by the con-
centration of free campesterol and stigmasterol that are increased to at least double, 
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along with a substantial content of γ-tocopherol. The addition of 5 % sunflower oil 
increases the stigmasterol, campesterol, and Δ7-stigmastenol concentrations signifi-
cantly above those found in nonadulterated olive oils [also detected by Alonso et al. 
(1997)] (Fig. 16.3). A 10 % addition of grape seed oil would significantly increase 
the concentrations of free campesterol and stigmasterol, but an admixture of 5 % 
would be critical with the methodology suggested because tocotrienols, specific for 
grape seed oils, are too small to be detected from such a small contamination. 
Dionisi et al. (1995), however, set up RP-HPLC with amperometric detection that 
was able to detect the addition of palm and grape seed oils to any tocotrienol-free 
vegetable oil (e.g., olive oil) at 1–2 %.

The methodologies of the 1990s, however, would not detect admixtures with 
adulterants whose minor compounds had been removed by a strong refining pro-
cess, another kind of fraudulent practice that arose then. Mariani et al. (1992) 
described the removal of free sterols by bleaching at forced conditions; parts of the 
sterols were absorbed by the earth, whereas others produced olefinic degradation 
products. Grob et al. (1994b) revealed that numerous edible oils were adulterated 
with cheaper oils whose sterols had been removed in order to make these admix-
tures undetectable, although this fraudulent practice was detected by the amount 
of trans unsaturated C18-fatty acids that are produced from normal cis acids during 
the deodorizing process. The investigation then turned toward the analysis of the 
olefinic sterol degradation products, an aspect that is described in Sect. 16.4.2.6.

Fig. 16.3 Minor components of sunflower oil as such and as a 10 % admixture to olive oil. Note: 
Δ7 stig, Δ7 stigmastenol, arrow presence of a straight-chain C41-ester
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Results of tests on sterols were expressed as a percentage of the total area of 
sterols, but the illegal process of removing sterols without forming FA trans isomers 
suggested giving the information in absolute concentrations. Thus, authentic VOOs 
usually cannot have less than 1,000 mg/kg sterols. Below this value, it is reasonable 
to think that olive oil might have been spiked with desterolized seed oils.

More recently, the detection of adulteration with refined hazelnut oil was the 
target of researchers. One of the most successful proposals, from among the numer-
ous ones with enough of a scientific basis, was based on the quantification of sterols. 
A double mathematical model based on three free and esterified sterols (campes-
terol, Δ7-stigmastenol, and Δ7-avenasterol) was able to detect the presence of hazelnut 
oil in olive oil at percentages in a range of 6–8 % after analyzing 116 samples 
(Mariani et al. 2006; García-González et al. 2007). Another model system, although 
now based on the sum of campesterol and stigmasterol, was recently proposed for 
determining the presence of some vegetable oils (corn, soybean, sunflower, and 
cottonseed) in olive oil (Al-Ismail et al. 2010).

The nonexistence of a database with information from all producer countries 
when trade standards were implemented as well as the increase in olive-tree- growing 
areas as far as the latitude and hemisphere of the Mediterranean basin as New 
Zealand and Argentina have resulted in exceptions to the limits described in 
Table 16.6 when analyzing the sterolic composition of olive oils from diverse 
geographical origins and cultivars. Thus, some olive oils from Syria, Palestine, and 
eastern Greek islands show levels of ∆7-stigmastenol slightly exceeding the legal 
limit (0.5 %), while a part of Australian (Mailer et al. 2010) and Argentina (Ceci 
and Carelli 2007) olive oil productions present higher values for campesterol. This 
latter situation was already noted in the Cornicabra (Rivera del Alamo et al. 2004) 
and Corniche (Sánchez-Casas et al. 2004) olive oil varieties, and there are many 
more known exceptions.

16.4.2.6  Hydrocarbons

The availability of genetically modified seeds with FA composition similar to that 
of olive oil with the aim of improving their oxidative stability and nutritional char-
acteristics was also used to create frauds. Sterol composition, however, remains an 
important obstacle to this purpose. Such a complicated structure as the sterol mol-
ecule cannot be converted to water and carbon dioxide without destroying oil, so it 
was simply modified by losing water because of the high temperatures used in the 
refining process.

Lanzón et al. (1989) were the pioneers suggesting stigmasta-3,5-diene (derived 
from β-sitosterol) as a marker for detecting admixtures of VOO with refined vege-
table oils (Fig. 16.4), whose quantification was later improved (Grob and Bronz 
1994). Lanzón et al. (1994) also found that the most notable feature of refined oils 
was the presence of hydrocarbons such as n-alkanes, n-hexacosadiene, and 
stigmasta- 3,5-diene, isomerization products of squalene, isoprenoidal polyolefins 
produced from hydroxy derivatives of squalene, and steroidal hydrocarbons derived 
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from 24-methylene cycloarthanol. Sterol dehydration products have been used to 
detect the presence of desterolized rapeseed oils by quantifying campestatriene. 
The ratio of the degradation products of sitosterol (stigmastadienes) and campes-
terol (campestadienes) is a good marker for desterolized sunflower, soybean, palm, or 
grape seed oil (Grob et al. 1994b), whereas the determination of 3,5-cholestadiene, 
coming from cholesterol dehydroxylation, allows the evaluation of lards deodorized 
(>230°C) or bleached by activated earths (Mariani et al. 1993). Later, it was also 
determined that the desterolizing process involves isomerization, thus converting 
Δ7-sterol into Δ8(14)-and Δ14-sterols (Bierdermann et al. 1995), which were coeluted 
with Δ5-sterols when apolar GC capillary columns were used. Mariani et al. (1995) 
set up a technique for the separation of Δ8(14)-and Δ14-sterols from Δ5-sterols 
making it possible to detect slight additions of desterolized high oleic sunflower 
oil to olive oil. Later Biedermann et al. (1996) detected desterolized sunflower oil 
in olive oil through isomerized Δ7-sterols, and Mariani (1998) showed the presence 
of ergosterol in some samples of olive oils as a consequence of the presence of 
molds and yeasts.

The method was almost immediately included in IOC trade standards, and it 
became an EU official method in 1995. A limit of 0.15 mg/kg was established 
initially for EVOOs and 0.50 mg/kg for lampante olive oils in 2007. Later, the limit 
was lowered to 0.10 mg/kg for all VOOs.

Fig. 16.4 High-resolution gas chromatography of major steradiene compounds in VOO (cv. 
Picual) spiked with high-oleic sunflower at (a) 2 % and (b) 10 %. Note: 1 stigmasta-3,5-diene, 2 
stigmasta-3,5,22-triene, 3 campesta-3,5-diene
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The EU regulation includes a footnote pointing out that the limit is for the sum 
of all the isomers that can (or cannot) be separated by capillary GC. Although 
3,5-stigmastadiene is the major peak, the dehydration reaction is not selective for 
β-sitosterol (its precursor molecule), so it was proposed initially to use the ratio 
between different sterene isomers to check for the presence of desterolized seed oils 
in refined olive oil. However, the ratio of dehydration depends on the availability of 
free hydroxyl groups, and the distribution of single sterols between free and esterified 
fractions depends on the edible oil (Grob et al. 1992).

As a consequence, the yield of dehydration reaction will not be the same for 
every sterol, and because of this, the proposal was rejected. In addition, the presence 
of sterenes with three double bonds depends on the presence of hydroxysterols 
originating from sterol oxidation (Bortolomeazzi et al. 2000).

The official procedure involves a saponification step followed by LC on a silica 
gel column to remove interfering compounds such as squalene isomers and n-alkanes. 
Despite the high separative power of capillary columns, some overlaps can still 
occur, which may produce false results. Different approaches using offline or online 
preseparation by HPLC have also been validated (Gallina-Toschi et al. 1996; Amelio 
et al. 1998; Verleyen et al. 2002).

16.4.2.7  Triterpene Dialcohols and Alcohols

Erythrodiol and uvaol are the triterpene dialcohols found in olive oils. These 
compounds are mainly present in the fruit skin, so that they are coextracted with 
oil during mechanical extraction and are much more concentrated in pomace 
that undergoes solvent extraction. Because of this, erythrodiol and uvaol had 
been considered as suitable markers to detect the presence of olive-pomace oil 
in olive oil.

Their analytical determination is carried out together with sterols by scraping 
their TLC band with the band of sterols. Results are calculated, in percentage, 
as the ratio between the sum of the areas of erythrodiol + uvaol and the sum of 
sterols + erythrodiol + uvaol. VOOs must not have a value exceeding 4.5 %; higher 
values would indicate blending with residue olive oil, although this figure has been 
discussed by various authors; Albi et al. (1990) showed that certain genuine Spanish 
VOOs (cv. Verdial de Huevar) would be classified as adulterated. According to 
some researchers, a better result would be obtained by calculating their concentra-
tions in milligrams per kilogram, while others assert that the monoester and diester 
must be calculated only after the free and esterified sterols have been determined.

Concerning the series of triterpene alcohols, Morchio et al. (1989) found that the 
ratio between triterpene alcohols and 24-methylene cycloarthanol to cyclobranol 
allowed for the detection of admixtures of VOOs with refined oil by UV values. 
Values greater than 160 corresponded to VOOs, while a contamination of only 15 % 
produced values lower than 100.
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16.4.2.8  Aliphatic Alcohols

Aliphatic alcohols, also called alkanols, were adopted as a tool to detect admixtures 
with olive-pomace oils when it became clear that an illegal technology had been devel-
oped. The technology was able to remove erythrodiol and uvaol, perhaps by oxidizing 
them to the corresponding acids that were then removed by alkaline washing.

Aliphatic alcohols result from the hydrolysis of waxes that takes place in the 
saponification step, so that the alcohol evaluation is an indirect measure of the 
amount of waxes. Analyses showed that the concentration of waxes was higher in 
olive-pomace oil. Therefore, a high concentration of aliphatic alcohols in VOOs is 
a very good indication of the presence (admixture) of olive-pomace oil. Initially this 
new method was known as the alcohol index, but later this term was replaced by the 
term alkanol. In 1991, the EU (EC 1991) proposed a limit of 250 mg/kg as the maxi-
mum content of aliphatic alcohols in EVOOs. This could be understood as meaning 
that a high content of aliphatic alcohols in olive oils indicates the presence of oil 
extracted with solvents (e.g., olive-pomace oil). This is not always true because 
there are VOOs with high contents of aliphatic alcohols due to natural causes such 
as pedoclimatic conditions or infestations (e.g., dacus oleae, prays oleae). The wide 
application of the method also highlighted the existence of numerous genuine olive 
oils (mainly from Greece and southern Italy) that exceeded the proposed limit. Grob 
et al. (1990) demonstrated that such oils had high concentrations of free alcohols but 
low concentrations of waxes, which meant that aliphatic alcohols did not originate 
from wax hydrolysis exclusively. Thus, new EU regulations (EC 1995; 1997) pro-
posed the determination of wax content as an alternative to the quantification of 
aliphatic alcohols.

16.4.2.9  Waxes

When the reliability of alkanols became weak, because of the considerations given in 
the previous paragraph, the possibility of detecting cold-pressed virgin oils spiked 
with solvent extracted oils dropped. The initial method was based on oil fractionation 
– after the addition of an internal standard on a hydrated silica gel column – and then 
the determination by capillary GC with an on-column injection port of the peaks 
corresponding to C40–C46. Because the silica column separation of waxes from 
TAGs is rather critical, Pérez-Camino et al. (2003) improved the original method by 
adopting Sudan I as an indicator of the separation, since its chromatographic behavior 
is intermediate between waxes and TAGs. As the sample preparation is time consum-
ing, HPLC has been suggested as a preparative technique to purify the wax fraction 
prior to injection (Amelio et al. 1993). Figure 16.5 shows a gas chromatogram of 
waxes of a VOO sample; it can be noted that some separations are rather critical and 
some peaks (e.g., phytil behenate) interfere in the peak area measurement.

As in the case of aliphatic alcohols, data have been published about genuine olive 
oils with the content of waxes exceeding the IOC limit (Ceci and Carelli 2007).
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16.4.2.10  Phenolic Compounds

The typical taste of VOOs, characterized by bitter and pungent (sensory) percep-
tions, is related to the presence of phenolic compounds. Despite their importance in 
describing olive oil quality, phenolic substances are not listed among official param-
eters, although the protocols of many PDO oils determine the minimum concentra-
tion of total phenols for characterizing their VOOs.

No harmonized analytical method to measure the content of phenolic substances 
was available until a few years ago. Today, there are two main approaches, colori-
metric evaluation and HPLC analysis (Cortesi and Fedeli 1983; Montedoro et al. 
1992; Hrncirik and Fritsche 2004; Carrasco-Pancorbo et al. 2005). Their results, 
however, do not seem comparable. The colorimetric method, though quicker and 
cheaper than the HPLC method, has a severe drawback: the lignans cannot be quan-
tified even if a prior fractionation is carried out. Furthermore, the standard used for 

Fig. 16.5 GLC trace of waxes of an EVOO according to Commission Regulation (EU) 61/2011 
(EC 2011) and Method COI/T20/Doc No. 18. Note of peak identification: I.S., internal standard 
(lauryl arachidate); 1 diterpenic esters, 2 + 2’ C40 esters, 3 + 3’ C42 esters, 4 + 4’ C44 esters, 5 C46 
esters, 6 sterol esters and triterpene alcohols (Source: IOC (2006c), with permission of the 
International Olive Council)
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calibration in the colorimetric method (caffeic acid or syringic acid or tyrosol) 
affects the response factor, which can vary up to 1.5 times. Thus, a method based on 
the quantification of phenols by HPLC was adopted as the official method for the 
IOC trade standard (IOC 2009).

16.4.3  Other Techniques

Although most of the analytical proposals for the detection of the adulteration of 
olive oil designations are based on the use of chromatographic techniques and only a 
small percentage on the application of spectroscopic techniques, researchers have 
investigated the application of other techniques with the aim of implementing rapid 
methodologies or of identifying and quantifying hitherto undetectable compounds 
with the help of sophisticated and recently developed hyphenated techniques. 
Calorimetry, pyrolysis, and bidimensional chromatography (GC × GC, LC × LC) rep-
resent, among others, new frontiers of research in the field of olive oil authenticity.

There are little data in the literature on how to authenticate olive oils through 
calorimetry techniques. However, differences in the solid–liquid phase transitions 
of olive oil and seed oils have been known to researchers for many years. Perhaps 
the problem was in obtaining good reproducible thermograms that take into account 
the specific characteristics of particular oils. The technique seems to be useful in 
preliminary stages for quality testing, although it also allows for the detection of 
the adulterant (approximately 10 % of seed oils or ROOs in VOOs) before more 
complex and expensive procedures and analyses are applied (Angiuli et al. 2009). 
Simultaneous thermogravimetry and differential scanning calorimetry analyses are 
being applied also, though the research is currently focused on identifying deconvo-
luted peaks related to olive oil chemical composition (TAGs, FAs, and phenols) 
(Vecchio et al. 2009)

The technique of pyrolysis–isotope ratio mass spectrometry (Py-IRMS) is an 
analytical fingerprinting technique that, coupled with suitable multivariate data 
analysis procedures, has been applied in fields where stable isotopic ratios enable 
the detection of frauds in food like olive oil (Guillou et al. 1999). Little or no sample 
cleanup is required with this technique, which has the advantage of being a rapid 
analysis. An example of the usefulness of this technique was already reported by 
Goodacre et al. (1993), who combined Curie-point PyMS and artificial neural net-
work (ANN) for a rapid assessment of the adulteration of VOOs with refined olive 
oil and various seed oils (e.g., soybean, sunflower, peanut, and corn).

Hydrogen isotope ratios may be useful for detecting low-level adulterations. 
Information collected by 2H-EA-Py-IRMS (the precision of 2H measurements is 
around 3.3‰) has made it possible to detect olive oil samples adulterated with 
refined hazelnut oils at percentages higher than 10 %. Its main drawback is the lack 
of D/H certified reference material and geographical origin dependence; more infor-
mation about analytical techniques for the detection of hazelnut oil in olive oil is 
available in MEDEO, an EU funded project (Bowadt and Aparicio 2003).
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Application of isotopic techniques based on 18O/16O ratios has found that the 
pyrolysis of compounds with low oxygen content creates more problems than 
expected with conventional instruments. Thus, studies based on δ18O isotopic abun-
dance in olive oils have also been focused on olive variety and geographical origin; 
authors have found a correlation between enrichment in heavy isotopes and latitude, 
whereas no clear-cut effect of altitude has been observed (Aramendia et al. 2007)

δ13C isotope ratio measurements have been widely used for traceability purposes 
in some foods (e.g., wine, honey, and juices) but rarely in olive oil authentication. 
Kelly et al. (1997), although examining other edible oils, found that the values of 
this ratio by themselves did not allow fraud to be ascertained but provided valuable 
complementary information. Angerosa et al. (1997) used δ13C measurements of 
the aliphatic alcohol fraction to detect adulteration of olive oil with olive-pomace 
oil at 5 %, although results have not been validated with other samples yet.

Blending of olive oil with edible oils with slightly different FA composition (olive-
pomace, sunflower, and hazelnut) can be detected using δ13C16:0 versus δ13C18:1 
covariations combined with molecular information and carbon isotopic composition 
of the bulk oil (Ogrinc et al. 2003). However, variability in δ13C values of FAs has 
already been related to a combination of environmental conditions (e.g., climate and 
plant growing condition, including atmospheric carbon dioxide and cultivation 
practices), geographical origin of the oil, and genetic factors (Woodbury et al. 
1998). Therefore, it seems important to establish a database that provides isotopic 
information for olive oils as a prior step to tackling olive oil authenticity with these 
kinds of techniques.

Chromatography is, however, the most widely utilized analytical technique 
because it offers sufficient resolution for a large number of samples and analytical 
problems, and in addition it has a good capability to separate and yield quantitative 
information for chemical components in oily mixtures. But the probability of sepa-
ration of every component is not very high; it has been estimated as ranging from 
19 % to 37 % depending on sample complexity. The new sophisticated adulterations 
seem to require techniques with increased resolution power that is not provided by 
single-dimension chromatography.

Multidimensional chromatography is a separation technology that utilizes two 
orthogonal separation mechanisms to increase the resolution power and peak capacity 
of an experiment by increasing the selectivity of the experiment (Vlaeminck et al. 
2007; Cortes et al. 2009). Thus, a versatile system for multistep thermal desorption 
coupled to GC × GC-TOFMS (column set: VF-5MS × BPX50) has been used for the 
characterization of fresh against aged olive oil at a qualitative level (de Koning et al. 
2008), whereas a GC × GC-TOF-MS (column set: BPX5 × BPX50) was utilized to 
determine polycyclic aromatic hydrocarbons (PAHs) from olive oil, diluted with 
hexane, by means of a Carbopack Z/PDMS fiber (LOQ: 1–5 ppb) (Purcaro et al. 
2007). In addition, the analysis of FAs of olive and hazelnut oils (column set: 
SP-2560 × Equity-1) by GC × GG has been of tremendous help in identifying 
species where mass spectra may be ambiguous (Tranchida et al. 2009a, 2009b). 
Thus, saturated FAs were eluted along a straight diagonal line, monounsaturates 
along a separate diagonal line, diunsaturates along another, and so on. GC × GC was 
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also especially helpful in identifying low-level odd-numbered FAs, according to the 
authors. Furthermore, esters have been analyzed by comprehensive GC × GC by 
FID. GC × GC-FID has allowed the clustering of various classes of wax esters, 
in particular the phytol esters, geranylgeraniol esters, and straight-chain esters of 
palmitic acids and the unsaturated C18 acids (column set: PS-255 × SOP- 50) 
(Biedermann et al. 2008a).

The development of new systems of geographical identification could benefit 
from the recent advances in so-called ohmic technologies (Montealegre et al. 2010). 
DNA extracted from olive oil is being used in traceability (Consolandi et al. 2008; 
Muzzalupo and Perri 2002), although intensive research is required to avoid DNA 
contamination from other sources and to overcome the difficulties in extracting 
good-quality DNA (Woolfe and Primrose 2004).

16.5  Current Problems with the Official Methods

With the abundant information on the chemical composition of edible oils produced 
all over the world that is accessible to everybody over the Internet, fraudsters can 
easily prepare, with the aid of computer software, fraudulent recipes on the basis of 
certain olive oils with the values of their chemical composition upper far enough 
above the minimum or far enough below the maximum limits of the official regula-
tions (Tables 16.6 and 16.7). For example, a sophisticated adulteration composed of 
65 % refined olive oil, 15 % refined hazelnut, 15 % desterolized sunflower, and 5 % 
palm olein without free sterols would have been undetectable at the beginning of 
this millennium, although the economic benefits of this fraudulent practice did not 
really yield a profit.

Although an arsenal of analytical techniques is available at the moment, some 
adulterations are still difficult to detect. Today, for example, there is an available 
industrial technology that allows the deodorization of VOOs with defects at moder-
ate temperatures (Biedermann et al. 2008b), and the question is whether deodorized 
oils with mild defects have enough ethyl esters to be detected in a blend with authen-
tic VOOs.

Future problems will be, however, the consequence of near-sighted planning for 
the elaboration of trade standards and international regulations that have not been 
mainly founded on a large sample base with olive oils of almost all varieties and 
producing regions. The result is an large group of varieties and olive tree orchards 
that produce genuine (virgin) olive oils with chemical compositions that are, in one 
or more parameters, outside the limits of the current trade standards or European 
regulations. The exceptions are not only of olive tree orchards placed in latitudes 
that do not correspond to those of the Mediterranean area but also include varietal 
olive oils of Mediterranean countries, e.g., cv. Verdial in Spain. In the current con-
text, the purpose of olive oil authenticity is not only to detect possible adulterations 
but to determine that an olive oil is genuine with regard to other authenticity issues, 
such as geographical origin or botanical variety.
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Instrumental advances, as was already stated, have led to greater success in 
the fight against adulteration, but there is no rapid and universal method that can be 
used for all authentication purposes. Instead, each authenticity issue can be solved 
by determining selected chemical parameters by different techniques; Table 16.5 
displays the numerous methods currently utilized for the detection of olive oil 
adulteration.

The growing global market, together with the increasingly stricter international 
regulations, has increased the number of samples that should be characterized by 
several analytical parameters. Therefore, there is a growing demand for rapid methods 
– widely demanded by farmers, dealers, and consumers – since the current alternative 
seems to be leading to the collapse of official analytical laboratories. However, there 
is not uniform agreement on a valid definition of the term rapid method due to a lack 
of conceptual clarity of the adjective rapid. Even though rapid methods are character-
ized by time, the concept of rapid does not include the condition of a fixed time limit 
that, incidentally, should include the entire analysis time, from sample pretreatment or 
sample preparation to data analysis and evaluation of results.

The alternative is the design of a global procedure based on chemical analyses 
that could be reduced to one or two of all the current methods. This alternative, 
however, would be confronted with the wide variety of edible oils and their different 
chemical compositions, which would inevitably come up against the so-called jack-
knife paradigm. Since this kind of proposal is based on mathematical algorithms 
designed to detect low concentrations of extraneous oils in olive oil, the result is 
an unstable system that oscillates between the percentages of false positives and 
false negatives, which would be the knife side. Thus, each new datum added to the 
procedure implies rebuilding the mathematical decision rules in an endless process 
that in most cases makes things worse.

The solution may come from the research on the DNA of edible oils (Bracci et al. 
2011), which could achieve unquestionable results in the authenticity of olive oil, 
but currently the results are on the same order of magnitude as the chromatographic 
techniques (Kumar et al. 2011). The recent sequencing of the chloroplast genome 
has provided new information on the olive nucleotide sequence, heralding the olive 
genomic era. Whereas this technique and its methodologies look for solutions to 
current problems (Pafundo et al. 2010), the solution may come from databases with 
chemical information, obtained using chromatographic techniques, which could be 
used to perfect certain limits of the official parameters or facilitate the calibration of 
spectroscopic techniques that are neither destructive nor time consuming.

16.6  Selection and Validation of Analytical Methods

Today, many important decisions are based on the test results of chemical analyses. 
The test results are needed, for example, to assess the oil content of olives or to 
check and classify olive oil against international specifications and legal regula-
tions. Thus, validation of the official methods is crucial for the quality of results, 
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and as a consequence, the validation process, though initially perhaps done by the 
laboratory itself, should be conducted under the auspices of national or international 
organizations for standardization. Such standards have been evaluated with a properly 
organized collaborative study.

ISO 5725 (ISO 1994a, b, c, d) uses the terms trueness and precision to describe 
the accuracy of a measurement method and gives the following definitions. Trueness 
refers to the closeness of agreement between the arithmetic mean of a large number 
of test results and the true or accepted reference value, which means that it can be 
measured only if a reference value is available, e.g., certified reference materials. 
Precision refers to the closeness of agreement between test results and is usually 
expressed in terms of repeatability and reproducibility. Precision is not related to the 
true value. It is necessary to consider precision because tests performed on presum-
ably identical materials in presumably identical circumstances do not give identical 
results because unavoidable random errors occur in every measurement procedure. 
There are too many factors that cannot be completely controlled.

16.6.1  Method Validation

In 1987 an IUPAC Workshop was held in Geneva, Switzerland, to discuss and set 
minimum requirements for a collaborative study. The consensus of this meeting, 
in which 27 organizations participated, was published as the Protocol for the 
Design, Conduct and Interpretation of Collaborative Studies (Horwitz 1988). This 
was the starting point of a series of documents dealing with method validation by 
international collaborative trials. The original guidelines were revised in 1993 and 
1994 (Horwitz 1995). These revised and harmonized guidelines have been adopted 
by AOAC International. Today two documents have been accepted and are used 
worldwide as validation guidelines. These documents are the Guidelines for 
Collaborative Study Procedures to Validate Characteristics of a Method of Analysis 
(AOAC 2002), based on the aforementioned IUPAC guidelines, and ISO 5725:1994, 
Accuracy (Trueness and Precision) of Measurement Methods and Results (ISO 
1994a, b, c, d).

An international collaborative trial (CT) is an international interlaboratory study 
(sometimes called a ring test) in which several laboratories participate and measure 
a quantity in several identical samples. The aim is the validation of an analytical 
method, which means that the repeatability (precision under repeatability condi-
tions) and reproducibility (precision under reproducibility conditions) are deter-
mined. The term repeatability means the variation sr

2 between replicate 
determinations by the same analyst in the same laboratory, with the same apparatus 
at the same time. It defines how well an analyst can check himself using the same 
method on (blind) replicates of the same material. The term reproducibility describes 
the variation sR

2, which includes the between-laboratory and within-laboratory vari-
ations. It measures how well an analyst in a given laboratory can check the results 
of another analyst in another laboratory using the same method to analyze the same 
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test material under different conditions, that is, using different apparatus at a different 
time. The repeatability limit (r) and the reproducibility limit (R) are the values less 
than or equal to which the absolute difference between two test results obtained 
under repeatability or reproducibility conditions may be expected with a probability 
of 95 %.

The CT is organized by a member of the working group that is responsible for 
the development of the method. This person, the executive officer (EO), should take 
full responsibility for the trial, supported by the working group.

It is very important that the test samples be homogeneous and stable. Both 
homogeneity and stability should have been tested before and during the CT. For 
the selection of the test materials refer to point 6.4 of ISO 5725–1 (ISO 1994a). 
The minimum number of samples should be five, if possible with different concen-
trations of the analyte. The minimum recommended number of valid data for each 
material is eight. Considering this and the fact that not more than two sets of data 
shall be eliminated, the minimum number of participating laboratories should be ten, 
but more is better. The larger the number of participating laboratories, the greater is 
the confidence in the resulting estimates of the statistical parameters. The required 
number of analyses per test sample is two replicates. Blind replicates are recom-
mended, which means that ten test samples randomly coded are sent to the partici-
pants. The laboratories analyze each test sample only once, not knowing which ones 
of the test samples are the same. Nevertheless, it should also be possible to send five 
test samples asking the participants to carry out a duplicate determination on each 
test sample. This procedure will reduce the cost of a CT. More replicates provide 
additional information only on individual within-laboratory variability, which is 
usually the less important component of error. It is more effective to increase the 
number of levels or materials for the analysis rather than to increase the number of 
replicates for individual materials.

The participating laboratories shall be neither specialized laboratories nor inex-
perienced laboratories (6.3 of ISO 5725–1) (ISO 1994a). In the first case, the preci-
sion data for the tested method will be too good and in the second case too poor. 
Therefore, it is recommended that, depending on the degree of difficulty of the 
method, the collaborative be preceded by a pretrial in which participating laborato-
ries must demonstrate that they are sufficiently familiar with the methodology. For 
such a pretrial, the EO sends one sample with known and two samples with unknown 
content. Sometimes the pretrial shows that the protocol of the method or the method 
itself is not yet good enough and must be improved before the real CT.

The EO sends the test samples, pretreated if necessary, to the participating labora-
tories together with the test method, a questionnaire according to Fig. 16.6, a report 
sheet, and all necessary instructions, e.g., the storage and handling of the test samples, 
and a deadline for sending in the results (see 5.2 of ISO 5725–2) (ISO 1994b).

The report sheet – usually an Excel spreadsheet – shall indicate the number of 
significant figures to be reported depending on the methodology and instrumenta-
tion. In many cases, it is easier to ask for a number of decimal places, as the number 
of significant figures is not unambiguous in all cases. A good way to achieve this is 
to use a preset Excel datasheet. The participants are also asked to report any difficulties 
and, in particular, any deviation from the protocol of the method.
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In any set of results, there will be one or even more results that seem to fall 
outside a normal distribution. These results are statistically referred to as outliers. 
The analysis of the data is a statistical problem and is best carried out by a statistical 
expert. After having obtained all the results, the EO should make a critical examina-
tion of the data in order to identify and treat outliers or other irregularities. This 
should be done by a first plot of the collaborative study results (results versus labo-
ratory number). Usually major discrepancies will be apparent for different reasons, 
e.g., displaced means, unduly spread replicates, outlying values, and even differ-
ences in the methods used. Furthermore, ISO 5725–2 (ISO 1994b) recommends in 
point 7.3.1 Mandel’s plot of h and k test statistics. The first is the ratio of the differ-
ence between the mean for a particular set of data and the mean of all sets of data to 
the standard deviation of the means from all the sets of data. The latter is the quotient 
of the standard deviation of results and the mean or pooled standard deviation. The 
calculated quotients are then plotted and compared with tabulated ratio values 
obtained at 95 % and 99 % confidence levels. From these plots, results that differ 
from the expected distribution can be identified.

Sometimes a laboratory may have carried out and reported more than the n test 
results officially specified. If the laboratory has stated that all results are equally 
valid, then a random selection should be made to choose the required number of test 
results for analysis. In other cases, some of the test results may be missing or the 
laboratory has reported only one result per sample in nonreplicate analyses. If so, 
the results from this laboratory will not be taken into consideration.

Only valid data are included in the statistical analysis. Valid data are values that for 
various reasons are considered not to be wrong by the EO. As a rule, collaborative 
studies show an inherent level of outliers, the number depending on the definition of 
outliers and the basis for calculation (analytes, materials, laboratories, or determina-
tions). As was already mentioned, a rejection of more than two out of nine of the 

Fig. 16.6 Questionnaire for interlaboratory study following ISO 5725–2:1994
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data from each material in a study is not allowed, and the study must include valid 
data from a minimum of eight laboratories. For larger studies, a smaller acceptable 
percentage of rejections may be more appropriate.

According to part 2 of ISO 5725 (ISO 1994b), the repeatability and reproduc-
ibility standard deviations are to be estimated. First, it is necessary to check the 
presence of individual laboratories or values that appear to be inconsistent with all 
other laboratories or values. For this task ISO 5725 recommends a graphical consis-
tency technique (see above) and numerical outlier tests (7.3.2 of ISO 5725–2) (ISO 
1994b). For the numerical technique the following practice is recommended: 
Cochran’s test (7.3.3 of ISO 5725–2) (ISO 1994b) and Grubbs’ test (7.3.4 of ISO 
5725–2) (ISO 1994b) are applied to identify stragglers and outliers, which are 
defined as follows:

 – If the test statistic is less than or equal to its 5 % critical value, then the item 
tested is accepted as correct.

 – If the test statistic is greater than its 5 % critical value and less than or equal to 
its 1 % critical value, then the item tested is called a straggler and is indicated by 
a single asterisk.

 – If the test statistic is greater than its 1 % critical value, then the item is called a 
statistical outlier and is indicated by a double asterisk.

16.6.1.1  Cochran Test

It is assumed that between laboratories, only small differences exist in the within- 
laboratory variances. For the removal of laboratories with extreme individual values 
from a set of laboratory values Cochran’s test is applied by computing the within- 
laboratory variance for each laboratory and dividing the largest of these by the sum 
of all of these variances. The resulting quotient is the Cochran statistic, which indi-
cates the presence of a removable straggler or outlier if this quotient exceeds the 
critical value listed in the Cochran tables for 5 % or 1 % (straggler or outlier) and p 
(number of laboratories):
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Cochran’s criterion applies strictly only when all the standard deviations are 
derived from the same number (n) of test results obtained under repeatability condi-
tions. This number may vary due to missing or discarded data. However, ISO 5725–2 
(ISO 1994b) assumes that in a properly organized experiment such variations in 
the number of test results per cell will be limited and can be ignored. Cochran’s 
criterion tests only the highest (not lowest!) value in a set of standard deviations and 
is therefore a one-sided (one-tail) outlier test. However, small values of standard 
deviation may be very strongly influenced by the degree of rounding of the original 
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data and are for that reason not very reliable. In addition, it seems unreasonable to 
reject the data from a laboratory because it shows a better precision in its test results 
than the other laboratories. If the highest standard deviation is classed as an outlier, 
then the value should be omitted and Cochran’s test repeated on the remaining 
values. This process is repeated as long as outliers are detected. But it may lead to 
excessive rejections when, as is sometimes the case, the underlying assumption of 
normality is not sufficiently well reached. The repeated application of Cochran’s 
test is only a helpful tool in view of the lack of a statistical test designed for testing 
several outliers together.

16.6.1.2 Grubbs’ Test

To compute whether the mean values of the single test results differ, Grubbs’ I and 
II tests of the arithmetic means are applied. Both Grubbs tests mark those laborato-
ries that are suspected as stragglers (significance level of 5 %) or outliers (signifi-
cance level of 1 %). For the Grubbs I test the means of all laboratories are arranged 
in ascending order, then it is determined whether the largest observation
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The Grubbs I test is applied for the lowest and highest values only. If the highest 
value is an outlier, then the test is repeated for the lowest value. Only if the Grubbs 
I test does not compute an outlier is the Grubbs II test applied.

If the single-value Grubbs test signals an outlier, then the value is removed. After 
this elimination one recycles back to the Cochran test, as shown in the flow chart in 
Fig. 16.7.

If the single-value Grubbs test is negative, then the pair-value Grubbs test is per-
formed. If this second test is positive, then both values responsible for activating the 
test are eliminated and the loop is restarted with the Cochran test (Fig. 16.7), 
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single- value Grubbs, and pair-value Grubbs test. However, the removal of outliers 
shall stop before more than two of nine laboratories are removed.

If no outliers are removed for a given cycle (Cochran, single Grubbs, pair 
Grubbs), the outlier removal is complete. With a removal rate of greater than two 
out of nine, either the precision parameters must be without removal of all outliers 
or the method must be considered suspect. Nevertheless, the decision to remove 
outliers must be made by the EO on the basis of the indicated probability given by 
the outlier test and any other pertinent information.

16.6.1.3 Precision

Precision is defined as the closeness of agreement between independent test results 
obtained under stipulated conditions. Precision depends only on the distribution 
of random errors and does not relate to the true value or to a specified value. The 
precision of analytical methods is usually characterized for the within-laboratory 
replication or repeatability and between-laboratory replication or reproducibility. 
The measure of precision is usually expressed in terms of imprecision and computed 

Fig. 16.7 Schematic flow chart for statistical treatment of outliers
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as a standard deviation of the test results. Less precision is reflected by a larger 
standard deviation. It must be considered that repeatability and reproducibility 
conditions are particular sets of extreme conditions. Repeatability is a measure of 
how well an analyst in a given laboratory can check her performance using the same 
analytical method to analyze the same test sample at the same time. Repeatability 
conditions means repeat execution of the complete method from the point at which 
the test portion is taken from the laboratory sample, and not just repeat instrumental 
determinations on prepared extracts.

Reproducibility is a measure of how well an analyst in one laboratory can check 
the results of another analyst in another laboratory using the same analytical method 
to analyze the same test sample at the same or a different time.

However, intermediate conditions between these two extreme conditions are also 
imaginable. This means that one or more factors within a laboratory (intralabora-
tory, e.g., the operator, the equipment used, the calibration of the equipment used, 
the environment, the batch of reagent, and the elapsed time between measurements) 
are allowed to vary. ISO 3534–2 (ISO 2006b) defines intermediate precision condi-
tions as conditions where test results or measurement results are obtained with the 
same method, on identical test/measurement items in the same test or measurement 
facility, under different operating conditions. According to part 3 of ISO 5725 
(ISO 1994c), there are four intermediate precision measures due to the change in 
observation conditions, which are time, calibration, operator, and equipment.

Finally the general mean and the variances are calculated from the outlier-free 
data following point 7.4 of ISO 5725–2 (ISO 1994b):

For level j, the general mean is
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The between-laboratory variance is
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16.6.1.4 Repeatability Limit and Reproducibility Limit

Using the measuring series with statistically homogeneous mean values and taking 
into account the validity of the remaining laboratories the repeatability standard 
deviation (sr) and the reproducibility standard deviation (sR) are calculated. From sr 
and sR the repeatability and the reproducibility limit are calculated as follows (4.1.4 
of ISO 5725–6) (ISO 1994d):

Repeatability limit: r = 2.8 sr,
Reproducibility limit: R = 2.8 sR.

These relationships are valid for a probability level of 95 %. If different probability 
levels are required, the factor 2.8 must be replaced by 2.3 for 90 % or by 3.65 for 
99 %. The result of a CT shall be summarized as shown in Fig. 16.8 (Table 1).

The calculated statistical quantities (mean, repeatability and reproducibility 
standard deviation, repeatability and reproducibility limit) shall be indicated using 
one decimal place more as the test results and in the same units (Fig. 16.8). It is also 
recommended to quote the HorRat value.

16.6.1.5 HorRat Value

The results of a CT – repeatability and reproducibility standard deviations – are taken 
as measures of the performance of the tested analytical method. Horwitz et al. (1980) 
analyzed the results of thousands of CTs and noticed a pattern in the relative standard 
deviations. At 100 % concentration of analyte the RSDR was approximately 2 %, at 
1 % the RSDR was approximately 4 %, and at 0.01 % (100 ppm) the RSDR was 
approximately 8 %. This pattern persisted at least down to sub-ppm levels (μg/kg). 

Results of interlaboratory tests

The precision of the method is the result of an interlaboratory study on an international basis.  The
interlaboratory test gave the statistical results, evaluated in accordance with ISO 5725:1994, given in Tables 1 to
…...

Table 1.- Summary of statistical results for free fatty acid content in Extra Virgin Olive Oil (A) and Lampante
Olive Oil (expressed as a percentage mass fraction)

Sample A B

Number of participating laboratories, N 39 28

Number of laboratories retained after eliminating outliers, n 37 26

Number of individual test results in all laboratories 74 52

Mean, m 0.343 3.80

Repeatability standard deviation, sr 0.007 0.03

Repeatability relative standard deviation, RSD(r) 1.9 0.8

Repeatability limit, r (sr * 2,8) 0.018 0.07
Reproducibility standard deviation, sR 0.019 0.12

Reproducibility relative standard deviation, RSD(R) 5.5 3.2

Reproducibility limit, R (sR *2,8) 0.053 0.33

HorRat Value 1.2 1.0

Fig. 16.8 Presentation of precision data of a collaborative trial
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These findings gave rise to the famous Horwitz trumpet, which shows this relation-
ship. And surprisingly enough the results of CTs obey this law. The reproducibility 
relative standard deviation calculated from the Horwitz formula is

 PRSD R c( ) * ,.= −2 0 15

 

where c is the concentration found or added, expressed as a mass fraction. For 
calculating HorRat values (HorRat) the data must be reported as a mass fraction 
where the units of the numerator and denominator are the same. For 100 % the mass 
fraction is 1.00, for 1 μg/g it is 0.000001. Today, the HorRat value is an important 
acceptability criterion for CTs and has been adopted by many organizations. 
According to AOAC, the following guidelines shall be used for the evaluation:

 – HorRat ≤ 0.5: method reproducibility may be in question due to lack of study 
independence, unreported averaging, or consultations.

 – HorRat 0.5–1.5: method reproducibility as would normally be expected.
 – HorRat > 1.5: method reproducibility higher than normally expected; reasons 

will be examined (e.g., sample homogeneity).
 – HorRat > 2.0: method reproducibility is problematic. A high HorRat may result in 

the rejection of a method because it may indicate unacceptable weaknesses in the 
method or the study.

The corresponding repeatability standard deviation PRSD(r) typically is one-half 
to two-thirds of the PRSD(R) (Table 16.14).

16.7  Accuracy of Measurement Methods and Results

16.7.1  Use in Practice of Accuracy Values

Part 6 of ISO 5725 (ISO 1994d) gives some indications of the way in which accuracy 
data can be used in various practical situations and provides a way of checking the 
acceptability of analytical results obtained under repeatability or reproducibility 
conditions. Analysis of certified reference materials (CRMs) should be used for this 
purpose. A CRM is a reference material accompanied by documentation issued by 
an authoritative body and providing one or more specified property values with 
associated uncertainties and traceability using valid procedures. Documentation is 
given in the form of a certificate. Procedures for the production and certification of 

Analyte (%) Predicted RSD(R) (%) Target RSD(r) (%)

100 2 1
1 4 2
0.01 8 4
1 × 10−6 16 8
10 × 10−9 32 16
1 × 10−9 45 22

Table 16.14 Acceptable 
predicted and target values  
in accordance with 
concentration of analyte (%)
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certified reference materials are given, for example, in ISO Guide 34 (ISO 2009) 
and ISO Guide 35 (ISO 2006a). Laboratories should use CRMs to check whether 
the laboratory standard deviation si fulfills the repeatability standard deviation sr of 
the standard measurement method.

As mentioned previously, the precision (r and R) of a standard measurement 
method can be used to obtain a measurement uncertainty through the estimation of 
the so-called critical differences. If the difference between two analytical results or 
a limit value is greater than the critical differences as calculated below, then it may 
be assumed that the sample in question does not fulfill any statutory or contractual 
requirements. ISO 5725 uses CDP as the abbreviation for the critical difference at 
probability P, but very often CrDP is used. The calculation of critical differences can 
also be understood as a definition of the measurement uncertainty. Examples of dif-
ferent situations follow.

16.7.1.1 Comparison of Test Results in One Laboratory

Two test results (x1 and x2) are performed for each sample under repeatability condi-
tions (4.2.1 of ISO 5725–6) (ISO 1994d). If the difference |x1−x2| is less than the 
repeatability limit r of the method, the mean of these two results is quoted as the 
final result. If the absolute difference does exceed r, then the result is considered 
suspicious and two further results are required. The range (xmax−xmin) of all four test 
results should be equal to or less than the critical range at the 95 % probability level 
for n = 4 [CR0.95(4)]. In this case, the arithmetic mean of the four test results is 
reported as the final quoted result. Critical range factors CD n f n sr0 95. ( ) ( )=  are 
taken from the corresponding table (ISO 5725–6, 5.2.2.2) (ISO 1994d) and are used 
to calculate the critical range according to the following equation:

 CD n f n sr0 95. ( ) ( ) .= ·  

Example of four test results:

x1 x2 x3 x4 n sr xmax−xmin

10.0  9.2  9.0  8.6 4 0.5 10.0−8.6 1.4

 CD s CD CDr0 95 0 95 0 954 3 6 4 3 6 0 5 4 1 8. . .( ) . ( ) . . ( ) .= = =· ·  

Because 1.4 is smaller than 1.8 the final quoted result is the mean 
10 2 9 2 9 0 8 6

4
9 2

. . . .
.

+ + +
=  of the four test results, otherwise the median is reported.

The results may also be the calculated arithmetic mean of y1  and y2  from two groups 

of measurements n1 and n2 in one laboratory. The standard deviation s of y y1 2−( )  is
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and the critical difference CD at the 95 % probability level for y y1 2−( )  is
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If n1 and n2 are both 1, the result is reduced to CD0.95 = 2.8 sr = r.

16.7.1.2 Comparison of Test Results from Two Laboratories

The first laboratory obtains n1 test results with an arithmetic mean of y1  and the 
second laboratory n2 test results with an arithmetic mean of y2 ; both laboratories 
are working under repeatability conditions. The critical difference CD0.95 at the 
95 % probability level for y y1 2−( )  is then (4.2.2 of ISO 5725–6:1994):
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If n1 and n2 are both 1, then the result is reduced to CD0.95 = 2.8 sR = R.
If the critical difference is greater than R, then it must be proved whether this is caused 

by poor precision during the analyses or by an inhomogeneity of the test sample.

16.7.1.3 Comparison of Mean of One Laboratory with Reference Value

Within one laboratory, n test results are obtained under repeatability conditions that 
give an arithmetic mean of y . This mean shall be compared with a given reference 
value μ0. For a two-sided problem, which means exceeding or falling below a minimum 
value (4.2.3 of ISO 5725–6) (ISO 1994d), the critical difference ( y − m0 ) between the 
mean and the reference value is
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16.7.1.4 Comparison of Mean of Two Laboratories with Reference Value

In p laboratories, ni test results with arithmetic means of yi  are obtained under 
repeatability conditions (4.2.4 of ISO 5725–6) (ISO 1994d). The grand mean y  is 
calculated by
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The grand mean is compared with a reference value μ0. For a two-sided problem 
(exceeding or falling below a reference value), the critical difference ( y − m0 ) 
between the grand mean y  and the reference value μ0 is
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16.7.2  Other Validation Characteristics

The following definitions follow the Codex Committee on Methods of Analysis and 
Sampling (CCMAS) recommendations of 2009 (CAC 2009b).

16.7.2.1 Selectivity

Selectivity is the degree to which a method can detect a particular analyte in a mixture 
or matrix without interference from other components. Selectivity can be graded. 
CCMAS recommends not using the term specificity for the same concept as this 
often leads to confusion.

16.7.2.2 Sensitivity

Sensitivity is the quotient of the change in the indication of a measuring system and 
the corresponding change in the value of the quantity being measured. Sensitivity 
can depend on the value of the quantity being measured. The change considered in 
the value of the quantity being measured must be large compared with the resolution 
of the measurement system.

16.7.2.3 Robustness (Ruggedness)

Robustness is a measure of the ability of an analytical procedure to remain unaf-
fected by small but intentional variations in the parameters of a method. The term 
provides an indication of its reliability during normal usage.

16.7.2.4 Linearity

Linearity is the ability of a method of analysis, within a certain working range, to 
provide an instrumental response or results proportional to the quantity of analyte to 
be detected in a laboratory sample. This proportionality is expressed by an a priori 
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defined mathematical expression. The linearity limits are the experimental limits of 
concentrations between which a linear calibration model can be applied with an 
acceptable uncertainty.

16.7.2.5 Detection Limit/Limit of Detection

The limit of detection (LOD) is the concentration or amount of analyte in a sample 
for which the probability of falsely claiming the absence of a component in a mate-
rial is β and which will lead to the conclusion that the concentration or amount of 
the analyte in the analyzed material is larger than that in the blank. IUPAC recom-
mends default values for α and β equal to 0.05. An α error, or a false positive, means 
the error of rejecting a null hypothesis when it is actually true. A β error, or a false 
negative, is the error of failing to reject a null hypothesis when in fact it should have 
been rejected.

The LOD, expressed as the concentration (cL) or the quantity (qL), is derived from 
the smallest measure (xL) that can be detected with reasonable certainty for a given 
analytical procedure (IUPAC 1997, 2006). The value of xL is given by the equation

 x x k sL B B= + · ,  

where xB is the mean of the blank measures, sB is the standard deviation of the blank 
measures, and k is a numerical factor chosen according to the desired confidence level. 
The LOD is estimated as the mean of 20 control sample (from at least 6 separate 
sources) assay results plus 3 times the standard deviation of the mean. The abbreviation 
LOD can be used; the term sensitivity shall not be used for detection limit.

16.7.2.6 Limit of Quantification

The limit of quantification (LOQ) is the smallest measured content from which a 
quantification of an analyte is possible with a specified degree of accuracy within 
one laboratory. The LOQ is calculated by adding the tenfold amount of the residue 
standard deviation to the blank mean value. The LOQ then becomes the mean of the 
same results plus 6 or 10 times the standard deviation of the mean.

16.8  Measurement of Uncertainty

16.8.1  Uncertainty

Knowledge of the uncertainty of measurement results is essential for the interpretation 
of the results. Without quantitative assessments of uncertainty, it is impossible to 
decide whether observed differences between results reflect more than experimental 
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variability, whether test items comply with specifications, or whether laws based 
on limits have been broken. Without information on uncertainty, there is a risk of 
misinterpretation of results. Measurement uncertainty relates to individual results 
not to a method. The CAC (2007) recommended in 2007 that the best way to define 
the uncertainty estimate is to base it on interlaboratory studies (CT) utilizing the 
Harmonized IUPAC/AOAC or ISO 5725 protocol. This approach is considered 
acceptable by both the Eurachem guide (Ellison et al. 2000) and ISO TS 21748 
(ISO 2010). Furthermore, CCMAS explains: “By utilising a sample of presumably 
typical laboratories operating in different environments on at least five materials 
covering the range of interest, it is very likely that most of the potential error factors 
that are likely to be encountered in practice will have been introduced. Therefore, if 
we equate this sR to measurement uncertainty and call it standard measurement 
uncertainty (standard uncertainty for short), we are at least about 70 % certain that 
our result plus and minus sR will encompass the true value. If we multiply sR by a 
coverage factor of 2, we obtain the expanded measurement uncertainty (expanded 
uncertainty for short); we are now at least 95 % certain that our result plus and minus 
2sR will encompass the true value.”

Repeatability, reproducibility, and bias relate to the performance of a measurement 
or testing process. For studies under all parts of ISO 5725, the measurement or 
testing process will be a single measurement method used by all laboratories taking 
part in the study.

Bias means the difference between the expectation of the test results and an accepted 
reference value.

Combined standard uncertainty u(y) is the standard uncertainty of the result of a 
measurement when that result is obtained from the values of a number of other 
quantities, equal to the positive square root of a sum of terms, the terms being the 
variances or covariances of these other quantities weighted according to how the 
measurement result varies with changes in these quantities.

Coverage factor k is a numerical factor used as a multiplier of the combined stan-
dard uncertainty to obtain an expanded uncertainty; typical values for k are in the 
range of 2–3.

Expanded uncertainty U is the quantity defining an interval about a result of a mea-
surement expected to encompass a large fraction of the distribution of values that 
could reasonably be attributed to the measurand.

Precision is the closeness of agreement between independent test results obtained 
under stipulated conditions. Precision depends upon the distribution of random 
errors and does not relate to the true value or the specified value. The measure of 
precision is usually expressed in terms of imprecision and computed as a stan-
dard deviation of the test results. Less precision is reflected by a higher standard 
deviation. Repeatability and reproducibility conditions are particular examples 
of extreme stipulated conditions.

Standard uncertainty u(xi) is the uncertainty of the result of a measurement 
expressed as a standard deviation.
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16.9  Accreditation of Laboratories

The general requirements for the competence of laboratories to carry out analytical 
tests, calibrations, and sampling are specified in ISO 17025 (ISO 2005a). This inter-
national standard should be used by laboratories to develop their quality, adminis-
trative, and technical systems, but it is not the basis for certification of laboratories. 
This standard should also be used by accreditation bodies responsible for the autho-
rization of the competence of test and calibration laboratories.

ISO 17025 (ISO 2005) covers testing and calibration on the basis of standard 
methods, nonstandard methods, and laboratory-developed methods. This standard is 
applicable to all organizations performing tests and calibrations. This includes, 
for example, first- (supplier), second- (customer), and third-party (independent) labo-
ratories where testing and calibration are part of inspection and product certification. 
The application of ISO 17025 does not depend on the number of personnel or the 
extent of the testing and calibrating activities. By using this standard, laboratories will 
be able to develop their administrative and technical systems to ensure quality.

ISO 9001 (ISO 2008) was the first basic management standard and can be applied 
to any kind of management, e.g., business enterprises, public administrations, or 
government departments. The growing need for such management systems has like-
wise increased the need to ensure that laboratories can operate according to a qual-
ity management system that complies with ISO. With ISO 17025, all the ISO 9001 
requirements that are relevant to the scope of testing and calibration laboratories 
have been laid down in a separate standard. Therefore, testing and calibration labo-
ratories that comply with ISO 17025 operate in accordance with ISO 9001. 
Certification only under ISO 9001 (ISO 9000 family) does not demonstrate the 
competence of a laboratory to produce technically valid data and results. Laboratories 
are therefore accredited under ISO 17025, rather than certified under the ISO 9000 
series (ISO 2005b).

The two main sections of ISO 17025 (ISO 2005a) are Management Requirements 
and Technical Requirements. Management requirements are primarily related to the 
operation and effectiveness of the quality management system within the labora-
tory. Technical requirements include factors that determine the correctness and reli-
ability of the tests and calibrations performed in the laboratory. ISO 17025 addresses 
the need for internal audits in a 1-year cycle. The reports on these audits are also 
useful in the audits of laboratories by their clients.

In summary, today analysts must be aware of the important role of quality assur-
ance in their laboratories. Due to the worldwide accreditation system comprising 
internal and external audits, it is important to know and understand most of the 
described statistical parameters. A customer who has to pay for analytical work 
expects that the results he receives are the most accurate achievable. In the past, 
we were often faced with new analytical methods – because of a sudden need, as 
happened with methods for Acrylamid, 3-MCPD, and furan determinations, where 
no standardized methods were available initially. Customers cannot rely on the 
results of such determinations due to a lack of standardized methods. The results of 
different (in-house) methods obtained in various laboratories are not comparable if 
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standardized methods are not used. Confidence in the laboratory results are directly 
related to the use of validated methods and other procedures laid down in various 
ISO standards and CAC reports. Progress in all these areas continues.

16.10  Future Trends and Perspectives

Food authentication is continuously evolving to include situations that are basically 
governed by a global market trend. Analytical techniques should be developed or 
modified to give plausible solutions to future demands, and this explains why, from 
time to time, EU regulations and IOC trade standards are revised and upgraded in 
light of new advances in analytical methods or challenges created by fraudsters. 
Sometimes, however, the potential problems lie in the semantic definition of authen-
ticity rather than in devious adulterations.

Mutants or genetically modified seed oils, for example, represent a challenge in 
oil authenticity in general, and with olive oil in particular. It is well known that FA 
composition determines the physical and chemical properties of the oil and their 
potential applications, and the food industry is offering tailored oils for specific 
purposes that represent a problem, not only for detecting contamination or fraud, 
but also for the global meaning of authenticity.

Upcoming problems do not seem, however, to be focused on the authenticity of 
olive oils added to canned fish or inside bottles labeled as spiced VOOs, or even in 
the presence of deodorized oil in VOO, but in the geographical origin of olive oil 
and the resulting overlap between quality and authenticity.

Today the production and consumption of olive oil are moving slowly but inexo-
rably beyond the Mediterranean countries, and olive trees are being planted in coun-
tries as far from the Mediterranean basin as New Zealand and Argentina. Research 
on agricultural practices has allowed the development of high-density plantations of 
alien cultivars in geographical locations where the cultivation of olive trees was 
once inconceivable. This revolution in agricultural techniques is not, however, 
exempt from challenges and even problems from the chemical viewpoint.

While orchards were planted with autochthonous varieties within the ranges of 
latitude of the Mediterranean basin, there were few varietal olive oils with a chemical 
composition outside limits of trade standards. Today, cultivars whose chemical com-
position is within the limits of trade standards, if cultivated in the traditional producer 
countries, show a very different composition if grown in some of the new producer 
countries, to the point that they could be classified as nongenuine. The latitude, alti-
tude, and climate of the new producing areas have played a dirty trick on farmers 
because those physical parameters affect biochemical cascades of some cultivars 
more than would be expected. The solution can come from decision trees that, using 
other chemical compounds, can act as a safeguard for the genuineness of those olive 
oils without modifying the current limits.

Successful control of the adulteration of olive oils by means of certain analytes 
(e.g., stigmastadienes) encouraged some researchers to believe that a strong math-
ematical relationship between two factors could prevail over the lack of scientific 
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evidence explaining whether that relationship was causal. The inappropriate appli-
cation of statistical procedures, most of the time without the required validation 
tests, opens the door to overoptimistic conclusions that usually present umpteen 
exceptions in the validation step. New trade standards should be analyzed under a 
magnifying glass to prevent a casual relationship between chemical compounds and 
authenticity from being seen as causal. The paradigm is the implication of certain 
chemical compounds that, being related to temperature increases, are used to explain 
the natural oxidation process of lipids. The casual relationship between the increase 
in pyropheophytins (PPPs) with shelf life and the causal relationship between shelf 
life and organoleptic quality (rancid perception increases with time) is used to relate 
PPPs to sensory quality when there is currently no any scientific hypothesis that 
relates the concentration of PPPs to VOO flavor.
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17.1            Terminology and Structure of Lipids 

 Lipids are composed of a carbon skeleton with hydrogen and oxygen substitutions 
and tend to be insoluble in water; an exception are the short-chain fatty acids (FA   s) 
(less than eight carbons), which are water-soluble. Simple lipids are esters of FAs 
with various alcohols such as glycerol or cholesterol. They include triacylglycerols 
(TAGs), waxes, cholesteryl esters and vitamin A and D esters. Compound lipids 
consist of esters of FAs in combination with both alcohols and other groups, and 
include phospholipids, glycolipids and lipoproteins, amongst others. 

 The main components of all dietary lipids are FAs, which are carboxylic acids with 
chain lengths of up to 30 carbons. Long-chain FAs (more than 14 carbons) are the 
main constituents of dietary fat. Saturated fatty acids (SFAs) contain no double bonds 
and are therefore ‘saturated’ with hydrogen. Unsaturated FAs contain one or more 
double bonds; monounsaturates contain one double bond, while polyunsaturates con-
tain more than one. Double bonds can allow either a  cis  or a  trans  orientation. SFAs 
generally occupy less space than the equivalent chain-length unsaturated FAs. 

 The systematic name for a FA is derived from the number of carbons in the acyl 
chain (Table  17.1 ). For unsaturated FAs, the exact positions of double bonds in the 
acyl chain and their confi gurations are also refl ected in the systematic nomenclature   . 
Traditionally, the position of double bonds was identifi ed by naming the carbon 
number (from carbon 1, the carboxyl carbon) on which each double bond occurs. 
Thus, octadecadienoic acid, an 18-carbon FA with  cis  double bonds between car-
bons 9 and 10 and carbons 12 and 13, is correctly denoted as  cis  9,  cis  12-octadeca-
dienoic acid or as  cis ,  cis , 9,12- octadecadienoic acid. More recently, an alternative 
shorthand notation for FAs has come into frequent use. Thus, octadecanoic acid is 
denoted by 18:0, indicating that it has an acyl chain of 18 carbons and contains no 

    Table 17.1    Fatty acid nomenclature   

 Trivial name  Systematic name  Shorthand symbol 

 Capric acid  Decanoic acid  10:0 
 Lauric acid  Dodecanoic acid  12:0 
 Myristic acid  Tetradecanoic acid  14:0 
 Palmitic acid  Hexadecanoic acid  16:0 
 Palmitoleic acid  9-Hexadecanoic acid  16:1 
 Stearic acid  Octadecanoic acid  18:0 
 Oleic acid   Cis -9-Octadecenoic acid  18:1n-9 
 Linoleic acid   Cis,cis -9,12-Octadecadienoic acid  18:2n-6 
 α-Linolenic acid  9,12,15-Octadecatrienoic acid  18:3n-3 
 γ-Linolenic acid  6,9,12-Octadecatrienoic acid  18:3n-6 
 Arachidonic acid  5,8,11,14-Icosatetraenoic acid  20:4n-6 
 Behenic acid  Docosanoic acid  22:0 
 Lignoceric acid  Tetracosanoic acid  24:0 
 Nervonic acid   Cis -15-Tetracosenoic acid  24:1 
 Eicosapentaenoic acid  ( Cis )5,8,11,14,17-Eicosapentaenoic acid  20:5n-3 
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double bonds. Unsaturated FAs are named simply by identifying the number of 
double bonds and the position of the fi rst double bond counted from the methyl 
terminus (with the methyl, or ω, carbon as number 1) of the acyl chain. The way the 
fi rst double bond is identifi ed is as ω-x, where x is the carbon number on which the 
double bond occurs. Therefore  cis ,  cis , 9,12-octadecadienoic acid is also known as 
18:2ω-6. The ω-x nomenclature is sometimes referred to as omega x (e.g. 18:2 
omega 6) or  n -x (e.g. 18:2 n -6). In addition to these nomenclatures, FAs are often 
described by their common names (Table  17.1 ). In most polyunsaturated fatty acids 
(PUFAs) the double bonds are separated by a methylene (−CH 2 ) group. However, 
this is not always the case, and in some PUFAs the double bonds are conjugated (   i.e. 
the two double bonds are separated by only a single carbon atom). Most common 
unsaturated FAs contain  cis  rather than  trans  double bonds.  Trans  double bonds do 
occur, however, as intermediates in the biosynthesis of FAs, in ruminant fats (e.g. 
cow’s milk), in plant lipids and in some seed oils.  Cis , but not  trans , double bonds 
produce a kink in a molecule so that the molecular shape of unsaturated FAs con-
taining  cis  double bonds is distinct from that of SFAs.

17.2        Lipids in Foods 

 FAs in fats, oils and foodstuffs are mainly esterifi ed to glycerol, as TAGs, although 
some are present as esterifi ed components of phospholipids, glycolipids and other 
lipids. The FA composition of cow’s, sheep’s and goat’s milks is typically charac-
terised by relatively high proportions of short- and medium-chain FAs and low pro-
portions of PUFAs (Table  17.2 ). Ruminant milks also contain small quantities of a 
variety of branched and odd-numbered FAs. The proportions of different FAs can be 
markedly affected by the nature of the feed (Table  17.2 ). While eggs are rich in 
palmitic and oleic acids, the phospholipid fraction of yolk provides linoleic acid and 
other PUFAs (Table  17.2 ). Again, different feeding regimens alter the FA composi-
tion of eggs. While animal and poultry storage fats tend to be rich in SFAs and 
MUFAs, the muscle (i.e. meat) contains signifi cant proportions of PUFA 
(Table  17.2 ). Fish can be classifi ed into lean fi sh that store lipid as TAGs in the liver 
(e.g. cod) or fatty (oily) fi sh that store lipid as TAGs in the fl esh (e.g. mackerel, 

          Table 17.2    Dietary sources of saturated and unsaturated fatty acids   

 Fatty acid  Rich dietary sources 

 Short/medium chain fatty acids  Cowʼs milk 
 Palmitic acid  Butter, lard, animal fat, palm oil, coconut oil 
 Oleic acid  Olive oil, rapeseed oil, palm oil 
 Linoleic acid  Corn oil, sunfl ower oil 
 α-Linolenic acid  Flaxseed oil (linseed oil), walnut oil 
 Eicosapentaenoic acid  Oily fi sh, fi sh oil 
 Docosahexaenoic acid  Oily fi sh, fi sh oil 

17 Role of Lipids in Human Nutrition



658

herring. salmon, tuna). The oil obtained from fatty fi sh fl esh or lean fi sh livers is 
termed fi sh oil and it has the distinctive characteristic of being rich in long-chain  n -3 
PUFAs (Table  17.2 ). Different oily fi sh (and so different fi sh oils) contain different 
amounts of  n -3 PUFA (Table  17.2 ). This relates to the dietary habits and metabolic 
characteristics of the fi sh as well as to season, water temperature and so on.

   The FA composition of lipids in plant membranes varies little between different 
types of leaves. Five FAs generally account for more than 90 % of total FAs: pal-
mitic (ca. 13 %), palmitoleic (ca. 3 %), oleic (ca. 7 %), linoleic (ca.16 %) and 
α-linolenic (ca. 56 %). Thus, green leaves are an important source of the essential 
fatty acid (EFA   ) α-linolenic acid for herbivorous and omnivorous mammals. In con-
trast to the uniformity of the FA composition of plant leaves, seed oils exhibit a wide 
range of FA compositions, where one FA tends to predominate (Table  17.2 ), but, 
like plant leaves, they are important sources of EFAs (Table  17.2 ). Some seed oils 
contain moderate to high proportions of relatively unusual FAs. For example, bor-
age (starfl ower) and evening primrose oil contains γ-linolenic aid and echium oil 
contains stearidonic acid (18:4 n -3).  

17.3     Intakes of Fatty Acids in Humans 

 Most fat consumed in the diet (90–95 %) is in the form of TAGs, although the 
diet also contains phospholipids, glycolipids, other complex lipids, and cholesterol. 
FAs are components of each of these structures, apart from cholesterol. There are 
signifi cant differences in fat intake between countries, with average intakes among 
adults varying from less than 20 g/day in some developing countries to more than 
150 g/day in some developed countries. The mix of FAs consumed also varies in 
accordance with the FA compositions of the fats and oils used in food preparation 
and of the foodstuffs eaten. Average fat consumption has changed over time and 
continues to do so. These time trends differ between countries. In many developing 
countries fat intake is increasing, while in developed countries fat intake has tended 
to decline over the last 30 years or so. For example, the average consumption of fat 
in the UK fell from 110 to 86 g/person/day between 1959 and 1990 (DH  1994a ). 
The type of fat has also changed over time, such that the FA composition of the 
human diet has changed. For example, in the UK the consumption of SFAs as a 
percentage of food energy decreased from 20.3 % in 1975 to 16.6 % in 1990 (DH 
 1994a ). The ratio of PUFAs to SFAs in the average UK diet increased from 0.17 in 
1959 to 0.22 in 1979 and to 0.40 in 1990 (DH  1994a ). Much of this change has been 
brought about by a change in consumption from butter to margarine and from ani-
mal fats to vegetable oils. The main PUFA in the diet is linoleic acid, followed by 
α-linolenic. On average, adult men in the UK consume about 13.5 and 1.7 g linoleic 
and α-linolenic acids, respectively, per day. Adult women in the UK consume about 
9.3 and 1.2 g linoleic and α-linolenic acids, respectively, per day. A British Nutrition 
Foundation briefi ng paper on unsaturated FAs (Lunn and Theobald  2006 ) provides 
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details on the intakes of linoleic and α-linolenic acids among 14 Western European 
countries. Longer-chain PUFAs are consumed in lower amounts than linoleic and 
α-linolenic acids. Estimates of the intake of arachidonic acid in Western populations 
vary between 50 and 300 mg/day for adults. In the absence of fatty fi sh or fi sh oil 
consumption, α-linolenic acid is by far the principal dietary  n -3 PUFA. Average 
intake of the long-chain  n -3 PUFA in the UK is estimated at less than 250 mg/day 
(Lunn and Theobald  2006 ).  

17.4     Lipids in the Body 

 The most common SFAs in the body are palmitic and stearic acids, which can be of 
dietary or endogenous origin. In the absence of dietary SFAs, the body would be 
able to synthesise adequate amounts to maintain normal function. However, during 
excessive intake, this class of FAs is associated with signifi cantly increased risk of 
cardiovascular disease (see later section). 

 A range of FAs is required for membrane composition, integrity and function to 
be retained. This means that a supply of the correct balance of FAs to cells and tis-
sues is essential for the optimal functioning of those cells and tissues. Furthermore, 
different cells and tissues may require a different balance of FAs (i.e. they may have 
different demands for FAs). Although many FAs can be synthesised in the human 
body, some cannot (linoleic and α-linolenic acids), and so these FAs must be con-
sumed in the diet. In the absence of signifi cant dietary intakes, synthesis of some 
other FAs (e.g. arachidonic acid) requires the provision of a preformed precursor FA 
(in this case linoleic acid). This means that dietary supply of some FAs is very 
important to meet the demands imposed by optimal cell and tissue function. Thus, 
an inadequate or unbalanced supply of FAs may impair cell and tissue function and 
lead to ill health and disease.  

17.5     Essential Fatty Acids 

 Studies in the mid-twentieth century identifi ed the effects, in rats, of EFA defi -
ciency. Biochemically, the disease is characterised by changes in the FA composi-
tions of many cell membranes whose functions are impaired. One of the striking 
features of EFA defi ciency in rats is skin dermatitis and water loss. Epidermal lipids 
are rich in ceramides. The fatty acyl substituent in these is linoleic acid linked via 
its carboxylic acid group to the terminal methyl carbon of another FA (34:1 n -9) to 
generate an extremely long chain (52 carbons) structure. These lipids form an inter-
cellular matrix that prevents excessive water loss. In the absence of linoleic acid, the 
correct structure cannot be formed, and so there is breakdown of the water perme-
ability barrier. Another feature of EFA defi ciency is poor performance in converting 
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food energy into metabolic energy to sustain growth. This may be because the mem-
branes of mitochondria from EFA-defi cient animals have lower proportions of lin-
oleic and arachidonic acids and higher proportions of oleic and Mead (20:3 n -9) 
acids than those of healthy animals. This may explain why β-oxidation and oxida-
tive phosphorylation are less effi cient in the EFA-defi cient animals. Other features 
of EFA defi ciency most likely relate to structural requirements for certain PUFAs 
(e.g. in the brain, eye, testis and sperm) and the requirement for eicosanoid precur-
sors to maintain physiological homeostasis. Linoleic acid is able to prevent or 
reverse the effects of EFA defi ciency; α-linolenic acid is also able to do this, but it 
is less potent than linoleic acid. Some  n -6 and  n -3 FAs that are derivatives of either 
linoleic or α-linolenic acid are also able to reverse the effects of EFA defi ciency 
(BNF  1992 ), suggesting that defi ciency is, at least in part, due to insuffi cient supply 
of metabolic precursors. Nevertheless, linoleic and α-linolenic acids are the only 
true EFAs. However, circumstances may exist where other PUFAs are “condition-
ally essential” (   Cunnane  2003 ). EFA defi ciency is rare in humans, but it has been 
described in some clinical situations.  

17.6     Biosynthesis of Fatty Acids 

17.6.1     Biosynthesis of Saturated Fatty Acids 

 SFAs are built up by successive addition of 2-carbon units to a growing acyl chain. 
Full details of this pathway may be found elsewhere (Yaqoob et al.  2010 ). The prin-
cipal product of FA synthesis is palmitic acid (16:0). However, enzymes exist in 
some tissues that act to release FAs of shorter chain length than palmitic acid. For 
example, in the mammary gland of some species are enzymes that are responsible 
for the release of the medium-chain SFAs such as caprylic acid (8:0) and capric acid 
(10:0), which are characteristic of the milks of those species. In eukaryotes, FA 
synthase produces 18:0 in most species, and elongation (catalysed by elongases) 
then generates very-long-chain FAs.  

17.6.2     Biosynthesis of Monounsaturated Fatty Acids 

 The endoplasmic reticulum is a site for introduction of double bonds (desaturation) 
into FAs. Examples are the conversion of stearic acid (18:0) to oleic acid (18:1 n -9) 
and of palmitic acid to palmitoleic acid (16:1 n -7) by insertion of a  cis  double bond 
between carbons 9 and 10. Because the double bond is inserted between carbons 9 
and 10 counting from the carboxyl end of the acyl chain, the desaturase enzyme is 
known as delta-9 desaturase (Δ 9 -desaturase), although sometimes this enzyme is 
referred to as stearoyl CoA desaturase.  
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17.6.3     Biosynthesis of Polyunsaturated Fatty Acids 

 All eukaryotes and some bacteria can produce PUFAs. Plant enzymes normally 
introduce a new double bond between an existing double bond and the terminal 
methyl group, whereas animal enzymes normally introduce a new double bond 
between an existing double bond and the carboxyl group. Insertion of a double bond 
between carbons 12 and 13 (counted from the carboxyl carbon) of oleic acid yields 
linoleic acid (18:2 n -6). The enzyme that catalyses this reaction is called Δ 12    - 
desaturase. Linoleic acid can be further desaturated by insertion of a double bond 
between carbons 15 and 16 (counted from the carboxyl carbon) by Δ 15 -desaturase 
to yield α-linolenic acid (18:3 n -3) (Fig.  17.1 ). Linoleic and α-linolenic acids are the 
simplest members of the  n -6 and  n -3 families of FAs, respectively. As indicated 
earlier, mammals lack the enzymes that introduce double bonds at carbon atoms 
beyond carbon 9 in the acyl chain (counting from the carboxyl carbon). Because 
these include the Δ 12 - and Δ 15 -desaturases, this means that mammals cannot synthe-
sise linoleic and α-linolenic acids (Harwood  2005 ;  2007 ). Since these FAs are 
required by mammalian cells, they are termed EFAs, and there is a need for their 
consumption in the diet.

   Although mammalian cells cannot synthesise linoleic and α-linolenic acids, they 
can metabolise them by further desaturation and elongation; desaturation occurs at 
carbon atoms below carbon number 9 (counting from the carboxyl carbon). Linoleic 
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acid can be converted to γ-linolenic (18:3 n -6) by a Δ 6 -desaturase and, subsequently, 
γ-linolenic can be elongated to dihomo-γ-linolenic (20:3 n -6) acid (Fig.  17.1 ). 
Dihomo-γ-linolenic can be further desaturated by Δ 5 -desaturase to yield arachi-
donic acid (20:4 n -6) (Fig.  17.1 ). Using the same series of enzymes as those used to 
metabolise  n -6 PUFA, α-linolenic acid is converted to eicosapentaenoic acid (20:5 n - 
3; EPA) (Fig.  17.1 ). In mammals the pathway of desaturation and elongation occurs 
mainly in the liver. 

 It is evident from the pathway shown in Fig.  17.1  that there is competition 
between the  n -9,  n -6 and  n -3 FA families for metabolism. The Δ 6 -desaturase reac-
tion is rate limiting in this pathway (BNF  1992 ). The preferred substrate for Δ 6 - 
desaturase is α-linolenic acid, followed by linoleic acid, followed by oleic acid 
(BNF  1992 ). However, because linoleic acid is much more prevalent in most human 
diets than α-linolenic acid, metabolism of  n -6 FAs is quantitatively more important. 
In the absence of intake of linoleic and α-linolenic acids, metabolism of oleic acid 
is enhanced, resulting in accumulation of Mead acid (20:3 n -9), which is normally 
only found in tissues in trace amounts. The appearance and accumulation of Mead 
acid are taken to indicate dietary EFA defi ciency (BNF  1992 ). 

 Further conversion of EPA to docosahexaenoic acid (22:6 n -3; DHA) involves 
addition of two carbons to form docosapentaenoic acid (22:5 n -3), two further car-
bons to produce 24:5 n -3 and desaturation at the Δ 6  position to form 24:6 n -3 
(Fig.  17.1 ). Then two carbons are removed from 24:6 n -3 by limited β-oxidation to 
yield DHA (Fig.  17.1 ). Arachidonic acid can be metabolised by the same series of 
enzymes to yield, in turn, 22:4 n -6, 24:4 n -6, 24:5 n -6 and 22:5 n -6.   

17.7     Digestion, Absorption and Transport of Dietary Fat 

 The typical daily intake of fat in Western diets is between 50 and 100 g and supplies 
35–40 % of energy intake. Digestion occurs in three phases: the gastric, duodenal 
and ileal phases. It has been suggested lingual lipase is secreted in the mouth before 
the fi rst phase of digestion, although its contribution is minor; at most it may travel 
to the stomach and contribute to some fat hydrolysis there. The gastric phase 
involves mechanical digestion and some emulsifi cation in the stomach. Pancreatic 
lipase, which hydrolyses TAG by cleavage of bonds between the FAs and the glyc-
erol backbone, is introduced in the duodenum, together with bile salts, which solu-
bilise the fat. TAG hydrolysis occurs in a sequential fashion, with removal of FAs 
from positions 1 and 3, generating a 2-monoacylglycerol. The majority of fat 
absorption occurs in the ileum. FAs of short and medium chain length (more than 12 
carbons) are absorbed directly into the portal circulation and are rapidly oxidized by 
the liver. Long-chain FAs, on the other hand, undergo more complex processing 
within the enterocytes in the intestinal wall. Absorption into the enterocyte was 
originally thought to be a passive process but is now known to occur by facilitated 
diffusion, assisted by a FA binding protein (FABP) within the cell membrane. Once 
inside the enterocyte, FAs are rapidly re-esterifi ed into 2-monoacylglycerols 
and subsequently to TAGs. Since TAGs are not water-soluble, they cannot be 
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transported free in the blood. Instead, they are packaged into specialised structures 
known as lipoproteins, whose function is to transport exogenous lipids (synthesised 
in the gut from dietary fat) and endogenous lipids (synthesised in the liver) to 
peripheral sites of utilisation and storage. Lipoproteins have a hydrophobic core of 
TAGs and cholesterol esters and a hydrophilic surface consisting of phospholipids 
and free cholesterol, which interacts with the aqueous environment of the blood and 
lymph. Lipoproteins also contain specifi c proteins, apolipoproteins, which, in addi-
tion to being essential for maintaining the structure and solubility of the particle, 
determine how the lipoprotein is metabolised. Apolipoproteins recognise and inter-
act with specifi c receptors on the cell surface, and the receptor–lipoprotein complex 
is internalised into the cell by the process of endocytosis. Apolipoproteins also 
determine the activities of a range of proteins, including hydrolysing enzymes 
(lipases), receptors and lipid transfer proteins, which are involved in all stages of 
lipoprotein metabolism. In the small intestine, the lipoproteins are particularly large 
and known as chylomicrons, while those produced by the liver are termed very-low- 
density lipoproteins (VLDLs). Chylomicrons leave the enterocyte by exocytosis 
through the basement membrane and into the lacteal, which delivers the chylomi-
crons into the lymphatic vessels and subsequently into the bloodstream via the tho-
racic duct. The number and size of chylomicrons entering the bloodstream increases 
following a meal, and the nature of FAs in chylomicrons refl ects that of the meal. 
Postprandial lipaemia (the appearance of dietary fat in the bloodstream) tends to 
peak approximately 3–4 h after a meal and subsides after approximately 6 h. 

 The TAG in circulating chylomicrons is hydrolysed by an enzyme called lipopro-
tein lipase (LPL), which is tethered to the endothelial lining of blood vessels in 
peripheral tissues. LPL releases FAs from the TAG within chylomicrons, and they 
are then taken up by tissues for utilisation or storage. The process of chylomicron 
hydrolysis is rapid, with 50 % of chylomicron TAG being removed within the fi rst 
2–3 min of entry into the bloodstream. Following a number of cycles through the 
tissues and the eventual removal of a large fraction of the TAG, a portion of choles-
terol, and the surface phospholipids and apolipoproteins, a smaller, more cholesterol-
ester- enriched particle termed a chylomicron remnant remains. The production and 
metabolism of chylomicrons is termed the exogenous pathway for lipoprotein 
metabolism, refl ecting the fact that the fat was originally of dietary origin. 

17.7.1     Lipoprotein Classes and Their Apolipoproteins 

 To aid description, lipoproteins have traditionally been classifi ed according to their 
density into four main subgroups: chylomicrons, VLDLs, low-density lipoproteins 
(LDLs) and high-density lipoproteins (HDLs). Chylomicrons formed in the gut and 
VLDLs formed in the liver are the main transporters of TAGs to the tissues and are 
referred to as triacylglycerol-rich lipoproteins (TRLs). They are the least dense of 
the lipoproteins as they contain the lowest protein:lipid ratio. ApoB48 and apoB100 
represent the main protein components of chylomicrons and VLDLs respectively, 
with both proteins encoded for by the same gene; apoB48 represents the N-terminal 
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domain (48 %) of apoB100. Only one molecule of apoB protein is present per 
 lipoprotein particle. ApoE and apoC are smaller apolipoproteins, which are passed 
from one particle to another, and the transfer of these molecules from HDLs is an 
important mediator of TAG metabolism. 

 The smaller, denser LDLs and HDLs are involved in the transport of cholesterol 
to and from cells, with approximately 70 % of total cholesterol present in LDLs. 
LDLs are derived from the metabolism of VLDLs in the circulation and therefore 
also contain apoB100 as its main apoprotein. HDLs, which are originally synthe-
sised in the gut and the liver, are responsible for the removal of excess cholesterol 
from peripheral tissues and its return to the liver, a process called reverse cholesterol 
transport. These particles are relatively small and contain a high protein:lipid ratio 
(50:50) and are therefore more dense than chylomicrons, VLDLs or LDLs. The 
apoA series are the main proteins of HDL.  

17.7.2     Endogenous Lipoprotein Pathway: VLDL Metabolism 

 VLDLs transport TAGs from the liver to the tissues via the endogenous lipoprotein 
pathway. The sources of FAs for liver TAG synthesis include FAs returned to the 
liver by chylomicron remnants, LDLs or HDLs, FAs delivered bound to albumin, 
and FAs formed by de novo synthesis from carbohydrates in the liver. This latter 
source is thought to be small in a typical Western diet but may become more signifi -
cant in a high-carbohydrate diet. ApoB100 is the main structural and functional 
protein of VLDLs. Following secretion into the bloodstream, VLDLs acquire apoC2 
from HDLs, which facilitates TAG hydrolysis by LPL, and the resulting FAs are 
accumulated by tissues in a manner similar to those from chylomicrons. However, 
mainly due to their greater surface area, chylomicrons are thought to provide a bet-
ter substrate for LPL and are hydrolysed preferentially when both particles are pres-
ent in the postprandial (fed) state. In the fasting state, when few chylomicrons are 
present, VLDLs are hydrolysed more rapidly. 

 VLDL remnants, known as intermediate-density lipoproteins (IDLs), have two 
metabolic fates. Approximately 40–50 % are taken up by the liver by receptor- 
mediated endocytosis, with both the apoB100 and apoE acting as ligands. The 
remaining 50–60 % lose all surface components except for a layer of phospholipids, 
free cholesterol and apoB100 and become LDLs, the major carrier of cholesterol in 
the blood. An increased secretion or delayed clearance of TAG-rich lipoproteins 
(VLDLs and chylomicrons) is a signifi cant risk factor for coronary heart disease.  

17.7.3     Endogenous Lipoprotein Pathway: LDL Metabolism 

 The role of LDLs formed from VLDLs is to transport cholesterol to the peripheral 
tissues and regulate de novo synthesis of cholesterol at these sites. On arrival at the 
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cell surface, the apoB100 component of LDL is recognised by the LDL receptor. 
Following internalisation of the LDL-receptor complex, the vesicle fuses with lyso-
somes, which contain a variety of degradative enzymes. The apoB100 protein is 
hydrolysed into free amino acids and the cholesterol esters into free cholesterol. The 
majority of the LDL receptor is returned to the cell surface unaltered, with a round 
trip time of approximately 10 min; the receptor is thought to have a lifespan of 
approximately 1 day. The released cholesterol can be used immediately for incorpo-
ration into cell membranes or synthesis of steroid hormones. Alternatively, the cho-
lesterol can be re-esterifi ed and stored within the cell. Cellular cholesterol is derived 
from both extracellular sources (LDL) and synthesised in the cell. The process of 
cellular cholesterol metabolism is tightly regulated. 

 The physiological importance of the LDL receptor in cholesterol homeostasis is 
demonstrated in the condition familial hypercholesterolaemia (FH), in which there 
is an absence or defi ciency of functional LDL receptors. Marked elevations in cir-
culating LDL levels are evident, which leads to deposition of cholesterol in a variety 
of tissues, including the artery walls, thus contributing to atherogenesis. 

 A number of additional receptors which recognise LDLs, one class of which is 
known as the scavenger receptors, have been identifi ed. These receptors, which are 
present in large numbers on the surface of macrophages, do not bind to native LDLs 
but only LDLs that have been chemically modifi ed, e.g. oxidised. Unlike LDL 
receptors, scavenger receptors are not subject to downregulation, and therefore 
macrophages can take up LDL indefi nitely until they become lipid laden, when they 
are known as foam cells. This process forms the basis of the lipid accumulation 
which occurs in the development of atherosclerosis, and the process is accelerated 
in people with high circulating LDL levels.  

17.7.4     Reverse Cholesterol Transport: HDL Metabolism 

 Excessive accumulation of cholesterol in tissues is toxic because the cell cannot 
break down cholesterol. This excess cholesterol is transported in the form of HDL 
to the liver, where it can be excreted in the bile or transported to other cells. Low 
HDL levels are an independent risk factor for cardiovascular disease (CVD).   

17.8     Infl uence of Diet on Blood Lipids and Lipoproteins 

 Raised blood TAGs and cholesterol, particularly LDL cholesterol, is a well- 
established risk factor for CVD, while HDL cholesterol is inversely associated with 
risk. Over 40 years ago, it was reported that variation in the concentration of blood 
cholesterol was positively related to the intake of saturated fat and negatively related 
to that of polyunsaturated fat (Hegsted et al.  1965 ; Keys et al.  1965 ). These research-
ers formulated equations to predict, in quantitative terms, the relative effects of 
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different types of dietary FAs on blood cholesterol levels. These have been 
 supported, to a large extent, by studies demonstrating that SFAs with chain lengths 
of 12–16 carbon atoms increase both LDL and HDL cholesterol, stearic acid (which 
is also saturated, but 18 carbon atoms in length) is neutral with respect to blood 
cholesterol, MUFAs decrease LDL cholesterol and increase HDL cholesterol,  n -6 
PUFAs decrease LDL cholesterol but may have a tendency to increase HDL choles-
terol, and  n -3 PUFAs have no overall effect on blood cholesterol but do lower levels 
of TAG at high doses. The mechanisms for these effects are described in detail 
elsewhere (Lin et al.  2005 ; Fernandez and West  2005 ). High levels of intake of  trans  
FAs (greater than 7 % of energy) are associated with increased LDL cholesterol and 
decreased HDL cholesterol (Booker and Mann  2008 ), but since intakes in Western 
diets do not normally exceed 3–4 % of energy intake, this may not be a major cause 
for concern (Lunn and Theobald  2006 ). Perhaps surprisingly, reducing total fat 
intake without altering the composition of dietary FAs does not appear to have a 
dramatic impact on blood lipids (Lichtenstein  2006 ). Furthermore, isocaloric sub-
stitution of MUFAs and PUFAs for carbohydrate does not affect fasting TAG levels 
(Lichtenstein  2006 ). Thus the consensus of opinion is that both dietary MUFAs and 
PUFAs are good candidates for substitution for dietary SFAs (Mensink et al.  2003 ). 
However, on occasion, MUFAs have been preferentially recommended over  n -6 
PUFAs as substitutes for SFAs on the basis of the potential undesirable reduction in 
HDL cholesterol by  n -6 PUFAs (Lunn and Theobald  2006 ).  

17.9     Functions of Dietary Fat 

 Fats perform a range of essential functions within the body, including the provision 
of energy, structural and specifi c functional roles in cell membranes and hormone- 
like activities. 

17.9.1     Energy Storage 

 Due to its energy density, fat is the nutrient of choice to act as a long-term fuel 
reserve for the organism. The majority of fat is stored as TAG in adipose tissue. 
Some fat is also stored in other cells in the body, such as liver and muscle cells, 
although excessive accumulation can have pathological consequences. There is a 
relationship between the FA composition of the adipose tissue and long-term dietary 
intake (e.g. an individual eating PUFAs will have a greater proportion in their adi-
pose tissue), although in general, FAs stored in the adipocyte as TAGs tend to be 
more saturated than the FAs in cell membrane phospholipids. 

 Following a meal, ingested fat which is not required by the body tissues for 
immediate use is transported to the adipose tissue in lipoproteins. The FAs are 
hydrolysed from the TAGs in circulating lipoproteins by the enzyme lipoprotein 
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lipase, taken up by the adipose tissue and re-esterifi ed into TAGs. When dietary 
energy is limited (e.g. after an overnight fast), the fat is mobilised and FAs are 
released from the adipocyte into the circulation, bound to serum albumin. 

 In addition to its role as an energy reserve, subcutaneous adipose tissue is impor-
tant in the maintenance of body temperature, whereas internal fat (visceral fat) pro-
tects the vital organs such as the kidney and spleen. Accumulation of excessive 
visceral fat (abdominal obesity) is a risk factor for heart disease and diabetes and is 
linked with insulin resistance.  

17.9.2     Structural Functions: Fats as Components of Cell 
Membranes 

 Fats form an integral part of cell membranes, which form a barrier between the cell 
and the external environment. Intracellular membranes compartmentalise different 
areas within the cell. The basic structural unit of most biological membranes is 
phospholipids, which, like TAGs, have FAs esterifi ed at carbons 1 and 2 of glycerol. 
Carbon 3 is esterifi ed to a phosphate group, which in turn is esterifi ed to one of a 
variety of bases (e.g. choline, ethanolamine, serine, inositol); this contributes to the 
amphiphilic nature of membrane lipids providing both hydrophobic (fat-soluble) 
and hydrophilic (water-soluble) regions (Gunstone et al.  2007 ). In mammalian tis-
sues the most common base is choline, and phosphatidylcholine is the main 
 membrane phospholipid. 

 Lipids based on a sphingosine rather than a glycerol backbone (sphingolipids) are 
also widespread in membranes and are particularly abundant in the brain and ner-
vous system (de Chaves and Sipione  2010 ). In sphingomyelin the amino group of the 
long unsaturated hydrocarbon chain of sphingosine is linked to a FA and the hydroxyl 
group is esterifi ed to phosphoryl choline, yielding a molecule with a conformation 
similar to that of phosphatidylcholine. Glycolipids, as their name implies, contain 
carbohydrate. They consist of a sphingomyelin backbone and a FA unit bound to the 
amino group, with one or more sugars attached to the hydroxyl group. The simplest 
is cerebroside, which contains a single sugar, either glucose or galactose. 

 In the membrane, phospholipids and sphingolipids arrange themselves in a lipid 
bilayer with the hydrophobic FA tails facing inwards and the hydrophilic head inter-
acting with the aqueous environment of the cytosol (at the inner face) and the extra-
cellular fl uid at the outer face. The chain length and degree of unsaturation of the 
FAs within the bilayer has an impact on the physical properties of the membrane, 
altering membrane fl uidity and, therefore, function. Dietary FA intake affects mem-
brane composition to a limited extent. The presence of lipid-soluble antioxidants, 
such as α-tocopherol, within the membrane serves to minimise oxidation of the 
unsaturated FAs. 

 Cholesterol, which is almost entirely absent from plant tissues, is the most com-
mon sterol found in animal tissues. It inserts itself into the lipid bilayer, where its 
hydrophobic interactions with FAs are essential to maintain membrane structure 
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and fl uidity. In a diet rich in PUFAs, an increase in the cholesterol to phospholipid 
ratio serves to maintain membrane order. 

 In addition to lipids, membranes contain a variety of proteins: enzymes, recep-
tors and transporters. The protein content is variable and refl ects the function of the 
cell. Myelin, whose function is mainly to provide electrical insulation in nerve 
fi bres, contains only about 18 % protein, whereas highly active membranes such as 
mitochondrial membranes have the highest protein content, typically 75 %.  

17.9.3     Role of Lipids in Cell Signalling 

 Various lipids are involved in cell signalling and the conversion of extracellular 
signals into intracellular ones. The discovery of the phosphatidylinositol bis- 
phophate cycle indicated that membrane inositol phospholipids are important medi-
ators of hormone and neurotransmitter action. The binding of a hormone to 
membrane receptor proteins activates the enzyme phospholipase C, which hydroly-
ses the phosphatidylinositol molecule to diacylglycerol and inositol-1,4,5- 
triphosphate (IP 3 ). Both products activate protein kinases and act as secondary 
messengers involved in the regulation of cellular processes such as smooth muscle 
contraction, glycogen metabolism and cell proliferation and differentiation. 

 In addition to inositol phospholipids, sphingolipids are important modulators of 
membrane receptor activity in all stages of the cell cycle including apoptosis (cell 
death) and in infl ammation. Intact membrane sphingolipids act as a ligand for recep-
tors on nearby cells and modulate the activity of receptors and membrane- associated 
proteins in the same cell (Fantini and Barrantes  2009 ). Hydrolysis of sphingolipids 
can give rise to a variety of second messengers, such as ceramide, lactosylceramide, 
glycosylceramide and sphingosine, via the sphingomyelin cycle. Ceramide is the 
best known of the sphingoid signalling molecules. Activation of membrane-bound 
sphingomyelinase releases ceramide from membrane sphingolipids. Ceramide acti-
vates protein kinases involved in various metabolic processes within the cell, includ-
ing cell growth and death, and infl ammatory responses. For further insight into the 
roles of lipids in cell signalling, readers are referred to reviews by Wymann and 
Schnieter ( 2008 ) and Yaqoob ( 2003 ).  

17.9.4     Lipids as Precursors of Eicosanoids 

 Membrane unsaturated FAs, in particular the C20 and C22 PUFAs, are the precur-
sors of a variety of hormone-like compounds known collectively as eicosanoids, 
which mediate a variety of cellular functions, including smooth muscle contraction 
and blood clotting. They act locally to their site of synthesis and are metabolised 
very rapidly. It is largely this role of FAs as precursors of eicosanoids which under-
lies the essentiality of linoleic and α-linolenic acids since these two FAs, which 
cannot be synthesised in the body, are the precursors of the C20 and C22 PUFAs. 
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 The main precursor for the synthesis of eicosanoids is arachidonic acid (20:4 
  n - 6 ), which can be released from membrane phospholipids by phospholipase A fol-
lowing an appropriate stimulus and metabolised by lipoxygenases or by cyclo-oxy-
genase (Fig.  17.2 ). Metabolism by lipoxygenases gives rise to leukotrienes, lipoxins 
and hydroxy FAs, while metabolism by cyclo-oxygenase gives rise to prostaglan-
dins, thromboxanes and prostacyclin. The range of biological activities of the eico-
sanoids is enormous and varies from tissue to tissue (Funk  2001 ). In fact, the full 
extent of their identities, their functions and the degree to which different eico-
sanoids interact with each other has not yet been fully characterised, largely because 
they are produced locally and are so short-lived.

   Although arachidonic acid is regarded as the main precursor of eicosanoids, a 
separate family of eicosanoids is derived from the 20-carbon  n -3 PUFA EPA. Oily 
fi sh and fi sh oils are rich sources of dietary EPA, which is readily incorporated into 
biological membranes and can replace arachidonic acid to some degree. This has 
two consequences. First, the replacement of arachidonic acid in the membranes of 
eicosanoid-synthesising cells by EPA results in a decrease in the production of 
arachidonic- acid-derived eicosanoids (Calder  2010 ). Second, there appears to be 
production of selected EPA-derived eicosanoids (Serhan et al.  2002 ). The physio-
logical signifi cance of the  n -3 PUFA-derived eicosanoids is of considerable interest 
but is relatively poorly understood (Serhan  2010 ). Some studies have demonstrated 
that the EPA-derived eicosanoids are less potent than those derived from arachi-
donic acid. For example, leukotriene C 4 , derived from arachidonic acid, is a 
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  Fig. 17.2    Synthesis of eicosanoids from arachidonic acid       
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chemotactic factor with approximately ten-fold higher activity than leukotriene C 5 , 
which is derived from EPA (Calder  2010 ). This type of observation has formed the 
basis of suggestions that the  n -3 PUFAs possess anti-infl ammatory and immuno-
modulatory properties (Calder  2010 ). However, the full range of biological activi-
ties of these compounds has not yet been investigated, and new eicosanoids such as 
the resolvins, protectins, docosatrienes and maresins are continually being 
discovered.   

17.10     Dietary Fats in Health and Disease 

17.10.1     Cardiovascular Disease 

 CVD is one of the leading causes of mortality and morbidity worldwide. Established 
risk factors include age, sex, ethnicity, hypertension, abnormal blood lipids (dyslipi-
daemia), diabetes, obesity, physical inactivity and smoking. Emerging risk factors, 
such as infl ammation and endothelial dysfunction, may also play a role (BNF  2005 ). 
A number of these risk factors are potentially modifi able through diet. Evidence 
from cross-cultural comparisons, prospective studies, case–control studies and 
intervention trials suggests that the amount and type of fat in the diet can infl uence 
risk of both CVD and its associated risk factors. It is well accepted that diets high in 
SFAs increase risk of both heart disease and stroke. The infl uence of unsaturated 
FAs has emerged more recently. 

 There is epidemiological evidence for an inverse association between MUFA 
intake and death from CVD (e.g. Hu et al.  1997 ), although not all studies support 
this protective effect (e.g. Posner et al.  1991 ). Epidemiological data on  n -6 PUFAs 
are lacking, but it is suggested that diets rich in  n -6 PUFAs and low in SFAs are 
protective (Hu et al.  2001 ). A relatively large body of evidence reports an inverse 
association between intakes of long-chain  n -3 PUFA and risk of CVD (Bjerregaard 
and Dyerberg  1998 ; Hu et al.  2002 ). This is supported by secondary prevention 
studies, such as the GISSI study (GISSI  1999 ), which reported a reduction in sud-
den cardiac death by 45 % and all- cause mortality by 20 % after supplementation 
with fi sh oil at a dose of just under 1 g/day  n -3 PUFAs for 2 years (GISSI  1999 ). 
However, while much of the evidence relating to cardioprotective effects of  n -3 
PUFA is positive, there are still uncertainties regarding mechanisms involved, opti-
mum doses required, impact of use alongside traditional medical treatments in high-
risk patients and effects on arrhythmias (Saravanan et al.  2010 ). 

 Since many individuals do not consume oily fi sh and have low intakes of  n -3 
PUFA, there is interest in whether α-linolenic acid, which is from plant-based 
sources, is also associated with reduced risk of CVD. However, the fi ndings have 
been inconsistent and suggest that α-linolenic acid does not have the same cardio-
protective effects as the longer-chain  n -3 PUFA (Lunn and Theobald  2006 ).  
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17.10.2     Stroke 

 Relatively few studies exist which examine the infl uence of dietary fat on risk of 
stroke. There is, however, some evidence of reduced risk with MUFA and  n -6 PUFA 
(Ricci et al.  1997 ; Iso et al.  2001 ). For  n -3 PUFA, the issue is more complex because 
there is evidence for an inverse association with total stroke and ischaemic stroke 
(Keli et al.  1994 ; He et al.  2004 ; Iso et al.  2002 ) but a positive association with 
haemorrhagic stroke (Bjerregaard and Dyerberg  1988 ). This may be due to the rela-
tively potent inhibitory effects of  n -3 PUFA on the blood-clotting cascade through 
modulation of eicosanoid metabolism. Further research is required to evaluate the 
risk versus benefi t with respect to stroke.  

17.10.3     Cardiovascular Disease Risk Factors 

 The effects of dietary fat on blood lipids were described in a previous section. 
Elevated blood pressure is another established risk factor for CVD and stroke. In 
healthy, normotensive individuals, MUFAs have little effect on blood pressure, and 
there is insuffi cient evidence regarding  n -6 PUFA (Lunn and Theobald  2006 ). 
However, there is some evidence of a blood-pressure-lowering effect of  n -3 PUFA 
in hypertensive subjects at high doses (Geleijnse et al.  2002 ).  

17.10.4     Arrhythmia 

 Arrhythmias are irregular or abnormal heart rhythms caused by irregular electrical 
activity within the heart. They are often the cause of sudden cardiac death. There is 
some evidence from large intervention studies, such as the GISSI study (GISSI  1999 ), 
that  n -3 PUFAs reduce rates of sudden death substantially. This has often led to the 
assumption that  n -3 PUFAs are anti-arrhthymic. However, recent trials have failed to 
support this notion and in some cases demonstrate a pro-arrhythmic effect (Saravanan 
et al.  2010 ). Further research is required in this area. There is no information avail-
able at present regarding the infl uence of other dietary FAs on arrhythmias.  

17.10.5     Diabetes 

 Individuals with diabetes have a two- to four-fold increased risk of CVD, so dietary 
management and the infl uence of dietary fat intake is especially pertinent in this 
group. Furthermore, excessive intake of fat can lead to accumulation of TAGs in 
many tissues, which can result in metabolic disturbances and hyperglycaemia. 
Recently, research has focussed on whether the FA profi le of the diet can infl uence 
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insulin sensitivity. It has been suggested that a low-fat diet and an isocaloric high- 
MUFA diet are equally effective at maintaining glycaemic control (Lunn and 
Theobald  2006 ). However, there is a need for more research to determine whether 
the ratio of unsaturated FAs is an important consideration when recommending low 
fat diets to individuals with diabetes.  

17.10.6     Cancer 

 Diet is considered to be an important determinant of human cancers; diet, lifestyle 
and physical activity are commonly suggested to account for approximately 30 % of 
all cancers, but particularly for colorectal, breast and prostate cancers (Doll and 
Peto  1981 ). Epidemiological studies suggest an association between dietary fat 
intake and these cancers, but it is a complex disease involving many factors over a 
long period of time, and there is considerable uncertainty regarding the relationship 
(WCR  2007 ). Low rates of colorectal, breast and prostate cancers in the 
Mediterranean region have often led to the suggestion that MUFA are protective 
(Keys et al.  1986 ). However, the Mediterranean diet consists of a number of compo-
nents and lifestyle factors apart from MUFA which could be protective, e.g. fruits, 
vegetables, and whole grains. For PUFAs there is even less certainty; reviews and 
meta-analyses generally conclude that there is no infl uence, but there is some con-
cern that high intakes of PUFAs could increase the risk of cancers based on 
laboratory- based studies showing tumour-promoting effects (Zock and Katan  1998 ). 
Regarding the  n -3 PUFA, cancer incidence rates in countries with high fi sh con-
sumption are lower, but while this has been linked with a protective effect of  n -3 
PUFA, there are many factors inherent in these comparative studies which cannot be 
properly accounted for. It is notable that the WCR ( 2007 ), the UK Department of 
Health (DH  1994b ), and the World Health Organization/Food and Agricultural 
Organization (WHO/FAO  2003 ) conclude that there is insuffi cient evidence to make 
any recommendations regarding the intake of specifi c FAs as a means of preventing 
cancer.  

17.10.7     Infl ammatory Conditions 

 Infl ammation involves redness, swelling, heat and often pain and serves to protect 
tissues from damage. However, in situations where it becomes excessive, for exam-
ple in chronic infl ammatory diseases, it can be very harmful. There is potential for 
some of these conditions to be alleviated by dietary modifi cation, particularly with 
 n -3 PUFA, which are precursors for the synthesis of eicosanoids (see earlier sec-
tion) and are reported to have anti-infl ammatory properties (Calder  2010 ). However, 
for most conditions, including asthma and infl ammatory bowel disease, there is 
insuffi cient conclusive evidence to warrant dietary recommendations for the use of 
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 n -3 PUFA in the management of these conditions. For rheumatoid arthritis, a 
 number of clinical studies support the therapeutic effects of fi sh oil at high doses, 
and some studies show evidence that fi sh reduces the need for anti-infl ammatory 
drugs. James et al. ( 2010 ) note that the benefi ts of fi sh oil in rheumatoid arthritis 
extend beyond symptom alleviation because patients have a two-fold increased risk 
of mortality, mainly due to CVD, and the cardioprotective effects of  n -3 PUFA are 
therefore also relevant. Since the increased CVD risk is not attributable to tradi-
tional risk factors, it has been suggested that increased systemic infl ammation, an 
emerging risk factor for CVD, is a contributor. In addition, some non-steroidal anti- 
infl ammatory drugs (NSAID) are thought to increase CVD risk, so long-term use 
may also be a contributory factor and, conversely, the NSAID-sparing effect of fi sh 
oil a protective factor.   

17.11     Conclusions and Future Perspectives 

 Dietary advice tends to stress the importance of fat reduction, yet fat has important 
and diverse roles in the body, from providing an energy source to structural and 
functional roles. The debate about the infl uence of different classes of FAs on 
human health continues. Current consensus suggests that both dietary MUFAs and 
PUFAs are good candidates for substitution of dietary SFA in terms of blood lipids, 
but detailed comparisons of the effects of MUFAs and PUFAs on a wide range of 
cardiovascular risk factors, and indeed in other conditions, including diabetes and 
cancer, are lacking. It remains to be seen whether MUFAs will be preferentially 
recommended over  n -6 PUFA as substitutes for SFAs in the future.     
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18.1            Introduction 

 The purpose of the diet has in the past been viewed as being to supply the nutrients 
needed for an individual to survive and remain healthy. In recent years, however, it 
has become clear that, in addition to providing basic nutrients, some foods have 
benefi cial effects that improve physical and mental health and reduce the risk of 
disease, and this has led to the development of the idea of functional foods. A func-
tional food is defi ned as a food consumed as part of the normal diet that promotes 
health or reduces disease risk in addition to supplying nutrients (Roberfroid  2002 ). 
The active components of functional foods may be vitamins, minerals, fatty acids, 
antioxidants, and others, which are commonly found in traditional foodstuffs such 
as fruit, vegetables, and whole grains. 

 The concept of the Mediterranean diet is now well known to the general public 
as well as health professionals. This diet is believed to be associated with numerous 
health benefi ts that lead to increased longevity and a lower incidence of chronic 
diseases, including cardiovascular disease (CVD), cancer, and neurodegenerative 
conditions (   Huang and Sumpio  2008 ; Lairon  2007 ;    Pérez-Jiménez et al.  2007 ). 
Although the components of the diet vary somewhat between different cultures in 
the various Mediterranean countries, olive oil is an important common factor, with 
approximately 90% of world production of olive oil originating in this geographical 
area (Huang and Sumpio  2007 ). Investigation of the contribution of olive oil to the 
health-promoting effects of the Mediterranean diet has demonstrated that it has a 
benefi cial infl uence on a wide range of processes and risk factors (Table  18.1 ) 
(Huang and Sumpio  2007 ; Lairon  2007 ; Serra-Majem et al.  2004 ), and thus it is 
recognized as a key element in this respect.

   Approximately 85% of the fat content of the Mediterranean diet is provided by 
olive oil, which contains mostly monounsaturated fatty acid (MUFA) in the form of 
oleic acid (Huang and Sumpio  2007 ; Pérez-Jiménez et al.  2007 ). It has been known 
for many years that replacing saturated fatty acid (SFA) in the diet with MUFA 
reduces the risk of heart disease, and more recently a range of other health benefi ts 
of MUFA consumption have been discovered (Table  18.1 ) (Covas  2007 ; Covas et al. 
 2009 ). Certain seed oils rich in oleic acid developed by modern technology (Pérez- 
Jiménez et al.  2007 ) can provide an alternative source of dietary MUFA. However, 
since virgin olive oil (VOO), like fruit juice, is extracted only by pressing the fruit, 
it has the advantage of retaining a wide variety of potentially benefi cial micronutri-
ents, including vitamins, carotenoids, squalene, and phenolic compounds, which are 
lost during the refi ning of seed oils. These minor components, together with the 
high content of MUFA, make olive oil the quintessential functional food.  

18.2     Olive Oil and the Mediterranean Diet 

 The Mediterranean basin is a broad geographical region bordering the Mediterranean 
Sea that has been the settlement of some of the oldest civilizations in the world. 
Ancient Greeks and Romans created a culinary culture that lasted for centuries, 
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determined by the local availability of specifi c foods. This culture allows the com-
bination and preparation of available foods in ways that best preserve health. The 
Ancient Greeks used olives instead of meat as their main source of fat because they 
believed that animal fat was unhealthy. In contrast, the so-called barbarians ate more 
meat and dairy products because they were nomadic and had less opportunity to 
grow olive trees or to prepare olive oil. The Mediterranean diet is based on products 
derived from wheat, olives, and grapes, which constitute the Mediterranean triad of 
bread, oil, and wine, although it has been suggested that legumes should be added 
to form a tetrad. Although the types of foods available differ substantially among 
different regions of the Mediterranean basin, even when they are in close proximity, 
olive oil is the common element, and it differentiates this diet from other models. It 
is noteworthy that in the Italian and Spanish traditional diets, the daily dietary intake 
of olive oil is approximately 15–20 g, but in the Cretan diet it is much higher, reach-
ing 70 g (   Zampelas et al.  2004 ). 

 In the 1950s, it was reported that populations throughout the Mediterranean 
region had a lower risk of heart disease (Keys et al.  1966 ,  1986 ). The World Health 
Organization (WHO) sponsored the Seven Countries Study, regarding the dietary 
habits of people from Greece, Italy, Yugoslavia, Holland, Finland, the USA, and 
Japan, that lasted for 30 years and involved approximately 13,000 subjects. The 
main fi nding was that people from the Greek island of Crete had exceptionally low 
death rates from heart disease, despite their moderate to high intake of fat (Keys 
et al.  1966 ), and this was attributed to their diet and lifestyle. When these studies 
were carried out, the Mediterranean region was an economically depressed area, 
and most people had a relatively restricted diet and did hard physical work, hence 
rates of obesity were very low. 

 The Mediterranean culinary culture, regarded as the Mediterranean diet, is not 
really a diet as this term is understood in Western countries but rather a dietary pat-
tern. In addition to social, political, and economic differences among the 
Mediterranean countries, the concept of the Mediterranean diet is based on dietary 
habits more like those of the 1960s than the present day. It typically emphasizes 
fresh fruits, cooked vegetables and legumes, grains, and, in moderation, wine, nuts, 
fi sh, and dairy products, with large amounts of olive oil. 

 VOO is obtained directly from pressed fruits of the olive tree ( Olea europaea ), 
and its consumption can provide antiatherosclerotic, anti-infl ammatory, antithrom-
botic, and antihypertensive vasodilatory effects that are benefi cial for cardiovascu-
lar health (Esposito et al.  2004 ; Pérez-Jiménez et al.  2007 ; Covas  2007 ). In contrast 
to some other refi ned seed oils, olive oil is a natural juice rich in microcomponents 
of biological signifi cance, such as carotenes, tocopherols, phytosterols, phenolic 
compounds, and terpenic compounds. However, benefi ts cannot be expected from 
just adding quantities of olive oil to an unhealthy diet. A high intake of fresh fruit 
and vegetables has been shown to protect against both heart disease and cancer, and 
this has been attributed to the antioxidant content of these foods. Tomatoes have 
received particular attention because they are an important component of the 
Mediterranean diet. The major benefi ts of tomato ingestion are related to lycopene, 
a lipophilic antioxidant pigment that gives the red color to tomatoes (Kavanaugh 
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et al.  2007 ). Oily fi sh are a source of very-long-chain n-3 polyunsaturated fatty 
acids (PUFAs), which appear to be particularly benefi cial to heart health because of 
the anti-infl ammatory and vasodilatory properties of their metabolites. Nuts are rich 
in MUFAs and PUFAs and have been reported to reduce cardiovascular risk, ame-
liorate lipid profi le and triglyceride (triacylglycerol) levels, and decrease infl amma-
tory adhesion molecules in patients with hypercholesterolemia (Kris-Etherton  1999 ; 
Hu and Willett  2002 ). Walnuts are particularly rich in 18:3, n-3 (α-linolenic acid), 
which is a precursor of very-long-chain n-3 PUFA. 

 Although the Mediterranean diet is still the model for southern Mediterranean 
populations, many individuals of the northern regions have changed their lifestyle 
and food habits. Published evidence indicates that there are heterogeneous degrees 
of adherence to the diet, and this prevents a strict delineation of the infl uence of 
gender on the association of its consumption with various morbid conditions. The 
combination of healthy weight, varied natural and fresh products, physical activi-
ties, a relaxed, well-ordered life, and a small dose of sunlight – all together – may 
reduce cardiovascular events, metabolic syndrome, insulin resistance, diabetes, can-
cer, and other chronic diseases.  

18.3     Active Components of Olive Oil 

18.3.1     Major Components 

 According to EC Regulation 1638/98 OJEC 210 of 28/7/98, VOOs are those oils 
obtained from the fruit of the olive tree by mechanical processes or other physical 
processes, in conditions, especially thermal ones, that do not cause alterations in the 
oil. Oil obtained in this way will be a natural, fresh, and aromatic juice with differ-
ent fl avors and slightly different compositions. 

 Different processing methods produce VOO, pomace olive oil, or ordinary (com-
mon) olive oil. VOO is produced by direct pressing or centrifugation of the olive 
and is considered “extra” when the free acidity, expressed as oleic acid, is lower 
than 1 g/100 g and organoleptic characteristics (fl avor and color) are excellent. 
VOO has a maximum acidity of 2 g/100 g. Oils below that standard are called lam-
pante and need to be refi ned and blended with VOO before being marketed. Virgin 
and refi ned oils differ little in their fatty acid composition but have important differ-
ences in minor components. 

 Olive oil components can be divided into two fractions according to their ability 
to form soaps when it is treated with a strong base. The saponifi able fraction consti-
tutes 98–99 % of the oil and is composed mainly of triacylglycerols (TAGs). The 
minor components are found in the unsaponifi able fraction, and although it consti-
tutes only a small proportion of the total, this fraction confers important biological 
activities on the oil. The minor components of VOO, classifi ed in increasing order of 
polarity, are hydrocarbons, tocopherols, fatty alcohols, triterpenic alcohols, 
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4-methylesterols, sterols, triterpenic dialcohols, polar-colored pigments (chlorophylls 
and pheophitins), and polyphenols. 

 The MUFA, oleic acid (18:1n-9), is the main component of olive oil, ranging 
from 55 to 83% depending on the maturation stage, the variety of olive tree, and the 
growing conditions (Boskou  2000 ). The palmitic acid (16:0) and linoleic acid (18.2, 
n-6) content range from 7.5 to 20% and from 3.5 to 21%, respectively. These fatty 
acids are esterifi ed to form TAGs. According to the fatty acid composition of olive 
oil, more than 70 molecular species of TAGs are possible, but in fact, only a few 
major ones are found. The most abundant one is triolein (trioleoyl-glycerol), 
accounting for approximately 40–60% of total TAGs, followed by dioleoyl-
palmitoyl- glycerol (12–20%) and palmitoyl-oleoyl-linoleoyl-glycerol (5.5–7.0%). 
Usually, unsaturated fatty acids, like oleic and linoleic acids, are preferentially 
   found at the sn-2 position of the TAG molecule, although because of its high oleate 
content olive oil contains this acid at all three positions. These features are extremely 
important for all the processes related to the digestion, absorption, transport, and 
accumulation of olive oil TAGs. 

 The digestion and absorption of the saponifi able fraction of olive oil, as dietary 
TAGs, is a dynamic, complex, and very effi cient process that is only partially under-
stood at the molecular level. The hydrophobicity of lipids is a limiting factor for 
digestion because of the hydrophilic character of lipases (Konturek et al.  1998 ). 
Digestion begins with the formation of an initial emulsion (chyme) to solubilize the 
oil. Lingual and gastric lipases can hydrolyze partially emulsifi ed TAGs and have a 
preference for short- and medium-chain molecules (Ramirez et al.  2001 ). The 
hydrolysis products of these lipases, as well as those of pancreatic lipase, are 1,2- 
and 2-3-diacylglycerols and free fatty acids. Diacylglycerols are then further hydro-
lyzed to 2-monoacylglycerols and free fatty acids. The positional distribution of 
fatty acids in dietary oils determines which fatty acids are absorbed as free fatty 
acids or 2-monoacylglycerols. The fatty acid at the sn-2 is conserved throughout the 
absorption and remaining metabolic processes (Renaud et al.  1995 ). Once in the 
enterocyte, fatty acids are sequentially transferred to 2-monoacylgycerols by 
monoacylglycerol- acyltransferases (MGAT) and to diacylglycerols by 
diacylglycerol- acyltransferases (DGAT) to resynthesize TAGs. These enzymes 
form a complex called TAG synthetase (Lehner and Kuksis  1995 ).  

18.3.2     Minor Components 

 Olive oil is not, however, merely a MUFA fat; it contains other minor components 
with important biological properties (Covas et al.  2006 ). Thus, the unsaponifi able 
fraction of olive oil contains highly bioactive compounds that are present in minor 
concentrations, usually in the range of milligrams per kilogram (parts per million). 
It is important to note that only VOO (and not refi ned olive oil) contains minor 
compounds since most of them are removed as a result of the refi ning processes 
(Rastrelli et al.  2002 ). Among the minor components with a higher biological 
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activity, α-tocopherol (with vitamin E activity), β-carotene (which functions as vita-
min A), and phenolics (antioxidant activity), have received the most attention. 

 One of the main differences between VOO and other edible oils is the hydrocar-
bon composition (Lanzon et al.  1994 ). The most abundant of these in VOO is squa-
lene (Ginda et al.  1996 ), a polyunsaturated triterpene constituted by condensation of 
six isoprene units. Its concentration varies from 1.2 to 7.5 g/kg    oil and it is a precur-
sor in the biosynthesis of cholesterol and steroid hormones. Other olive oil compo-
nents in this group include carotenes such as β-carotene and lycopene, which are 
found in amounts lower than 1 mg/kg (Su et al.  2002 ). β-carotene plays an important 
role as precursor of vitamin A, and lycopene is a potent antioxidant. Both com-
pounds contribute to the yellowish color of the oil. α-tocopherol, with vitamin E 
activity, is the most abundant tocopherol in olive oil, although it is found in lower 
concentrations compared to other seed oils (Herrera and Barbas  2001 ). Chlorophylls 
 a  and  b  and their oxidation products, pheophytins  a  and  b , are naturally present in 
olive oil and are responsible for the greenish color. In VOO from mature olives, 
chlorophyll levels vary from approximately 1 to 10 mg/kg, while those of pheophy-
tins are in the range of 0.2–24 mg/kg (Psomiadou and Tsimidou  2001 ). 

 Phytosterols comprise a major proportion of the unsaponifi ables in all vegetable 
oils, including olive oil, in which its content varies, but is always below 2,600 mg/
kg. The main sterol found in VOO is β-sitosterol (approximately 95%), but there are 
other species present, like Δ 5 -avenasterol, campesterol, Δ 7 -stigmastenol, stigmas-
terol, and campestanol. The β-sitosterol content in VOO ranges from 683 to 
2,600 mg/kg (Benítez-Sánchez et al.  2003 ). 

 In  1962 , Martel and Gracián isolated a compound in the unsaponifi able fraction 
of second pressing oil, which was identifi ed as homo-olestranol, now known as 
erythrodiol, with the structure of a triterpenic dialcohol. This compound is found in 
the skin of the fruit in amounts fl uctuating between 100 and 120 mg/kg oil, but in 
VOOs the concentration is usually as low as 6–10 mg/kg. Maslinic and oleanolic 
acids are also pentacyclic triterpenes present in the skin of olive fruits with higher 
concentrations in olive-pomace oil than in VOO. In olive fruits maslinic and olea-
nolic acids were found at concentrations of 227 and 356 mg/kg, respectively, in the 
Picual variety (Perez-Camino and Cert  1999 ). 

 Phenolic compounds are rarely determined in routine analysis because of their 
solubility in water; thus they are the ‘polar fraction’ in VOO, which explains their 
absence in both unsaponifi able and glyceridic fractions. Four groups of polyphenols 
are present in VOO: simple phenolic acids (homovainillinic, gentisic, p- hydrobenzoic, 
and syringic acids), cinnamic acids (p-cumaric, sinapic, and caffeic acids), oleuro-
pein derivatives (hydroxytyrosol and tyrosol), and fl avonoids (lutein and apigenin) 
(Akasbi et al.  1993 ; Tuck and Hayball  2002 ). These substances prevent VOO auto-
oxidation and underlie its exceptional thermal stability (Gutfi nger  1981 ; Tsimidou 
et al.  1992 ), as well as contributing to its characteristic fl avor and taste. The concen-
tration of these phenols in olive oil depends on many factors, including the species, 
location, climate, and maturation of the olives (Kiritsakis and Markakis  1987 ), 
being highest in the fi rst pressed extra VOO. The most abundant phenolic com-
pounds in VOO are oleuropein- and ligstroside- aglycones and their derivatives, 
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which are formed during ripening of olive fruits by enzymatic removal of glucose 
from their respective oleuropein and ligstroside glycosides. Further degradation of 
the aglycones generates the simple phenolic compounds hydroxytyrosol and tyro-
sol, respectively (Owen et al.  2000a ). Tyrosol, hydroxytyrosol, and their secoiridoid 
derivatives make up around 90% of the total phenolic content of a VOO. 

 After olive oil ingestion, tyrosol and hydroxytyrosol, as well as oleuropein, 
undergo rapid hydrolysis under gastric conditions, resulting in signifi cant increases 
in the amount of tyrosol and hydroxytyrosol free forms in the small intestine 
(Corona et al.  2006 ). Simple phenols can be absorbed in the intestine, but few data 
on the phenolic derivatives are available. In the process of crossing epithelial cells 
of the gastrointestinal tract, phenolic compounds from olive oil are subject to a bio-
transformation phase. The structure of phenolic derivatives and their transformation 
into glycosylated and esterifi ed compounds have a major impact on the mechanisms 
of intestinal absorption. In addition, they are degraded by microorganisms in the 
colon, which results in an overestimation of the absorbed amount when fecal excre-
tion is measured (Scalbert and Williamson  2000 ).   

18.4      Olive Oil and Infl ammation 

 Infl ammation occurs as the response of the body to harmful conditions, such as 
infection by pathogens or tissue injury. Acute infl ammation is characterized by a 
local increase in temperature, reddening of the skin, swelling, and pain (hence the 
name) but is of relatively short duration, and its function is to start the healing pro-
cess, enabling infections to be eliminated and damaged tissue to be repaired. In 
contrast, chronic infl ammation is associated with long-term malfunction of the 
body’s homeostatic mechanisms, which triggers prolonged active infl ammation and 
leads to tissue damage (Medzhitov  2008 ). This persistent infl ammation has been 
linked to a number of chronic human diseases, including atherosclerosis, rheuma-
toid arthritis, asthma, and multiple sclerosis. Current evidence for a role for olive oil 
in reducing infl ammatory processes is, in the main, related to atherosclerosis 
(Perona et al.  2006 ; Covas  2007 ; Covas et al.  2009 ), although there is some evidence 
that it may reduce the risk of the development of rheumatoid arthritis (Sales et al. 
 2009 ), and a few very recent reports suggest that it might also help to protect against 
asthma (Wood et al.  2010 ) and multiple sclerosis (Materljan et al.  2009 ). 

 The understanding that prolonged infl ammation plays an important role in ath-
erosclerosis has evolved over the past two decades. It is now clear that infl ammatory 
processes are involved in the initiation, progression, and fi nal stages of the disease, 
which result in cardiovascular events (Libby  2002 ; Libby et al.  2002 ). Risk factors 
such as hypercholesterolemia, hyperlipidemia, and hypertension cause activation of 
the endothelium, leading to the release of infl ammatory mediators such as prosta-
glandin E 2  (PGE 2 ) and thromboxane, which infl uence vasoreactivity, and cytokines, 
such as tumor necrosis factor-α (TNF-α) and interleukin (IL)-1β, which upregulate 
the expression of adhesion molecules, including intracellular (ICAM-1) and 
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vascular (VCAM-1) adhesion molecules and P- and E-selectins. In addition, the 
secretion of chemoattractants such as leukotriene B 4  (LTB 4 ) and the monocyte che-
moattractant protein-1 (MCP-1) is stimulated (Perona et al.  2006 ; Libby et al.  2002 ). 

 These changes activate leukocytes and promote their adherence to the endothe-
lium and migration into the artery wall, where they differentiate into macrophages 
that scavenge lipoproteins, particularly oxidized low-density lipoprotein (LDL), 
that have become trapped in the subendothelial space. The cells become engorged 
with lipid, forming foam cells, aggregates of which cause fatty streaks, the fi rst vis-
ible atherosclerotic lesions (Libby  2002 ; Albertini et al.  2002 ). Activated mono-
cytes and macrophages also contribute to the infl ammatory response in several 
ways: they enhance LDL oxidation by producing reactive oxygen species (ROSs); 
they secrete infl ammatory chemokines and cytokines including TNF-α, IL-1β, and 
MCP-1; and they produce IL-6, which stimulates the release by the liver and adi-
pose tissue of C-reactive protein (CRP), an established marker of vascular infl am-
mation, although it appears not to have a direct causal role in atherosclerosis (Covas 
 2007 ; Genest  2010 ). 

 Infl ammatory processes contribute to the progression of atherosclerosis via the 
release of fi brogenic factors that promote the formation of the dense extracellular 
matrix and fi brous cap seen in advanced lesions (Libby et al.  2002 ). The fi nal stage 
of atherosclerosis is rupture of the fi brous cap, causing thrombosis and acute myo-
cardial infarction, and infl ammation also plays a role here. Activated macrophages 
produce proteolytic enzymes, which can weaken the fi brous cap and secrete tissue 
factor, which triggers coagulation and thromobosis (Libby  2002 ; Libby et al.  2002 ). 

 A number of studies have shown that consumption of olive oil has anti- 
infl ammatory effects (Table  18.2 ). When food consumption was assessed in 772 
participants at high cardiovascular risk, Salas-Salvado et al. ( 2008b ) found that sub-
jects with the highest consumption of olive oil and nuts had the lowest plasma levels 
of VCAM-1, ICAM-1, IL-6, and CRP, and these fi nding have been supported by 
several intervention studies in similar types of patients. In a cohort of patients with 
metabolic syndrome, subjects following a Mediterranean-style diet containing olive 
oil (n = 90) as compared to a control diet (n = 90) were found to have lower serum 
concentrations of CRP, IL-6, and other infl ammatory cytokines after 2 years (Esposito 
et al.  2004 ), and three shorter-term studies (1–3 months) with high CVD risk patients 
(approximately 900 in total) or hypercholesterolemic men also showed decreased 
blood levels of ICAM-1, VCAM-1, P-selectin, IL-6, and CRP in subjects consuming 
a Mediterranean-style diet supplemented with VOO in comparison to a low-fat diet 
(Mena et al.  2009 ; Estruch et al.  2006 ; Fuentes et al.  2001 ). Benefi ts have also been 
reported in healthy individuals. Human LDL has been shown to be enriched in oleic 
acid after olive oil consumption (Tsimikas et al.  1999 ) and to have reduced ability to 
induce monocyte chemotaxis and monocyte adhesion to the endothelium (Covas 
 2007 ). In addition, the surface expression of ICAM-1 on peripheral blood mononu-
clear cells (PBMC) has been reported to be reduced in middle-aged men after con-
sumption of an olive-oil-enriched diet for 2 months (Yaqoob et al.  1998 ).

   Other investigations in humans have focused on the postprandial phase since 
postprandial lipemia is known to have infl ammatory effects, as genes involved in 
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this response are activated by the prooxidative state induced (Perez-Jiménez et al. 
2007). In these studies, volunteers are typically given a fat meal containing olive oil 
or a control fat, sometimes following a short period (1–4 weeks) on a diet with a 
similar fat composition, and measurements are made up to 9 h postprandially. 
Decreases in serum concentrations of adhesion molecules, including ICAM-1, 
VCAM-1, and E-selectin, have been found after a meal containing olive oil, either 
compared to baseline or to an alternative fat (butter, high palmitic sunfl ower oil, or 
n-3 PUFA) in several studies with healthy, hypercholesterolemic, and hypertriglyc-
eridemic subjects (Bellido et al.  2004 ; Cortés et al.  2006 ; Fuentes et al.  2008 ; 
Pacheco et al.  2008 ), although Tousoulis et al. ( 2010 ) did not detect any effect on 
blood ICAM-1 levels. In addition, a meal containing extra VOO, but not refi ned 
olive oil or corn oil, has been demonstrated to cause a signifi cant decrease in blood 
levels of thromboxane B 2  and LTB 4  (   Bogani et al.  2006 ). Furthermore, Jiménez- 
Gómez et al. ( 2009 ) have reported that induction of the expression of mRNA for 
TNF-α in PBMCs isolated postprandially was lower in healthy subjects given a 
breakfast meal containing olive oil or walnuts as compared to butter, although 
mRNA expression for IL-6 was higher after the olive oil breakfast than after the 
walnut test meal. Plasma levels of TNF-α and IL-6, however, were unaffected. It has 
also been shown that the nuclear factor-κB (NF-κB), a transcription factor that con-
trols the expression of genes for a number of proinfl ammatory factors, including 
TNF-α, IL-6, and MCP-1 (de Winther et al.  2005 ), in monocytes is activated after a 
meal containing butter or walnuts, while a meal containing olive oil does not cause 
this effect (Bellido et al.  2004 ). 

 In addition to human studies, animal and in vitro work have contributed important 
evidence for the anti-infl ammatory effects of olive oil. In rats, a diet containing 20% 
olive oil has been reported to decrease natural killer cell activity (Covas  2007 ); sup-
plementation of the diet with 10% olive oil reduces lipoprotein oxidative susceptibil-
ity in hypercholesterolemic animals (El Seweidy et al.  2005 ); the production of ROS 
and PGE 2  has been shown to decrease in neutrophils after feeding 15% olive oil rather 
than a low-fat diet for 2 months (de la Puerta et al.  2004 ). Moreover, the secretion of 
infl ammatory mediators such as TNF-α, IL-1β, IL-6, and PGE 2  by LPS- stimulated 
murine peritoneal macrophages isolated from mice fed 15–20% olive oil for 8 weeks 
has been found to decrease (de la Puerta et al.  2009 ; Yaqoob and Calder  1995 ). 

 In vitro studies have investigated the modulation of infl ammatory processes by 
oleic acid in cultured human endothelial cells, and reduced levels of intracellular 
ROS, lowered expression of adhesion molecules, and decreased transcriptional acti-
vation of NF-κB on the addition of oleic acid to the cultures have been demonstrated, 
in addition to decreased induction of the expression of VCAM-1 and E-selectin by 
oxidized LDL isolated from subjects consuming a diet supplemented with olive oil 
as compared to SFA (Covas  2007 ; Pérez-Jiménez et al.  2007 ; Perona et al.  2006 ). 
Moreover, monocyte chemotaxis and adhesion to endothelial cells were increased on 
exposure to liposomes containing linoleic acid, but this effect was almost abolished 
when linoleic acid was replaced with oleic acid. Another recently reported anti-
infl ammatory effect of oleic acid is the reversal of the inhibitory effect of TNF-α on 
insulin production in the rat pancreatic B cell line, INS-1 (Vassiliou et al.  2009 ). 
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 The anti-infl ammatory action of oleic acid has been attributed to its low oxidiz-
ability in comparison to linoleic acid, which it is likely to replace in lipoproteins in 
individuals consuming a diet rich in olive oil (Tsimikas et al.  1999 ). Lee et al. 
( 1998) , however, have demonstrated that increasing the liposome content of oleic 
acid in the presence of a constant level of linoleic acid decreases the susceptibility 
of the particles to oxidation, suggesting that oleic acid may also have a direct anti-
oxidant effect. Current evidence suggests that this may occur by suppression of 
intracellular ROS production or by quenching of ROSs after their formation (Perona 
et al.  2006 ). It is clear from many recent studies, however, that in addition to oleic 
acid, the minor components of olive oil, including phenolic compounds, and triter-
penes, tocopherols, and plant sterols, which are found in the unsaponifi able fraction, 
make an important contribution to its anti-infl ammatory properties (Covas et al. 
 2009 ; Covas  2007 ; Pérez-Jiménez  2007 ; Perona et al.  2006 ). 

 Intervention studies in humans have shown that a diet enriched with VOO as com-
pared to refi ned olive oil is associated with reduced serum thromboxane B 2 , LTB 4 , 
ICAM-1, and VCAM-1 levels in patients with hyperlipidemic and stable heart dis-
ease, in healthy subjects in the fasting state (Covas  2007 ; Fito et al.  2008 ), and with 
lowered postprandial plasma concentrations of these infl ammatory markers in hyper-
triacylglycerolemic and normal individuals (Bogani et al.  2006 ; Pacheco et al.  2007 ). 
In addition, in postmenopausal women consuming a diet containing VOO as com-
pared to oleic acid-rich sunfl ower oil, the production of infl ammatory prostaglandins 
was decreased (Bogani et al.  2006 ; Covas  2007 ). Many authors have attributed these 
effects to phenolic compounds, including oleuropein and its metabolites hydroxyty-
rosol and tyrosol, since they are abundant in VOO but absent after refi ning. 
Considerable evidence has accumulated from studies with cell types such as leuko-
cytes and endothelial cells to indicate that these compounds have anti- infl ammatory 
properties via inhibition of LTB 4  and cytokine and eicosanoid production and metal-
loproteinase expression, and via a decrease in monocyte adhesion due to downregu-
lation of VCAM-1, ICAM-1, and E-selectin expression (Dell’Agli et al.  2010 ; Zhang 
et al.  2009 ; Perona et al.  2006 ), and that some of these effects may be mediated by 
suppression of the activation of NF-κB (Dell’Agli et al.  2010 ; Brunelleschi et al. 
 2007 ; Perona et al.  2006 ). Moreover, a minor component of the olive oil phenolic 
fraction, oleacanthal [the dialdehydic form of (−)deacetoxy- ligstroside aglycone], 
has been found to have an action similar to that of the anti- infl ammatory drug ibupro-
fen in inhibiting the activity of cyclooxygenase enzymes, which are involved in the 
biosynthesis of infl ammatory prostaglandins (Beachamp et al.  2005 ). The idea that 
phenolic compounds contribute to the anti-infl ammatory effects of a diet rich in olive 
oil is also supported by an intervention study in which diabetic patients showed 
decreased serum TBX 2  levels after consuming olive mill waste rich in hydroxytyro-
sol for 4 days (Léger et al.  2005 ) and by a recently published nutrigenomic study in 
which consumption of VOO rather than washed VOO (which differed only in having 
a lower phenolic compound content) was found to result in a decrease in the profi le 
of expression of infl ammatory genes (Konstantinidou et al.  2010 ). 

 Compounds present in the unsaponifi able fraction of VOO may also contribute 
to its anti-infl ammatory properties. Perona et al. ( 2006 ) have demonstrated that the 
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induction of endothelial cell production of infl ammatory prostaglandins by post-
prandial TRLs from healthy subjects was reduced when the VOO in the test meal 
was enriched with its unsaponifi able fraction. Potential active components of this 
fraction include tocopherols (vitamin E), plant sterols, long-chain fatty alcohols, 
and triterpenoids. α-Tocopherol and the plant sterol β-sitosterol have been reported 
to have anti-infl ammatory effects (Perona et al.  2006 ) and the triterpenoid oleanolic 
acid, which is present in signifi cant amounts in pomace oil but not VOO, has also 
been shown to suppress prostaglandin production via inhibition of COX-2 and to 
reduce ROS generation in leukocytes (Simon et al.  1992 ; Ringbom et al.  1998 ). In 
addition, a recent report has suggested that long-chain fatty alcohols found in pom-
ace oil reduce infl ammatory cytokine and prostaglandin secretion by macrophages 
and neutrophils (Fernández-Arche et al.  2009 ). 

 Evidence suggests that the Mediterranean diet can reduce pain and stiffness in 
the joints as well as disease activity in patients with rheumatoid arthritis (Sales et al. 
 2009 ). Berbet et al. ( 2005 ) have reported that the improvements brought about by a 
dietary supplement of fi sh oil are enhanced when used in combination with olive oil, 
and Linos et al. ( 1999 ) found that consumption of olive oil is inversely related to the 
risk of development of the disease. The components of VOO that are believed to 
contribute to these benefi cial effects include oleic acid, phenolic compounds, and 
oleocanthal (Sales et al.  2009 ; Iacono et al.  2010 ). Asthma is an allergic infl amma-
tory condition characterized by raised eosinophil numbers in the blood and lungs 
and increased secretion of proinfl ammatory cytokines such as IL-4, IL-5, and IL-13 
(Wood et al.  2010 ). It was reported recently that a dietary supplement containing 
olive oil in addition to marine oils reduced the infl ux of eosinophils into bronchoal-
veolar lavage fl uid (Wood et al.  2010 ) and that increased consumption of olive oil 
by the mother during pregnancy decreases wheezing due to asthma in the fi rst year 
of life (Castro-Rodríguez et al.  2010 ). Finally, from the results of a recent epidemio-
logical study, Materljan et al. ( 2009 ) have suggested that olive oil may protect 
against infl ammation in mutiple sclerosis by inhibiting COX enzymes involved in 
demyelination, possibly due to the effects of oleocanthal.  

18.5     Olive Oil and Longevity 

 It was fi rst noticed in the 1950s that the population of the Greek island of Crete had 
long life spans, and it was suggested that this was due to their Mediterranean diet, 
high in olive oil, fruits and vegetables, and fi sh (Pérez-López et al.  2009 ). More 
recently, mortality statistics collected by the WHO between 1960 and 1990 also 
indicated that life expectancy was increased in Mediterranean countries compared 
to that in more developed Western countries, despite the fact that the health care 
available was poorer and smoking was more prevalent during that period 
(Trichopoulou and Vasilopoulou  2000 ). The fi rst direct evidence of a link between 
reduced mortality and the Mediterranean diet came from a study by Trichopoulou 
et al. ( 1995 ) that used data from 183 elderly Greeks to show that adherence to the 
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diet was inversely related to overall mortality, and similar results were obtained in 
subsequent studies in Denmark (Osler and Scroll  1997 ), Australia (Kouris-Blazos 
et al.  1999 ), the USA (Mitrou et al.  2007 ) Finland, Italy, the Netherlands (Knoops 
et al.  2004 ), Spain (Lasheras et al.  2000 ), and in the European Prospective 
Investigation into Cancer and Nutrition (EPIC) Elderly Study, which covered nine 
European countries (Trichopoulou et al.  2005 ; Bamia et al.  2007 ), although one 
study covering seven European countries found no signifi cant correlation (Haveman- 
Nies et al.  2002 ). Adherence to the Mediterranean diet also showed to be positively 
related to lifespan in the EPIC Study, with good adherence found to be associated 
with an increase of 1 year in males aged 60 (although in some countries the associa-
tion was not signifi cant), and in a metaanalysis involving more than 1.5 million 
subjects, Sofi  et al. ( 2008 ) found that the risk of early death from all causes was 
reduced by 9% when a Mediterranean diet was followed. 

 The increased longevity associated with the Mediterranean diet is mainly due to 
reduced mortality from cardiovascular disease, cancer, Alzheimer’s disease, and 
Parkinson’s disease (Sofi  et al.  2008 ). Since consumption of olive oil has been found 
to be benefi cial for all these conditions (see Sect.  18.6 , below) and is a major feature 
of all Mediterranean diets, it has been suggested that it is an important contributory 
factor to this effect, perhaps because of the many micronutrients that it contains 
(Pérez-Jiménez  2005 ; Pérez-López et al.  2009 ). This idea is supported by data from 
the Italian and Greek cohorts of the EPIC Study, which showed that high consump-
tion of olive oil, as well as fruit, nuts, and vegetables, was inversely related to over-
all mortality (Masala et al.  2007 ; Trichopoulou et al.  2009 ). Thus, there is strong 
and consistent evidence to indicate that adherence to the Mediterranean diet is asso-
ciated with increased lifespan, and it is highly likely that olive oil is at least partly 
responsible; however, other components of the Mediterranean diet (for example, 
high intake of fruit, and vegetables) could play a part, and further investigation is 
needed to establish the mechanisms by which olive oil or other constituents of the 
diet help to extend life.  

18.6      Olive Oil and Disease Risk 

18.6.1     Cardiovascular Disease 

 CVD, whose main forms are coronary heart disease (CHD) and stroke, is a major 
cause of mortality in the Western world, accounting for 30–40% of total deaths per 
annum (Allender et al.  2008 ; Lloyd-Jones et al.  2009 ). Moreover, CHD is the single 
most common individual cause of death, killing 9–16% of the men who die each 
year and 9–12% of women. A link between Mediterranean diet and mortality from 
CHD was fi rst uncovered by the Seven Countries Study. The traditional Cretan diet 
was found to be associated with the lowest rates of deaths from heart disease 
(Aravanis et al.  1970 ), and more recently in the Spanish cohort of the EPIC Study, 
Moreno-Iribas and coworkers (Guallar-Castillón et al.  2010 ) reported that both the 
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traditional diet as consumed in the Mediterranean region in the 1960s and the mod-
ern version (the evolved Mediterranean diet, which includes more red meat, satu-
rated fats, and simple carbohydrates and less whole grain cereals and legumes) 
lowered the risk of CHD. The Mediterranean diet was also found to be effective in 
secondary prevention of CHD in the Lyon Diet Heart Study, which compared the 
effects of a Mediterranean-style diet rich in olive oil with a control diet formulated 
following the recommendations of the American Heart Association in more than 
600 patients who had suffered one myocardial infarction over a period of 4 years. 
The results showed a very substantial reduction of approximately 65% in CHD 
mortality in the subjects given the test diet (de Lorgeril et al.  1999 ). 

 The cardioprotective effects of the Mediterranean diet were linked to olive oil con-
sumption in a 15-year follow-up study to the Seven Countries Study, showing that the 
mortality rate from CHD of men aged 40–59 was negatively correlated with the 
MUFA content of the diet (Keys et al.  1986 ), and a Spanish case–control study found 
that the olive oil content of the diet was negatively correlated with the risk of a fi rst 
nonfatal myocardial infarction. However, a population-based prospective investiga-
tion involving more than 22,000 Greek adults found no signifi cant correlation between 
consumption of olive oil or other individual food group from the Mediterranean diet, 
although a higher degree of adherence to the diet was associated with a reduction in 
overall total mortality (Covas  2007 ). Despite this, there is a wealth of evidence to 
indicate that dietary olive oil has a benefi cial effect on a number of contributory causes 
of myocardial infarction, including atherosclerosis development, hypertension, and 
hemostasis (Covas  2007 ; Covas et al.  2009 ; López-Miranda et al.  2007 ; Huang and 
Sumpio  2007 ; Bester et al.  2010 ), and that these benefi ts are due not only to the high 
MUFA content but also to the many micronutrients present in the oil.  

18.6.2     Atherosclerosis Development 

 In addition to its anti-infl ammatory effects (Sect.  18.4 ), olive oil and its components 
help to protect against atherosclerosis development by lowering plasma cholesterol 
levels and by decreasing the oxidation of LDL. 

 It has been recognized since the 1950s that raised plasma cholesterol levels con-
tribute to the development of atherosclerosis, and by the mid-1960s it was clear 
from the work of Keys and coworkers that this risk factor is modulated by the type 
of fat consumed in the diet. The initial studies indicated that dietary SFA increased 
blood cholesterol concentrations, while dietary PUFA has a hypocholesterolemic 
effect (Keys  1965 ). It soon became clear, however, that the increased risk of athero-
genesis is associated with cholesterol carried in LDL, while increased levels of cho-
lesterol in HDL are benefi cial (   Miller  1982 ), and in  1985 , Mattson and Grundy 
reported that a diet rich in MUFA (oleic acid) as compared to PUFA (linoleic acid) 
was as effective in reducing LDL cholesterol in patients and also decreased HDL 
cholesterol less frequently. Similar results were obtained in later studies, and meta-
analyses have confi rmed that dietary MUFA and PUFA have comparable cholesterol- 
lowering effects (Gardner and Kraemer  1995 ; Covas  2007 ; Pérez-Jiménez  2007 ). 

18 Olive Oil as a Functional Food: Nutritional and Health Benefi ts



692

In addition, postprandial lipemia, which is also a risk factor for atherosclerosis, has 
been found to be decreased by diets supplemented with MUFA as compared to SFA 
(   Bravo et al.  2010 ). Clearly, therefore, diets rich in olive oil are hypocholesterol-
emic and thus protect against atherosclerosis. 

 Although LDL is strongly implicated in the early events in atherosclerosis devel-
opment, its damaging effects are greatly enhanced by oxidative modifi cation of the 
particles (Albertini et al.  2002 ). Oxidative stress results in the increased production of 
ROS, thus leading to increased LDL oxidation. A number of studies in humans and 
animals have suggested that consumption of olive oil reduces oxidative stress, and this 
has been partly attributed to its high oleic acid content. As the single double bond of 
MUFA makes conjugated diene formation less favorable, oleate-rich LDL would be 
expected to be more resistant to oxidation than PUFA-rich LDL (Fito and de la Torre 
 2007 ), and dietary supplementation studies have generally supported this view (Bester 
et al.  2010 ; Fitó et al.  2007 ). For example, in a recent study with 200 healthy subjects, 
Cicero et al. ( 2008 ) found that supplementation of the diet with 25 mL olive oil/day 
increased the oleic acid content of LDL and that this was associated with a reduction 
in lipid oxidative damage. Other work has also shown that an olive oil, as compared 
to an SFA-rich diet, reduces the uptake of oxidized LDL by macrophages, thereby 
reducing foam cell formation, an early event in atherogenesis (Moreno et al.  2008 ). 

 In addition to MUFA, VOO contains many minor components with antioxidant 
properties, and considerable attention has been paid to the potential role of olive oil 
phenolic compounds in protecting against atherosclerosis. Experiments in vitro and 
with animal models have supported the idea that they protect LDL from oxidation 
(Covas  2007 ; Bester et al.  2010 ;    Raederstorff  2009 ). Moreover, human intervention 
studies have shown that these compounds reduce the concentration of oxidized LDL 
and markers of oxidative stress in the blood (Raederstorff  2009 ), and in the recent 
EUROLIVE Study, levels of phenols in LDL after consumption of VOO as com-
pared to refi ned olive oil were found to be increased and inversely correlated to the 
degree of LDL oxidation in healthy men (de la Torre-Carbot et al.  2010 ). Among the 
individual olive oil phenolic compounds, hydroxytyrosol and oleuropein have been 
reported to work dose-dependently and synergistically to inhibit LDL oxidation 
(Bester et al.  2010 ). There is some evidence to suggest that other minor components 
of olive oil that have antioxidant properties, including squalene (Covas  2007 ; Bester 
et al.  2010 ), triterpenoids (Covas  2007 ), and plant sterols (Chan et al.  2007 ), may 
also help to protect against oxidative stress and atherosclerosis development, but 
further work is needed to establish their effects.  

18.6.3     Hypertension 

 In hypertension (high blood pressure), systemic arterial blood pressure is chroni-
cally raised. The condition is diagnosed when the diastolic blood pressure is greater 
than or equal to 90 mmHg or when the systolic blood pressure is greater than or 
equal to 140 mmHg consistently after three or more visits to the doctor. Secondary 
hypertension, due to diseases of the kidney, heart, or endocrine system, accounts for 
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only 5–10% of cases, leaving 90–95% as primary hypertension for which no medi-
cal cause can be found (Carretero and Oparil  2000 ). Hypertension is common in 
Western countries, with the age- and sex-adjusted prevalence being reported to be 
28% for North America and 44% for European countries in a study published in 
2003 (Wolf-Maier et al.  2003 ); it is an important risk factor for CVD and stroke in 
particular (Carretero and Oparil  2000 ; Wolf-Maier et al.  2003 ). 

 Consumption of the Mediterranean diet has been found to be associated with 
reduced blood pressure in a number of studies (Waterman and Lockwood  2007 ; 
Covas  2007 ; Pérez-Jiménez et al.  2007 ; Pérez-López et al.  2009 ). In the Greek 
cohort of the EPIC Study, adherence to the Mediterranean diet and olive oil con-
sumption were inversely related to both systolic and diastolic blood pressure 
(Psaltopoulou et al.  2004 ), and high intake of olive oil was also inversely associated 
with diastolic blood pressure in the Italian (Florence) cohort of the same study 
(Masala et al.  2008 ). Systolic blood pressure in patients at high risk for CVD has 
also been shown to be reduced by consumption of a Mediterranean diet enriched 
with VOO for 3 months in the PREDIMED Study (Barceló et al.  2009 ). 

 Evidence suggests that the effects of olive oil in reducing hypertension are related 
to both its high MUFA content and its minor components. Diets high in MUFA 
(almost always from olive oil), as compared to SFA, have been shown to lower 
blood pressure (Covas  2007 ), and Ferrara et al. ( 2000 ) reported that patients given 
sunfl ower oil (a rich source of PUFA) in the diet needed more medication to control 
their hypertension than those given an equivalent amount of olive oil. In hyperten-
sive women, however, VOO was found to be more effective in reducing blood pres-
sure than high-oleic-acid sunfl ower oil, which has similar MUFA content 
(Ruíz-Gutiérrez et al.  1996 ; Perona et al.  2004 ), suggesting that the micronutrients 
in olive oil also play a part in its benefi cial effects on hypertension. This is sup-
ported by the fi nding that systolic blood pressure was decreased after consumption 
of olive oil with a high, as compared to low, content of phenolic compounds in 
hypertensive patients with stable CHD (Fitó et al.  2005 ). 

 The mechanisms by which olive oil reduces blood pressure are not yet under-
stood, but they may involve correction of the structural and functional alterations in 
erythrocyte membranes that occur in hypertension (Perona et al.  2004 ; Barceló et al. 
 2009 ) and changes in the fatty acid composition of the aorta (Ferrara et al.  2000 ). 
The antioxidant properties of both MUFA and the minor components such as phe-
nolic compounds may also decrease ROS production and increase the availability of 
nitric oxide, leading to improved endothelial function (Covas  2007 ; Waterman and 
Lockwood  2007 ; Bester et al.  2010 ). In addition, studies in normotensive rats have 
suggested that olive oil may act as a calcium channel agonist (Gilani et al.  2005 ).  

18.6.4     Hemostasis 

 Hemostasis is the process by which bleeding is stopped after damage to a blood 
vessel, and in a healthy individual a balance is maintained between the formation 
of the clot, or thrombus, and its breakdown by fi brinolysis after the injury is healed. 
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In pathological conditions, however, the regulatory mechanisms fail and thrombosis 
may result. Thrombosis is responsible for a considerable proportion of the morbid-
ity and mortality associated with CVD and is also the second most common cause 
of death in cancer patients (Furie and Furie  2008 ). 

 Thrombus formation is initiated when coagulation factor VII binds to tissue fac-
tor, which, along with collagen, is exposed to the blood after damage to the endothe-
lium. Platelets become activated and accumulate at the injury site, initially via 
binding to von Willebrand factor, and this leads to the conversion of fi brinogen to 
fi brin via the blood-clotting cascade, and the formation of thrombin is triggered. The 
breakdown of the clot, or fi brinolysis, requires the activation of the plasma protein 
plasminogen to the proteolytic enzyme plasmin by plasminogen activator secreted 
by the vascular endothelium, and the breakdown process is regulated by the balance 
between plasminogen activator and plasminogen activator inhibitors (PAI), particu-
larly PAI-1 (Furie and Furie  2008 ). A possible benefi cial effect of an olive-oil- rich 
Mediterranean diet on hemostasis was reported as early as 1986 (Sirtori et al.  1986 ). 
Moreover, it is now thought that there is chronic activation of the mechanisms of 
thrombosis in subjects at high risk of CVD, creating a ‘prothrombotic environment’. 
Thus, in the past 25 years there has been considerable interest in exploring the 
potential to modify this by simple dietary changes. As a result, there is now evidence 
to indicate that olive oil may improve defenses against thrombosis in a number of 
ways, including inhibiting platelet aggregation, decreasing plasma levels of blood 
coagulation factors, and promoting fi brinolysis (López-Miranda et al.  2007 ). 

 Consumption of olive oil, as compared to SFA-rich fats, was found in a number 
of studies to be associated with reduced platelet aggregation, and this effect has also 
been found with other MUFA-rich oils such as high-oleic sunfl ower oil, suggesting 
that MUFA is at least partly responsible (López-Miranda et al.  2007 ). In addition, 
MUFAs, as compared to SFA or carbohydrate-rich diets, have been reported to 
lower serum levels of von Willebrand factor and TBX 2 , another promoter of platelet 
aggregation, although the effects on von Willebrand factor have not been found 
consistently (López-Miranda et al.  2007 ). Minor components of olive oil may also 
be important for its benefi cial effects on platelet aggregation. There is good evi-
dence from both human and animal studies to indicate that phenolic compounds, 
including hydroxytyrosol, oleuropein aglycone, quercitin, and luteolin, play a sig-
nifi cant part via modulation both of the aggregation process and of serum TBX 2  
levels (López-Miranda et al.  2007 ; Dell’Agli et al.  2008 ; González- Correa et al. 
 2008 ; Correa et al.  2009 ; Cicerale et al.  2010 ). Additionally, compounds present in 
the unsaponifi able fraction may also have a role (Perona et al.  2004 ; López-Miranda 
et al.  2007 ), although more work is needed to establish the specifi c effects and com-
ponents involved. 

 The effects of olive-oil- and SFA-rich diets on coagulation factors have been 
compared, but still some controversy remains. López-Miranda et al. ( 2007 ) found 
that an olive oil diet reduced plasma levels of activated factor VII (FVIIa). However, 
whereas Junker et al. ( 2001 ) reported a reduction in FVII coagulant activity (FVIIc) 
(and also factors XIIa, XIIc, and Xc) in healthy men after diets rich in olive oil, 
 others have found increments (Sanders  2001 ). Blood concentrations of FVIIa and 
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FVIIc are known to rise after a fat meal as part of a postprandial procoagulant ten-
dency, whatever the type of fat consumed. Recent work by Delgado-Lista et al. 
( 2008 ), however, has shown that the increase in FVIIc after a test meal was reduced 
when healthy men were given a test meal containing MUFA rather than SFA or 
carbohydrate and n-3 PUFA, and this is consistent with a number of other studies 
that suggest that olive oil may provide some protection against the postprandial 
procoagulation environment (López-Miranda et al.  2007 ). 

 Although a few studies have suggested that diets rich in olive oil, as compared to 
SFA, are associated with lower basal levels of fi brinogen, this effect has not been 
shown consistently (López-Miranda et al.  2007 ). Current evidence, however, does 
support the idea that consumption of MUFAs rather than SFAs lowers blood con-
centrations of PAI-1, which would promote fi brinolysis (López-Miranda et al.  2007 ; 
Delgado-Lista et al.  2008 ), although in this case low-fat and PUFA-rich diets are 
likely to have a similar effect.  

18.6.5     Obesity, Metabolic Syndrome, and Diabetes 

 Metabolic syndrome is considered a clustering of metabolic alterations that seems 
to affect around 25% of the population (Alvárez-León et al.  2003 ; Ford et al.  2004 ; 
Athyros et al.  2005 ). Since Reaven ( 2005 ) described metabolic syndrome for the 
fi rst time in 1988, diagnostic criteria have been systematically updated by expert 
groups (WHO  1999 ; Alberti et al.  2006 ), but no general consensus regarding the 
defi nition of metabolic syndrome has been reached. 

 The lack of a universal defi nition of metabolic syndrome hinders the determina-
tion of the true global prevalence both locally and internationally. While the cluster-
ing of the components that defi ne the different versions of metabolic syndrome is 
similar, each places a slightly different emphasis on the metabolic phenotype 
(Table  18.3 ). The WHO criteria focus on risk for diabetes centered around impaired 
glucose tolerance (Alberti and Zimmet  1998 ). The International Diabetes Federation 
(IDF) defi nition focuses on central adiposity, whereas the National Cholesterol 
Education Program (NCEP) Expert Panel on Detection, Evaluation, and Treatment 
of High Blood Cholesterol in Adults [Adult Treatment Panel (ATP) III,  2001 ] 
assigns no priority to any of the criteria. Therefore, estimates of the prevalence of 
metabolic syndrome will depend on the defi nition used. Using the NCEP defi nition, 
the prevalence of metabolic syndrome is estimated to be 25% of the general popula-
tion, with no gender differences (Ford et al.  2002 ).

   Epidemiological studies suggest that Western-style dietary patterns promote 
metabolic syndrome, while diets rich in fruits, vegetables, grains, fi sh, and low-fat 
dairy products, the paradigm of the Mediterranean diet, have a protective role 
(Esmaillzadeh et al.  2007 ; Lutsey et al.  2008 ). Apart from a cross-sectional study by 
Alvárez-León et al. ( 2003 ) that did not fi nd a relationship between the adherence to 
the Mediterranean diet pattern and prevalence of metabolic syndrome, studies that 
have analyzed this relationship support a benefi cial effect (Williams et al.  2000 ). 
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Four feeding trials assessed the effect of dietary patterns on metabolic syndrome 
status to date (Esposito et al.  2004 ; Orchard et al.  2005 ; Azadbakht et al.  2005 ; 
Salas-Salvado et al.  2008a ). In a cross-sectional substudy of the PREDIMED inter-
vention trial, an inverse relationship between the score of adherence to the 
Mediterranean diet and the prevalence of metabolic syndrome of a cohort was 
observed (Babio et al.  2009 ). Esposito et al. ( 2004 ) showed that at the end of 2 
yearsʼ follow-up, only 44% patients on a Mediterranean diet had features of meta-
bolic syndrome compared to 87% patients in the control group. It was noteworthy 
that energy intake was reduced, especially in the Mediterranean diet intervention 
group, and substantial weight loss was achieved. However, a high-fat Mediterranean 
diet, as traditionally followed in the Mediterranean countries, has only been tested 
within the PREDIMED Study, which compared the effects of two high-fat 
Mediterranean diets, supplemented with VOO or mixed nuts, to a low-fat diet in 
volunteers at high risk for CVD. After 1 year, the prevalence of metabolic syndrome 
was reduced by 6.7, 13.7, and 2.0% in the MedDiet + VOO, MedDiet + Nuts, and 
control diet groups, respectively. However, incident metabolic syndrome rates were 
not signifi cantly different among groups (22.9, 17.9, and 23.4%, respectively) 
(Salas-Salvado et al.  2008a ). 

 The prevalence of obesity is one of the greatest public health problems in the 
industrialized world and is associated with the rapid adaptation to the current life-
style, the reduction in physical exercise, and the increased consumption of fatty, 
affordable food. The human genotype has remained unchanged for thousands of 
years, and the increase in the prevalence of obesity is considered to be the result of 
the interaction between this genotype and the changing lifestyle of the industrial-
ized countries (Neel  1999 ). The increase in obesity has arisen not only in the USA 
(Stunkard  1996 ) but also in most European countries, especially those around the 
Mediterranean basin (Papandreou et al.  2008 ). Since the Seven Countries Study 
(Keys et al.  1986 ), the patterns of the Mediterranean diet have changed substan-
tially. Spain, Italy, and Greece have undergone very important changes in lifestyle, 
eating habits, and physical activity, with an increase in the dietary consumption of 
energy, animal proteins, and saturated fats. Obesity increases the risk of diabetes, 
hypertension, coronary disease, and nonalcoholic hepatic steatosis, either indepen-
dently or within the context of metabolic syndrome (Kopelman  2000 ; Friedman 
 2004 ). Central adiposity, specifi cally visceral obesity, has been thought to be one of 
the key factors in the physiopathology of insulin resistance and all the other compo-
nents of metabolic syndrome. Several components of the Mediterranean diet have 
been inversely associated with body mass index (BMI) or waist circumference. This 
is the case for whole grains and fi ber (Liese et al.  2004 ). 

 Traditionally, nutritional advice for treating obesity has emphasized reducing all 
kinds of dietary fat and replacing them with carbohydrate. However, there is increas-
ing evidence showing that in Mediterranean countries, restricted energy diets that 
were relatively high in fat from olive oil may be effective alternatives to the tradi-
tional low-fat diet for initial weight loss in obese persons (Schroder et al.  2004 ). 
Additionally, usually the Mediterranean diet shows better palatability and compli-
ance, which helps to maintain weight loss (Shai et al.  2008 ). In contrast to fast food 
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and unhealthy dietary patterns, which have been consistently associated with a higher 
risk of weight gain and obesity (Pereira et al.  2005 ; Bes-Rastrollo et al.  2006 ), olive 
oil consumption was associated with a nonsignifi cant lower likelihood of weight gain 
in a large Mediterranean cohort of 7,368 individuals, who were followed for a median 
period of 28.5 months (Bes-Rastrollo et al.  2006 ). The EPIC Study suggested that 
adhering to the Mediterranean diet was not associated with becoming overweight. 
Therefore, promoting eating habits consistent with traditional Mediterranean diet 
patterns may play a useful part in efforts to combat obesity (Méndez et al.  2006 ). 
Moreover, the PREDIMED Study showed weight loss with high MUFA diets after a 
3-month intervention (Estruch et al.  2006 ), which was attributed to a satiating effect 
of olive oil intake. In this regard, recent experimental evidence suggests that mobili-
zation of intestinally derived oleoylethanolamide, a lipid messenger of satiety, is 
enabled by uptake of dietary oleic acid (Schwartz et al.  2008 ). 

 BMI and waist circumference correlate positively with insulin resistance (Parker 
et al.  1993 ; Clausen et al.  1996 ). Actually, waist circumference has been singled out 
as the most important risk factor in the new IDF defi nition of metabolic syndrome. 
Insulin resistance is one of the key contributors to metabolic syndrome and the 
development of type-2 diabetes. 

 There is little evidence that low-fat, high-carbohydrate diets can really improve 
insulin sensitivity (Reaven  2005 ). In developed countries, low-fat diets are usually 
rich in refi ned carbohydrates, which increase plasma glucose and insulin concentra-
tions. The quality of dietary fat seems to be determinant in the effect of diet on 
insulin sensitivity. Diets high in SFAs consistently impair both insulin sensitivity 
and blood lipids, while substituting carbohydrates or MUFAs for SFAs reverts these 
abnormalities in both healthy (Salas et al.  1999 ; Vessby et al.  2001 ) and diabetic 
cohorts (Parillo et al.  1992 ). Postprandial lipemia and glucose homeostasis are also 
improved after meals containing MUFA from olive oil compared to meals rich in 
SFA (Paniagua et al.  2007 ). 

 Back in 1988, a study in patients with type-2 diabetes mellitus demonstrated that 
a high-fat, MUFA-enriched diet (33% of total energy) resulted in lower insulin 
requirements and lower plasma glucose concentrations compared to a low-fat (25% 
total energy), high-carbohydrate diet (60% total energy) (Garg et al.  1988 ). However, 
subsequent studies failed to show positive effects of dietary MUFA on fasting insu-
lin in diabetics (Garg  1998 ). Olive oil, as a single component of the Mediterranean 
diet, has been studied in less detail. In a cross-sectional study in southern Spain, 
levels of insulin resistance were found to be lower in people who used olive oil than 
in those who used sunfl ower oil (Soriguer et al.  2004 ). The sectional Pizarra Study 
showed that dietary MUFA from olive oil and PUFA contributed to the variability 
of β-cell function (Rojo-Martínez et al.  2006 ). Ryan et al. ( 2000 ) examined the 
relationship between changes in membrane fatty acid composition and glucose 
transport and found a reduction in insulin resistance when a linoleic-acid-rich diet 
was changed to an oleic-acid-rich diet. This was attributed to a reduction in its fl uid-
ity when the membrane was enriched in oleic acid. 

 After a comprehensive review, Ros ( 2003 ) concluded that natural foods and olive 
oil as the main source of MUFAs provided a similar degree of glycemic control. 
Nevertheless, high-MUFA diets generally had more favorable effects on 
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proatherogenic alterations associated with the diabetic status, such as dyslipidemia, 
postprandial lipemia, small LDL, lipoprotein oxidation, infl ammation, thrombosis, 
and endothelial dysfunction. Of particular interest was the ability of an olive-oil-
rich Mediterranean diet to improve mild systemic infl ammation in subjects with 
metabolic syndrome in the study of Esposito et al. ( 2004 ) and in the PREDIMED 
Study (Estruch et al.  2006 ). 

 The role of minor components has not yet been suffi ciently addressed. Phenolic 
compounds are important in regard to insulin resistance and metabolic syndrome 
because they inhibit LDL cholesterol oxidation, platelet aggregation, and throm-
boxane production and stimulate anti-infl ammatory components and increase nitric 
oxide production (Serra-Majem et al.  2003 ).  

18.6.6     Alzheimer’s Disease and Parkinson’s Disease 

 Most age-related diseases have been associated with low-grade infl ammation trig-
gered and sustained by oxidative stress. Results from animal studies suggest that 
MUFA-enriched membranes are more resistant to oxidation, protecting the aged 
cell, mitochondrial structure, and DNA stability (Bello et al.  2006 ; Quiles et al. 
 2006 ). In the last decade, a number of studies have investigated the relationship 
between adherence to a Mediterranean diet and the development of Alzheimer’s and 
Parkinson’s diseases. In a metaanalysis of 12 prospective studies by Sofi  et al. 
( 2008 ), a two-point increase in a score of Mediterranean diet adherence was associ-
ated with a signifi cant reduction in the incidence of these conditions. 

 Alzheimer’s disease, the most common form of dementia, is a neurogenerative 
disease causing cognitive and memory decline, usually in elderly individuals, which 
is progressive and ultimately fatal (Sofi  et al.  2010 ). Its incidence is increasing in 
developed countries, but currently there is no cure and little preventive treatment 
available. In recent years, however, evidence has begun to emerge that suggests that 
modifying lifestyle factors such as diet may be effective in delaying the onset of the 
disease and retarding its progression (Pasinetti and Eberstein  2008 ). Consumption 
of the Mediterranean diet has been shown to be associated with slower cognitive 
decline and a reduced risk of mild cognitive impairment and subsequent progression 
to the full disease (Feart et al.  2010 ). 

 There is evidence to suggest that olive oil may contribute to the benefi cial effects 
of the Mediterranean diet on Alzheimer’s disease development. High intake of 
MUFAs, mainly from olive oil, has been identifi ed as being inversely related to 
cognitive decline in an elderly Italian population, and this effect was particularly 
marked in people with a low educational level (Solfrizzi et al.  1999 ; Del Parigi et al. 
 2006 ; López-Miranda et al.  2010 ). In addition, a recent study by Berr et al. ( 2009 ), 
which followed the olive oil intake and cognitive ability of nearly 7,000 elderly 
subjects, found that moderate (used for cooking or as a dressing) or intensive (used 
for both) consumption, as compared to no use of the oil, was associated with lower 
risk of decline in verbal fl uency and visual memory. It has been suggested that 
MUFAs may help to maintain neuronal membrane structure and increase the 
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fl uidity of synaptosomal membranes and, thus, aid neuronal transmission (López- 
Miranda et al.  2010 ). 

 The brain has a low level of endogenous antioxidants and is, therefore, particu-
larly susceptible to oxidative damage, and oxidative stress is thought to play an 
important role in the development of Alzheimer’s disease (Darvesh et al.  2010 ; 
Ramesh et al.  2010 ). For this reason, there is considerable interest in the possible role 
of dietary antioxidants as a potential therapeutic approach. Plant polyphenols have 
been the most widely studied, and compounds found in tea, red wine, and grape seed 
extract have been shown to have benefi cial effects on neurodegeneration (Ramesh 
et al.  2010 ). Moreover, it was reported in two recent studies that oleocanthal, a minor 
component of the polyphenol fraction of VOO, may protect against neurodegenera-
tion (Li et al.  2009 ; Pitt et al.  2009 ). No studies to date have specifi cally addressed 
the effects of the major olive oil polyphenols on Alzheimer’s disease, but the rela-
tively high content of these compounds and other antioxidants in VOO may be a 
factor in its reported effects in reducing cognitive decline (Berr et al.  2009 ). 

 Parkinson’s disease is one of the most common age-related neurodegenerative 
disorders and is characterized clinically by resting tremor, rigidity, bradykinesia, 
and postural instability. Dietary fatty acids have been studied in association with 
disease risk, but the results have been inconsistent (Logroscino et al.  1996 ; Anderson 
et al.  1999 ; Chen et al.  2003 ; de Lau et al.  2005 ). Omega-3 PUFAs have been sug-
gested to be neuroprotective in rat models of the disease (Delattre et al.  2010 ). In 
addition, the Rotterdam Study evaluated the association between intake of unsatu-
rated fatty acids (by dietary assessment) and its incidence. After a 6-year follow- up, 
intakes of total fat, MUFAs, and PUFAs were associated with a lower risk (de Lau 
et al.  2005 ). However, a case–control study carried out in Japan, involving 249 cases 
of Parkinson’s disease, found no decrease in risk with consumption of total fat, 
SFAs, MUFAs, and n-6 and n-3 PUFAs (Miyake et al.  2010 ). 

 Gao et al. ( 2007 ) examined the associations between dietary patterns, including 
the Mediterranean diet, and risk of Parkinson’s disease in the Health Professionals 
Follow-Up Study and the Nursesʼ Health Study. Compared to Western diets, a 
“healthy diet” rich in fruit, vegetables, and fi sh with a low intake of saturated fat and 
a moderate intake of alcohol was inversely associated with that risk. In spite of this 
result and that the effect of olive oil was not specifi cally addressed in those studies, 
in these cohorts, the intake of vitamin E and carotenoids was not associated with a 
reduction in the risk of Parkinson’s disease (Zhang et al.  2002 ). However, a subse-
quent metaanalysis of observational studies investigating the effect of vitamin C, 
vitamin E, and β-carotene intake on the risk of the disease found a neuroprotective 
effect of vitamin E (   Etminan et al.  2005 ).  

18.6.7     Cancer 

 A high number of cancers in humans are induced by carcinogenic factors present in 
our environment, including our food. Actually, it is estimated that approximately 
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one-third of all cancer deaths are related to dietary factors and reduced physical 
activity. The incidence of all kinds of cancer in Mediterranean countries is lower 
than in the rest of Europe and the USA. This is mostly accounted for by the lower 
incidence of large-bowel, breast, endometrial, and prostate cancers, which have 
been linked to dietary factors, particularly low consumption of vegetables and fruit 
and, to a certain extent, high consumption of meat. Additionally, epidemiological 
data suggest an inverse correlation between regular consumption of olive oil and 
cancer risk (Levi et al.  1999 ; Calza et al.  2001 ). This hypothesis has been supported 
by animal studies that showed a protective effect of olive oil against the UV-induced 
damage of the skin (Budiyanto et al.  2000 ) and its ability to prevent the colon crypt 
aberrant foci growth and colon carcinoma in rats (Bartoli et al.  2000 ). 

 It has been estimated that up to 25% of colorectal, 15% of breast, and 10% of 
prostate, pancreas, and endometrial cancers could be prevented by shifting to a 
healthy Mediterranean diet (Trichopoulou et al.  2000 ). Long-term consumption of 
olive oil, but not n-6 PUFAs, has been reported to be associated with decreased risk 
of breast cancer (Martin-Moreno et al.  1994 ; Trichopoulou  1995 ; Hunter et al.  1996 ; 
   Holmes et al.  1999 ), but there are also contradictory results showing no benefi cial 
effects derived from olive oil intake (Yu et al.  1990 ; Gaard et al.  1995 ). All efforts 
to achieve a relationship between dietary fatty acids and colorectal cancer, however, 
have failed. A combined analysis of 13 case–control studies indicated that there was 
essentially no association of intake of total, saturated, monounsaturated, or polyun-
saturated fats with the risk of colorectal cancer (Howe et al.  1997 ). 

 In contrast, a series of epidemiological studies conducted in Italy indicated that 
there was an inverse relation between breast and ovarian cancer risk with the intake 
of olive oil, but not of butter or margarine (Lipworth et al.  1997 ; Bosetti et al.  2002b ). 
However, the most consistent evidence for a favorable role of olive oil came for 
upper digestive and respiratory tract cancers. High intake of olive oil has been asso-
ciated with signifi cantly lowered risk of pharyngeal, laryngeal, and esophageal can-
cers compared to seed oils, margarine, and butter (Franceschi et al.  1999 ; Bosetti 
et al.  2000 ,  2002a ), but no association with colorectal cancer risk was found in these 
studies (Galeone et al.  2007 ). Nevertheless, it is likely that the observed associations 
with olive oil are due not only to its specifi c components but to the fact that higher 
consumption of olive oil is an indicator of healthier dietary habits, with a more fre-
quent consumption of vegetables, and possibly of other benefi cial lifestyle factors. 

 The benefi cial effect of olive oil against cancer has been attributed to its antioxi-
dant properties due to the presence of oleic acid and minor components with bio-
logical activity, such as vitamin E, sterols, and polyphenols (Owen et al.  2000b ). 
Carcinogens present in our diet can damage DNA directly by forming covalent 
adducts with DNA or indirectly after being activated from inactive procarcinogens 
or via their induction of ROS production. Other carcinogens are not genotoxic but 
stimulate cell proliferation, thereby increasing the probability of spontaneous occur-
rence of errors during DNA replication. Phenolic compounds can directly scavenge 
radical species by acting as chain-breaking antioxidants and suppress lipid peroxi-
dation by recycling other antioxidants, such as α-tocopherol, by donating a hydro-
gen atom to the tocopherol molecule. However, there is little experimental evidence 
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indicating a potential role of VOO phenolics against cancer (Ragione et al.  2000 ; 
Babich and Visioli  2003 ). β-sitosterol may be protective against breast cancer cells, 
as it has been shown to inhibit tumor cell invasion and cell growth by 70% com-
pared with controls (Awad et al.  2001 ). α-tocopherol has also been shown to inhibit 
the growth of human prostate and colon cancer cells by 86% in the androgen- 
independent prostate cancer cell line DU-145, 74% in the androgen-dependent 
prostate cancer cell line LNCaP, and 64% in human colon adenocarcinoma (Caco-2) 
cells compared to control (   Gysin et al.  2002 ). 

 In the search for antitumor promoters from natural sources, the anticancer effects 
of pentacyclic triterpenes from olive oil have attracted attention (Hsu et al.  1997 ; 
Ukiya et al.  2002 ). Triterpenic acids are potent inducers of apoptosis in human 
colon (Juan et al.  2006 ; Reyes et al.  2006 ) and brain cancer cells (Martín et al. 
 2007 ). In human HT-29 colon cancer cells, oleanolic acid showed moderate antip-
roliferative activity and moderate cytotoxicity at high concentrations (greater than 
or equal to 250 μmol/L). In contrast to maslinic acid, oleanolic acid, which lacks a 
hydroxyl group at the carbon 2 position, failed to activate caspase-3 as a prime 
apoptosis protease. Induction of apoptosis by maslinic acid was confi rmed micro-
scopically by an increase in plasma membrane permeability and detection of DNA 
fragmentation (Juan et al.  2008 ). Astrocytomas are among the most common and 
aggressive types of primary malignant tumors in the neurological system that lack 
effective treatments. In the human 1321N1 astrocytoma cell line, the triterpenic 
diols, erythrodiol and uvaol, effectively modulated cell proliferation and the apop-
totic response, promoting nuclear condensation and fragmentation. At the molecu-
lar level, changes in the expression of surface proteins associated with adhesion or 
death processes were also observed. Moreover, triterpene exposure correlated with 
the activation of c-Jun N-terminal kinases (JNK) (Martín et al.  2009 ). 

 Most of the aforementioned effects may be associated with reduced ROS produc-
tion. ROS concentrations are lower when dietary n-6 PUFA are replaced by VOO 
and, in turn, there is a decrease in the level of exocyclic DNA adducts (Weisburger 
 1997 ; Hong et al.  2000 ; Owen et al.  2000c ).   

18.7     Future Trends and Perspectives 

 The Mediterranean diet is believed to be associated with numerous health benefi ts, 
with the consequence of increased longevity and lower incidence of chronic diseases, 
including cardiovascular disease, cancer, and neurodegenerative conditions. Olive oil 
has a crucial role in these health-promoting effects, but its benefi ts are due not only 
to its high MUFA content but also to the many micronutrients present in the oil. 

 Consumption of olive oil has anti-infl ammatory effects by lowering plasma lev-
els of cytokines and adhesion molecules and by reducing the induction of monocyte 
adhesion to the endothelium. In addition to its anti-infl ammatory properties, it helps 
to protect against cardiovascular disease by reducing plasma cholesterol levels, pro-
tecting against the oxidation of LDL, lowering blood pressure, and attenuating 
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platelet aggregation. In addition, there is increasing evidence showing that in 
Mediterranean countries, diets relatively high in fat from olive oil may be effective 
alternatives to the traditional low-fat diet for initial weight loss in obese persons, 
which is attributed to a satiating effect of olive oil intake. 

 The mechanisms by which olive oil exerts its health-promoting effects are not 
yet fully understood, but it is now clear that the MUFA content alone is not suffi -
cient and that minor components must also be considered. However, the role of 
these minor constituents has not yet been addressed in detail. Phenolic compounds 
have been the most widely investigated, and it is now known that they can inhibit 
LDL cholesterol oxidation, platelet aggregation, and thromboxane production and 
that they stimulate anti-infl ammatory components and increase nitric oxide produc-
tion. However, there is still a great deal of work to do regarding the components of 
the unsaponifi able fraction of olive oil. These include compounds such as phytoster-
ols and tocopherols, which, apart from their well-known hypocholesterolemic and 
antioxidant effects, respectively, have also been shown to be active against infl am-
mation. Another group of components that has been receiving attention lately is the 
terpenoids, encompassing acids and alcohols, which are found in low concentra-
tions in olive oil. It has been claimed that these components not only may have 
anti- infl ammatory properties but can be also benefi cial against blood pressure and 
carcinogenesis. 

 Further investigations of the properties of the multitude of minor compounds 
found in olive oil, therefore, are likely help to explain not only some of the classic 
benefi cial effects of the Mediterranean diet but also some of the more recently dis-
covered effects on the pathophysiology of atherosclerosis, metabolic syndrome, 
diabetes, cancer, and neurodegenerative disorders.     
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19.1            Introduction 

 Virgin olive oil (VOO) designations defi ned in Chap.   1     must be presented to 
 consumers duly bottled and labeled, clearly indicating the category of oil contained 
within the bottle. However, not all olive oil production is classifi ed as extra virgin 
and virgin, which can be consumed directly. Besides lampante virgin olive oil, 
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which is not fi t for human consumption because of its physicochemical and senso-
rial properties, there is olive-pomace oil, which is obtained from the solid residue 
resulting from the mechanical extraction of olive oil. Today, olive-pomace oil can be 
obtained from the three olive oil extraction systems (Chap.   3    ): pressing, three-phase 
decanter, and two-phase decanter. Olive-pomace oil represents approximately 8 % 
of olive oil production. 

 The refi ning process removes the undesirable fl avor of those oils and chemical 
compounds that might be toxic or affect olive oil stability. 

 In Spain, the world’s largest producer of olive oil with an average of around 1.1 
million t/year, extra virgin olive oil (EVOO) represents only 35 % of production 
(MARM  2010 ). Thus, around 60 % of the production destined for human consump-
tion should be refi ned before bottling. Therefore, the refi ning industry has a great 
economic importance in the world of olive oil.  

19.2     Refi ning Process 

 Refi ning is the term applied to the process of neutralizing the free fatty acids (FFAs) 
present in oil by treatment with alkali and the centrifugal separation of the resulting 
insoluble material (e.g., phospholipids, color compounds, and soluble and insoluble 
impurities). The term refi ning is used with both physical and chemical processes 
(Anderson  2005 ). Table  19.1  displays the chemical or alkali refi ning process, which 
involves a caustic treatment step in order to neutralize the oil, while FFAs are 
removed by distillation during the deodorizing step in the physical refi ning process.

19.2.1       Settling of Olive Oil 

 Lampante VOO contains different types of undesirable substances ranging from 1 % 
to 10 % of FFAs, phospholipids, traces of metals, colored compounds, and water 
(Antonopoulos et al.  2006 ). The process of refi ning vegetable oils begins with a 
degumming step. In the olive oil industry, however, that step is replaced by the set-
tling step because of the small amount of phospholipids in the oil, and also because 
settling removes moisture, impurities, and some waxes. There are three main factors 

   Table 19.1    Basic steps in refi ning process   

 Alkali or chemical refi ning  Main group of compounds removed  Physical refi ning 

 Washing/degumming  Phospholipids  Washing 
 Neutralization  Free fatty acids  – 
 Bleaching  Pigments/metals/soaps  Bleaching 
 Winterization  Waxes/saturated triacylglycerols  Winterization 
 Deodorization  Volatiles/free fatty acids  Deacidifi cation/distillation 
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in effective settling: (1) time: a minimum of 4 weeks is required, depending on mois-
ture, impurities, phospholipid content, and freshness of raw material; (2) tempera-
ture: a constant temperature between 20 °C and 25 °C yields the best results; (3) tank 
shape: an inverted cone is the most suitable shape for oil settling.  

19.2.2     Chemical Refi ning Process 

19.2.2.1     Degumming 

 The objective of this step is to eliminate phospholipids, also called  gums . These 
compounds consist of a glycerol molecule esterifi ed at the  sn -1 and  sn -2 positions 
with fatty acids (FAs) and at the  sn -3 position with phosphoric acid normally linked 
to a polar group of varying nature. Phospholipids are strongly emulsifying com-
pounds that are normally associated with prooxidative metals, which diminish sta-
bility and result in murky oil due to the appearance of precipitates. In addition, if 
phospholipids are present prior to deodorizing or physical refi ning, the oil produced 
will develop a darker color, showing poor organoleptic characteristics and stability 
(Dijkstra and Van Opstal  1989 ; Zamora et al.  2004 ). 

 These compounds are present in olive-pomace oil, but not in olive oil, due to the 
effect of the solvent on cellular membranes during the extraction process (Vioque 
and Maza  1973 ), phosphatidylcholine being the major phospholipid present in 
olive-pomace oil. These oils also contain a signifi cant amount of nonhydratable 
phospholipids, normally in the form of calcium or magnesium salts. To achieve a 
complete elimination of these compounds, it is necessary to transform nonhydrat-
able phospholipids into their hydratable forms by breaking metal/phospholipid 
complexes down with a strong acid, namely, phosphoric acid or citric acid 
(Thomopoulos and Tzía  1993 ). 

 The degumming step, which can be carried by continuous or discontinuous sys-
tems, precedes the neutralization step. In a continuous system, phospholipids are 
eliminated along with soaps in soapstocks (Dijkstra  1998 ).  

19.2.2.2     Caustic Refi ning 

 This generally consists of three stages: neutralizing, washing, and drying. 

   Neutralizing 

 The neutralization step is aimed at eliminating FFAs (prooxidants) and adding an 
alkali, which results in the formation of soaps insoluble in the oil. It is considered 
costly since a small quantity of neutral oil remains lodged in what is called soap-
stocks (Prieto-Soler and Ramos-Ayerbe  1972 ). 

19 Olive Oil Refi ning Process
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 An excess of 10–20 % of the calculated amount of NaOH is normally added to 
promote the saponifying reaction by which minor compounds (e.g., sterols and 
tocopherols) are removed (Lanzón et al.  1987 ; Pasqualone and Catalano  2000 ) 
together with other toxic compounds (Gozek et al.  1999 ). 

 The continuous process has been possible because of plate centrifuge separators. 
The fi rst continuous process consists of four basic components: (1) a system that 
controls the rate of fl uids to assure an exact proportion between alkali and oil in a 
continuous way, (2) a mechanical mixer, (3) a heat transfer system to break up the 
emulsion, and (4) a centrifuge separator (Hendrix  1990 ). Currently, the use of a self- 
cleaning centrifuge separator in the neutralization step is becoming the most wide-
spread. It consists of a vertical centrifuge that allows the continuous discharge of 
soapstocks, which results in decreased losses in neutral oil and longer operating 
periods (De Greyt and Kellens  2000 ).  

   Washing and Drying 

 The oil separated by centrifugation contains residual soaps at 200–500 mg/kg. This 
amount is too high for the oil to be directly bleached because the soaps act as poi-
sons for the bleaching earth and produce a strong adherence of the soapstocks to the 
fi ltering plates. To decrease the residual soap below 50 mg/kg, one or two washings 
are carried out using 8–10 % hot water (90–95 °C). The water added is then sepa-
rated by a second centrifugation step. The washed oil contains between 0.3 % and 
0.5 % water. If the oil needs to be stored after neutralization, then it must be dried 
until its water content is below 0.1 %. However, if it is going to be bleached imme-
diately, then the oil can be dried in bleaching tanks, where the process is carried out 
under vacuum conditions. This process basically depends on the installation design.   

19.2.2.3     Winterization 

 The crystallization step, which is carried out by cooling down the oil, is called win-
terization. The objective is the elimination of any compound that might cause the 
fi nal product to appear cloudy or murky and, hence, unacceptable to consumers (De 
Greyt and Kellens  2000 ). It is an essential step in the refi ning of olive-pomace oil. 

 Winterization involves a cooling of the oil at around 5–8 °C that allows the mar-
garine (solid portion, mainly constituted by waxes and saturated triglycerides) to 
crystallize in 24–48 h. The process is followed by separation into two phases 
through fi ltration or centrifugation. 

 Today, however, the process is carried out by means of an induced crystallization 
(Fig.  19.1 ), where those soaps resulting from the neutralization phase are used to 
improve the formation of microcrystals prior to maturation, or growth phase, where 
crystals reach macroscopic dimensions. The crystals are then separated by centrifu-
gation, thereby minimizing losses in the process (Mastrobattista and Gabriele  1992 ).
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   One of the main problems associated with chemical refi ning is the production of 
residues. Soapstocks consist mainly of sodium salts produced from FFAs. They also 
contain entrained neutral oil along with gums. Moreover, in the case of olive- pomace 
oil, waxes, proteins, pigments, and other compounds are eliminated from the crude 
oil. For economic reasons, the soapstocks are acidifi ed by the use of a strong acid 
treatment, yielding acid oil, which has some commercial value, and an aqueous phase, 
which requires its treatment before being discarded as wastewater (Cook  2000 ).  

19.2.2.4     Bleaching 

 Bleaching is the step where the color of the oil is reduced due to the adherence of 
colored compounds onto bleaching earth. The pigments present in olive oil are carot-
enoids and chlorophylls, together with compounds derived from these compounds 
due to acidity (e.g., pheophytins and pheophorbides from chlorophylls and isomers 
of 5,8-furanoids from ring 5,6-epoxides from carotenes) (Gandul et al.  1999 ). 

 The elimination of chlorophylls from olive-pomace oil is especially important 
because they are not susceptible to removal in the deodorization step, in contrast to 
carotenoid pigments (Ouyan et al.  1980 ). 

 Bleaching clay also facilitates decomposition of oxidation products, and conse-
quently, the peroxide value diminishes. If the raw material (olive-pomace oil) is not 
too much degraded, the anisidine value can be also reduced (Grompone  1991 ). 
Primary and secondary oxidation compounds are adsorbed during bleaching, along 
with metals, detergents, phospholipids, pesticides, and polyaromatic substances 
(Kock et al.  2005 ; Ruiz-Méndez et al.  2005 ). 
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  Fig. 19.1    Alkali refi ning: plant design complete three-stage plant (Courtesy of GEA Westfalia 
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 Bleaching earth, whether activated or not, consists of bentonites and montmoril-
lonites (aluminum-magnesium silicate) with a particle size in the range of 20–80 μm 
(Gonzalez-Pradas et al.  1993 ). The most important properties of the bleaching earth, 
from the adsorption viewpoint, are physical (surface area, active points on the sur-
face, and pore size) and chemical (acidity and humidity). On the other hand, both 
the fi ltration and retention of the oil are affected by particle size. Typical amounts of 
earth used range between 0.3 % and 1 % (Mag  1990 ). 

 Other commonly used adsorbents are active charcoal, which is being used more 
and more frequently in the elimination of polycyclic aromatic hydrocarbons    and 
other toxic colored contaminants related to these compounds in olive-pomace oils 
(León- Camacho et al.  2003 ). Synthetic silica removes all the compounds that might 
interfere with pigment adsorption, such as soaps or phospholipids (Welsh et al. 
 1989 ), but it is, however, less effi cient in retaining colored pigments, chlorophylls 
in particular (Lanzani et al.  1993 ). 

 Temperature selection is important because it affects equilibrium and because a 
decrease in temperature results in an increase in the viscosity of the oil. 

 The bleaching step is always carried out under vacuum conditions to reduce the 
possible effects of oxidation (Amati et al.  1969 ). It can be performed using a discon-
tinuous or a continuous system. In the fi rst case, the process involves cylinder con-
tainers equipped with a mixer and a heating system (Bockisch  1998 ). When 
bleaching is carried out in a continuous system, air is fi rst removed from the oil to 
avoid oxidation. The oil is then passed through a fi lter with already used earth to 
reduce the total amount of bleaching earth that is required for the whole process. 
From there the oil is transferred to a mixer and then to a retention tank to allow for 
the necessary time of contact with the bleaching earth. Finally, the oil is passed 
through a fi lter to separate the bleaching earth (Bockisch  1998 ). When bleaching is 
carried out in a continuous system, it is necessary to have at least two fi lters. 
Figure  19.2  outlines the process.

  Fig. 19.2    Flowchart of continuous bleaching unit (Courtesy of Desmet Ballestra Group)       
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19.2.2.5        Distillation of Fatty Acids and Deodorization 

 In addition to triglycerides, all olive oils contain a large amount of minor com-
pounds in much smaller quantities. Among them are volatiles that contribute not 
only to its appreciated sensory perceptions (e.g., fruity, green) but also to undesir-
able odors (e.g., rancid, fusty, vinegary) (Chap.   8    ). Deodorization, which allows 
removing those undesirable odors, consists of distillation under vacuum with strip-
ping gas. In the physical refi ning process, as FFAs were not previously removed 
during neutralization with alkali, they are also eliminated during deodorization. 

 The deodorization and distillation of FFAs is made possible by the great differ-
ences in volatility between triglycerides and the other substances present. The injec-
tion of a stripping gas is required because, while maintaining a total constant low 
pressure, a reduction in the partial pressures of volatile compounds will be achieved, 
and the distillation will begin at a lower temperature. 

 This process consists of four steps. First, it is always necessary to prepare the oil 
by removing the air due to the fact that oxygen is highly reactive in the oil at deodor-
ization temperatures and can drastically affect the stability of the resulting product. 
After that, the oil must be heated and the temperature maintained throughout the 
process, with either a high-pressure heating steam or thermal fl uids. The carrier gas 
is injected into the bottom of the distiller; fi nally, the oil is cooled down under vac-
uum to prevent it from deterioration once it has been deodorized. This process may 
be carried out in a discontinuous, semicontinuous, or continuous system (Belchen 
 1999 ). Figure  19.3  shows a continuous system.
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   The optimal combination of time and temperature will vary according to the 
design characteristics of the operating plant, particularly concerning the effi ciency 
of the distribution of the stripping gas in the oil, along with the elimination of resi-
dues and heat loss, which results in a signifi cant decrease in stripping steam con-
sumption (De Greyt and Kellens  2005 ). 

 The temperatures used for deodorization are between 180 °C and 270 °C. The 
upper limit was established as a result of the chemical decomposition and hydroly-
sis reactions that take place during this step (Sjöberg  1991 ). However, the use of 
temperatures above 200 °C is recommended when an additional bleaching effect is 
required because at higher temperatures a rapid decomposition of peroxides and 
pigments takes place (Ouyan et al.  1980 ). 

 Prieto-González et al. ( 2007 ) recommend operating at two different temperatures in 
the physical refi ning, fi rst at a lower temperature to remove most of the fatty alcohols that 
produce waxes, and then at higher temperatures to adjust the required outlet acidity. 

 The minimum time required usually depends on the degree of thermal bleaching 
to be obtained. Operating time varies according to the type of oil and its initial qual-
ity (Sjöberg  1991 ), and it is directly related to the temperature used because the 
vapor pressure of the volatile compounds increases with temperature. On the other 
hand, the stability of the refi ned oil largely depends on the relationship between the 
time and temperature of deodorization, mainly due to degradation and, therefore, 
the loss of natural antioxidants (Verleyen et al.  2001 ). 

 The biggest improvements to the vacuum system allow for the substitution of 
steam with nitrogen in the deodorizing step of physical refi ning (Huesa and 
Dobarganes  1990 ). This technique (Decap et al.  2004 ) yielded signifi cant savings, 
both in the consumption of water and energy and in the amount of gas required, 
resulting in the use of quantities that are fi ve and ten times lower than those needed 
when steam is used. In addition, part of the contaminated wastewater is eliminated 
and the byproducts of deodorization are recovered with less degradation due to the 
inert nature of the gas    (Ruiz-Méndez et al.  1996a ,  b ). 

 Oxidation produces the most damaging effects on the quality of the resulting oil 
during storage, and the exclusion of oxygen is essential to preserve the quality of the 
fi nished product. The most usual procedure consists in introducing nitrogen when 
the oil leaves the deodorizer until it reaches the storage tank, maintaining a pressur-
ized system by means of a regulator. 

   Soft Deodorization 

 Although virgin oils cannot undergo this treatment, some lampante oils (those 
showing only slight defects in chemical or sensory characteristics and which do not 
meet EVOO standards) are submitted to a “soft” deodorization to reduce or elimi-
nate unpleasant odor compounds. After the treatment, these olive oils present chem-
ical characteristics meeting chemical standards but without fl avor. 

 Soft deodorization can be carried out by molecular distillation under vacuum or 
by a stream of nitrogen at low temperatures using adsorbent powders or fi ltering 
membranes (Cerretani et al.  2008 ; Pérez-Camino et al.  2008 ).    
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19.2.3     Physical Refi ning of Olive Oil 

 As stated previously, the main difference between olive oil and seed oils, from the 
refi ning viewpoint, is the content of phosphorus compounds that requires a degum-
ming process. The maximum content of these compounds to carry out a physical 
refi ning is 5 mg/kg (Ong  1980 ). Phospholipids are not present in lampante VOOs 
because the oil is obtained by mechanical means from a mass of crushed olives 
malaxed with water (Chap.   3    ). The water addition during the malaxation process is 
enough to fl occulate and separate these compounds in the aqueous phase, and fur-
thermore, a water wash process is commonly used to remove mechanical impurities 
prior to the refi ning of the olive oil. Consequently, lampante olive oil is suitable for 
the physical refi ning. 

 Physical refi ning is more complicated than chemical refi ning from a technical 
viewpoint. However, it only requires three steps compared to more than six steps 
involved in conventional refi ning. Therefore, the main advantage of physical refi n-
ing is the reduction in neutral oil losses and, at the same time, a partial reduction of 
the amount of pollution produced by washing water. 

 Other refi ning methods under investigation involve the elimination of FAs using 
molecular distillation (Lanzani et al.  1988 ) or supercritical fl uids (Bondioli et al. 
 1992 ; Goncalves et al.  1991 ).  

19.2.4     Environmental Impact 

 From what has been written so far, it has been established that the refi ning process 
is carried out with reactive chemicals that are toxic and dangerous. In addition, 
refi ning produces several types of residues and emissions that must be controlled, 
such as wastewater, solid waste (used bleaching earth), gas emissions (odors), and 
oil spills (Cook  2000 ). 

 Although regulations regarding environmental issues vary among countries, they 
are rigorous enough with respect to the control of residual waste, for example, the 
requirement to install purifi cation systems for the wastewaters to be dumped offsite 
(Bozoglan and Hepbasli  2010 ).   

19.3     Quality Control During Refi ning 

 The consumer of edible oils, according to market studies, pays special attention to 
appearance, fl avor and scent, health effects, and the extent to which it fulfi lls its 
function. The International Olive Council (IOC) standards and the regulations of the 
Commission of the European Communities have defi ned the various categories of 
olive oil and olive-pomace oils (EC  2011 ). The quality control established by the 
refi neries coincides with offi cial regulations concerning the fi nal product. 

19 Olive Oil Refi ning Process
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19.3.1     Quality Control of Virgin Lampante Olive Oil 

 Quality control begins with the evaluation of the crude oil, which is as complete 
(if not more) as the evaluation made on the resulting refi ned oil. The tests are applied 
not only to fulfi ll the marketing specifi cations    but also to determine the most appro-
priate process for the raw material. The main factor to assure the quality of the refi ned 
oil stems is based on a high-quality crude oil, which must be treated and stored under 
the best conditions to minimize changes in the product. To obtain high-quality refi ned 
oil, the refi neries must establish control points during the process with the aim of 
obtaining deodorized oils that fulfi ll the required specifi cations. 

 Due to the behavior of the solvent, crude olive-pomace oil contains more minor 
compounds than lampante VOO   . Parameters that differentiate lampante virgin and 
olive-pomace oils are their contents in unsaponifi able matter (e.g., eritrodiol, uvaol, 
waxes) and their absorbency in ultraviolet light at K 270 , which measure conjugated 
double bonds mostly caused by oxidation. 

 The ideal oil for physical refi ning is one containing no more than 2 % FFAs. This 
limitation avoids any increases in the percentage of saturated FAs in the beta posi-
tion of triacylglycerols (TAGs) as a consequence of the interesterifi cation with FFAs 
in random order at high temperatures during the deodorization step (Amelotti  1987 ; 
Gracian and Mancha  1971 ). This is the main reason for the selection of physical 
refi ning for oils with low acidity but not for olive-pomace oils.  

19.3.2     Quality Control of Crude Olive-Pomace Oil 

 A large number of olive mills have been adapted to obtain VOO by two-phase 
decanter (Chap.   3    ) to optimize production costs and to avoid the production of 
wastewater, which is a severe environmental contaminant. The resulting byproduct, 
so-called  alperujo , is a mixture of wastewater and olive-pomace oil that can be sub-
jected to a second centrifugation in a decanter (Alba-Mendoza et al.  1996 ) to obtain 
what is known as two-phase olive-pomace oil (Sanchez-Moral and Ruiz-Méndez 
 2006 ); between 50 % and 70 % of the remaining oil can be extracted. To identify 
this type of olive oil, which fulfi lls the specifi cations for the olive-pomace oil desig-
nation, an analysis of aliphatic alcohols or a simple treatment with bleaching earth 
of the crude olive oil, due to the cloudy appearance in the bleached oils, is enough. 
The cloudiness results from the presence of high amounts of oleanolic acid (Pérez- 
Camino and Cert  1999 ). 

 The extraction of the olive-pomace oil remaining in the alperujo is extremely diffi -
cult when the oil proportion falls below 2 % because the oils coming from wet storage 
materials contain signifi cant quantities of phospholipids, waxes, and other anomalous 
compounds. Furtheremore, the extracted oil has signifi cantly inferior quality. 

 From the refi ning viewpoint, all these oils, although low in acidity, require a 
chemical refi ning process to eliminate fatty alcohols and triterpenic acids present in 
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the oil and to avoid the formation of waxes during the deodorization step (Servege 
 1983 ). Table  19.2  shows the acidity, together with the percentages of phosphorus, 
soaps, and calcium present in samples of crude olive-pomace oils; a substantial 
amount of calcium was also detected   , possibly in the form of soaps and combined 
with phospholipids. The last column of the table shows the acidity determined in the 
same samples when the oil is subjected to a heat treatment in the presence of phos-
phoric acid, just as if it had suffered an exhaustive degumming process; there is an 
increment in FFAs, which in some cases reaches 50 %. The soaps could mask the 
actual free acidity in the oil, which has traditionally been the main parameter to 
evaluate the quality of crude oils.

   Other components are formed during the storage of olive-pomace oil, such as FA 
ethyl esters and phenols. Substantial amounts of FA esters, formed by their reaction 
with short-chain alcohols resulting from the fermentation of organic materials in the 
presence of water, can be present with values ranging from 1 % to 3 %, and even 
5 % in some cases (Ruiz-Méndez and Ramos-Hinojosa  2003 ). Although these com-
pounds are removed during deodorization, the consequent losses must be 
considered. 

 On the other hand, although 4-ethylphenol is found in all olive oils intended for 
refi ning, its presence was particularly signifi cant in the second centrifugation of 
olive oils, with its concentration increasing with time during olive paste storage. 
Similar trends were observed for hydroxytyrosol, hydroxytyrosol acetate, tyrosol, 
and catechol, with the concentration of these substances reaching values of up to 
600 mg/kg oil (Brenes et al.  2004 ; García et al.  2008 ). 

 Finally, due to the drastic conditions associated with the drying process, usually 
high amounts of polycyclic aromatic hydrocarbons (PAHs) (400–200 ppb benzo-
alfa   - pirene) can be determined in crude olive-pomace oil, and they must be com-
pletely removed during the refi ning process (León-Camacho et al.  2003 ). These 
compounds, and those derived from other alterations because of wet storage, have 
had a great infl uence on the refi ning process and have led to modifi cations in the 
traditional refi ning processes. 

   Table 19.2    Characteristics of some crude pomace oil samples   

 Samples 

 Crude oil  Degummed oil 

 Acidity 
(% oleic) 

 Phosphorus 
(mg · kg −1 )  Soap (%)  Ca (%) 

 Acidity 
(% oleic) 

 A  7.30  479  4.15  1.15  14.75 
 B  2.39  357  0.05  0.60  4.37 
 C  7.45  446  1.95  0.60  11.5 
 D  3.36  332  0.05  0.50  4.09 
 E  11.20  432  2.71  0.39  13.48 
 F  8.81  432  2.41  0.35  10.52 
 G  14.47  454  4.03  0.49  17.22 
 H  12.43  443  0.22  0.30  14.73 
 I  18.57  486  0.37  0.43  21.73 
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 Table  19.3  shows the main analyses made throughout the refi ning process of 
olive-pomace oil. The control measures are numerous and necessary for establish-
ing the proper amount of acids in the degumming step as the excess in the concen-
tration of caustic soda    in alkaline neutralization and the right proportion of active 
carbon in the bleaching phase.

   The contents of phosphorus, soap, free acidity, and the color of the dried neutral 
oil are determined prior to bleaching. At this point of the refi ning process, the soap 
contents should be lower than 200 mg/kg, free acidity should not exceed 0.05 %, 
and the phosphorus content should be 30 mg/kg at most (Roden and Ullyot  1984 ; 
Podmore  1992 ). In addition, the oil should have a peroxide level equal to zero after 
bleaching and before deodorizing. The principal objectives of these control mea-
surements are to verify whether the oil has received the appropriate treatment and to 
guarantee the effective action of the bleaching earth. 

 Finally, the deodorized product is analyzed before storage to ensure that the FFA 
level is lower than 0.1 %, the peroxide index is below 5 meqo2/kg, and color and 
odor are detectable (Podmore  1992 ).  

19.3.3     Quality Regulations for Refi ned Oils 

 It should be mentioned at this point that there is some lack of understanding sur-
rounding an appropriate defi nition for the quality of refi ned oils. The analytical 
methodology used to evaluate quality is based on indexes indicating that the objec-
tives established for each phase of the refi ning process have been reached. Thus, the 
determinations of free acidity, color, and odor characteristics are directly related to 
the effectiveness of the degumming, neutralization, bleaching, and deodorization 
steps of the refi ning process. Additional analyses to evaluate the oxidative level 
(e.g., λ 270 ) are diffi cult to interpret because they can vary according to the level of 
alteration as well as the presence of prooxidants and antioxidants in the oil. On the 
other hand, it is well known that the behavior of refi ned oil during storage and in 
different applications (e.g., frying) depends largely on the quality of the initial crude 
oil that is subjected to refi ning and on the quality of the fi nal processed oil (Márquez- 
Ruiz et al.  2010 ). 

   Table 19.3    Routine analytical control at each stage of refi ning process of pomace olive oil   

 Oil type  Analysis 

 Crude oil  Free fatty acid (%) and after lab degumming (%), color, moisture and 
impurities, peroxide value, specifi c extinction and phosphorus, 
sterols, polycyclic aromatic hydrocarbons, and axes    

 Refi ned and 
winterized oil 

 Free fatty acids, soaps, peroxide value, phosphorus, and waxes 

 Bleached oil  Free fatty acids, soaps, color, peroxide value, and phosphorus 
 Deodorized oil  Organoleptic characteristics, free fatty acid, color, peroxide value 
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 Quality and authenticity specifi cations for refi ned olive oils are more rigorous 
than those established for other edible oils, even though legislation permits high 
acidity and makes no mention of parameters such as phosphorus or soap contents 
(EC  2011 ). Table   16.6     shows the main characteristics of refi ned olive oils. 
Regulations (EC  2011 ) and IOC trade standards permit high levels of compounds 
related to the refi ning process. These modifi cations are mainly due to the drying 
process of olive-pomace oil, where the value of oxidized triglycerides can increase 
by    up to 35 % (   Gomes and Capornio  1997 ). 

 There are exceptions to this general rule in specifi c cases where the required qual-
ity characteristic is stricter. That is the case in the canning industry, which requires a 
maximum percentage of FFA of 0.1 %. With respect to their appearance, the oils 
must be clear and bright and at a temperature of 20 °C, and they must be clear and 
free of sediment over a 24-h period. Therefore, any component that could produce 
cloudiness in the oil must be removed during the refi ning process. Clear examples 
are the winterization step to reduce waxes and long-chain saturated triglycerides, the 
vacuum drying step to eliminate water, and fi ltration to eliminate the remaining 
bleaching earth and other impurities. These last two requirements are specifi cally 
controlled since EU regulations and IOC trade standards establish that the contents 
of moisture and volatile compounds in a vacuum furnace should not exceed 0.1 % 
and the content of insoluble impurities in light petroleum must be below 0.05 %. 
Regarding color specifi cations, they may vary according to the marketing demands. 

 The specifi cations for refi ned oils are also related to sensory characteristics since 
the refi ned olive oil must be free from rancid odor, have no contamination by for-
eign substances, and not show deodorization defects. Nevertheless, no regulation 
has yet been established to monitor the sensory analyses of refi ned oils, and only the 
peroxide value (less than 10 meq O 2 /kg) is a guarantee to limit the amount of modi-
fi ed compounds present in refi ned olive oil. In addition, refi ned olive oil must be 
produced to maintain acceptable sensory characteristics over its shelf life.  

19.3.4     Contaminants 

 Persistent organic pollutants (POPs) (e.g., PAHs, pesticides, and PCBs) are well 
known because of their toxicity and their persistence in the environment. They must 
be removed during the refi ning process to achieve residual levels defi ned as “as low 
as reasonably achievable” (ALARA) (De Greyt and Kellens  2005 ). 

 The presence of pesticides in olive oil can elicit endocrine disorders (Skilourakis 
and Psillakis  2007 ). Amvrazi and Albanis ( 2009 ) determined that 10 % of the ana-
lyzed Greek samples from olive trees of conventional orchards contained no detect-
able residues, whereas other samples had residues of up to 20 insecticides. The 
highest detection rates were of fenthion, dimethoate, and endosulfan. Endosulfan, 
which is a pesticide in the same class as DDT, is highly persistent in the environ-
ment and has a high potential for bioaccumulation and biomagnifi cation. 
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 Past investigations suggested that the amount of most of the organochlorine and 
organophosphorus pesticides in edible oils can be reduced considerably by a chemi-
cal refi ning process or by adsorption on specifi c lipophilic adsorbents (e.g., acti-
vated carbon), by vacuum-steam distillation, or by extraction with supercritical CO 2  
(de Diujn  2008 ; Kock et al.  2005 ; Kawashima et al.  2009 ). Bleaching seemed to be 
effective for the elimination of simazine only. To remove the other pesticides, the 
physical refi ning treatment requires a temperature of 240 °C at the deodorizing step, 
for time periods depending on the pesticide, for example,1 h for difl ufenican, oxi-
fl uorfen, and alpha-endosulfan, 2 h for beta-endosulfan, and 3 h for endosulfan 
sulphate (Ruiz-Méndez et al.  2005 ). 

 Removal by photochemical degradation using ultraviolet light seemed to be an 
effective alternative for the reduction of these chemicals without harming the qual-
ity parameters of the lampante olive oil (Martínez Nieto et al.  2009 ).   

19.4     Modifi cations in Oil Produced During Refi ning Process 

 From a general viewpoint, the main alterations to fats during processing and storage 
are due to the effects of humidity, temperature, and atmospheric oxygen. The effects of 
these variables involving steps prior to and during the refi ning process determine the 
initial quality of the refi ned oil, which may be further modifi ed during storage and 
packaging as a result of oxidative alterations. The main difference among the three 
variables is that while humidity affects the ester bonds of glycerol leading to hydrolytic 
release of FFAs and partial glycerides, temperature and oxygen mainly affect the dou-
ble bonds of the unsaturated acyl moieties that are constituents of the TAG molecule 
and, consequently, affect the formation of cyclic monomers , trans  acid isomers, or 
dimers and polymers, series of compounds that are of great importance in the evalua-
tion of thermal alteration in refi ned oils    (Grandgirard et al.  1984 ). The following para-
graphs describe the principal modifi cations to minor glyceridic compounds and the 
most relevant unsaponifi able compounds as a consequence of the refi ning process. 

19.4.1     Minor Glyceridic Compounds in Oil 

 The quantifi cation of total minor glyceridic compounds can be carried out with a 
previous separation by silica gel column chromatography and then the analysis by 
high-performance size-exclusion chromatography (HPSEC) (Ruiz-Méndez et al. 
 1997 ). Figure  19.4  shows a HPSEC chromatogram with four main peaks: triacylg-
lycerol dimers (TAGDs), characteristic of thermal degradation; oxidized triacylg-
lycerol monomers (oxTAGMs), related to oxidative alteration; diacylglycerols 
(DAGs); and FFAs, the last two mainly produced through hydrolytic reactions. The 
FA peak also includes a part of the polar unsaponifi able fraction and, consequently, 
it is not of interest from a quantitative viewpoint. Thus, the main groups of polar 
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compounds, which elute in inverse order to their molecular weight, are the glycer-
idic compounds, which are associated with the main alterations in fats and oils.

   In the case of lampante olive oil and olive-pomace oil, regardless of their per-
centages of polar compounds, the main minor lipids are DAGs and FFAs due to 
hydrolysis (Serani et al.  2001 ). With respect to oxidation, as stated earlier, most of 
the alterations are produced during the drying step of the olive-pomace oil before 
extraction of the oil by solvent   . 

 Oxidized TAGMs and DAGs are diffi cult to remove during the refi ning process 
due to their polarity and volatility. An appreciable decrease in their quantity occurs 
in the neutralizing step, while no change is observed in the bleaching step. This is 
because the basic objective of the bleaching step is to remove compounds present in 
small quantities. 

 With regard to the deodorizing step, the signifi cant increase in the amount of 
dimers is the consequence of the elevated temperature of this step. Most of this 
increase takes place immediately once the oil has been bleached. This indicates that 
the initial heating step, until the treatment temperature is reached, has an important 
effect on the formation of polymerized compounds. This could be due to the pres-
ence of large amounts of oxygen during this initial period (Ruiz-Méndez  2003 ). 
Once a dimer is formed, the existence of double bonds in other FAs of TAG mole-
cules could lead to further reactions producing trimers and polymers. 

 The relative effect of both pathways depends on the temperature, the proportion 
of polyunsaturated fatty acids (PUFAs), and the presence of conjugated double 
bonds. The main implication is the formation of nonpolar dimers or acylic isomers 
that alter the natural structure of TAGs, which, at signifi cant quantities, could mod-
ify the oil nutritional properties. 

 On the other hand, the formation of compounds related to polymerization does 
not seem to be related merely to the temperature and unsaturation degree of the oil, 
but also to the quality of the crude oil subjected to the process, a fact that has been 
corroborated with other edible oils (Ruiz-Méndez et al.  1997 ). 
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  Fig. 19.4    Representative HPSEC chromatogram of refi ned oil polar compounds. Abbreviations: 
 oxTG  oxidized triglycerides,  DG  diglycerides,  FFA  free fatty acids       
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 The changes that acylglycerol compounds undergo during the refi ning process 
lead to the following general conclusions:

    1.    There is a signifi cant decrease in the amount of minor glyceride compounds in 
the oil during the neutralization phase due to the removal of FFAs.   

   2.    The formation of compounds related to polymerization depends on the quality of 
the oil itself.   

   3.    The oxidized TAG monomers and the DAGs undergo minor quantitative changes, 
which makes it easy to establish the relationship between the crude oil and the 
oil produced from any of the refi ning steps.     

 These conclusions lead to the proposal that the quantifi cation of minor glyceridic 
compounds, in particular of polymers, and the relationship between TAGs and 
DAGs be used as parameters for the evaluation of the quality of refi ned lampante 
VOOs (Pérez-Camino et al.  1993 ) and olive-pomace oils (Gomes and Capornio 
 1998  and  2001 ). 

19.4.1.1     Hydrolysis 

 The effect of humidity results in the formation of FFAs and partial acylglycerols, 
especially DAGs, as stated previously. FFA formation takes place during the neu-
tralization and deodorization steps (Szabo  1959 ). Although FFAs are not easily 
formed during the storage and packaging of the refi ned oils, their elimination during 
the refi ning process is crucial, owing to the fact that FFAs and partial acylglycerols 
are more susceptible to oxidation than the TAGs from which they are formed, and 
they can therefore contribute to an acceleration of the autooxidation process (Tatum 
and Chow  2000 ).  

19.4.1.2     Conjugated Double Bonds 

 An increase in the amount of bleaching earth with the aim of reducing the color can 
generate conjugated dienes and trienes (determined by K 232  and K 270 , respectively) 
derived from PUFAs (Sanelli  1979 ). High temperatures also have an adverse effect 
on the formation of conjugated double bonds (Passaloglou-Emmanouilidou  1990 ).  

19.4.1.3     Geometric Isomerization 

 In the bleaching and deodorization steps of physical refi ning,  trans  isomers are 
formed from PUFAs. In the deodorizing step, the content of  trans  FAs depends on 
the temperature, the treatment time, the fl ow rate of the carrier, and the oil layer in 
the deodorizer (León-Camacho et al.  1999 ,  2001 ).  

M.V. Ruiz-Méndez et al.



731

19.4.1.4     Transesterifi cation of Fatty Acids in Triacylglycerol 

 A signifi cant increase in the percentage of saturated FAs in the  sn -2 results when the 
temperature in the deodorization step increases or oils with high acidity are deodor-
ized (Amelotti  1987 ; Gracian and Mancha  1971 ). This is the main reason that lam-
pante VOOs with low acidity are subjected to physical refi ning, in contrast to 
olive-pomace oils.   

19.4.2     Other Compounds Affected by Refi ning Process 

 No relevant changes are observed in the total amount of the unsaponifi able fraction, 
with the exception of a decrease during the deodorization step. The compounds 
removed are important from the sensory viewpoint. They are the aldehydes and ketones 
that originate from hydroperoxide derivatives of FAs, as mentioned earlier (Chap.   8    ). 

 With respect to the amounts and compositions of sterols, tocopherols, and other 
minor compounds (Chap.   6    ), no signifi cant differences were found in the amounts 
of the individual compounds in the refi ning process (Kocchar  1983 ; Pasqualone and 
Catalano  2000 ). 

 The hydrocarbon fraction suffers a considerable decrease during processing, 
more specifi cally during caustic refi ning and in deodorization (Lanzón et al.  1994 ). 
A considerable amount of squalene is collected from the distillates of the deodoriza-
tion step and is considered a valuable byproduct (Bondioli et al.  1993 ). 

 At the same time, hydrocarbons of a diverse nature are formed, mainly in the 
bleaching step (Bortolomeazzi et al.  2000 ), such as alkadienes, products of the 
isomerization of squalene, and steroidal hydrocarbons with double bonds in the ring 
of the molecule. The content of stigmasta-3,5-diene, a product of the dehydration of 
β-sitosterol formed as result of the action of the bleaching earth (Lanzon et al.  1989 ; 
Cert et al.  1994 ), has been established in regulations to detect the addition of refi ned 
oils to VOOs. 

 Regarding waxes, there is a specifi c step to remove them in the refi ning of olive- 
pomace oil. The waxes are FA esters with long-chain alcohols, and their amounts in 
olive oils have been used for detecting the presence of olive-pomace oil (Chap.   16    ). 
Refi ned olive oil generally has wax contents close to the limit of 300 mg/kg used for 
detecting adulteration. Tubaileh et al. ( 2002 ) observed that the wax content increased 
during the heating period and decreased throughout the process upon reaching the 
operating temperature. Once a level has been reached, it does not vary during the 
storage period (Paganuzzi et al.  1997 ). At the same time, the total contents of fatty 
alcohols decrease during the deodorization step of physical refi ning. 

 The refi ning process also removes polyphenols. Diphenols (hydroxytyrosol, cat-
echol, and hydroxytyrosol acetate) and fl avonoids (luteolin and apigenin) are 
removed during the alkaline treatment (Nergiz  1993 ), whereas tyrosol and 
4- ethylphenol remain until the deodorization step. A large amount of phenolic com-
pounds has been found in refi ning byproducts, such as soapstocks and 
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deodorization distillates. In the latter streams, the concentrations of tyrosol and 
4-ethylphenol have reached up to 149 mg/kg and 3,720 mg/kg, respectively. This 
high level of 4-ethylphenol and its well-known strong off-odor can interfere with 
the further processing of the deodorization distillates. This information opens up the 
possibility of recovering phenolic compounds from second-centrifugation olive oils 
by adding a new washing step prior to the refi ning process (García et al.  2006 ). 

 The concentration of triterpenic acids in olive oil depends on the oil quality; the 
higher the quality, the lower the concentration; average amounts are 200 mg/kg for 
EVOO, 300 mg/kg for VOO of 1 % acidity, and 10 g/kg for olive-pomace oil. In 
fact, enrichment in triterpenic acids occurs in the crude olive-pomace oil during the 
storage of the alperujo from which it is extracted (García et al.  2008 ), but a signifi -
cant loss in these substances occurs during the refi ning process of the oil, particu-
larly when the neutralization step of the chemical refi ning is used (Pérez-Camino 
and Cert  1999 ; Ruiz-Méndez et al.  2010 ).   

19.5     Byproducts: Soapstocks and Deodorization Distillates 

 Distillates constitute good starting materials for obtaining compounds of high added 
value that have very different uses depending on their composition (Pickard et al. 
 1996 ). In the case of olive oil, this fraction, which can contain between 15 % and 
30 % of unsaponifi able matter (Ruiz-Méndez et al.  1995 ), can have direct applica-
tions in the cosmetic and food industries (Abadlla  1999 ). 

 Phytosterols, for example, have been used in the pharmaceutical and cosmetic 
industries, although new applications are being discovered, such as precursors for 
synthetic prostaglandins and other compounds of particular interest in the food 
industry (Miettinen and Gylling  1997 ; Fernandes and Cabral  2007 ). The distillates 
from olive oil are also a good source of hydrocarbons since squalene comprises 
15–30 % of such products and has widespread applications in cosmetics and phar-
macology. Different solutions have been proposed for the separation of these hydro-
carbons from deodorization distillates, such as the addition of detergents and further 
distillation (Serra-Masía and Martinez  1981 ) or fl uid extraction in a supercritical 
state (Bondioli et al.  1993 ).  

19.6     Challenges and Perspectives 

 Olive oil is valued for its content of minor compounds of nutritional interest, but the 
refi ning process removes a portion of these compounds. The olive oil industry 
intends to keep as much as possible of these compounds and simultaneously prevent 
the degradation of glyceridic components, as avoiding  trans-FAs and polymeric 
TAGs formation with mild deodorizing conditions, and establishing more effi cient 
processes in an attempt to reduce/valorize added-value byproducts, such as deodor-
izer distillates. 
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 In this sense, green technologies, such as supercritical fl uid extraction, mem-
brane technology, and molecular distillation, have potential applications in the olive 
oil industry. 

 Deacidifi cation using supercritical fl uids has been performed at the laboratory 
scale (Bondioli et al.  1992 ) as has tocopherol concentration from deodorizer distil-
late (Ibañez et al.  2000 ). 

 However, after two decades of signifi cant developments, the handling of large 
volumes of oil is still a major challenge. Even though equipment manufacturers 
have been working on a continuous system at the commercial scale for some time, 
it is not available yet (Temelli  2009 ). 

 Membrane technology can be used in many areas of the vegetable oil industry. A 
membrane-based process for deacidifi cation of lampante oil was undertaken by 
Hafi di et al. ( 2005 ). It was reported that, while complete deacidifi cation was 
achieved, some desirable components, mainly phenolics, were eliminated during 
the fi ltering process. Thus, it was suggested that focus be placed on reducing the 
elimination of phenolic compounds and improving the organoleptic characteristics 
of the fi ltered oils. 

 Some applications involving the extraction and refi ning of vegetable oils are now 
established – for example, degumming – while others are still under development. 
These include solvent recovery by reverse osmosis (RO) or nanofi ltration (NF), 
deacidifi cation by NF, dewaxing by microfi ltration (MF), and wastewater treatment 
by MF, NF, and RO. The major limitation to date has been the lack of membranes 
that are stable in hexane and other solvents (Coutinho et al .   2009 ). 

 Molecular distillation, also called short path distillation, has become an impor-
tant alternative for the separation of heat-sensitive compounds or substances with 
very high boiling points. Although this technique is a promising separation and 
purifi cation method, it is not commonly applied in the olive oil industry. The cost of 
the system and possible alterations in the structure of the oil during the process 
seem to be serious disadvantages (   Ciftci et al.  2012 ). 

 The production of refi ned olive oil is compulsory in a growing olive oil market, 
and the objectives of new developments in edible oil processing tend to enhance the 
nutritional quality of olive oils. Global trends show that green products and tech-
nologies are needed and all efforts should be made to supply them.     
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20.1            Introduction 

 The   nutritional assessment, authentication task, and traceability of any foodstuff 
require accurate compositional data validated by multilab comparisons. To do this 
with olive oil, it is necessary to carry out a prospective study of the existing data-
bases and standardization to avoid errors in quantifi cation. At present, available 
databases are scarce and incomplete and are thus diffi cult to cross tabulate. In 
 recognition of these problems, the olive sector, in the research and industrial realms, 
demands a validated world database that would make possible a multicountry, 
 multicultivar comparison and lead to better traceability and control of authenticity 
problems. The global olive oil trade, which has a high degree of competitiveness 
and rapid regulatory changes, needs a database on olive oil that is accepted 
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worldwide to adapt the legal limits of some chemical parameters to a new world 
trade scenario free from adulteration and low- quality oils (García-González and 
Aparicio  2010 ). A standardized database that includes information from all produc-
ing countries would also allow regulatory bodies to reach a consensus on fi xed legal 
limits, instead of proposing values based on partial studies, in order to avoid the 
continual readjustment of these values. Furthermore, the achievement of a world 
database on regular chemical compounds (e.g., fatty acids, sterols) would spur 
research institutions to supply information on other minor parameters (i.e., metals 
and n-alkanes) that could be applied to traceability and authentication control. 

 A profi le of olive oil composition depends on several variables that can be clus-
tered into four large groups: climate, soil, olive ripeness, and cultivar. These groups 
are intimately related to each other. The fi rst two concern geographical provenance 
if we accept that other variables, such as the altitude and latitude of orchards, are 
ultimately related to climate and soil, which are the real actors directly affecting 
the concentration of chemical compounds. Thus, some previous studies proved that 
the temperature in certain time frames during olive ripening and the concentration 
of some metals in the soil signifi cantly affect the activity of the enzymes responsible 
for olive oil chemical composition. Olive ripeness determines the profi le of the 
chemical compounds responsible for olive oil quality (e.g. volatiles, pigments, and 
phenols). However, if olives are harvested at their optimum level of maturity, as 
often happens, then the infl uence of maturity on the other chemical compounds (e.g. 
fatty acids, sterols, alcohols) is almost negligible. 

 The fourth and last variable, cultivar, is the fi rst source of information on olive 
oil characterization and traceability because it embodies the prevalent genetic diver-
sity of all living organisms. Furthermore, as was just explained, the olive tree, being 
a living organism, is affected by the aforementioned external variables, which 
explains the interrelationship among those variables. Thus, all avenues of database 
standardization converge on the study of cultivars as the main parameter to explain 
the chemical composition of olive oils. This study may result in the recognition of a 
protected designation of origin (PDO) or protected geographical indication (PGI) 
when it is associated with a particular geographic location. Consequently, the culti-
vars (monovarietal olive oils) may serve as the backbone of any database on olive 
oil chemical composition. Ideally, this database should include those new varieties 
resulting from cross breedings since, in some cases, they have burst onto the agri-
cultural scene and could be signifi cant in the future. The current location of cultivars 
and the wide variety of synonyms in cultivar nomenclature also play an important 
role in making a database potentially useful for backward traceability. Furthermore, 
this information on cultivar locations and synonyms (Bartolini et al.  1998 ) gives the 
database a desirable fl exibility to reshape the information in the case of a sudden 
alteration in the cultivar mapping of a particular region. 

 In this chapter a multicountry, multicultivar composition database for olive oil is 
presented by studying and analyzing information from different sources. The chemical 
parameters being studied are analyzed using standard or commonly accepted methods, 
from either the SEXIA project or from different literature sources (see references 
cited in the tables). Although the relevance of the information on tocopherols, 
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pigments, volatiles, and phenols is unquestionable, these compounds varied with 
time and with many variables other than cultivar and location. In addition to their 
labile nature, the lack of offi cial methods for most of these compounds leads to a 
confusing collection of data with very different value ranges that cannot be com-
pared. Consequently, the information presented in this section is primarily based on 
invariable compounds in order to obtain a long-lasting database. The methods used 
to analyze those compounds are described in offi cial regulations (Chaps.   6     and   16    ). 
Thus, the following tables represent a fi rst approach to reorganizing the complex 
information on olive oil composition and can be considered a starting point for a 
more ambitious project that would require a well-planned strategy of information 
gathering and normalization.  

20.2     Chemical Composition of Olive Oils 

 As was stated elsewhere in this book, olive oil composition is strictly regulated by a 
series of limits established for analytical parameters that determine its purity and 
authenticity. The considerable efforts that have been devoted to improving the cur-
rent analytical techniques have not been continued with a systematic characteriza-
tion of the kinds of olive oil most frequently encountered in the market. Furthermore, 
in the current context, the existence of discrepancies in the authenticity of olive oils 
and errors between laboratories are mostly due to the scarce information on the 
samples analyzed (e.g., cultivar + geographical origin) and, obviously, to the appli-
cation of different methods or quantifi cation procedures. The fi rst defi ciency may be 
remedied by databases that store information for most of the chemical compounds 
of olive oils. With respect to the second problem, even though many methods are 
standard and are well defi ned in regulations, many laboratories still devise slight 
variations, skip steps, or present the data in different units. Those methods are even 
more prone to error when they are used to analyze minor components that are not 
usually determined by routine labs. For this last reason, we have included restricted 
information on chemical compounds that are not determined by offi cial methods, 
although the analytical procedures are well described in the literature   ; they are 
hydrocarbons, 4-4′-dimethylsterols, and 4-monomethylsterols (Aparicio and Alonso 
 1994 ; Guinda et al.  1996 ; Azardmard-Damirchi and Dutta  2006 ; García-González 
et al.  2012 ). 

 To present results that can be compared with other sources, the information on 
chemical compounds is given in milligrams per kilogram, with the exception of 
fatty acids. Thus, 4-desmethylsterols, which are usually given in percentages for 
authenticity purposes, are displayed in milligrams per kilogram in the tables. 
This kind of quantifi cation avoids the collinearity statistical phenomenon that 
affects calculations regarding predictors when applying statistical procedures and 
might prevent statistical software from performing the matrix inversion that is used 
in some nonsupervised statistical algorithms. 
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 The estimated seven million hectares planted with around 600 million productive 
olive trees of more than 1,275 cultivars (Bartolini et al  1998 ) are not exclusively 
limited to the Mediterranean basin but include countries as far fl ung as Australia 
and Chile (Fig.  20.1 ). To the diversity of the geographical locations of orchards we 
must add the enormous range of olive oils throughout Europe, which, having 
acquired a reputation for being genuine articles of high quality, are now protected 
under the umbrella of protected designation of origin (PDO) and protected geo-
graphical indication (PGI) labels (Table  20.1 ). In the fi rst case, a PDO olive oil is 
one that is produced, processed, and prepared in a given geographical area using 
recognized techniques, and at least one of these stages in the second case (PGI). 
Databases have assisted researchers in their objective of characterizing PDOs 
(Fig.  20.2 ) by means of chemical compounds and so avoiding the presence of frauds 
in the market.

     Therefore, future work on olive oil characterization and traceability should focus 
on building an olive oil map, where the most productive cultivars, the most promi-
nent geographical zones, and all of the approved PDOs are characterized by chro-
matographic, spectroscopic, and isotopic information. It is hoped that the tables in 
this chapter will contribute to that aim.  

  Fig. 20.1    Location of olive-oil-producing regions on a world map       
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   Table 20.1    Names of European protected designations of origins (PDO) of virgin olive oils 
clustered by country   

  French PDO olive oil    Portuguese PDO olive oil  
 Huile d’olive d’Aix-en-Provence 
 Huile d’olive De Corse  Azeite de Moura 
 Huile d’olive de Haute-Provence  Azeite de Tras-os-Montes 
 Huile d’olive de la Vallee des Baux-de-Provence  Azeite do Alentejo interior 
 Huile d’olive de Nice  Azeites do Norte Alentejano 
 Huile d’olive de Nimes  Azeite do Ribatejo 
 Huile d’olive de Nyons  Azeites da Beira interior 
  Greek PDO olive oil    Italian PDO live oil  
 Agios Mathaios Kerkyras  Alto Crotonese 
 Apokoronas Hanion Kritis  Aprutino Pescarese 
 Archanes Iraklio Kritis  Brisighella 
 Exeretiko partheno eleolado: “Thrapsano”  Bruzio 
 exeretiko partheno eleolado “Trizinia”  Canino 
 Finiki Lakonias  Cartoceto 
 Kalamata  Chianti Classico 
 Kolymvari Hanion Kritis  Cilento 
 Kranidi Argolidas  Collina di Brindisi 
 Krokees Lakonias  Colline di Romagna 
 Lygourgio Asklipiou  Colline Salernitane 
 Petrina Lakonias  Colline Teatine 
 Peza Iraklio Kritis  Dauno 
 Sitia Lasithi Kritis  Garda 
 Viannos Iraklio Kritis  Laghi Lombardi 
 Vorios Mylopotamos Rethymnis Kritis  Lametia 

 Lucca 
  Spanish PDO olive oil   Molise 

 Monte Etna 
 Aceite de La Rioja  Monti Iblei 
 Aceite de Mallorca/Aceite mallorquin/

Oli de Mallorca/Oli mallorqui 
 Penisola Sorrentina 
 Pretuziano delle Colline Teramane 
 Riviera Ligure 
 Sabina 
 Sardegna 
 Tergeste 
 Terra di Bari 
 Terra d’Otranto 
 Terre di Siena 
 Terre Tarantine 
 Toscano 
 Tuscia 
 Umbria 
 Valdemone 
 Val di Mazara 
 Valle del Belice 
 Valli Trapanesi 
 Veneto, Veneto Euganei e Berici, 

Veneto del Grappa    

 Aceite de Terra/Oli de Terra Alta 
 Aceite del Baix Ebre-Montsia or 

Oli del Baix Ebre-Montsia 
 Aceite del Bajo Aragon 
 Aceite Monterrubio 
 Antequera 
 Baena 
 Gata-Hurdes 
 Les Garrigues 
 Montes de Granada 
 Poniente de Granada 
 Priego de Cordoba 
 Sierra de Cadiz 
 Sierra de Cazorla 
 Sierra de Segura 
 Sierra Magina 
 Siurana 
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20.3     Tables with Information on Olive Oil Chemical 
Compounds 

 Tables  20.2 – 20.8  display information on the chemical composition of several vari-
etals of olive oil. The number of characterized cultivars varies from 68, in the case 
of fatty acids, to 26, for the analysis of hydrocarbons. Some of these varietal olive 
oils have different geographical provenances (e.g., Picual from Spain, Chile, 
Argentina, and New Zealand), which makes it possible to analyze the infl uence of 
climate/latitude on the chemical composition of the same cultivar. The number of 
analyzed varietal oils is, obviously, high in the most common analytical methodol-
ogy (fatty acids), which does not means that this information is more relevant than 
that from n-alkanes (hydrocarbons). Most of the information comes from the long-
running large project funded by the Andalusian regional government to characterize 
Spanish production; many other foreign cultivars have been added to the database 
since it started in the last century. The frequent occurrence of “not reported” is an 
example of lack of complete information and dispersion of data published in scien-
tifi c journals.
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  Fig. 20.2    Principal component analysis of VOOs produced in PDO “Estepa” and in some neigh-
boring orchards in the Spanish provinces of Málaga (E1) and Córdoba    (E2). Note: The names are 
of the villages where the olive mills are located ( Source : García-González et al. ( 2012 ), with per-
mission of Grasas y Aceites)       
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