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Contextualización 
 
El marco legal en que se encuadran en la actualidad las enseñanzas oficiales 
de doctorado queda regulado en el Real Decreto 99/2011. Este Real Decreto, 
ha sustituido recientemente al Real Decreto 861/2010, donde se establecían 
las enseñanzas universitarias oficiales, entre ellas las enseñanzas de 
doctorado, y el cual a su vez había modificado algunos aspectos del anterior 
Real Decreto 1393/2007, por el que se regulan los programas  de Doctorado. 
En dicho Real Decreto 99/2011, consta explícitamente que el Doctorado tiene 
como finalidad la adquisición de las competencias y habilidades relacionadas 
con la investigación científica de calidad.   
 
El artículo 5 de dicho Real Decreto establece cuales deben ser las 
competencias básicas que, como mínimo, deben adquirirse en los estudios de 
doctorado. Dichas competencias quedan redactadas en seis items:   
 

a)  Comprensión sistemática de un campo de estudio y dominio de las 
habilidades y métodos de investigación relacionados con dicho campo. 

b)  Capacidad de concebir, diseñar o crear, poner en práctica y adoptar un 
proceso sustancial de investigación o creación. 

c)  Capacidad para contribuir a la ampliación de las fronteras del 
conocimiento a través de una investigación original. 

d)  Capacidad de realizar un análisis crítico y de evaluación y síntesis de 
ideas nuevas y complejas. 

e)  Capacidad de comunicación con la comunidad académica y científica y 
con la sociedad en general acerca de sus ámbitos de conocimiento en los 
modos e idiomas de uso habitual en su comunidad científica 
internacional. 

f)  Capacidad de fomentar, en contextos académicos y profesionales, el 
avance científico, tecnológico, social, artístico o cultural dentro de una 
sociedad basada en el conocimiento. 

 
Seguidamente, el artículo 6, establece que la obtención del título de doctor  
debe proporcionar una alta capacitación profesional en ámbitos diversos. 
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Para ello, los doctores habrán adquirido, al menos, las capacidades y 
destrezas personales necesarias para: 
 

a)  Desenvolverse en contextos en los que hay poca información específica. 
b)  Encontrar las preguntas claves que hay que responder para resolver un 

problema complejo. 
c)  Diseñar, crear, desarrollar y emprender proyectos novedosos e 

innovadores en su ámbito de conocimiento. 
d)  Trabajar tanto en equipo como de manera autónoma en un contexto 

internacional o multidisciplinar 
e)  Integrar conocimientos, enfrentarse a la complejidad y formular juicios 

con información limitada. 
f)  La crítica y defensa intelectual de soluciones. 

 
Los estudios de doctorado finalizarán, en todo caso, con la elaboración y 
defensa de una tesis doctoral que incorpore resultados originales de 
investigación. La tesis doctoral consistirá en un trabajo original de 
investigación elaborado por el candidato en cualquier campo del 
conocimiento y debe realizarse de modo que capacite al doctorando para el 
trabajo autónomo en el ámbito de la I+D+I. 
 
El proyecto científico que constituye esta Tesis Doctoral ha sido llevado a 
cabo en el seno de la Unidad de Cualimetría y Metrología Química (CMQ) y 
del grupo de investigación Análisis en Alimentación y Medio Ambiente 
(AnAMA, FQM-232), y ha sido realizada en el Departamento de Química 
Analítica, en la Facultad de Ciencias de la Universidad de Granada, bajo la 
tutela y dirección de los profesores Luis Cuadros Rodríguez y Antonio 
González Casado. 
 
 
Esta tesis se enmarca dentro de una de las líneas de investigación de nuestro 
grupo, sobre autentificación de alimentos, en especial de aquellos 
relacionados con el aceite de oliva, y está incluida dentro de las actividades y 
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tareas del proyecto QuOLEO, que ha sido financiado con fondos públicos 
para las siguientes acciones: 
 
 Cuantificación y control analítico de aceite de oliva en alimentos.  Proyecto de 

Investigación de Excelencia, Consejería de Innovación, Ciencia y 
Empresa, Junta de Andalucía (Ref.: P07-FQM-02667).  

 
 Cuantificación de aceite de oliva en alimentos. Plan Nacional de 

Investigación Científica, Desarrollo e Innovación Tecnológica 2004-2007, 
Ministerio de Educación y Ciencia, Gobierno de España (MEC, Ref.: 
CTQ2006-15066-C02-02/BQU).  

 
 Estudio de viabilidad de metodologías analíticas para la cuantificación de aceite 

de oliva en alimentos que contengan materias grasas. Convenio especial de 
colaboración, Consejería de Agricultura y Pesca (CAP), Junta de 
Andalucía. (Ref.: 9728-2007).  

 
 
 
A continuación se exponen, el problema general, hipótesis y objetivos de esta 
Tesis Doctoral con el fin de justificar su realización.  
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Problema general 
 
En la actualidad, en la Unión Europea (UE), el aceite de oliva se consume 
directamente sólo, mezclado con otros aceites o como ingrediente en 
numerosos alimentos (conservas, salsas y aliños, galletas, productos de 
panadería, embutidos, patatas fritas, etc.). En estos casos, y dado el valor 
añadido que el aceite de oliva aporta al alimento en cuestión, existe una clara 
necesidad de evitar que los fabricantes de aquellos productos alimenticios 
que contienen aceite de oliva, engañen o confundan al consumidor, por ello la 
etiqueta debe señalar la composición real del producto. 
 
Los requerimientos de la UE en relación a la comercialización y etiquetado de 
productos que contienen aceite de oliva y mezclas con otros aceites vegetales 
están recogidos en el reciente Reglamento de Ejecución (UE) Nº 29/2012 sobre 
las normas de comercialización del aceite de oliva (que ha sustituido al 
Reglamento (CE) Nº1019/2002 y posteriores modificaciones).  
 
Dicho Reglamento establece, entre otras cosas, las normas para la 
comercialización de alimentos que contienen aceite de oliva. Así, los artículos 
6 y 7 establecen (extracto no literal):  
 

En caso de que, en una mezcla de aceite de oliva y de otros aceites vegetales, la 
presencia de aceites se mencione en el etiquetado, fuera de la lista de 
ingredientes, mediante palabras, imágenes o representaciones gráficas, la 
denominación de venta de la mezcla en cuestión será la siguiente: «Mezcla de 
aceites vegetales (o nombres específicos de esos aceites vegetales) y de aceite de 
oliva», seguida directamente de la indicación del porcentaje de aceite de oliva en 
la mezcla.  

Solo podrá mencionarse la presencia de aceite de oliva en el etiquetado de las 
mezclas, mediante imágenes o representaciones gráficas, en el caso de que su 
porcentaje sea superior al 50 %.  

Los Estados miembros podrán prohibir la producción en su territorio, para 
consumo interno, de las mezclas de aceite de oliva y otros aceites vegetales. Sin 
embargo, no podrán prohibir la comercialización en su territorio de tales 
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mezclas procedentes de otros países y no podrán prohibir la producción en su 
territorio de tales mezclas con vistas a su comercialización en otro Estado 
miembro o a su exportación. 

Con exclusión del atún en aceite de oliva y de las sardinas en aceite de oliva, si 
la presencia de aceite de oliva en un producto alimenticio, en cualquiera de sus 
categorías, se menciona en el etiquetado, fuera de la lista de ingredientes, 
mediante palabras, imágenes o representaciones gráficas, la denominación de 
venta del producto alimenticio irá seguida directamente de la indicación del 
porcentaje de aceites de oliva con relación al peso neto total del producto 
alimenticio.  

El porcentaje de aceite de oliva añadido con relación al peso neto total del 
producto alimenticio podrá sustituirse por el porcentaje de aceite de oliva 
añadido con relación al peso total de materias grasas, añadiendo la indicación: 
«porcentaje de materias grasas». 

 
 
En estos casos, de acuerdo al  Reglamento anteriormente citado, se estipula 
que el contenido de aceite de oliva debe declararse explícitamente en el 
etiquetado.   
En España está prohibida la comercialización de mezclas de aceite de oliva 
con aceite de semillas, de acuerdo con lo que establece la Reglamentación 
Técnico Sanitaria de los aceites vegetales comestibles (Real Decreto 308/1983); 
igualmente está prohibida en Bélgica, Italia, Grecia y Portugal, pero no en el 
resto de los países de la U.E, como por ejemplo en Francia.  
Y recordemos, que de acuerdo con el Reglamento de Ejecución (UE) Nº 
29/2012, dichos productos fabricados en esos países pueden comercializarse 
en el territorio español.  
 
Por otro lado, hasta noviembre del pasado año 2011, en que se publicó el 
Reglamento (UE) Nº 1169/2011 sobre la información alimentaria al 
consumidor (especialmente en el etiquetado), no era preceptivo en la lista de 
ingredientes indicar los tipos de aceites vegetales que se incluían como 
ingredientes con excepción del aceite de oliva. Esta situación ha quedado 
corregida con la entrada en vigor de este nuevo Reglamento.  
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En la actualidad existe un creciente interés, por parte de las industrias 
alimentarias, así como por parte de las empresas oleícolas, en comercializar 
mezclas de aceites con objeto de ofrecer productos con una composición 
lipídica nutricionalmente óptima, o de utilizar el aceite de oliva como un 
ingrediente alimenticio con objeto de dotar al alimento que lo contiene de un 
valor añadido.  
Paralelamente, han existido otro tipo de empresas que, buscando beneficios 
económicos ilícitos, han estado vendiendo mezclas de aceites de oliva con 
otros aceites vegetales, al mismo precio que aceite de oliva puro. En este tipo 
de fraude alimentario, los adulterantes normalmente utilizados son aquellos 
que tienen unas propiedades físicas y químicas parecidas al aceite de oliva, y 
normalmente más baratos de obtener.  
 
La verificación de los requisitos especificados en el citado Reglamento, así 
como la detección de los problemas anteriormente comentados, requieren la 
existencia de métodos analíticos que permitan: 
(I) detectar la presencia fraudulenta de aceites extraños (generalmente de 

semillas) en aquellos alimentos que se comercializan con el indicativo de 
que contienen 100 % de aceite de oliva (métodos tipo I); y  

(II)  cuantificar la proporción de aceite de oliva en alimentos que 
expresamente declaran un contenido parcial de éste (métodos tipo II) 

 
En los últimos años se ha abordado de forma extensa el desarrollo de 
métodos de tipo I para la detección de diferentes tipos de aceites. De hecho, 
con este objetivo, la Unión Europea ha incorporado a su legislación 
(Reglamento (CEE) Nº 2568/91 y posteriores modificaciones) muchos 
métodos analíticos desarrollados en el seno del Consejo Oleícola Internacional 
(COI), así como en la Comisión del Codex Alimentarius, para el control de la 
calidad y autenticidad del aceite de oliva.  
Sin embargo, ninguno de ellos hace referencia a las necesidades 
anteriormente planteadas con relación a los métodos de tipo II. 
Conjuntamente, como ya se constataba en el Informe de la Comisión COM 
(2000) 855 (p. 15):  
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… no existe ningún método analítico que permita dosificar el contenido de 
aceite de oliva en mezclas de éste con aceite de semilla.   

Ciertamente, nosotros no conocemos que existan otros estudios sistemáticos 
publicados, además del que aquí se presenta, encaminados específicamente al 
desarrollo de tal tipo de métodos.  
Por otro lado, tampoco se han abordado algunos problemas específicos como 
ocurre con los medios de cobertura de las conservas de pescado que 
necesariamente contienen grasas derivadas de la transferencia lipídica del 
medio al pescado y que es necesario diferenciar de la presencia de otro aceite 
o grasa fraudulentamente añadidos.   
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Hipótesis 
 
Sobre la base del problema general descrito en el apartado anterior, y para 
controlar el cumplimiento de los requisitos especificados en el Reglamento de 
Ejecución (UE) Nº 29/2012, surge la necesidad de diseñar y desarrollar 
soluciones analíticas para verificar la autenticidad de productos alimenticios 
relacionados con el aceite de oliva.   
 
Para la resolución de este problema analítico, se establece la siguiente 
hipótesis de trabajo:  
 

"La utilización de huellas dactilares cromatográficas como fuente 
de datos experimentales en conjunción con la aplicación sinérgica 
de herramientas quimiométricas de reconocimiento de pautas 
permitirán el desarrollo de modelos multivariantes aptos para la 
detección y discriminación de aceite de oliva, y para la 
cuantificación de la proporción de dicho aceite cuando se 
encuentra formando parte de una mezcla de aceites comestibles o 
como ingrediente en un alimento." 
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Objetivos 
 
En este contexto se plantea la realización de esta tesis doctoral con la apuesta 
por nuevos métodos analíticos de uso rutinario, precisos, robustos y 
fácilmente transferibles a laboratorios de control de la calidad del aceite de 
oliva que, junto con ayuda de herramientas quimiométricas, permitan 
controlar la autenticidad del aceite de oliva así como cuantificar el aceite de 
oliva presente en mezclas con otros aceites vegetales. 
Dichos métodos se basarán en caracterizar y medir atributos intrínsecos del 
aceite de oliva relacionados con el contenido de compuestos característicos 
como son los triacilgliceroles (TAG) (o triglicéridos) y los compuestos 
orgánicos volátiles (VOC) cuyo perfil composicional es bastante característico 
de la especie y variedad vegetal de la que procede el aceite.  
 
En los estudios experimentales, se aplicarán técnicas de extracción con 
líquidos presurizados (PLE), cromatografía de gases a alta temperatura 
acoplada a espectrometría masas (HTCG-MS) y espectrometría de masas de 
infusión directa sobre especies ionizadas por reacción acoplada de 
transferencia de protones (PTR-MS).  
 
Los objetivos concretos planteados inicialmente para llevar a cabo la hipótesis 
expuesta, y resolver así el problema analítico, fueron los siguientes: 

1) Desarrollar un método analítico alternativo fácil de aplicar, para separar y, 
en su caso, evaluar el contenido de grasa total en alimentos en los que se 
declara la presencia de aceite de oliva en su elaboración mediante el uso de 
extracción con líquidos presurizados. 

2) Demostrar la vigencia de la cromatografía de gases a alta temperatura, 
acoplada a espectrometría de masas, como una técnica analítica válida 
para identificar y caracterizar el perfil de triglicéridos en aceites de oliva y 
aceites vegetales. 

3) Aplicar las huellas dactilares cromatográficas de triglicéridos para 
establecer un método de autentificación de categorías y variedades de 
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aceites de oliva con ayuda de herramientas quimiométricas de 
reconocimiento de pautas. 

4) Desarrollar un método de cuantificación del porcentaje de aceite de oliva 
en mezclas con otros aceites vegetales (girasol, maíz, semillas, sésamo, etc.) 
mediante cromatografía de gases a alta temperatura acoplada a 
espectrometría de masas y herramientas quimiométricas de 
reconocimiento de pautas. 

Además, como consecuencia de la estancia predoctoral realizada en el Rikilt-
Institute of Food Safety, surge un nuevo objetivo que se añade a los ya 
inicialmente descritos:  

5) Desarrollar un método para identificar y autentificar aceites de oliva 
virgen extra mediante su perfil volátil, analizado mediante espectrometría 
de masas de infusión directa sobre especies ionizadas por reacción 
acoplada de transferencia de protones y herramientas quimiométricas de 
reconocimiento de pautas.  

 
Todos los estudios experimentales se llevarán a cabo bajo un sistema de 
gestión de la calidad en la investigación y en los análisis realizados, para 
facilitar la transferencia de dichas metodologías a laboratorios y sectores 
sociales relacionados con el control alimentario del aceite de oliva, lo que 
comporta un mayor valor de los resultados obtenidos. 
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Como leer esta tesis… 

 
Cada capítulo se comenzará con una breve presentación del mismo, y de los 
estudios que se han llevado a cabo en él.  
 
A continuación se hará una introducción propia a cada uno de los capítulos, 
abordando los temas oportunos que proporcionen la visión necesaria del 
contexto donde se enmarca el trabajo presentado.  
 
Posteriormente se realizará un análisis DAFO (Debilidades, Amenazas, 
Fortalezas y Oportunidades). Este análisis, normalmente utilizado para 
planificación estratégica en el ámbito empresarial, nos proporciona la 
información necesaria para la implantación de acciones y medidas correctivas 
y la generación de nuevos o mejores proyectos de mejora. 
Normalmente, las fortalezas y debilidades corresponden al ámbito interno, 
por lo que es posible actuar directamente sobre ellas, fortalezas con las que 
cuenta y cuáles son las debilidades que obstaculizan el cumplimiento de los 
objetivos. 
En este contexto de Tesis Doctoral, y una vez concluido el trabajo, el análisis 
DAFO pretende ser una valoración de la doctoranda, de las potencialidades 
de cada uno de los estudios llevado a cabo, así como de las debilidades 
encontradas en ellos, una vez realizado el trabajo y con perspectiva.  
 
Consecutivamente, se colocarán las publicaciones científicas derivadas de los 
estudios y finalmente una discusión específica de ese capítulo con las 
relevancias principalmente encontradas. 
 
Por último se incluirá un apartado con las comunicaciones a Congresos 
derivadas de los estudios de cada capítulo correspondiente.  
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La disposición de los capítulos es la que sigue: 
 
Capítulo I: Desarrollo, optimización y validación de un método de extracción 
con disolventes presurizados y cuantificación del contenido de grasa en 
alimentos que contienen aceite de oliva. Así como la realización de un 
procedimiento de verificación, validación y mantenimiento de un extractor 
presurizado. Este trabajo corresponde al Trabajo fin de Máster.  
 
Capítulo II: Análisis del perfil de triglicéridos por cromatografía de gases a 
alta temperatura. Desarrollo de métodos de identificación y cuantificación 
cromatográficos. Además se incluye una revisión bibliográfica del uso de la 
cromatografía de gases a alta temperatura en el análisis de aceites vegetales y 
alimentos. Para terminar este capítulo se anexa el procedimiento de 
verificación y mantenimiento del cromatógrafo utilizado.  
 
Capítulo III: Se proponen dos métodos de clasificación de variedades de de 
aceite de oliva dependiendo del fruto, y mediante el perfil de triglicéridos o 
volátiles.  La parte correspondiente al análisis de volátiles, llevada a cabo 
mediante PTR-MS, fue realizada en el "RIKILT" Instituto de Seguridad 
Alimentaria en Wageningen (Holanda), bajo la supervisión de la doctora 
Saskia van Ruth.  
 
Capítulo IV: Se presenta la cuantificación de aceite de oliva, cuando se 
encuentra mezclado con otros aceites vegetales, mediante técnicas de 
reconocimientos de pautas. La parte correspondiente al tratamiento de datos 
de este trabajo se realizó en la Universidad de Roma "La Sapineza", bajo la 
supervisión del profesor Federico Marini. Además se incluye una revisión 
bibliográfica del uso conjunto de cromatografía y quimiometría de 
triglicéridos.  
 
Finalmente, en el último capítulo, de las conclusiones finales, se resaltarán los 
principales hallazgos encontrados en este trabajo, así como se mostrará lo que 
podría ser considerado como perspectivas futuras.  
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1. Presentación 
 
Este capítulo recoge los resultados correspondientes al periodo de 
investigación inicial y que se presentaron como Trabajo de Fin de Máster, en 
el Máster Oficial de Postgrado de "QUIMICA" de la Universidad de Granada, 
en el curso 2007-2008.  Los objetivos generales  y específicos de la 
investigación, cuyos resultados se recogen aquí, fueron: 
 

 Desarrollar y validar un método analítico para la extracción y 
cuantificación del contenido total de grasa bruta en productos 
alimenticios de panadería y que fuera fácilmente transferible a 
laboratorios de análisis.  

 Optimizar las variables implicadas en el proceso de extracción de grasa 
en productos alimenticios de panadería, aplicando una metodología 
multivariante de diseño estadístico de experimentos para encontrar los 
valores más apropiados. 

 Desarrollar un procedimiento para la verificación, validación y 
mantenimiento de un equipo de extracción con líquidos presurizados. 
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2. Introducción  
 
La extracción de compuestos orgánicos, incluyendo pesticidas, hidrocarburos 
aromáticos policíclicos y fenoles, de matrices analíticas sólidas de diverso tipo 
(suelos, sedimentos, plantas, alimentos, etc.) ha sido históricamente llevada a 
cabo mediante la extracción Soxhlet. Alternativas a la extracción Soxhlet 
existen y se utilizan hoy en día con frecuencia.  
El modo de operación para todos los sistemas de extracción consiste en un 
disolvente orgánico bajo la influencia de calor (y/o presión), que disuelve y 
difunde los compuestos orgánicos desde la matriz hasta el disolvente 
(orgánico) [1
Se considera extracción  al proceso fundamental por el cual un compuesto 
químico en una matriz, por ejemplo de un alimento, se transfiere a un agente 
extractante. Las constantes de partición cuantifican la eficacia de la extracción. 
Cuando dos compuestos son solubles en dos disolventes inmiscibles en 
diferentes grados,  por mezclado de los dos disolventes, una vez que estos 
contengan  los compuestos, se crea un equilibrio dinámico y los compuestos 
se distribuirán entre los disolventes de acuerdo a sus constantes de partición 
o distribución. El tiempo empleado para establecer el equilibrio entre los dos 
estados varía considerablemente según la composición de los estados de la 
materia que participen en la distribución.  

].  

Dentro de los métodos generales de separación de analitos de matrices de 
alimentos, se conocen cuatro procesos físicos fundamentales [2

- Extracción Sólido/Líquido 

]:  

- Destilación 
- Adsorción  
- Difusión 

                                                 
1 J.R. Dean, in: D.J. Ando, Extraction Techniques in Analytical Science, John   

Wiley & Sons Ltd, 2009, pp 127-139.  
2 R. Self, in: P.S. Belton, Extraction of Organic Analytes from Foods, Norwich: 

RSC, 2005, pp. 17-23. 
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Todos los demás procesos asociados a estos cuatro fundamentales como 
percolación, filtración, precipitación, hidrólisis enzimática etc., ayudarán en  
la liberación de compuestos y son considerados agentes de ayuda en el 
proceso de separación.  

A continuación se procederá a explicar brevemente cada uno de los procesos 
físicos mencionados anteriormente 

A) Extracción Sólido/Líquido 

Cuando un disolvente inmiscible se añade a una muestra de alimento y se 
agita, primeramente las partículas se hinchan por absorción y capilaridad y 
entonces ocurre la difusión del sólido hacia el disolvente, y en equilibrio 
estarán presentes en el disolvente en concentraciones proporcionales a sus 
constantes de partición. En los casos favorables, la mayoría de los 
componentes pueden ser extraídos en el disolvente. En casos especiales, la 
hidrólisis ayudará a favorecer la extracción. Dentro de este tipo de extracción 
podemos encontrar:  

- Dispersión de la matriz en fase sólida (matrix solid-phase dispersion, MSPD): la 
matriz, una vez dispersa, se coloca en una columna y es mezclada con un 
adsorbente en fase sólida como Florisil, y los compuestos buscados eluyen 
selectivamente desde la matriz mediante un disolvente orgánico.  

- Extracción con fluidos subcríticos (sub-critical fluid extraction): los disolventes 
se elevan a temperaturas y/o presiones cercanas a la región crítica, así se 
consiguen a extracciones más efectivas de los solutos. Para análisis de 
alimentos podemos encontrar:  

1. Extracción con líquidos presurizados (pressurized liquid extraction, 
PLE): la eficiencia de la extracción incrementa cuando la temperatura 
y/o presión del líquido extractante se aproxima a la región 
supercrítica.  

2. Extracción con agua subcrítica (subcritical wáter extraction, SWE): 
Analitos extraidos con mezcla de agua caliente y disolvente orgánico 
bajo presión. La mezcla es entonces enfriada rápidamente y el agua en 
estado subcrítico junto con el disolvente orgánico extrae los analitos.  



Extracción y cuantificación  del contenido de grasa total en productos alimenticios  
CAPÍTULO I 

 

 
36  

 

-  Extracción con fluidos supercríticos (supercritical fluid extraction, SFE): Un 
fluido supercrítico es similar en propiedades como un gas denso. El uso de 
CO2 no tóxico como extractante se ha usado durante muchos años a escalas 
tanto comercial como analítica.  

B) Destilación  

Si los constituyentes de un alimento pueden ser volatilizados sin que estos se 
descompongan, entonces pueden ser concentrados en un destilado. 

- Destilación a vapor (steam distillation, StD): debido a que muchos alimentos 
contienen agua y muchos de ellos son preparados para ser cocinados en agua, 
este proceso es muy importante en análisis de alimentos. Se utiliza para 
extraer volátiles a un colector externo para un análisis posterior.  

- Destilación-extracción con disolventes orgánicos (organic solvent distillation-
extraction): principalmente usados para la extracción de agua en alimentos. 
Un disolvente con alto punto de ebullición evapora a uno de bajo punto de 
ebullición transportándolo durante la destilación. Si el disolvente polar es el 
más denso, puede ser recogido bajo el no polar y retirado en una bureta para 
análisis cuantitativo.  

- Distribución en contracorriente (counter current distribution): agitación 
continua de un sistema de fases binario (dos disolventes inmiscibles), de tal 
manera que un disolvente se mueve en una dirección opuesta al flujo de la 
otra, esto permitirá que el equilibrio se establezca, permitiendo así que los 
solutos se distribuyan efectivamente en concentraciones proporcionales a sus 
constantes de partición.  

C) Adsorción  

Adsorción de moléculas a partículas inmovilizadas sólidas (o líquidas). La 
reversibilidad de la adsorción define el tipo de extracción o separación que 
puede ser efectuada. Dentro de esto podemos encontrar la extracción en fase 
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sólida (solid-phase extraction, SPE), y la microextracción en fase sólida (solid-
phase microextraction, SPME), etc. [3

D) Difusión  

].  

Está basado en el desplazamiento de moléculas o iones desde un punto de 
alta concentración a uno de baja concentración. Esta es la base de procesos 
como la diálisis, ósmosis, filtración, uso de membranas, etc.  

 

Métodos analíticos de extracción para la determinación del contenido 
de grasa en alimentos  

Para el análisis del contenido en grasa en alimentos por métodos 
cromatográficos y métodos espectrométricos es necesario una etapa 
cualitativa o cuantitativa previo de extracción como los mencionados 
anteriormente.  

Están disponibles un gran número de procedimientos y métodos 
estandarizados y el analista es el encargado de escoger el más adecuado 
según el lípido que necesite ser identificado y determinado. Los diferentes 
componentes grasos obtenidos en un extracto analítico dependen del 
procedimiento de extracción, especialmente, del disolvente usado, su 
polaridad, punto de ebullición, miscibilidad con agua u otros disolventes, sus 
propiedades solubles y volatilidad [4

 

].  

                                                 
3 D. Firestone, M.M. Mossoba, in: R.E. McDonald, M.M. Mossoba, New 

Techniques and Applications in Lipid Analysis, AOCS Press, Champaign, 
Illiniois, 1997, pp 1-30.  

4 F.W. Hemming, J.N. Hawthorne, Lipid Analysis, Bios Scientific Publishers Ltd., 
2001, pp 5-7. 
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Figura 1. Diagrama del análisis de lípidos [5]. 

 

Para la extracción de alimentos, así como de matrices biológicas, la digestión 
de la muestra es necesaria, especialmente si se requiere una cuantificación 
posterior. Hay diferentes métodos de digestiones "clásicas" que se  han usado 
durante muchos años. El escoger una u otra ha dependido de la matriz que 
contiene la grasa. Aunque estos métodos han demostrado proveer resultados 
exactos del contenido en grasa, las condiciones extremas (alta temperatura, 
alto o bajo valor del pH, etc.), a menudo han conducido a modificaciones en 
la estructura molecular de los analitos. Además, si se requieren análisis 
posteriores de los lípidos, debe usarse un método de extracción que no altere 
la estructura de los analitos (ver figura 1).  

                                                 
5 N. Hinrichsen, H. Steinhart, in: M. Mossoba, J. Kramer, J. Brenna, R. McDonald, 

Lipid Analysis and Lipidomics. New Techniques and Applications, AOCS Press, 
Champaign, Illiniois, 2006, pp 3-26.  

ALIMENTO

Digestión
Carne/pescado/semillas→ ácido (HCL, calor)

Productos lácteos → alcalino (NH4 , KOH)

Extracción

Sustancias no 
polares 

(TAG,FAME,…)

Extracción de grasa total

Medida del contenido de 
grasa total

Sustancias polares 
(fosfolípidos, FFA…)

Purificación/Concentración
(SPE, evaporación con disolventes) 

Análisis específico

Análisis del contenido en grasaAnálisis de la composición lipídica

Disolventes no  polares 
(hexano, SF-CO2

Disolventes polares (acetonitrilo, 
metanol, diclorometano)

Si  no hay alteración de 
los analitos
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Están disponibles un gran número de procedimientos y métodos 
estandarizados, el analista es el encargado de escoger el procedimiento de 
extracción más apropiado para el lípido que necesita ser identificado y 
determinado.  

Los disolventes orgánicos no polares, como hexano, o dióxido de carbono 
supercrítico (SC-CO2), son válidos para lípidos neutros o simples, los cuales 
incluyen ésteres de ácidos grasos, acilgliceroles y materia insaponificable. Los 
lípidos polares o complejos (como fosfolípidos, glicolípidos, lipoproteínas, 
acilgliceroles oxidados y ácidos grasos libres) son extraídos preferentemente 
con disolventes polares como metanol. Tales extracciones requieren roturas 
iónicas y enlaces de hidrógeno con las proteínas y carbohidratos de la matriz 
de la muestra alimentaria. La extracción en fase sólida es particularmente útil 
para lípidos polares complejos.  

La determinación cuantitativa de grasa total tradicional, inicialmente requiere 
de una digestión ácida o básica de la muestra para la romper los enlaces de 
los lípidos complejos. El procedimiento de extracción requiere una secuencia 
de etapas. Primeramente la muestra es mezclada, molida, o calentada en un 
disolvente orgánico para maximizar la superficie de contacto entre la muestra 
alimentaria y el disolvente. Seguidamente, el material que no es extraído se 
separa por decantación, centrifugación o filtración de la fase orgánica. A 
continuación, es purificado mediante un lavado, re-extracción, secado, 
filtración o adsorción. Por último, el disolvente es eliminado por destilación o 
evaporación bajo una corriente de un gas inerte [3].  

Los métodos analíticos clásicos de extracción del contenido de grasa, 
utilizados en análisis de rutina son:  

 Método ISO 1443 (1973): Este método se basa en la digestión de la 
muestra con ácido clorhídrico y la posterior extracción de la grasa en 
un Soxhlet con éter de petróleo o hexano, previa desecación del 
residuo de grasa obtenido durante la acción del ácido. Con este 
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extracto sería posible analizar los ácidos grasos liberados en la 
digestión [6

 Método de Folch et al. (1957): La muestra se extrae con una solución 
de coloroformo/metanol 2/1 (v/v). Se ha usado principalmente en el 
caso de carne o productos cárnicos. Se emplea sobre todo cuando las 
muestras presentan problemas de extracción debido a su humedad y 
presencia de polifenoles. Se debe tratar para eliminar el agua extraída 
en un embudo de decantación para separar la fase orgánica que se 
recoge, se lava con una solución salina y a continuación se evapora 
para proceder a calcular el contenido total de grasa y con una alícuota 
determinar los ácidos grasos [

]. 

7

 Método de Bligh and Dyer (1959): Es una variante del método de Folch 
et al. en la que la proporción de cloroformo/metanol se modifica a 1/1 
(v/v) y en algunos casos a 1/2. El tratamiento posterior consiste en 
aislar la fase orgánica exenta de agua y tratar el residuo como en el 
método de Folch [

]. 

8

 Extracción con una solución de hexano/ 2-propanol 2/1: Esta técnica se 
aplicó como un sustituto de la de Folch et al. y la de Bligh and Dyer  
para evitar el uso de cloroformo. Sin embargo, su utilización es muy 
limitada. 

]. 

Los métodos de extracción más utilizados son las mezclas de cloroformo: 
metanol en sus distintas proporciones, aunque también existen aplicaciones 
que utilizan una mezcla de acetato de etilo:ciclohexano (54/46, v/v) [9

                                                 
6 ISO 1443:1973, Meat and meat products - Determination of total fat content., ISO, 

Genève.  

].  

7. J. Folch, M. Lees, G.H. Sloane-Stanley, 1957, A simple method for the isolation 
and purification of total lipids from animal tissues. J. Biol. Chem., 193: 265-275. 

8. E.G. Bligh, W.J. Dyer, 1959, A rapid method of total lipid extraction and 
purification, Can. J. Biochem. Physiol., 37: 911-917.  

9  S. Thurnofer,  W. Vetter, 2005, A gas chromatography/electrón ionization-mass 
spectrometry-selected ion monitoring method for determining the fatty acid 
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Los resultados cuantitativos de estos métodos respecto del método ISO 1443 
no suelen diferir de modo importante por lo que se puede concluir que se 
extraen cantidades similares de lípidos. La digestión en caliente y medio 
ácido puede provocar la formación de interferentes, la degradación de 
algunos ácidos grasos y la isomerización de enlaces cis; estos resultados no 
son críticos para determinar la cantidad total de grasa de un alimento, pero si 
pueden afectar a la composición de los ácidos grasos. Si en el disolvente o 
mezcla de extracción no hay un disolvente polar como el metanol resulta 
difícil extraer los lípidos más polares, algunos de los cuales incluso en 
presencia de metanol pueden presentar recuperaciones bajas. 

La tendencia de los últimos años de modificar la composición lipídica a través 
de la dieta ha llevado a la necesidad de métodos de análisis más precisos y 
más exactos para poder determinar la concentración de lípidos en alimentos 
[10,11

A continuación se explica en detalle la técnica de extracción con líquidos 
presurizados, (PLE), por haber sido la utilizada en esta tesis. Bibliografía 
actualizada sobre este tema puede encontrarse en la introducción del artículo 
publicado, que se reproduce al final de este capítulo.  

]. 

 

Extracción con líquidos presurizados 

Las preocupaciones de los últimos años en relación a los volúmenes de 
compuestos orgánicos usados han aumentado la necesidad de métodos de 
extracción más eficientes. En respuesta a estas inquietudes, la extracción con 
líquidos presurizados (pressurized liquid extraction, PLE) fue introducida en 
1995. Curiosamente, esta técnica recibe otras dos denominaciones que 
                                                 

pattern in food after the formation of fatty acid methyl esters. J. Agric. Food 
Chem., 53: 8896- 8903.  

10 J.A. García Regueiro, I. Díaz., Nuevas tendencias en el análisis de ácidos grasos, 
Centro de Tecnología de la carne, Moneéis, 2006. 

11  W.C. Byrdwell, Modern Methods for Lipid Analysis by LC/MS and Related 
Techniques, AOCS Press, Urbana, Illinois, 2005.  
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constituyen términos registrados por diferentes casas comerciales, como son: 
(i) extracción acelerada con disolventes (Accelerated Solvent Extraction, ASE ®, 
Dionex Corporation) y (ii) extracción con disolventes presurizados (Pressurized 
Solvent Extraction, PSE ®, Applied Separation). Desde entonces, ha crecido 
rápidamente su uso y aceptación como alternativa a métodos tradicionales de 
extracción.  

Los analitos son extraídos de la matrices sólidas empleando altas 
temperaturas (40-200ºC) y presiones elevadas (1000-3000 psi). La mayor 
eficiencia en la extracción es debida a dos fenómenos [12

 Solubilidad y transferencia de masa: la temperatura elevada provocan 
un aumento en la solubilidad del analito en el disolvente ya que 
disminuye su viscosidad, una rápida difusión y una mejor 
transferencia de masa. El empleo de presiones elevadas permite el uso 
de disolventes a temperaturas superiores a su ebullición 

]: 

 Interrupción del equilibrio en superficie: las temperaturas elevadas 
anulan las interacciones soluto-matriz causadas por fuerzas de van 
der Waals, puentes de hidrógeno y atracción bipolar, además 
disminuyen la viscosidad y la tensión superficial provocando una 
mayor penetración del disolvente en la matriz.  

Como es bien conocido, calentar un disolvente aumenta su poder 
disolvente y en consecuencia, la eficacia de la extracción aumenta. Sin 
embargo, bajo condiciones isobáricas hay un límite. Si el disolvente 
alcanza su punto de ebullición  y pasa a estado gaseoso, no será capaz de 
disolver los compuestos, produciéndose así una caída de la eficacia a cero. 

 

 

                                                 
12 D. Luthria, D. Vinjamoori, K. Noel, J. Ezzell, Accelerated Solvent Extraction  in: 

D.L. Luthria, Oil Extraction and Analysis,  AOCS Press Champaign, Illinois, 
2004,pp 25-38.  
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Instrumentación 

Un extractor de fluidos presurizados está formado, como muestra la figura 2, 
por un depósito de disolvente, una fuente de nitrógeno, una bomba, una 
celda de extracción, un horno y un sistema de colección de extractos. Las 
celdas de extracción son de acero y pueden tener varios tamaños (1-100mL). 
En el extremo inferior del reactor se coloca un papel de filtro para evitar el 
paso de sólidos por las líneas de conducción del extracto y evitar posibles 
obturaciones. 

 

 

 
Figura 2.  Esquema de un sistema típico de extracción con fluidos presurizados. 

 

El sistema funciona de la siguiente forma: la muestra se introduce en el 
reactor y éste se coloca automáticamente en el interior del horno, a la 
temperatura de extracción, en posición vertical. Se introduce el disolvente en 
el reactor, empleando una bomba, por el extremo superior, y se aplica una 
presión determinada. La muestra se mantiene en estas condiciones un 
determinado tiempo de extracción, generalmente 5 ó 10 minutos. Este ciclo se 
suele repetir una o dos veces más, empleando disolvente nuevo, que arrastra 
el extracto a los viales de colección. Finalmente, se produce el vaciado del 
reactor y de las líneas de transferencia, empleando una corriente de 
nitrógeno. 
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Preparación de la muestra 

La preparación de la muestra es esencial para obtener extracciones eficientes 
y reproducibles. La muestra ideal para extracción debe estar seca, sólida 
finamente dividida, a través de la cual pueda penetrar fácilmente el 
disolvente. Las muestras con partículas de tamaño grande (>1 mm) debe ser 
molidas para aumentar la interacción matriz-disolvente. Muestras húmedas 
deben ser mezcladas con agentes desecantes por lo que es común añadir 
arena de sílice o un agente higroscópico dispersante (tierra de diatomeas, 
sulfato anhidro, etc.). Las cantidades de muestra utilizada suele ser entre 1-
50g.  

Parámetros de extracción 

Disolvente extractor. Debe ser escogido un disolvente que solubilice los 
analitos buscados pero deje la mayoría de la muestra intacta. Esto se consigue 
normalmente escogiendo un disolvente de polaridad parecida al analito. 
Disolventes como metanol y acetonitrilo son apropiados para análisis directo 
por HPLC, mientras que disolventes como hexano, metanol o acetona, son 
más apropiados para evaporación completa o concentración y análisis en GC. 
La selección de un disolvente apropiado debe hacerse en base a la 
selectividad de extracción, coste del disolvente y seguridad, así como 
compatibilidad con los pasos siguientes a la extracción. Mezclas de 
disolventes también pueden ser consideradas en los casos en los que se 
requiera un menor ajuste de polaridad.   

Las siguientes variables más importantes que influyen en el proceso de 
extracción con líquidos presurizados y que se podrían modificar para la 
optimización de la extracción están recogidas en la Tabla 1 [13

 

].  

 

                                                 
13 ASE ® Accelerated Solvent Extractor Operator's Manual, Dionex Corporation, 

2002.  
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Parámetros 

 

Función 

 

Rango de Valores 

Temperatura 
Temperatura a la cual se calienta la celda 
de extracción 

40-200°C  
(defecto: 100 ºC) 

Tiempo 
estático 

Tiempo estático de extracción del 
disolvente 

0-99 min  
(defecto: 5 min) 

Volumen de 
disolvente 

Porcentaje de volumen de celda que se va 
a llenar de disolvente para realizar la 
extracción. Por ejemplo si el flujo de 
volumen se fijara en el panel de control al 
50 %, 5 mL de disolvente pasarían a través 
de la celda de 10 mL, 17 mL a través de la 
celda de 34 mL y así sucesivamente para 
otros volúmenes de celda 

0-150% en 
incrementos de 5% 

(defecto: 60%) 

Tiempo de 
purgado 

Cantidad de tiempo que la celda es 
purgada con nitrógeno 

20-900 s  
(defecto: 100seg) 

Ciclos 
estáticos 

Número de veces que el calentamiento y 
paso de disolvente a través de la celda se 
llevan a cabo. Cuando hay más de un ciclo 
el volumen de disolvente se divide entre 
los ciclos 

1-5  
(defecto: 1) 

 
Cuando se desarrolla un nuevo método de extracción, es necesaria la 
optimización de las variables que influyen en el proceso. Los métodos de 
optimización encontrados en bibliografía, para esta técnica de extracción,  
recomiendan elegir un disolvente según las circunstancias citadas 
anteriormente y unas condiciones estándar de presión temperatura, etc. Y a 
partir de aquí extraer la muestra varias veces para comprobar la eficiencia del 
método y si hay una cantidad de analito considerable en la segunda y tercera 
extracción, ir modificando los parámetros uno cada vez, realizando así el 
"proceso de optimización" [9].  
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Sin embargo, el desarrollo del método de extracción utilizado en este capítulo, 
se ha realizado mediante una metodología de diseño de experimentos. 

 

Optimización del proceso de extracción. Diseño de experimentos 

La optimización de las condiciones de extracción (temperatura, nº de ciclos, 
tiempo de purgado, etc.) en extractores presurizados, ha sido normalmente 
llevada a cabo usando el clásico método de una variable cada vez, en la cual 
la optimización es calculada por alteración sistemática de una variable 
mientras que las otras permanecen constantes.  

Sin embargo, en este estudio se ha llevado a cabo mediante diseño de 
experimentos. El cual permite la identificación de interacciones entre 
variables y proporciona una exploración completa del dominio experimental, 
con un número optimizado de experimentos. En las estrategias de diseño de 
experimentos, el valor de todos los factores bajo estudio varía en cada 
experimento de forma programada y racional. Es, además, posible detectar 
los factores influyentes, mientras que el número de experiencias permanece al 
mínimo [14

El procedimiento adecuado para realizar un buen diseño experimental sería el 
siguiente: 

].  

 Comprensión y planteamiento del problema 
 Elección de los factores o niveles: factores que variaran el 

experimento, los intervalos de dicha variación y los niveles específicos 
a los cuales se hará el experimento. El efecto de un factor se define 
como el cambio en la respuesta producido por un cambio de nivel del 
factor.  

 Selección de la variable de respuesta 
 Elección del diseño experimental. 

                                                 
14 D.C. Montgomery, Diseño y Análisis de Experimentos, Grupo Editorial 

Iberoamérica, México D.F., 1991, pp 241-299.  
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 Realización del conjunto de experiencias y análisis de datos 

Es necesario invertir inicialmente un tiempo, planificando el diseño que se va 
a llevar a cabo. El tiempo gastado en planificar un proyecto al principio 
siempre se verá recompensado al final.  

Es razonable admitir que el resultado de un experimento es dependiente de 
las condiciones experimentales. Esto quiere decir que un resultado puede ser 
descrito como una función basada en las variables experimentales. El modelo 
polinomial más simple contiene sólo términos lineales y describe sólo las 
relaciones lineales entre las variables experimentales y la respuesta. En 
estudios preliminares, se suelen estudiar interacciones de primer orden, o las 
que tienen mayor influencia en el proceso pueden identificarse, con diseños 
factoriales o factoriales fraccionados. En estudios posteriores se suelen 
evaluar las interacciones de segundo y tercer orden [15

Diseño factorial 

].  

En un diseño factorial, la influencia de todas las variables experimentales, 
factores y efecto de las interacciones en la respuesta son investigados. Si la 
combinación de k factores son investigados a 2 niveles, el diseño factorial 
consistirá en 2k experimentos. Un nivel cero es incluido también en ocasiones, 
un centro, en el cual todas las variables son fijadas en su valor medio. Tres o 
cuatro experimentos centrales se deben incluir siempre en diseños factoriales 
para minimizar el riesgo de perder relaciones no lineales en el medio de los 
intervalos. Si el valor para la respuesta del punto central es muy diferente del 
valor medio, entonces es necesario incluir términos cuadráticos en el modelo 
[16

Estos diseños son los más útiles cuando el número de factores es 
relativamente limitado.  

]. 

                                                 
15 R.E. Bruns, I.S. Scarminio, B.B. Neto, in S. Rutan, B, Walczak,  Statistical Design-

Chemometrics, Elsevier B.V., 2006, pp 83-194.  
16 T. Lundstedt , E. Seifert, L. Abramo, B. Thelin, A. Nyström, J. Pettersen, R. 

Bergman, 1998, Experimental design and optimization,  Chemom. Intell. Lab. 
Systems 42, 3–40. 
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Diseño factorial fraccionado 

Cuando se quieren estudiar un gran número de factores, se emplean diseños 
factoriales reducidos. Con este tipo de diseños, los factores son evaluados 
eficientemente usando un número pequeño de experimentos, comparado con 
el diseño factorial completo.  En general se asume que la influencia de las 
interacciones de tercer orden o mayores son despreciables y pueden ser 
excluidas del modelo.  

La descripción de un diseño factorial fraccionado con k niveles y N factores es 
dado por kN-p experimentos donde p es siempre menor que N [17

Se tienen que tener en cuenta las siguientes reglas para estos tipos de diseño: 

]. 

- Se debe aplicar usualmente a 2 niveles (k=2) 
- El numero de experimentos (2N-p) debe ser mayor que N (número de 

factores), donde p representa el número de columnas generadas con 
un diseño factorial completo  2β (β = N-p). 

Una de las propiedades importantes de estos diseños es que los experimentos, 
aunque reducidos, cubren la mayoría del dominio experimental. Un diseño 
factorial fraccionado, "selecciona" aquellos experimentos que cubren un 
máximo volumen del dominio. Una de las limitaciones principales 
relacionadas con este tipo de diseños, es que los efectos principales pueden 
ser confundidos con las interacciones.  

En la mayoría de los casos, no es necesario investigar las interacciones entre 
todas las variables incluidas desde el principio. En el primer "rastreo" es 
recomendable evaluar el resultado y estimar los principales efectos de 
acuerdo a un modelo lineal (por supuesto  si pudiera ser posible calcular 
efectos adicionales, deberían ser estimados). Después de esta evaluación las 

                                                 
17 R.G. Brereton, Chemometrics: Data Analysis for the Laboratory and Chemical 

Plant., John Wiley & Sons, Ltd., 2003, pp 60- 66.   
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variables que tengan influencia en el estudio serán seleccionadas para nuevos 
estudios [18,19,20].  

Diseño factorial fraccionado 27−4 

Para la primera etapa de optimización de las variables se ha utilizado un 
diseño factorial fraccionado saturado para 7 variables, 27−4, (ver artículo) para 
el diagnóstico de las variables significativas. La matriz del modelo viene 
definida por un diseño factorial 23. Un diseño factorial con 7 variables daría 
128 experimentos. Geométricamente los puntos del diseño se acoplan a los 
vértices de un hipercubo de 7 dimensiones, de los que se selecciona 1 de cada 
16 vértices para definir la matriz experimental del diseño, es 1/16 del diseño 
factorial y se seleccionan 8 experimentos 

La última fila de este tipo de matrices tiene que contener únicamente uno de 
los niveles (+1 ó –1), eso equilibra cada columna para asegurar que hay el 
mismo número de niveles estudiados por cada factor.  

Este diseño es empleado para ajustar los datos experimentales a un modelo 
lineal, sólo se consideran las interacciones de primer orden:  

ߛ ൌ ଴ߚ ൅ ௜ ൅ݔ ௜ߚ∑  ߝ

En estos diseños muchas variables pueden investigarse sin un excesivo 
número de experimentos. En efecto, mucha menos información se consigue 
comparada con diseños factoriales completos y el precio que hay que pagar es 
la contaminación de los efectos principales por los efectos de interacciones.  

Como el número de columnas (7) no correspondía al número de factores 
iniciales (5 variables), fue necesario la introducción de 2 variables "fantasma" 
que se añaden artificialmente al plan de experiencias para no romper la 
                                                 
18 P.W. Araujo, R.G. Brereton, 1996, Experimental design I. Screening,  Trends 

Anal. Chem.,  15, 26-31.  
19 P.W. Araujo, R.G. Brereton, 1996, Experimental design II. Optimization,  Trends 

Anal. Chem.,  15, 63-70.  
20 K. Hinkelmann, O. Kempthorne in W.A. Shewhart, S. Wilks, Design and 

Analysis of Experiments, John Wiley & Sons, Inc., 2005, pp 241-279. 
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estructura matemática de la matriz del diseño, pero que no tienen ningún 
significado físico-químico y, por tanto, no generan ningún efecto en la 
respuesta experimental. Estas variables se utilizaron además para tener en 
cuenta efectos de las interacciones más probables que podían ocurrir, según 
nuestro conocimiento del sistema, entre algunas variables (ciclos estáticos con 
tiempo estático, o ciclos estáticos con volumen de disolvente), que son 
confundidos con los efectos ficticios de las "variables fantasma" 

Este modelo se usa principalmente para investigar el sistema experimental 
con una visión general. Para determinar el optimo (en este caso el máximo de 
grasa extraída), habría que introducir términos cuadráticos en el modelo. De 
esta manera se podrían determinar relaciones no lineales entre las variables 
experimentales y las respuestas.   

A continuación se llevó a cabo la optimización de las variables significativas 
aplicando un barrido en torno a estas.  
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3. Análisis DAFO 
 
 

DEBILIDADES AMENAZAS 

 Inexperiencia de la 
doctoranda 

 Desconocimiento de las 
técnicas de extracción 

 Desconocimiento del 
diseño experimental 

 Bibliografía insuficiente 
 Resultados previos no 

disponibles 
 Fiabilidad de las muestras 

disponibles en el mercado 
 

FORTALEZAS OPORTUNIDADES 

 Nuevos retos e 
inquietudes 

 Rodeada de conocedores 
en la materia.  

 Comienzo de una nueva 
etapa  

 

 Adquisición de nuevas 
competencias para 
trabajar en un laboratorio 

 De gran interés para la 
comunidad científica  

 Fácil para uso rutinario 
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4. Artículo Nº1 
 

"Extracción con líquidos presurizados y cuantificación del contenido de 
grasa-aceite en pan y productos derivados". 
 
Publicado en: Talanta, 83 (2010) 25-30.  
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Abstract 
A pressurised liquid extraction (PLE) method for extraction and quantification of 
total fat and oil in bread and derivatives products has been proposed. Parameters 
implied in the extraction process; such us temperature, static time, number of 
extraction cycles, purge time and flush volume; have been optimised using a formal 
methodology based on statistical experimental design in order to obtain the best 
results. Moreover, this method has been validated by using homemade bread 
elaborated in the laboratory which contained 9.64 g of olive oil in 100 g dry weight. 
The production and use of an "ad-hoc" in-hose reference material is just one of the 
most relevant aspects of this study. The uncertainty estimation has been carried out 
taking into account all the uncertainty components of the process and it was stated as 
4.2%. Finally, the proposed method has been applied to six different Spanish bread 
derivatives products with different olive oil contents (5-20%) to determine the fat 
content. 
 
 
Keywords  
Pressurised liquid extraction, fat content, olive oil, in-house reference material, 
method validation, uncertainty. 
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1.  Introduction 
 

Nowadays the total lipid content of food products is an important 
issue in several studies. Lipids are a diverse group of biological substances 
made up primarily of non-polar compounds (acylglycerols, waxes and 
sterols) and more polar compounds (free fatty acids, phospholipids and 
sphingolipids). The complex nature of the total lipid composition of foods, 
from non-polar glycerides to polar phospholipids, means that the extraction 
with solvents has to be effective across a range of polarities. This is made 
more difficult because lipids bind to proteins (lipoproteins) and sugars 
(glycolipids) on cell membranes require a particular polar solvent to remove 
them [1

This ability of different solvent mixtures to dissolve different lipid 
classes has led to the concept of "total fat extraction". There are different ways 
to explain the total fat content in a sample: (i) substances extracted under the 
method conditions; (ii) total lipids including phospholipids; (iii) all the 
unchanged fatty acids from food; and iv) the food lipids converted to 
triacylglycerols (net fat) and the sum of all lipids expressed as triacylglycerols 
[2]. 

]. Non-polar organic solvents, like hexane, are valid for neutral or 
simple lipids, which include fatty acid methyl esters, mono, di and 
triacylglycerols and unsaponifiable matter. Polar or complex lipids (such as 
phospholipids, glycolipids, lipoproteins, oxidised acylglycerols and free fatty 
acids) are extracted preferentially by polar solvents like methanol.  

The "ideal" extraction method should be quantitative, nondestructive, 
and low time- and solvent-consuming. Such a procedure is hard to imagine, 
considering the complexity of the lipids. Several methods have been 
developed for total lipid extraction which are based on the use of solvents or 
solvents combination, but the most common are a mixture of chloroform and 
methanol (Folch method, modified later by Bligh and Dyer), a mixture of 
diethyl ether and petroleum ether (Roese- Gottlieb or Mojonnier method), 
and n-hexane/2-propanol (3/2, v/v) (Hara and Radin method). Other solvent 
mixtures have been tested with different results. Detailed information on 
these topics can be found in any lipid or food analysis handbook [3,4].  
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To increase the extraction efficiency and allow a simultaneous 
treatment of numerous samples, several continuous extraction methodologies 
have been described. The method most used for solid food products is the 
Soxhlet. There have been several modifications in order to improve their lipid 
recovery efficiency, although the quantitative results of these different 
methods are similar [5,6]. Some automated or semi-automated fat analysers 
based on the Soxhlet device are commercially available such as the Soxtec 
Extractor [7] and Ankom Fat Extractor [8].  

In addition, several other extraction techniques have been developed 
[4, 9] such us, microwave-assisted extraction (MAE)[10], supercritical fluid 
extraction (SFE) [11], focused microwaveassisted Soxhlet extraction (FMASE) 
[12], dynamic ultrasoundassisted extraction (DUAE) [13] and pressurised 
liquid extraction (PLE, also named ASE, for accelerated solvent extraction) 
[14], PLE is an extraction technique that combines elevated temperature and 
pressure with liquid solvents to achieve fast and efficient extraction. This high 
temperature causes an increase in the solubility of the analyte in the solvent, a 
fast diffusion and a better mass transference; consequently the solvent can 
seep easily through the matrix. This automation reduces solvent use and 
operating cost. Although the required instrumentation has a higher cost than 
the one from standard methods, this additional cost is worthy when the 
number of analysis is high and taking into account that the solvent cost is 
reduced. In conclusion PSE is faster and much more efficient than traditional 
methods. General characteristics of the main available extraction 
methodologies for solid samples which have been mentioned previously are 
discussed in Refs. [3, 10].  

Instrumental spectrometric techniques such as infrared spectroscopy 
(IR) [15], or nuclear magnetic resonance (NMR) [16], are being also used for 
the direct determination of fat in food, generating large amounts of data 
which provide information after chemometric treatment. These methods are 
quick but they have an important drawback since it is necessary to build a 
good mathematical model previously, they also show a poor precision. 

Since the introduction of the first commercial PLE instrument a few 
years ago, PLE has proved to be a good alternative to replace other extraction 
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methods. Recently, PLE has been exploited in different areas, including 
environmental pollutants [17], pharmaceuticals [18], biological materials 
[19,20] and foods [21]. For instance, in this last area, PLE has been applied to 
extract fat and oil from cereals [22,23], oilseeds [24], dairy products [25], fish 
tissues [26] and meat [27] using either pure solvents such as hexane and 
petroleum or mixtures such as hexane/acetone and 
hexane/dichloromethane/methanol. In addition, a formal strategy of 
statistical experimental design could be easily employed to deal with the 
simultaneous optimisation of all the variables but application examples of 
this methodology on PLE optimisation are scarcely found in scientific 
literature [28,29] and one-at-a-time variable optimisation is usually used. 

Surprisingly, in spite of a great number of articles published where 
methods are described for the determination of total fat content in foods, it is 
only in a few cases that a proper validation study appears after the extraction 
method has been described [30,31]. A good single-laboratory validation 
practice requires the use of a representative certified reference material or 
similar, or the comparison with a recognised reliable analytical method. As a 
last resort, a well-organised method-performance collaborative 
interlaboratory study could be carried out. As a result, the method 
performance characteristics in terms of accuracy (trueness and precision), 
selectivity and range of application could be estimated [32].  In addition, both 
traceability [33] and uncertainty [34] of the results could be established.  

This paper focuses on the development of an alternative analytical 
method, easy to apply, for the extraction of total fat/oil contents in bread and 
derivatives products using a pressurised solvent extractor, and subsequent 
quantification by gravimetric measurements. The variables of the method 
have been optimised using the statistical methodology of the design of 
experiments. The method has been validated properly using, as in-house 
reference material, bread elaborated in the laboratory with known olive oil 
content, and the expanded uncertainty of the results has been estimated. 
Finally, the proposed method has been applied to several commercially 
available samples of Spanish bread snacks containing olive oil as an 
ingredient. 
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2. Materials and methods 

2.1. Solvents and reagents 

All the solvents (analytical grade) used for extraction (hexane, 2-
propanol, chloroform, methanol and ethanol) were supplied by PANREAC. 
Diatomaceous earth (supplied by Dionex) was used as inert solid. Deionised 
water was obtained from a purification system (Milli-Q; Millipore), and 
nitrogen (99.99%) was from Air Liquide. 

2.2. Equipment and software 

Extractions were performed on an Accelerated Solvent Extractor ASE 
100 (Dionex), using 34 ml steel extraction cells. This equipment was validated 
for the extraction of non-bounded oil from solid samples by applying an 
internal procedure for quality assurance of pressurised liquid extractors. A 
calibrated three-figure analytical balance (Mettler Toledo PB303) was used for 
weight measurements. A Büchi RE-124 rotatory evaporator equipped with a 
vacuum pump V-700 (Büchi) was used to remove the remaining solvents after 
extraction. A household grinder (Taurus) was used for previous sample 
homogenisation and a household bread machine (Taurus) to elaborate bread 
containing a known olive oil content as homemade reference material for the 
validation process. 

The Statgraphics Plus 5.1 software package [35] was used for statistical 
treatment and interpretation of collected data. 

2.3. Sample extraction 

Six characteristic spanish bread snacks (edible products made 
available in small sizes, which are attractive, appetizing, and ready to be 
eaten as such or in combination) named "Regañás", "Picos", "Palitos", 
"Panecillos", "Mini Tortas de Pan" and "Saladitos",  which contained olive oil 
in different proportions (5–20%) were used as samples bread and derivatives 
products. They are all food products obtained from bread dough, comprising 
mainly flour, water, yeast, salt and edible fats, sugars, extracts and other 
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conventional additives of this type. All samples were purchased from 
common markets. 

Samples were grounded with a mixer to fine particles, until complete 
homogenisation. By decreasing the particle size, the surface area was 
increased and this results in an improvement on the efficiency of the 
extraction process. They were dried in a drying oven at 105ºC for 2 h. The 
samples were stored in opaque glass desiccators at room temperature until 
their analysis. Samples were weighed before and after the drying process in 
order to determine the moisture content (it was estimated that the analysed 
samples had an average moisture content of approximately 1.5%).  

For the analysis, an amount of around 5 g of sample was exactly 
weighed with an approximation of 10mg in a watch glass. Next the sample 
portion was placed in a mortar and mixed with 3 g of diatomaceous earth, 
and was then placed in the extraction cell, previously prepared with a 
cellulose filter to prevent clogging of the metal on the base of the extraction 
cell. The remaining dead volume was filled with diatomaceous earth 
(approximately 2 g). The prepared cell was placed on the equipment support 
and was then extracted into a 100 ml collection bottle. Each sample was 
analysed three times. The solvent extraction used was mixture 
hexane/isopropanol, 3/2 (v/v) (see Section 3.1). The operating pressure was 
1500 psi. 

For total fat yield data, the fat extract with the solvent was transferred 
into a 100-ml glass flask and the entire solvent was distilled in a rotary 
evaporator. The fat extract was then kept in a drying oven for 30 min at 60ºC 
to stabilisation of the weight and finally the extracted mass was measured on 
an analytical balance at room temperature. 

2.4. Production of an in-house reference material 

Homemade bread was used as reference material to validate the 
proposed method. For production of this in-house reference material with a 
well-known amount of olive oil was used a commercial bread machine 
(TAURUS, My Bread). All the ingredients were carefully weighted with 
approximation 0.01 g before adding to the dough. The ingredients were water 
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(300 g), sugar (5 g), salt (1.5 g), flour (450 g), yeast (3 g) and olive oil (76 g). 
The bread was weighed after baking and cooling and then the percentage of 
olive oil was calculated taking into account the amount of olive oil added 
firstly. After making this bread with olive oil, bread with the same amounts of 
ingredients, but without olive oil, was made in order to use as blank 
correction. The homemade bread elaborated in the laboratory contained a 
well-known amount of 9.64 g of olive oil in 100 g dry weight, that was added 
previously to the raw dough before baking and consequently it could be 
considered as in-house reference material. In a parallel way, it was elaborated 
bread that did not contain added olive oil for which it was obtained a fat 
content of 0.39 g/100 g dry weight. This blank correction was applied to the 
values of obtained fat content in the bread reference material.  

This homemade bread could be used as representative material for 
any bread and derivative products since it had the same characteristics and 
ingredients. Moreover, there were not oil losses during bread preparation or 
baking due to an exhaustive weight control, which was carried out before and 
after the baking process. 

 

3. Results and discussion 

3.1. Optimisation of the extraction process 

The proper application of a PLE method requires the optimization of 
an instrumental variable set such as temperature, pressure, heating time, 
extraction time, number of extraction cycles, flush volume and purge time. In 
addition, these variables have to be optimised in conjunction with other 
analytical variables like the amount of sample, sample particle size, extraction 
solvent or hydrolysis conditions (when necessary). 

Optimisation of the extraction process begins, generally, with the 
selection of an appropriate extraction solvent. Different experiences, based on 
what we found on bibliography for bread and derivatives products [20], were 
carried out. Different solvents and solvents mixtures were tested: 
chloroform/methanol 2/1 (v/v) [36], ethanol [37], and hexane/isopropanol 
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3/2 (v/v) [38]. With the mixture chloroform/metanol 2/1, it was extracted a 
total fat content of 12.97% for a sample which had 15% of total fat. Extractions 
with ethanol gave incorrect results; they were greater that the nominal fat 
content, maybe either because of different compounds were extracted from 
the matrix or a wrong value on the label. The mixture hexane/isopropanol 
3/2 (v/v), recommended by the extractor supplier, was found to be more 
effective than the others and it was chosen as the extraction solvent. 

The ASE 100 extractor can use extraction cells of 10, 34, 66 and 100 ml 
and a collection bottle of 250 ml. The 34 ml cell was selected because it is 
suitable for 5 g of sample containing 5–20% fat. Next, the main variables 
implied in the pressurised liquid extraction process (temperature, static time 
of extraction, flush volume, purge time and number of extraction cycles) were 
optimised by applying a methodology of statistical design of experiments in 
two steps: (i) screening of significant variables, and (ii) establishment of the 
selected variable optimum values. The operating pressure was not optimised 
because the ASE 100 only operates at 1500 psi (100 bar).  For the optimization 
process, due to all the bread and derivatives products used in this work had 
similar composition, one of the snacks, "regañás", was used as a test sample to 
optimize the extraction process. 

For the variable screening analysis, a 2-level saturated fractional 
factorial design for 5 variables (27−4) resulting in an 8-run experimental matrix 
was applied; the experimental domain (Table 1) of the investigated variables 
was determined based on information from the equipment supplier. 
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The design matrix and the results of each experimental run, where the 
response variable is the measured fat content (F) expressed in grams of fat per 
100 g of dried sample (g/100 g dry weight), and the effect of each variable, 
are presented in Table 2. The experimental runs were carried out randomly to 
avoid occasional effects on the variables and all the experiences were carried 
out carefully by qualified personnel. 

Two "dummy variables" were added to complete the mathematical 
structure of the design matrix, although they do not have any physical-
chemistry meaning and, therefore, they do not produce any effect in the 
experimental response. 

The effect of the variables and their importance are graphically 
evaluated by a pareto-chart of standardised effects (Fig. 1). A value of ±0.4 
g/100 g dry weight was selected by us as the in-house significance threshold 
based on previous experiences and on acceptable errors for fat extraction 
(<5% experimental mean value). Only two variables, temperature and purge 
time, show a significant effect on the extracted fat content. The temperature 

Table 1.  Variable experimental domain to be optimized. 
 

VARIABLES 
CODE 

–1 0 +1 
A = Temperature (ºC) 100 125 150 
B = Number extraction cycles 1 3 5 
C = Static time (min) 3 5 7 
D = Purge time (s) 50 100 150 
E =  Flush volume (ml) 20 60 100 
F =  Dummy #1 – – – 
G = Dummy #2 – – – 
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shows the highest positive effect (+0.51 g/100 g dry weight for each 25 ◦C 
temperature change) which implies that the higher the temperature, the 
higher the obtained fat content. The effect of extraction temperature could be 
explained by the increase of the diffusion coefficient in the liquid solvent into 
the solid matrix while the extraction temperature increases, favouring the 
kinetics of desorption of the compounds from the matrix [39]. 
 

Table 2.  Experimental matrix and measured fat content for each experimental run, 
and estimated effects for each variable. The fat content and effects are expressed in 
grams of extracted fat per 100 grams of dried sample (g/100 g dry weight) 
 

Run 
Variables Measured 

fat 
content A B C D E F G 

1 +1 +1 +1 -1 -1 -1 +1 10.51 
2 -1 +1 +1 +1 +1 -1 -1 9.16 
3 +1 -1 +1 +1 -1 +1 -1 9.78 
4 -1 -1 +1 -1 +1 +1 +1 9.50 
5 +1 +1 -1 -1 +1 +1 -1 9.96 
6 -1 +1 -1 +1 -1 +1 +1 9.54 
7 +1 -1 -1 +1 +1 -1 +1 9.90 
8 -1 -1 -1 -1 -1 -1 -1 9.92 

Mean 9.78 
Effects 0.51 -0.09 -0.31 -0.39 0.02 -0.18 0.16  
 
 
Also, higher temperatures enhance the vapour pressure (volatility) of extract 
compounds favouring the extractions from the vegetable porous matrix. 
Purge time shows the lowest negative effect (-0.39 g/100 g dry weight for 
each 50 s interval) which implies that decreasing the purge time leads to a 
higher obtained fat content. This effect could be explained by the fact that 
during the purge process, some amount of fat extract could be lost due to the 
high pressure which it takes place. Flush volume, static time, and number of 
extraction cycles do not show significant influence on the extraction process 
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in the experimental domain studied. In addition, significant interactions 
between variables are not observed. 
 

 
Figure 1. "Pareto chart" of standardised effects. The black bars represent the 
variables that produce negative effects on the responses (g/100 g non-dried 
sample) and the grey bars those variables that produce positive effects. 

 
Next the two significant variables were studied in order to find the 

optimal value for each. First the area around the central point of the 
experimental domain was studied to determine the direction of highest rise in 
the experimental response in order to continue the experimental study in this 
direction. The greatest measured fat content was found for minimum values 
of purge time and maximum values of temperature. Thus the optimum 
values for purge time and temperature were located at 100s and 175 ºC, 
respectively. Figure 2 illustrates the optimisation strategy followed and the 
obtained responses in each case. 

Because of the effects of the remaining variables (static time, flush 
volume and number of extraction cycles) were not significant, the operating 
values were chosen according to the more favourable operation for the 
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process. Static time (5min) was selected according to the central point of the 
experimental domain (see Table 1), flush volume (40%) was chosen because at 
this value the extraction efficiency was not affected and the solvent cost was 
minimal, at last the number of extraction cycles (1 cycle) was selected because 
the fat content did not differ too much and the extraction time was less. 

 

 
Figure 2. Experimental strategy followed in the simultaneous 
optimisation of both extraction temperature and purge time. 

 
Finally, the optimised conditions for extraction were a temperature of 

175 ◦C, heating period of 5min, extraction (static) time of 5min with one static 
extraction cycle per sample, flush volume of 40% and purge time 100 s. The 
overall time required for the extraction was 12 min. 

3.2. Method validation 

The validation procedure was carried out by applying the analytical 
method, at the operation conditions previously optimised and using 
homemade bread produced in the laboratory. The average net recovery 
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obtained, once the blank correction is applied, after ten extractions from 
different portions of the reference bread was 9.57 g/100 g dry weight with a 
standard deviation of 0.211 g/100 g dry weight. 

The precision and trueness of the method, expressed as relative 
standard deviation (RSD) and recovery (ℜ) in percentage, were 2.11% and 
99.27% respectively. The estimated precision is similar to other analytical 
methods of determination of total fat in food by extraction [30], but 
significantly better than the instrumental techniques of direct determination. 
It is observed that there is no significant bias because 100–ℜ<< RSD and so 
the trueness of the analytical method is satisfactory.  In addition, the use of a 
calibrated balance and a qualified extractor jointly with the high-purity 
solvents and the room temperature control, assure the traceability and the 
comparability of the results. 

An estimation of the limit of quantification (LOQ) of the method was 
also calculated from 10 times the standard deviation. The analytical method is 
suitable for analysis of bread and derivatives products with a total fat and oil 
content no less than 2 g/100 g dry weight. 

3.3 Uncertainty estimation 

For the uncertainty estimation, a parameter that characterizes the 
dispersion of the results obtained from the analytical method, the following 
steps are followed [34]:  
 
3.3.1. Specifying the measurand 

The measurand is the total fat content, F, expressed in grams of fat per 
100 g of non-dried sample (g/100 g non-dry weight). 

 
3.3.2. Modelling the measurement 

Express mathematically the relationship between the measurand and 
all of the input quantities upon which the measurand depends. The equation 
for quantifying the total fat content: 
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where: m0 is the weight, in grams, of empty flask used for the extracted fat 
collection; m1 is the weight, in grams, of collection flask with the extract; M0 is 
the weight, in grams, of the empty watch glass used to weigh the sample; and 
M1 is the weight, in grams, of the watch glass with the sample. The terms Δm 
and ΔM designate the measured mass of analyte (fat) and sample 
respectively.  
 
3.3.3. Quantifying the uncertainty components and their associated uncertainties 

Estimate the value of each input quantity either by the statistical 
analysis of repeated observations or by other means such as taking the 
uncertainty of a reference standard from a calibration certificate. The obtained 
values constitute the standard uncertainty components, ui. In figure 3 all of 
the possible uncertainty components are shown in the extraction process by 
means of a cause-effect diagram. It is observed that all of them are related to 
the weight. 

3.3.4. Combining the components 

Calculate the combined standard uncertainty of the measurement 
result, u(F), from the standard uncertainty components. The expression for 
uncertainty estimation is: 
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(Factor 2 is introduced because the determination is based on two complete 
analytical tests, one on the blank and another one on the sample.) 
 

 
 
Figure 3. Cause-effect diagram of uncertainty components in the method validation 
process. All the components are related to the weight and the balance. (The dashed-
line represents the uncertainty component due to the recovery. In this uncertainty 
budget this component is not taken into account because the recovery has a non-
significant value). 
 
3.3.5. Simplifying the expression 

In order to simplify the formula, the uncertainty of mass subtractions, 
whose measured mass values do not differ too much from each other, can be 
expressed as: 
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The within-laboratory estimated uncertainty associated with each one 
of these mass measurements (< 0.2%) is small in relation to the precision 
relative standard deviation (∼2%) and so it can be considered negligible. 
Because of this the formula can be simplified still more: 
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As the representative value of precision, RSD was given the obtained 

value in the method validation procedure. In conclusion, the established 
relative standard uncertainty of the method, u(F), is 2.11%. 
 
3.3.6. Calculate the expanded uncertainty 

The expanded uncertainty, U(F), is calculated by multiplying the 
combined standard uncertainty with the coverage factor k (k=2 when a 
coverage probability of 95% is considered). So, the relative expanded 
uncertainty for the analytical method is stated as 4.2%. 

3.4. Application to real samples 

The developed validated method has been applied to the 
determination of the fat content in six characteristic Spanish snacks, quoted in 
Section 2.3. The obtained value for each sample, expressed in grams of fat per 
100 g of non-dried sample, and their uncertainty are shown in Table 3. In 
addition, the value that appeared on the label provided by the manufacturer 
is shown.  

As it can be seen the values of measured fat content are approximately 
similar to the values provided by the manufacturer on the label (except for 
one of them, it might be due to a mistake on the label provided by the 
manufacturer). 
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Table 3.  Results obtained in the derivatives products of the bread analysis with 
their value of fat content provided by the manufacturer on the label and the 
measured values, with their expanded uncertainty (k = 2), when the proposed 
method extraction is applied. The fat content values are expressed ing / 100 g non-
dried sample.  
 

 SAMPLES a Fat content on    the 
label 

Measured fat content 
± uncertainty 

"Regañás" 15.8 14.2 ± 0.6 
"Picos" 5.3 7.3 a ± 0.3 
"Palitos" 12.0 11.7 ± 0.5 
"Panecillos" 21.0 22.5 ± 1.0 
"Mini Tortas de Pan" 14.0. 14.6 ± 0.6 
"Saladitos" 19.8 17.6 ± 0.8 

a Derivatives products of the bread, obtained from a bread dough, comprising mainly flour, 
water, yeast, salt and edible fats, sugars, extracts and other conventional additives of this 
type.  

b  This value shows a greater difference according to the fat content on the label fat content. It 
might be due to a mistake on the label provided by the manufacturer.  

 
These values from the labels have not been used to validate the method. They 
were only used as reference values in order to compare with our values. As it 
is shown in Table 3, for all the products tested, both values, the values on the 
label, and the found values, were quite consistent, which proves the 
applicability of the proposed method for the intended purpose. 
 

4. Conclusions 
As it can be seen from the present communication, pressurised liquid 

extraction technique together with the proposed gravimetric analytical 
method can be successfully applied for the extraction and quantification of 
total fat and oil from different bread and derivatives products. Also, the 
proposed method could be applied for food routine laboratories to quantify 
fat. The extractor was qualified properly following an internal procedure 
before being used. 
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A mixture of hexane:isopropanol 3:2 (v/v) was selected as solvent extraction 
and the remaining variables were optimised with an statistical methodology. 
The extraction method has been validated. Moreover, the expanded 
uncertainty for the analytical method has been calculated with a value of 4.2% 
and the limit of quantification (LOQ) is established to be 2 g/100 g dry 
weight. Finally, the method has been tested on six commercial samples. The 
performance characteristics of the proposed analytical method reported here 
and the obtained results permit to conclude that PLE is a suitable technique 
for the quantification of total fat on bread and derivatives products. 
Furthermore, the possibility of coupling PLE with other steps in the analytical 
process is one of the most interesting aspects of this methodology. 
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5. Discusión 
 
 

Como se dijo al inicio, este capítulo corresponde a los estudios 
realizados para conseguir el título de Máster, en el primer año del doctorado.  
Los estudios se plantearon inicialmente para desarrollar un método que 
mediante la técnica de extracción presurizada con disolventes, consiguiera 
extraer y cuantificar el aceite de oliva en alimentos y realizar el posterior 
análisis cromatográfico para determinar así su perfil de triglicéridos. 

A pesar de las debilidades y amenazas, presentadas en el análisis 
DAFO, con las que se contaban al inicio del estudio, los objetivos inicialmente 
planteados han sido conseguidos. Además el extractor fue verificado y 
validado, previamente a su uso. Así como el método de extracción también ha 
sido validado y se ha calculado la incertidumbre de los resultados. Con todo 
esto se confiere calidad a los resultados obtenidos.  

Al mismo tiempo, el método desarrollado ha permitido su aplicación 
en muy diversos productos alimenticios, distintos a los de panadería 
expuestos en el estudio, como galletas, embutidos, frutos secos, mantecados 
etc. Por esto ha demostrado ser un método bastante robusto y reproducible y 
transferible a cualquier laboratorio de análisis.   

Los objetivos que se derivarán en los siguientes estudios estarán relacionados 
con el desarrollo y optimización de un método cromatográfico para el análisis 
de este aceite de oliva extraído y poder así resolver el problema analítico 
planteado inicialmente.  
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Procedimiento para la Verificación, Validación y 
Mantenimiento de Extractores con Disolventes Presurizados 
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1. Presentación 
 

Uno de los objetivos del Proyecto QuOleo, en el que se enmarca esta Tesis 
Doctoral, era demostrar la vigencia de la cromatografía de gases a alta 
temperatura acopada a la espectrometría de masas, como una técnica válida 
para identificar y caracterizar el perfil de triglicéridos (TAGs) en aceites 
vegetales (oliva, maíz, girasol, semillas etc.). Para ello era necesario el 
desarrollo de un método cromatográfico, siguiendo así con la hipótesis 
planteada inicialmente. Este capítulo presenta el método desarrollado  para 
ello. 

Debido al carácter polar de los triglicéridos y a su alto peso molecular, la 
cromatografía gaseosa utilizada ha sido de alta temperatura, la cual presenta 
algunas peculiaridades con respecto a la cromatografía convencional. Para 
aclarar este aspecto, se presenta además una revisión donde se exponen las 
principales aplicaciones de esta técnica en el análisis de aceites vegetales y 
alimentos.   

El objetivo específico  de este capítulo ha sido: 

 Desarrollar un método analítico sencillo para la identificación y 
caracterización del perfil de triglicéridos mediante cromatografía de 
gases a alta temperatura acoplada a espectrometría de masas 
utilizando diferentes modos de trabajo.  

 
Además como objetivo secundario se busca conseguir una estimación 
aproximada del perfil de ácidos grasos en aceites vegetales, a partir del perfil 
de TAGs sin necesidad de realizar un proceso de cuantificación directa tras 
una reacción de derivatización previa en el laboratorio.  
 
Siguiendo el esquema de trabajo, basado en un sistema de calidad, se ha 
llevado a cabo el procedimiento de verificación y mantenimiento del equipo 
de GC-MS, el cual se anexa al final del capítulo.  
 



Cromatografía de gases a alta temperatura en el análisis de triglicéridos 
CAPÍTULO II 

 

 
110  

 

2. Introducción  
 

Los triglicéridos 

Una clasificación muy sencilla dividiría a los componentes de las grasas o 
aceites en mayoritarios y minoritarios. Entre los primeros se encuentran los 
acilgliceroles, exclusivamente, y todos los restantes como ácidos grasos libres, 
fosfolípidos, esteroles, vitaminas solubles en grasas, tocoferoles, pigmentos, 
ceras y alcoholes grasos, entre otros, [1] podrían agruparse en el segundo. 
(clasificación muy simple pero con excepciones como es el caso del aceite/o 
grasa de jojoba) [2

La estructura molecular de un triglicérido  es importante para la química y 
tecnología de los alimentos, en bioquímica y nutrición. Los triglicéridos o 
triacílgliceroles (TAGs) consisten en un esqueleto de glicerol, donde cada 
grupo hidroxilo es esterificado por un ácido graso (FAs). En la naturaleza 
estos compuestos son sintetizados mediante reacciones enzimáticas, que 
determinan el centro de asimetría y los diferentes formas enantioméricas, con 
ácidos grasos diferentes en cada posición (figura 1).  

].                                         

La estructura molecular de cada especie de TAG se puede describir con tres 
atributos:  

(i) el número total de átomos de carbono (CN) presentes en las 
cadenas alifáticas de los tres FAs;  

(ii) el grado de instauración de cada FA; y  
(iii) la posición y configuración de los dobles enlaces en cada ácido 

graso.  

 

                                                           
1 R.D. O'Brien, Fats and Oils. Formulating and Processing for Applications 3th 

edition, CRC Press, Taylor & Francis Group, 2009, pp 7-9.  
2 E. Graciani, in: E. Graciani, Los Aceites y Grasas: Composición y Propiedades, 

AMV ediciones, 2006, pp 11-88.  
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Los tres ácidos grasos, pueden ser iguales, diferentes o dos de ellos iguales y 
el tercero distinto, dando lugar a especies que pueden ser diferenciadas en 
esteroisómeros, dependiendo de la posición exacta en la que los tres FAs se 
enlacen para formar el correspondiente TAG. 

Hay una variedad de métodos cromatográficos y espectrométricos para el 
análisis de TAGs, sin embargo, la determinación estéreo-específica de la 
distribución posicional de los ácidos grasos supone todavía un desafío 
analítico.  

Los ácidos grasos se diferencian entre sí en la longitud de la cadena y el 
número y las posiciones de los dobles enlaces que puedan tener. LA mayoría 
de los FAs están compuestos de cadena lineal y número par de átomos de 
carbono, comprendido entre 12 y 22.  Las propiedades físicas y químicas de 
los aceites y/o grasas están influenciadas por el tipo y la posición de los 
ácidos grasos en la molécula de glicerol.  

 

 

Figura 1.  Molécula de un triglicérido  
(Tomada de: M. Amelio–ONAOO Chemical-physical characteristics of olive oils, 2003). 
 

En los aceites y grasas, normalmente no se encuentran ácidos grasos libres, 
sino sólo en pequeñas cantidades, comunicando a la grasa cierta acidez. 
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Normalmente los FA están formando ésteres con la glicerina para dar lugar a 
los glicéridos (mono, di y TAGs).  

El procedimiento más usual para derivatizar los ácidos grasos, antes de su 
análisis por cromatografía de gases, es formando esteres metílicos, que son 
más volátiles y apolares que los ácidos libres. En literatura se pueden 
encontrar métodos para ello [3,4,5], los procedimientos más usuales se llevan 
a cabo en medio metanólico con catálisis alcalina, con catálisis ácida, con 
catálisis alcalina y ácida o bien mediante metilación con diazometano o 
trifloruro de boro, etc. [6

Sin embargo, la ventaja de usar el análisis de TAGs intactos, comparado con 
el de FA, es que se conservan la distribución estéreo-específica, genéticamente 
controlada, en el enlace glicerol y además la información contenida es mucho 
mayor.  

].   

Por otra parte, cualquier alteración de una grasa, bien por ser mezclada con 
otras o por una manipulación industrial  que favorezca la isomerización de 
los enlaces y  la transesterificación de triglicéridos afecta a su composición.  

La tabla 1, que se muestra a continuación, recoge algunos ácidos grasos de 
interés. 

 

                                                           
3 ISO 5509 (2000).  Animal and vegetable fats and oils – Preparation of methyl 

esters of fatty acids. International Standardization Organization, Geneva.  
4 Seppanen Laakso, T., Laakso, I. and Hiltunen, R. (2002).  Analysis of fatty acids 

by gas chromatography and its relevance to research on health and nutrition. 
Analytica Chimica Acta, 465:39-62. 

5 Mendez Antolin, E., Marrero Delange, D., and González Canavaciolo, V. (2008). 
Evaluation of five methods for derivatization and GC determination of a mixture 
of very long chain fatty acids. Journal of Pharmaceutical and Biomedical 
Analysis, 46: 194-199. 

6 AOAC Official Method 996.06 (2000). Fat (total, saturated and unsaturayed) in 
foods. Hydrolytic extraction gas chromatographic method. In: Official Methods 
of Analysis of AOAC International, 17th ed. AOAC International, Maryland. 
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Tabla 1.  Nombres químicos y descripciones de Ácidos Grasos Comunes 

 
 

Cromatografía de gases a alta temperatura 

La cromatografía de gases para el análisis de TAGs ha sido aplicada desde la 
década de los setenta. En 1987, la IUPAC adoptó un método para resolverlos 
según su CN, en aceites y grasas, donde la determinación de triglicéridos se 
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hace mediante factores de corrección y son identificados mediante una 
disolución de patrones de estos [7

Normalmente se considera que una temperatura de trabajo por encima de 
300ºC es HTGC. Este tipo de cromatografía ofrece interesantes posibilidades, 
aunque hay algunos problemas asociados con, el sistema de inyección, el 
deterioro de las columnas o la estabilidad de los compuestos [

].  

8

Mediante HTGC se separan los TAGs en grupos ordenados según número 
creciente de carbonos (CN). Para resolver los esteroisómeros en función del 
número de insaturaciones dentro de cada grupo, es necesario aumentar la 
polaridad de la fase estacionaria (> 50% grupos fenilo) [

]. Sin embargo, 
es cierto que el desarrollo actual de los materiales ha hecho que todas estas 
limitaciones vayan corrigiéndose.  

9
La columna en HTGC es muy importante, en ella se concentran la mayoría de 
los mecanismos necesarios para la identificación, separación y cuantificación 
de los componentes de la muestra.  

].  

 
En cromatografía de gases se usan dos tipos generales de columnas, las 
empaquetadas, o de relleno y las capilares.   En un principio, las columnas más 
utilizadas eran las empaquetadas pero hoy en día el uso de las columnas 
capilares está mucho más expendido.  

Uno de los problemas más extendidos de la cromatografía de gases a alta 
temperatura,  es la degradación de la fase estacionaria de la columna [10

 

].   

                                                           
7 IUPAC Method 2.323 (1987).  IUPAC Standard Methods for the Analysis of Oils, 

Fats and Derivatives, 7th ed, Paquot, C.,  Hautfenne A.(Eds.),  Blackwell, Oxford. 
8 Christie, W.W. (2005). High-temperature gas chromatography of triacylglycerols: 

a cautionary note. Lipid Technology, 17:88-90. 
9 B.X. Mayer, P. Zöllner, E. Lorbeer, W. Rauter (2002). Journal of Separation 

Science, 25, 60-66. 
10 E.F. Barry, in R. L. Grob, E. F. Barry, Modern Practices of Gas Chromatography 

4th edition,John Wiley & Sons Inc. Publication, pp 65-192.   
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En la figura 2 aparecen ordenadas en función de la polaridad varias fases 
estacionarias [11

 

]. 

Las fases estacionarias que se han usado con mayor éxito en la separación de 
TAGs son las fases polarizables de fenil-metil-silicona (poliéteres, poliésteres 
y los polisiloxanos), capaces de soportar temperaturas de 360-370 ºC durante 
largo tiempo. Estas fases permiten resolver los TAGs por número de átomos 
de carbono y por el número de insaturaciones  

La columna cromatográfica utilizada en los trabajos, que se han llevado a 
cabo en esta Tesis, contenía una fase estacionaria compuesta por 65% de 
difenil y 35% dimetil-polisiloxano, la cual es la más polar comercialmente 
disponible en la actualidad. Con esta columna se ha conseguido una 
separación de los triglicéridos de acuerdo a su CN y dentro del mismo CN, 
atendiendo al grado de insaturaciones.  
 
Por último, haciendo referencia al sistema de detección, el  más usado para el 
análisis de TAG es el de ionización de llama (FID).  
Sin embargo la cromtografía de gases, en combinación con espectrometría de 
masas, es una de las técnicas más eficientes que existen actualmente para el 
análisis de triglicéridos. 
 
 

                                                           
11 D. Rood, The Troubleshooting and Maintenance Guide for Gas 

Chromatographers, Wiley-VCH Verlag GmbH &Co., 2007, pp 34-50.  

 
Figura 2. Clasificación de fases estacionarias en función de su polaridad. 



Cromatografía de gases a alta temperatura en el análisis de triglicéridos 
CAPÍTULO II 

 

 
116  

 

Espectrometría de masas 

Los avances más importantes en el análisis de mezclas de TAGs, han sido 
llevados a cabo mediante la combinación de técnicas separativas y 
espectrometría de masas. Su interés, cuando se trata de moléculas de elevado 
peso molecular, reside sobre todo, en la información que aporta con fines de 
identificación estructural. 
 
El principio de la espectrometría de masas es simple: la molécula a identificar 
se lleva a una energía muy elevada en la cámara de ionización, dando un ión 
molecular, además de iones de fragmentación y de reagrupamiento; todos 
estos iones son clasificados mediante un analizador, de acuerdo con su 
relación masa/carga, para ser recogidos por un detector que registra el 
espectro de masas característico.  
Son posibles muchos modos de ionización (impacto electrónico, ionización 
química positiva o negativa, etc.) del mismo modo que existen diferentes 
tipos de analizadores (cuadrupolo, trampa de iones tiempo de vuelo, etc.). El 
modo de ionización utilizado, así como el analizador, marcarán la 
fragmentación y la resolución en el espectro obtenido.   
Ahora bien, la interpretación del espectro no siempre es fácil, y el 
procedimiento seguido consiste en la búsqueda en una biblioteca de espectros 
previamente registrados; es necesario por tanto, y muy importante, que esta 
base haya sido obtenida en condiciones idénticas a la del análisis [12
 

].  

El espectrómetro de masas utilizado en esta Tesis, consta de un modo de 
ionización de impacto electrónico y de un analizador de masas tipo trampa de 
iones.  
La fuente de impacto electrónico (figura 3a) consiste en un filamento caliente 
que desprende electrones. Estos son acelerados hacia un ánodo y colisionan 
con las moléculas gaseosas de la muestra inyectada.  

                                                           
12 E. Hoffmann, V. Stroobant, Mass Spectrometry. Principles and Applications 3th 

ed. John Wiley & Sons, Ltd, 2007.  
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Esta técnica de ionización funciona bien para muchas moléculas en fase gas, 
pero introduce una excesiva fragmentación con lo cual el ión molecular no 
siempre se observa.  
La trampa de iones está formada por tres electrodos hiperbólicos: un 
electrodo con forma de anillo y dos electrodos por encima y por debajo del 
anillo (figura 3b). Los iones son retenidos o expulsados de la trampa en 
función de su relación masa/carga. Una vez que los iones son expulsados de 
la trampa pasan al detector.  
 

  
 
Figura 3.  (a) Diagrama de una fuente de impacto electrónico (tomada de E. 
Hoffmann, V. Stroobant, Mass Spectrometry. Principles and Applications 3th ed, 2007, 
Willey, p16.; (b) Fotografía de la trampa de iones del 4000 MS Varian 
 
 
Por otro lado, también podemos utilizar diferentes modos de adquisición del 
espectro, entre ellos, Full Scan, SIM, etc.. El modo Full Scan consiste en la 
medida del espectro completo entre dos límites de masas. El modo SIM (single 
ion monitoring), consiste en enfocar el analizador a solo aquellos iones con un 
ratio m/z específico.   
Este método es mucho más sensible que el modo Full Scan  ya que la cantidad 
de tiempo de integración de la señal es mayor y se consigue así un incremento 
de la relación señal/ruido en la señal resultante. Esta ganancia en sensibilidad 
en el modo SIM, resulta en una baja flexibilidad. En cambio, el modo Full Scan 

a) b) 
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permite ver datos completos, con lo cual información estructural nueva puede 
extraerse para responder cuestiones iniciales.  
 
Haciendo referencia a los fragmentos más abundantes en el espectro de 
impacto electrónico, estos corresponden a los fragmentos iónicos [M-RCOO]+, 
donde hay una pérdida de uno de los ácidos grasos. Otro de los iones  
importantes son los que contienen fracciones de ácidos grasos de la forma 
RCO+, [RCO+74]+, estas 74 uma adicionales corresponden al esqueleto 
glicerol, y [RCO+128]+ [13,14

La mayor desventaja del espectro de masas en impacto electrónico es la poca 
abundancia de iones que proporcionen información sobre el peso molecular, 
tales como los iones M+ ó [M-18]+. La ionización química, en cambio, conduce 
a un proceso de fragmentación mucho menor que el anterior, lo que permite 
obtener información sobre el peso molecular [

]. 

15

 

]. La extensión de la 
fragmentación en ionización química se puede controlar con el gas reactante 
(metano, isobutano o amoniaco).  

Proceso experimental 
 
Los estudios que se presentan en esta tesis se han llevado a cabo con un 
cromatógrafo de gases GC 3800 Varian, acoplado a un espectrómetro de 
masas 4000 MS Varian (PA, USA). Las muestras han sido introducidas 
automáticamente mediante el uso de un módulo auto-muestreador 
(Combipal, CTC ANALYTICS, Switzerland) (figura 4). 
 

                                                           
13     P. Laakso, (2002).  Mass spectrometry of triacylglycerols. European Journal of 

Lipid Science and Technology, 104:43-49.  
14 S. Hauff, W. Vetter (2009), Journal of Agricultural and Food Chemistry, 57 3423-

3430. 
15 R. Aichholz, V. Spitzer, E. Lorbeer (1997). Journal of Chromatography A, 787, 

181-194. 
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Figura 4.  GC-MS utilizado en los análisis 
 

Tanto los patrones de triglicéridos como las muestras de aceites vegetales se 
prepararon del modo que se resume en la figura 5. Cada patrón de 
triglicérido o muestra de aceite vegetal, se peso exactamente y fue diluido en 
cloroformo hasta una concentración final del 1% (m/m). Estas disoluciones se 
almacenaron en oscuridad a -15ºC hasta su uso. Las disoluciones de trabajo 
eran preparadas diariamente a partir de las anteriores, por medio de dilución 
hasta 0.2% (m/m).  

 

 

Figura 5. Diagrama de flujo de un análisis cromatográfico simple 
 

Pesar 0.1 g de 
aceite y diluir en 

cloroformo
(Disolución 1%)

Dilución a 0.2%
Inyección 2 µl

GC-MS
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A continuación se muestran, en las tablas 2 y 3, las condiciones del método 
utilizado para obtener los cromatogramas.  

Tabla 2.  Condiciones del cromatógrafo de gases 

Columna 
Rtx-65TG, Restek; 30 m x 0.32 mm i.d. x 0.1 
µm film thickness Restek Corp., Bellefonte, 
PA, USA). 

Modo de Inyección Split (división de flujo) 1:10  

Inyector  Varian 1079 (Temperature Programable) 

Programa Inyector Temp. (ºC) Hold ( min)  
370 0.10  

Programa Tª GC  
Temp. (ºC)  Rampaº(C/min)  Total (min) 

315 0.0 0.00 
350 1.0 35.0 

Gas Portador  Helio a 1.5 mL/min, EFC modo de flujo 
constante.  

 
 
 

Tabla 3.  Parámetros MS 

 Modo Impacto 
Electrónico 

Tipo Scan  Full Scan/SIM 

Línea de Transfrerencia 350ºC 

Temp. Trampa de iones  250ºC 

Manifold 50ºC 
 

 

Después de la oportuna introducción al capítulo, se procede de forma normal, 
con la presentación del análisis DAFO y los artículos científicos.  
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3. Análisis DAFO 
 
 

DEBILIDADES AMENAZAS 

 Desconocimiento de la 
cromatografía de gases  

 Necesidad de crear un 
método de análisis nuevo 

 Analizador de trampa de 
iones, mayor 
fragmentación de la 
molécula de TAG 

 Fragmentaciones muy 
similares entre TAGs 

 Uso mayoritario en 
bibliografía de 
cromatografía de líquidos 
para análisis de TAGs 

 Dificultades técnicas con 
el espectrómetro de 
masas 

 No existencia de 
materiales de referencia 
de TAGs 

FORTALEZAS OPORTUNIDADES 

 Nuevos retos 
 Técnica relativamente 

sencilla  
 Desarrollo de un método 

sencillo  

 Manejo de técnicas 
analítica nuevas CG y MS 

 Posibilidad de resultados 
novedosos 
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4. Artículo Nº 2 
 

"Determinación de triglicéridos mediante cromatografía de gases a alta 
temperatura en el análisis de aceites vegetales y alimentos" 

En revisión en: Critical Reviews in Science and Nutrition (2012) 
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Triacylglycerols determination by high temperature gas 

chromatography in the analysis of vegetable oils and foods 

 
C. Ruiz-Samblás, A. González-Casado, L. Cuadros-Rodríguez  
Department of Analytical Chemistry, University of Granada,  

Av. Fuentenueva s.n., E-18071, Granada, Spain. 
 

Abstract 
The analysis of triacylglycerols by high temperature gas chromatography, along the 
last ten years has been reviewed in this paper. The interest in this topic has grown 
along the last years due to the triacylglycerols are the main components of oils and 
fats and they are being used for the characterization and authentication of foods 
products.  

The most commonly used procedures, including the official methodologies, applying 
high temperature gas chromatographic techniques are shown. Their importance in 
the characterization of different kind of samples, vegetable oils, seeds, dairy products, 
etc., is considered.  

This review is not intended to be a comprehensive dissertation on the field of 
triacylglycerols analysis since that would require sufficient space to occupy a book in 
its own right. Rather, it will outline selected considerations and developments, where 
the technique has been applied.  

 

Keywords:  
Triacylglycerols, high temperature gas chromatographic (HTGC), dairy products, 
vegetable oils, foods.  
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Introduction 
The molecular structure of a triacylglycerol (TAG) (figure 1), is 

important for food chemistry and technology, biochemistry and nutrition. 
TAGs (also commonly termed "triglycerides") consist of a glycerol skeleton, 
where each hydroxyl group is esterified to a fatty acid. In nature, these 
compounds are synthesized by enzyme systems, which determine that a 
centre of asymmetry is created about carbon-2 of the glycerol backbone, and 
they exist in different enantiomeric forms, i.e. with different fatty acids (FAs) 
in each position.  

The molecular structure of each individual TAG species can be 
described by a few basic attributes: (a) the total carbon number (CN), which is 
the sum of the alkyl chain lengths of each of the 3 FAs, (b) the degree of 
unsaturation in each FA, and (c) the position and configuration of the double 
bonds in each FA. The TAG molecule shows optical activity when the two 
primary hydroxyl groups are esterified with different FAs.  

 

C

C

H

H

OOCR'

C

HR''COO

OOCR'''H

H  

Figure 1. Fischer projection of a triacyl-sn-
glycerol 

  

The stereochemistry of TAGs can be described by the "stereospecific 
numbering" (sn) system as recommended by a IUPAC-IUB Commission on 
the Nomenclature of Glycerolipids. Due to this, it is crucial to say that the 
analysis of the TAG composition is a very challenging task because an 
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enormous number of individual TAG species is possible due to the large 
number of possible FA combinations on the glycerol backbone. 

Usually, the TAGs are converted into fatty acid methyl esters (FAMEs) 
for gas chromatography (GC) analysis. Many different methylation methods 
are described in literature and four of them are commonly used: acid or base-
catalyzed methylation, borontrifluoride methylation, methylation with 
diazomethane and silylation (ISO 5509, 2000; Seppanen-Laakso et al., 2002; 
Mendez-Antolin et al., 2008). The first method is more acceptable than other 
methods because it uses less aggressive reagents than other methods. This 
review is most concerned with the direct determination of TAGs, therefore no 
references will be given considering the analytical parameters of the analysis 
of FAMEs. The interested reader is referred to the AOAC Official Methods 
996.06 and Petrovic et al., 2010.  

However, the advantage of using TAG analysis, as compared to FA 
profiling, is that the genetically controlled stereo-specific distribution of the 
FA moieties on the glycerol backbone is preserved and, thus, the information 
content of intact TAGs is usually higher.  

In the last decades, a very wide range of analytical tools has been 
developed for lipid analysis. Particularly powerful are the chromatographic 
methods, either or not in combination with spectrometric techniques such as 
mass spectrometry (MS) (Laakso, 2002), GC and liquid chromatography (LC) 
combined with MS are the key techniques in all areas of lipid analysis. The 
possibilities and limitations of these two chromatographic methods in TAG 
profiling, have been described in a number of excellent reviews. Buchgraber 
et al. discuss the application of GC, HPLC in normal and reversed phase 
mode, thin-layer chromatography and supercritical fluid chromatography for 
the qualitative and quantitative determination of TAGs (Buchgraber et al, 
2004a). Furthermore, the chromatographic and spectrometric methods 
usually used for the analysis of common and less common edible vegetable 
oils and fats are reviewed by Andrikopoulos (Andrikopoulos, 2002a; 
Andrikopoulos, 2002b; Andrikopoulos et al., 2004). 
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Particularly, techniques for the gas and liquid chromatographic 
separation of complex mixtures of TAGs have been reviewed in detail over 
the past two decades.  For instance, in 1995, Myher reviewed strategies in the 
analysis of lipids in general, and emphasize already the importance of 
chromatographic methods to identify specific species (Myher et al., 1995). In 
the same year, Ruiz-Gutierrez and Barron reviewed the methods for the 
analysis of TAGs and state the significance of the column for the separation of 
the TAGs (Ruiz-Gutierrez and Barron, 1995). In particular, de la Fuente and 
Juarez studied the TAGs on milk samples taking into account the use of GC to 
separate according to the CN (de la Fuente and Juarez, 1999) and Nikolova-
Damyanova reviewed the principles and applications of thin-layer 
chromatographic for the analysis of TAGs (Nikolova-Damyanova, 2000).  

In addition, combinations of two chromatographic dimensions have 
been applied for those situations where the resolving power of a one-
dimensional method was insufficient. Although it is not the aim of this 
review, it is important to point that recently, the analytical benefits of 
comprehensive two-dimensional (2D) chromatography, in its various 
operational modes, have been exploited by the oil and fat chromatographic 
community to solve problems (Janssen et al., 2003; de Koning et al., 2006; 
Janssen et al., 2009). Thus, Tranchida et al. reports on the employment of 
comprehensive chromatographic methods, based on GC, LC, LC-GC and 
packed supercritical fluid chromatography (pSFC), in the field of lipid 
analysis (Tranchida et al., 2007). 

On the other hand, for identity, control and authentication purposes of 
fats and oils, milk fat and special fats like extra virgin olive oil; the knowledge 
of the TAG composition has become an indispensable tool. On this matter, 
Aparicio and Aparicio-Ruiz discuss the contribution and trends in 
chromatography for the authentication of vegetable oils, establishing the TAG 
composition as a measurement of the quality and purity of vegetable oils 
(Aparicio and Aparicio-Ruiz, 2000). In addition, Ulberth and Buchgraber 
revise the technical merit of different analytical platforms to establish the 
authenticity of oils and fats (Ulberth and Buchgraber, 2000), andthe same 
authors review strategies to detect and analyze cocoa butter equivalents 
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added to genuine cocoa butter or to chocolate products, for authentication 
purposes (Ulberth and Buchgraber, 2003).  

Applications of various chromatographic techniques and 
electrophoretic methods employed for the analysis in macro- and micro-
components in vegetable oils and dairy products are compiled and critically 
evaluated by Cserháti et al. as well as the employment of these methods for 
authenticity tests and traceability is discussed (Cserháti et al., 2005). In other 
reconsideration, de la Fuente and Juárez intends to provide the advantages 
and disadvantages for detecting the authenticity of dairy products by new 
approaches such as polymerase chain reaction and isotope ratio mass 
spectrometry (IRMS) versus a traditional procedures such as 
chromatographic and electrophoretic method (de la Fuente and Juárez, 2005).  

According to regulations, IUPAC-AOAC has adopted a method to 
resolve TAGs, based on the numbers of similar carbon atoms by HTGC, of 
solutions of oil and fat, under temperature-programmed conditions, where 
the determination is made by corrections factors and identified by reference 
to standard triglyceride solution (IUPAC Method 2.323; AOAC Official 
Method 986.19). In addition, the method for determination of TAGs by their 
partition numbers (or equivalent carbon numbers, ECN) in vegetable oils by 
LC, was adopted by AOAC-IUPAC-AOCS (Wolffi et al., 1991; Firestone, 
1994).  

There has always been an interest in pushing GC to the highest 
temperatures possible. The exact definition of "high temperature gas 
chromatography" (HTGC) is somewhat arbitrary and subject to some 
developments over the years. Normally it is considered that separations 
above 300ºC are HTGC. It offers interesting possibilities (efficiency, stability, 
etc.) although there are some problems associated with the injection system, 
deterioration of the columns, stability with temperature, etc. In the right 
hands and for suitable samples, HTGC is a valuable tool for determining 
TAGs. If it is used inappropriately, it can give meaningless results (Christie, 
2005).  
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HTGC need not be described in detail here, since it has been described 
previously.  The evolution of the concept is presented and a brief comment on 
the chromatography suitability of HTGC for area of analysis is warranted by 
Pereira et al., (Pereira et al., 2004). Any sample subjected to HTGC must be 
both thermally stable and resistant to thermal re-arrangement; TAGs are a 
group of high-boiling-range compounds that are well suited for HTGC 
analysis.  

As a result of the high molecular mass of the intact TAGs, GC analysis 
requires final column temperatures of 350 ºC or higher. Elution is largely 
based on the CN, with weak selectivity towards the number of double bonds 
on some phases.  

For the highly unsaturated TAGs lower responses are generally seen. 
Literature is not conclusive whether this is due to thermal instability or the 
result of polymerization (Christie, 2005). All the authors agree, however on 
the precautions that can be taken to minimize losses. Thermal stress should be 
kept to a minimum by eluting the compounds as rapidly as possible at the 
lowest elution temperature feasible. In practice this means column length 
should be minimized and the lowest possible film thickness should be used. 
The gas linear velocity should be as high as possible. To minimize the loss of 
column efficiency as a result of the use of high linear velocity, hydrogen is the 
preferred carrier gas (Kaal and Janssen, 2008). But because additional 
structural information about TAG composition is valuable, considerable effort 
has been made, along the years, to develop selective high-temperature 
stationary phases that resolve TAGs according to the number of unsaturated 
FAs composing the molecule and carbon number simultaneously.  

The introduction of open tubular columns (capillary columns) by 
Golay in 1958 represented the most important breakthrough in gas 
chromatography. Compared to packed columns, these allow a higher 
resolution, i.e. higher separation capacity, and there have been further 
developments in column fabrication and instrument design. Originally, 
nonpolar stationary phases of polysiloxane type were habitually used. Those 
phases, which are marketed under a variety of different brand names (OV-1, 
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OV-101, SE-30, DB-1, HP-1, Ultra-1, SPB-1, CP-Sil 5 CB, Rtx-1, BP-1, AT-1, etc) 
for 100% dimethyl polysiloxane and OV-3, SE-54, DB-5, HP-5, Ultra-2, SPB-5, 
CP-Si l8-CB, Rtx-5, BP-5, AT-5, etc. for the slightly more polar 5% phenyl-95% 
dimethyl polysiloxane stationary phase, allow only separation according to 
the CN of TAGs, even in capillary columns (Buchgraber et al, 2004).  

For example, more than two decades ago, Geeraert et al. separated 
coffee oil on a 15-m glass column coated with OV-101, where the CN54 were 
separated into 3 fractions according to the number of unsaturated FAs in the 
molecule, but not by the number of double bonds within each acid (Geeraert 
et al., 1983). In addition, Collomb et al. also separated TAGs groups differing 
with respect to the number of unsaturated FAs of different oils and fats such 
as palm, rapeseed, soybean, etc., on a DB-5 column (Collomb et al., 1998). 
Harrison et al. discuss about a rapid GC-FID technique with a BP-5 column 
for the simultaneous quantitative analysis of FFA (free fatty acids), MAG 
(monoacylglycerols), DAG (diacylglycerols), TAG, sterols, and squalene in 
vegetable oils (Harrison et al., 2005). Molkentin controlled the purity of milk 
fat by gas chromatographic determination of TAGs based on separation by 
CN using a column filled with 3% OV-1 (Molkentin, 2007).  

On nonpolar columns, like these ones mentioned above, unsaturated 
TAGs eluted before saturated ones. The reason for this consists in the 
remarkable difference in vapor pressure between saturated and unsaturated 
FAs. Among unsaturated FAs differences are too small to effect further 
separations, thus fractionation according to the degree of instauration is not 
possible.  The elution sequence for TAGs with a given CN is: UUU, SUU, 
SSU, SSS (S – saturated FA, U – unsaturated FA).  A clear example of this is 
shown in Mayer and Lorbeer, 1997; the authors investigated the quality of 
different fused-silica capillary columns with a mixture of TAGs at high 
temperatures (figure 2).  
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Triacylglycerol Abbrevia 
tion CN:Bonds 

1  Tripalmitin PPP 48:0 

2  Tripalmitolein PoPoPo 48:3 

3  Tristearin SSS 54:0 

4  Triolein OOO 54:3 

5  Trilinolein LLL 54:6 

6  Trilinolenin LnLnLn 54:9 

7  Triarachidin AAA 60:0 

8  Trigadolin GaGaGa 60:3 

9  Tribehenin BeBeBe 66:0 

10 Trierucin ErErEr 66:3 

11 Trilignocerin LgLgLg 72:0 

12 Trinervonin NNN 72:3 

 
Figure 2.  Elution pattern of the TAG mixture of five stationary phases: OV-I, SE-
52, OV-1701-OH, SOP-50 and OV-25. (taken from Mayer and Lorbeer, 1997; with 
permission). 

 

Progress in separation efficiency of TAGs has been achieved by using 
capillary columns coated with more polar polysiloxane phases containing a 
higher proportion of phenyl groups (50-65%). The highly efficient separation 
of individual TAGs became possible due to the application of thermostable 
stationary phases based on polysiloxane with methyl, phenyl, and 
cyanopropyl groups attached to the surface of capillary columns. The 
availability of cross-linked and chemical bonded phases improved the 
properties of columns considerably by extending the column lifetime and 
reducing baseline drift at elevated temperatures. The use of temperature 
resistant medium polarity capillary columns enhances the resolution power 
largely, and allows determining individual TAG species. HTGC on medium 
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polarity stationary phases has been extensively applied for the 
comprehensive separation of TAGs in a wide range of fats and oils (Ruiz 
Samblás et al., 2011). Capillary columns with somewhat more polar stationary 
phases are available commercially.  These columns are known as the CB-TAP 
CB for TAGs from Agilent, Rtx-65-TG column (Restek, 65% diphenyl-35% 
dimethyl polysiloxane) from Restek (Bellefonte, PA) and DB-17ht (50%-
phenyl)-methylpolysiloxane from J&W Scientific. They allow introducing 
additional selectivity for double bonds.  

In 2002, Mayer et al. described the preparation of fused silica capillary 
columns coated with 75% diphenyl-25% dimethylpolysiloxane, and compare 
it with two capillary columns currently commercial available OV-25, PS162 
(Mayer et al., 2002). The increased polarity enabled a slightly improved 
resolution of TAGs that differ only by one double bond, e.g. SOO (1-stearin-
2,3-diolein) and OOO (triolein).  However, this column is not available 
commercially, only it is possible to find this kind of coating for packed 
columns (Ohio Valley, Ohio, USA) which do not bear high temperatures. 
Thus, commercially available siphenylene-siloxane copolymers are claimed to 
have similar, but not identical properties as methyl, phenyl-polysiloxanes 
(Mayer et al., 2003a).  

The properties of stationary medium-polar phases at high 
temperatures such as selectivity, bleeding, working range, immobilization, 
inertness need to be studied with other parameters different from the usual 
ones. The Rohrschneider-McReynolds constants describe the selectivity of a 
stationary phase at low temperatures and it is restricted to analyte-stationary 
phase interactions at low temperatures. Additional parameters are required to 
describe the interactions at elevated temperatures, since temperature induced 
dipoles may change the selectivity. The TAG indices were used to evaluate 
interactions between analytes and stationary phase at elevated temperatures.  
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Table 1. TAG index for different stationary phases 
 

Stationary 
phase 

TAG index 
Reference 

OOO LLL LnLnLn 

OV-1 53.16 53.16 53.72 

(Mayer et al., 
2003a) 

SE-52 53.40 53.63 54.30 

OV-17 54.26 55.25 56.54 

SOP-50 54.73 55.87 57.42 

007-65HT 54.88 56.17 57.86 

SOP-75 55.29 56.98 59.01 

SM-30 53.61 53.80 54.29 

SM-50 53.85 54.18 54.60 

SP-50 54.51 55.39 56.58 

SP-43 54.63 55.68 56.93 

SP-25 54.99 56.39 58.14 

SP-20 55.06 56.49 58.25 

SMP-5 55.22 56.80 58.67 

SphTFP-25 53.84 54.19 54.51 (Mayer et al., 
2003b) 

SDPE-33 53.83 54.25 54.95 (Mayer et al., 
2004a) BGB-Silaren 54.01 54.56 55.41 

OV-25 54.87 56.17 57.99 (Mayer et al., 
2004b) SP-10 55.34 57.06 59.11 

Dexsil 300 53.54 53.67 54.27 (Martina et al., 
2005) Dexsil 400 53.69 54.00 54.51 

 
 

The polyunsaturated TAGs OOO, LLL (trilinolein) and LnLnLn 
(trilinolenin) served as probes, whereas the saturated TAGs PPP (tripalmitin), 
SSS (tristearin) and AAA (triarachidin) were used to generate a calibration 
line. TAG index, were made up by Mayer et al. (Mayer et al., 2003a).  
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Furthermore, the same authors, have evaluated in different phases 
between the years 2003 and 2005 (Mayer et al., 2003b; Mayer et al., 2004a; 
Mayer et al., 2004b; Petsch et al., 2005). Table 1 shows the TAG index for 
different medium-polar stationary phases.  

Other critical aspects of practical HTGC concern the method of sample 
introduction. In conventional GC the sample is evaporated at a temperature 
that is higher than the column before admission. The injection technique has 
been considered as being most critical for accuracy (trueness and precision), 
since at this stage discrimination against less volatile high molecular weight 
compounds can occur while the sample is being transferred from the syringe 
to the column (syringe discrimination) (Grob Jr. and Neukon, 1980).Many 
authors published detailed studies concerning the effect of the injection 
technique on the recovery of TAGs (Grob Jr., 1979; Poi et al., 1981; Hinshaw 
and Seferovic, 1986; Termonia et al., 1987).  

Finally, we have just given brief information on the history and the state 
of the art of the HTGC technique and all the aspect related to it. Thus, a 
variety of samples, along the last years, have been successfully analyzed by 
HTGC. The purpose of this paper is to present and discuss the ten last year’s 
contribution as well as recent trends in HTGC to the analysis of TAGs in 
different samples such as oils, seeds, dairy products and plants.  

1. Analytical Applications 
HTGC is an important analytical technique for qualitative and 

quantitative analysis in a wide range of application areas.  Though, as it has 
been mentioned before, there are some obstacles for obtaining reliable 
quantitative results in HTGC analysis of TAGs. For instance, the sample 
introduction is critical and discrimination against boiling point can occur if 
the injection mode is not properly selected or optimized. In addition, 
quantification of the TAGs, either as pure compounds or as carbon number 
clusters, requires accurate response factor if no chemometric tools are 
applied. Due to this, the possible thermal degradation of TAGs, at such as 
high temperatures, have to be taken into account. However, and despite of 
these obstacles several applications, to diverse kind of samples, have been 
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developed successfully. Recent research has resulted in better 
chromatographic columns and methods for sample preparation that enable a 
significant expansion of the molecular application range of HTGC (Kaal and 
Janssen, 2008). This work intends to provide an updated and extensive 
overview since 2001 on the principal applications. For organizational reasons, 
this paper has been structured based on the samples analyzed by this 
technique.  

1.1. Dairy products 

The analysis of intact TAGs is regarded as advantageous in dairy 
products, because the genetically controlled specific distribution of the FA 
moieties on the glycerol backbone is preserved; the information content is, 
thus, higher. More than 400 different FAs have been identified as components 
of milk fat (Buchgraber et al, 2004).  

Due to the rapid progress of capillary column technology for GC packed 
columns are rarely used any longer. Nonetheless, the official European Union 
(EU) method for the determination of the purity of milk fat is based on the 
TAG composition by packed column (Commission Regulation (EC) No 
454/95) and its revised versions (Commission Regulation (EC) No 2771/99; 
Commission Regulation (EC) No 213/2001; Commission Regulation (EC) No 
273/2008). In addition, other alternatives using capillary GC have also been 
described (Molkentin and Precht, 1995; Ulberth et al., 1998). 

The EU official method, based on the original idea of Timms (Timms, 
1980) and which has been developed by Precht (Precht, 1991) is based on an 
evaluation algorithm ("TG formulae") using TAG data obtained by 
chromatographic determination. The same author, together with Molketin in 
the year 2000, studied the equivalence of packed and capillary GC columns 
by the use of this method (Molkentin and Precht, 2000).  

Currently, there is an international standard or the analysis of TAGs in 
milk and milk products created by ISO (International Organization for 
Standardization) and IDF (International Dairy Federation) jointly (ISO 
17678/IDF 202:2010). The HTGC, coupled with a flame ionization detector, is 
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used for determination of TAGs. In this international standard, two kinds of 
chromatographic columns are proposed, either packed column, glass, of 
internal diameter 2 mm and length 500 mm, packed with a stationary phase 
of 3% OV-1 or capillary column, of length 5m, with a non polar stationary 
phase. The preparation, silanization, packing and conditioning of the packed 
column are described.  All work was carried out by the Joint ISO-IDF Project 
Group on Foreign fats of the Standing Committee on Analytical methods for 
composition under the aegis of Molkentin.  

Since HTGC, with different kind of columns, has been used to separate 
milk fat according to their CN along the last years and many researchers have 
employed this technique for TAG determination in dairy products, table 2 
summarizes the research on this topic during the last ten years. Thus, 
information about the sample and the column used is given for each 
manuscript. In addition, some of them are discussed in the text.  
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In 2003, Buchgraber et al. reported a intercomparison study, in which 
13 laboratories applied HTGC on columns coated with medium-polarity 
stationary phases to determine the TAG profile of cocoa butter (Buchgraber et 
al., 2003). The results showed that this technique was robust and reliable for 
this purpose. Previously, the same authors had studied this sample by 
comparing HPLC and GC techniques (Buchgraber et al., 2000). The same 
matrix was studied also by Guyon et al. and compared HTGC with MS, 
showing this last technique more advantages (Guyon et al., 2003).  

Furthermore, milk fat TAG composition is affected by variations 
in feeding, depending on the season and region, due to this fact, 
determination by HTGC of classes of milk fat into groups of identical 
numbers of acyl-C atoms (C24-C54) has been reported to be a more 
effective criterion than FA composition for determining their origin 
(Fontecha, 2006a, Fontecha, 2006b). The authenticity assessment of 
dairy products has become a very important issue.  

Most current analytical approaches to authenticity issues in milk 
fat constituents are essentially based on the GC separation of its 
components. Nowadays, the best way of revealing the presence of 
foreign fats in milk fat includes the study of the TAG profile. Many 
authors have researched about this topic. For instance, de la Fuente and 
Juárez provided an extensive overview since 1991 on the principal 
applications for detecting the authenticity of dairy products (de la 
Fuente and Juárez, 2005). Subsequently, a method to detect 
adulteration of milk fat with partially hydrogenated vegetable oils 
(PHVOs) was developed by Destaillats et al. (Destaillats et al., 2006). 
Therefore, Povolo et al. studied the authenticity of pure milk fat, 
together with mixtures of milk fat containing two levels of four foreign 
fats (coconut fat, sunflower oil, lard and beef tallow), the method was 
based on the application of formulae deriving from multiple linear 
regressions (Povolo et al., 2008).  
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Recently, Haddad et al. have characterized camel milk fat TAGs with a 
Rtx-65TG column, obtaining, with respect to the HPLC method, a best 
separation of camel milk (Haddad et al., 2011). Additionally, and with the 
same column, Romano et al. have studied the TAG and FA pattern in 
commercial samples of Mozzarella di Bufala Campana, a protected 
designation of origin (PDO) cheese. This was similar to the pattern of the 
parent milk and the bovine counterparts (Romano et al., 2011).  

1.2. Vegetable oils and seeds 

As triacylglycerols are the main component of all the fats and oils of 
commercial importance, a great deal of effort has been applied to their 
analysis. TAGs and other constituents are the main components of vegetable 
oils. Each oil has a characteristic pattern of TAG and the physical and 
chemical properties of a particular oil are determined mainly by the 
abundance of different TAG molecular species. Typical chain lengths of FAs, 
found in vegetable oils, range from 14 to 20. Here the carbon number is 
defined as the sum of the alkyl chain lengths of the three FAs. This results in 
TAGs with total carbon numbers typically between 46 and 56. A considerable 
number of oils have been characterized by GC measuring the composition of 
FA. 

Furthermore, TAGs species are associated with the chemical and physical 
properties of oils, while the regio-types of TAGs species are associated with 
the intrinsic properties such as biochemical and nutritional aspects. 
Regarding to this, Martínez-Force et al. proposed the asymmetric α 
coefficient, which is calculated from the FA, sn-2 FA, and TAG composition of 
the oil, to calculate the stereochemical asymmetry of FA in TAG molecular 
species (Martínez-Force et al., 2004). Previously, Fernandez-Moya et al. 
identified the TAG molecular species of oils obtained from different 
sunflower mutant lines with increased amounts of palmitic or stearic acids in 
linoleic or high-oleic backgrounds (Fernandez-Moya et al., 2000). TAGs were 
identified and data corrected for the relative response of the FID according to 
the method described in Carelli and Cert, 1993. Their results showed a 
tendency to spread saturated FA within specific unsaturated TAG molecules. 
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As it has been mentioned before, TAGs have been used along the years as 
a tool of detection of adulterations in oils. Andrikopolous et al. studied 
individual TAG species of olive oil as well as several seeds oils (corn, 
cottonseed, palm, peanut, soybean, and sunflower), by a WCOT TAP CB 
fused-silica capillary column, to detect adulterations in olive oil 
(Andrikopolous et al., 2001).  They achieved to verify an adulteration of olive 
oil with a low content (< 5%) of these seed oils (except peanut oil),by the 
detection of the increasing levels of OOO or PPP in olive oil in which these 
TAG species are normally absent or present at very low levels (< 0.5%).  An 
adulteration with over 20% peanut oil could be detected by the increasing 
levels of PLL (1-palmitin-2,3dilinolein). Lately, Woo Park et al. have studied 
mixture of sesame oil with soybean oil and how the relative percentage of 
linolenic acid increased rapidly compared to those of oleic and linoleic acids 
as the ratio of soybean oil increased in the blended sesame oil (Woo Park et 
al., 2010). They propose the HTGC–FID as an appropriate tool for the TAG 
analysis from dairy foods with high contents of short chain length fatty acids.  
Finally, Ruiz Samblas et al. have achieved to distinguish between extra virgin 
olive oil from different varieties of olive oil fruit with the aid of  HTGC and 
multivariate statistical tools (Ruiz-Samblas et al., 2011).  
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Related to the seeds field, Yoshida et al. isolated TAG by TLC, and 
analyzed them by GC with the method of Matsui, Watanabe and Ikekawa, 
from 1973 (Yoshida et al., 2000). They evaluated the changes in the molecular 
species composition and FA distribution of TAG from the seed coat of 
soybean roasted and they were compared with those results obtained using 
unroasted seed coats. The subsequent years later, the same authors, applied 
the same method to TAGs in sunflower seeds (Yoshida et al., 2002), peanuts 
oils, kernels of pumpkin seed, peas, adzuki beans etc. (see table 3). In 
addition, Destaillats et al. developed a simple, fast, and accurate method for 
the regiospecific analysis of petroselinic, oleic, and cis-vaccenic acids in TAGs 
and validated it with natural oils of basil and coriander seeds (Destaillats et 
al., 2002). This method constituted an improvement over the existing methods 
until that moment for the analysis of these acids in fats and oils since it 
provided a better separation of the isomers by GC and also provided 
information on TAG structure.  

The recent year, Moldoveanu et al. describe, according to the authors, 
for the first time in the literature, the FA and TAG profile for selected 
Nicotiana species (tobacco seed extracts) (Moldoveanu et al., 2011)  although 
ten years ago Waheed et al. investigated as well this matrix and report the 
FAs and TAGs profiles of this species (Waheed et al., 2001).  

For the analysis of essential oils Marriot et al. reviewed the GC 
technologies applied for the analysis of essential oils (Marriot et al., 2001). 
Thus, newly, Pinto and Lancas, suggest a method for the analysis of TAGs 
(total carbon only) in Azadirachta Indica essential oil (Pinto and Lancas, 
2010). 

1.3. Others 

Finally, in this section, it has been included some papers found in 
bibliography which either use HTGC in samples different from the ones 
mentioned before or have any special features. A summary is found in table 4.   
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Just to mention some of them, remarkably, in 2004, van Vliet and van 
Kempen developed a mathematical framework to estimate the TAG 
distribution based on any subset of GC and LC data since they claimed that, 
although notable separations could be obtained on some stationary phases, 
separation of all TAGs present in a sample using a single LC or GC column 
was impossible (van Vliet and van Kempen, 2004). Within this computational 
estimation, three different approaches are described: a least squares (LS) 
approach, a genetic algorithm (GA) approach and an expectation 
maximisation (EM) approach. They applied the developed algorithms by 
estimating the TAG distribution of palm oil, palm stearin and evening 
primrose. Thus, Gutierrez et al. illustrate a paper where chromatographic 
conditions are described that provide well-developed peaks of TAG of low 
molecular weight (C28 to C32) up to high molecular weight (C34 to C54) with 
a low polar column, so they do not distinguish between number of 
insaturations (Gutierrez et al., 2004). The profiles were obtained from the oils 
from: peanut, canola, sunflower, maize, olive and fish, and the fats of; raw 
milk, pork and beef. Recently, van Ruth et al, have published an interesting 
paper where they analyze, among others, the TAG composition of different 
animal and vegetable fats as well as oils in order to predict their identities 
(van Ruth et al, 2010). 

Conclusions 
In the present manuscript, the last ten year in the analysis of 

triacylglycerols by high temperature gas chromatography, has been reviewed 
and discussed. The progress in chromatographic techniques, as well as 
stationary phases in columns, have enormously facilitated the analysis of 
TAGs in different kind of sample and have favored the use of GC instead of 
LC as the official method suggests. Therefore, according to the results found 
in the literature, HTGC seems to be a simple, reliable and satisfactory 
methodology for the TAGs analysis.  

Finally, it also has been observed that for authentication purposes, 
TAGs have shown to be good markers for prediction of identities, origin, 
varieties, etc. of fats, oils and dairy products. The challenge for researchers 
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now is to give a step ahead and to develop new methods to get a better 
insight into the TAGs representing oils, fats, seeds and dairy products.   
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5. Artículo  Nº 3  

"Aplicación de la monitorización de ión seleccionado al análisis de 
triglicéridos en aceite de oliva mediante cromatografía de gases a alta 
temperatura y espectrometría de masas."  

Publicado en: Talanta 82 (2010) 255–260 
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Abstract 

 
The analysis of the triacylglycerol (TAG) composition of oils is a very challenging 
task, since the TAGs have very similar physico-chemical properties. In this work, a 
high temperature-gas chromatographic method coupled to electron ionization-mass 
spectrometry (HT-GC/EI-MS), in the Selected Ion Monitoring (SIM) mode, method 
was developed for the analysis of TAGs in the olive oil; this is a method suitable for 
routine analysis. This method was developed using commercially available standard 
TAGs. The TAGs studied were separated according to their equivalent carbon 
number and degree of unsaturation. The peak assignment was carried out by locating 
the characteristic fragment ions having the same retention time on the SIM profile 
such as [RCO+74]+ and [RCO+128]+ ions, due to the fatty acyl residues on sn-1,sn-2 
and sn-3 positions of the TAG molecule and the [M−OCOR]+ ions corresponding to 
the acyl ions. The developed method was very useful to eliminate the interferences 
that appeared in the mass spectrum since electron ionization can prevent satisfactory 
interpretation of spectra. 
 
 
Keywords: 
High temperature-gas chromatography (HT-GC), Mass spectrometry (MS), Selected 
ion monitoring (SIM), Triacylglycerols (TAGs), Olive oil  
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1. Introduction 
 

Edible oils are complex mixtures containing a wide range of compounds. 
They are mainly composed of triacylglycerols (TAGs) and other minor 
components, such as diacylglycerols (DAGs), free fatty acids (FFAs), sterols, 
wax ester, phospholipids, hydrocarbons, tocopherols and phenolic 
compounds. Every TAG molecule contains three fatty acids (similar or 
different) esterified to a glycerol backbone, which can vary in chain length, 
degree of unsaturation and position of double bonds [1

Gas chromatography (GC) is an important analytical technique for 
qualitative and quantitative analysis of organic chemicals in a wide range of 
application areas. GC is fast and provides a high peak capacity; also it is 
sensitive and allows combination with a wide range of selective detection 
methods including mass spectrometry. However, the application of GC is 
limited because the molecules to be analysed have to be thermally stable and 
sufficiently volatile. A common approach to the analysis of TAGs is to release 
free fatty acid and perform GC after derivatization, for example, methylation. 
However, this approach does not identify actual intact TAG molecular 
species, but only determines the percentage of individual FA present in the 
total TAG fraction [3].  

]. The edible vegetable 
oil samples are usually mixtures of TAG. The quantity and the type of the 
minor components depend mainly on the variety of the oil [2].  

Whereas complete separation of the fatty acid methyl esters (FAMEs) can 
be achieved in one way, TAG analysis has to be performed in two ways: the 
analysis can either focus on the intact TAGs or target the fatty acids after 
hydrolysis of the TAGs. An enormous number of individual TAG species are 
possible, due to the large number of possible FA combinations on the glycerol 
backbone. The analysis of the TAG composition of oils is a very challenging 
task, since the TAGs have very similar physico-chemical properties [4].  

Recent research has resulted in better chromatographic columns that 
allow the most detailed analysis of TAGs. High temperature GC (HT-GC) on 
non-polar stationary phases separates them according to increasing acyl 
carbon number (ACN). The main problem is to separate TAGs according to 
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the degree of unsaturation and molecular weight simultaneously. Recently, 
high temperature (up to 370 ºC) polar-phase capillary GC has been 
demonstrated as a powerful tool for separating acylglycerols according to the 
number of both double bonds and carbon atoms [5,6,7]. 

Usually chromatographic methods are necessary to identify TAGs. 
Chromatography–mass spectrometry combinations are the most efficient 
techniques nowadays to analyse them [8].  The recent developments of 
ionization techniques (electron impact EI, or chemical ionization CI, in either 
positive or negative ion mode) that are readily interfaced with mass 
spectrometers, have greatly simplified the sample preparation and could 
largely eliminate the need of derivatization [9,10,11]. 

TAGs presented in vegetable oils have been analysed by chromatographic 
methods for identification and quantification. Several methods that have been 
used for the analysis of oils and fats are reviewed. Among them high-
performance liquid chromatographic (HPLC) [12,13], performed in several 
detection modes (UV, evaporative light scattering detector, ELSD) [14], 
charged aerosol detector (CAD) [15], flame ionization detector (FID), and 
mass spectrometry with atmospheric pressure chemical ionization (APCI)MS 
and matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) 
[16,17].  In addition, thin layer chromatographic (TLC) [18] and supercritical 
fluid chromatographic (SFC) [19] methods have been applied effectively for 
the identification of different TAG species present in a majority of common 
vegetable edible oils (and fats). 

On the other hand, mass techniques offer an unequivocal identification of 
a component apart from the inspection of the overall chromatogram of the 
mixture in the total ion chromatogram (TIC) mode [20]. The identification of 
the components is achieved by the mass spectra of each component, the 
ionized overall molecule and from ionized fragments of the molecule; the 
sum of all these is almost exclusive for every chemical compound [21]. TAGs 
in oils and fats are formed more or less selectively. In some cases information 
about actual TAG compositions is lost because of this. The combination of 
mass spectral and GC retention data may also serve to eliminate alternative 
structures [22].  
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One problem, in the analysis of higher molecular weight, is the high level 
of chemical background that results from column bleed into the mass 
spectrometer during HT-GC/MS analyses that employ EI, which can prevent 
satisfactory interpretation of spectra [23].  
Moreover, TAG molecules do not fragment in an arbitrary manner but tend to 
split at weaker bonds, such as those adjacent to specific functional groups. 
Standard EI mass spectra are achieved with 70 eV, which results in extensive 
fragmentation of the odd-electron molecular ions due to excess of their 
internal energy. The major disadvantage of EI mass spectra is the low 
abundance of ions providing molecular weight information, such as M+ or 
[M−18]+ ions. EI mass spectra of TAGs typically exhibit several fragment ions 
useful for structure elucidation. 

A partial solution to the problem is to carry out GC/MS analyses in 
the single-ion mode. In selected ion monitoring (SIM) certain ion fragments 
are entered into the instrument method and only those mass fragments are 
detected by the mass spectrometer. The advantages of SIM are that the 
detection limit is lower since the instrument is only looking at a small number 
of fragments during each scan and more scans can take place each second. In 
addition, since only a few mass fragments of interest are being monitored, 
matrix interferences are typically lower. In the SIM profile of TAGs, the peak 
identification is accomplished by localizing certain fragment ions having the 
same retention times, such as RCO+, [M−RCO2]+, [M−RCO2H2]+, [RCO+128]+, 
and [RCO+74]+ (where R is an aliphatic hydrocarbon chain) [8,24]. The first 
two ions are most abundant, and the third one is formed only by cleavage 
from the sn-1 and sn-3 positions, permitting positional estimations [25,26]. 
Different applications of the SIM mode can be found on bibliography 
[27,28,29]. Actually, it has also been used with the aim of diagnosing if cross-
contamination in olive oils by other vegetable oils [30].  

The aim of this work is to use an alternative, highly sensitive and selective 
method for the identification of TAGs, the high sensitivity and selectivity of 
GC coupled with (EI)MS performed in the selected ion monitoring mode 
using selective fragment ions to the peak assignments. Three kinds of ions 
[M−RCO2]+, [RCO+128]+ and [RCO+74]+ corresponding to the fatty acyl 
residues on the glycerol moiety are examined, which is sufficient for peak 
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identification instead of the molecular ion. Finally, satisfactory peak 
identification for olive oil was achieved by monitoring several characteristic 
fragments and with the ions derived from the electron impacted of the TAG 
molecules. 
 

2. Materials and methods 

2.1. Samples 

TAGs are abbreviated by means of three letters corresponding to the 
fatty acids bound to glycerol. The following abbreviations are used: (P) 
palmitic acid (C16:0); (O) oleic acid (C18:1); (S) stearic acid (C18:0) and (L) 
linoleic acid (C18:2).  

PPP (tripalmitin) and OOO (triolein) of >99% purity were obtained 
from Sigma Chemical Co. (St. Louis, MO, USA). PPS (1,2-palmitin-3-stearin), 
PPO (1,2-palmitin-3-olein), PPL (1,2-palmitin-3-linolein), PSO (1-palmitin-2-
stearin-3-olein), OOP (1,2-olein-3-palmitin), POL (1-palmitin-2-olein-3-
linolein), SSO (1,2-stearin-3-olein), OOS (1,2-olein-3-stearin), OOL (1,2-olein-3-
linolein), LLS (1,2-linolein-3-stearin), LLO (1,2-linolein-3-olein) and LLL 
(trilinolein) of >99% purity were purchased from Larodan Fine Chemicals AB 
(Sweden). 

100 mg of each pure standard was accurately weighed into a clean and 
dry vial and then was diluted using chloroform (99%, reagent grade) to a final 
weight of 10 g to prepare the stock solution of reference working standard of 
1% (w/w). Standard stock solutions were stored in the darkness at −15 ºC 
until their use; under these conditions, the TAGs are stable for several 
months. Working solutions are freshly prepared from stock solutions, 
previously kept at room temperature, by chloroform dilution. 

A simulated olive oil was prepared from a mixture of fourteen TAG 
standard species, an aliquot of 0.05 g was taken from each standard solution 
and it was taken to a final concentration of 700 ppm (w/w) of each TAG.  

For optimisation purpose, a commercial extra virgin olive oil (Spain) 
was used. It was stored at 4 ºC until its analysis. Olive oil was dissolved in 
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chloroform to a final concentration of 0.2% (w/w). Any further sample 
preparation was not needed prior to analysis. 

2.2. Instrumentation 

All separations were performed with a VARIAN GC 3800 gas 
chromatograph (PA, USA) equipped with a split/splitless injector coupled to 
a mass spectrometer (ion trap). A split injection with a ratio of 1:10 was used. 
The samples were introduced using a robotized autosampler module 
(Combipal, CTC ANALYTICS, Switzerland). The sample volume injection 
was 2µl. The analytical column was a capillary column coated with 65% 
diphenyl-35% dimethyl-polysiloxane stationary phase (Restek Rtx-65TG; 
30m×0.32mm i.d.×0.1µm film thickness, maximum temperature 370 ºC; 
Restek Corp., Bellefonte, PA, USA). 

The GC oven temperature was programmed from 315 ºC to 350 ºC at 1 
ºC/min. The injection port was held isothermally at 370 ºC. Helium (99.995%) 
was used as the carrier gas and its flow rate was 1.5 ml/min. 

A VARIAN 4000 ion trap mass spectrometer (PA, USA) equipped with 
an electron impact (EI) source was used to perform the mass analyses. The 
mass spectrometric conditions were as follows. The ion source temperature 
was held at 250 ºC during the GC/MS runs. 
The transfer-line temperature was maintained at 350 ºC throughout the 
analyses. The electron energy was 70 eV and the emission current 10 µA. In 
full-scan mode, average spectra were acquired in the m/z range of 200–
1000m/z and were recorded at a scan speed of 1.20 s. Scan control, data 
acquisition, and processing were performed by a MS Workstation software 
(VARIAN) data system. 
 

Selected ion monitoring (SIM) mode was performed for the following ions 
[RCO+74]+, [RCO+128]+ and [M-RCO2]+, which were the most abundant 
peaks in the EI mass spectra and they could be used for TAG identification. 
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3. Results and discussion 
 
A simulated olive oil, made in the laboratory, in which all the TAGs were 

in the same concentration, was used in order to optimize the chromatographic 
conditions (details are described in materials and methods section). Fig. 1 
shows a total ion chromatogram of the GC/(EI)MS analysis (scan mode). An 
excellent chromatographic performance, under the GC/(EI)MS conditions 
employed, is evident from triacylglycerols containing up to fifty-four acyl 
carbon atoms. In preliminary studies, TAG species were well-separated even 
species with identical carbon number and number of double bonds (54:4) 
such as LLS and OOL. In order to achieve this chromatographic separation, it 
was necessary to raise the column temperature as high as 350 ºC. 

  

 
Figure 1. TIC Profile for the high-
temperature of GC/MS analysis of 
standard triacylglycerols. Temperature 
programming was to 350ºC. (For further 
practical details see experimental section).   

 
Figure 2. Total Ion Chromatogram (TIC) 
profile for the high-temperature of 
GC/MS analysis of triacylglycerols in the 
olive oil. The peaks are numbered from 1 
to 8. (For peak identification, see Table 2 
and discussion in section 3). 
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The mass spectra of these standard TAGs were obtained by using 
electron ionization (EI) mode and with an ion trap mass spectrometer. 

Depending on the type of mass spectrometer detector used in the 
analysis (quadrupole or ion trap), the mass spectra will be different according 
to fragmentation and grouping of ions. The available spectra on the library, in 
the commercial equipments, are obtained with a quadrupole mass 
spectrometer and due to this, a new library of forty-five different TAGs, with 
spectra obtained from our ion trap mass spectrometer, was built. It was 
observed that there are much more fragmentation, at low mass range, on the 
spectra from the library. However, with the ion trap mass spectrometer, these 
fragments are loosening. So, the "space-charge effects", were too many ions in 
the trap distort the electric fields leading to significantly impaired 
performance, are avoided.  

The total ion chromatogram of olive oil is shown in Fig. 2; with the 
same experimental condition that in the previous case, it is noticed that, the 
chromatographic resolution is not achieved. The separations between peaks 
were incomplete. Only eight peaks are obtained even when the 
chromatographic method is able to separate according to degree of 
unsaturation and molecular weight simultaneously. This could be due to the 
different amounts of each triacylglycerol in the olive oil [9] and it could take 
place some overlapping peaks of TAGs. 

Fig. 3 shows the GC/(EI)MS spectra of the peaks that appear in Fig. 2, 
corresponding to the TAGs of the olive oil, they show characteristic pattern, 
mainly in the low mass range, which are different for saturated or 
unsaturated TAGs. Also it is observed that the degree of dissociation of the 
acylium ion from the glycerol backbone is clearly dependent on the number 
of double bonds in the acyl chain. GC/(EI)MS spectra of TAGs contain 
abundant fragment ions in the form of [RCO+74]+, [RCO+128]+, [M−OCOR]+ 
as it can be observed. Our preliminary study shows that the ion [RCO]+ was 
quite small to use it to identify.  
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Figure 3.  Mass spectra of each peak in the chromatogram of olive oil 
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Moreover, some of the spectra were formed by a mixture of different 
fragment ions, which increased the difficulty of the identification procedure 
and also some spectra look alike among them (for example peak 7 and peak 
8). Owing to this, a methodology based on Selected Ion Monitoring (SIM) 
mode was used. 

The peak assignment was accomplished by locating the fragment ions 
having the same retention time on the SIM profile that the ions due to the 
fatty acyl residues and then compared with the standard TAG. Table 1 shows 
different TAGs, ranging from the 48 to 54 in carbon number, those used in the 
simulation of olive oil and available commercially. They were previously 
studied from their fatty acid composition to simplify this peak assignment. 
The studied TAGs would be expected to yield individual fragment ions such 
as [RCO+74]+, [RCO+128]+ and [M−RCO2]+. All the fragments (eighteen 
chromatograms) that appear in Table 1 were studied individually by the SIM 
mode and used them for the identification of the TAGs in olive oil. These ions 
produce useful information about the structure of the triacylglycerol. The 
corresponding molecular weights are also summarised in Table 1. 

Fig. 4 shows the profile of some of the fragment ions of the TAGs of 
olive oil. Monitoring was carried out at the m/z from the results of previous 
experiences (Table 1). The m/z 551 ion is due to the [M−OCOR]+ yielded 
from [PP]+ residue, the m/z 603 is due to the [OO]+ residue and m/z 577 
corresponds to [PO]+ residue. The ions m/z 367 and m/z 313 are ascribed to 
the [RCO+128]+ corresponding to the palmitic acid residue. This method was 
applied to every single fragment of the TAGs in order to obtain a combination 
of each fragment at the same retention time. 

From the characteristic combination of the fragment ions obtained 
with the SIM mode at the same retention time, when monitoring, the 
particular species were identified. 
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Table 1.  Calculated m/z of fragment ions from different molecular species of 
triacylglycerols used in the simulation of olive oil. 

TAG ACN:DB a M+ FA 
residue 

m/z of fragment ions 

[RCO+ 74]+ [RCO+128]+ [M-OCOR]+ 

PPP 48:0 860 
P 
P 
P 

313 
313 
313 

367 
367 
367 

551 
551 
551 

PPS 50:0 834 
P 
P 
S 

313 
313 
341 

367 
367 
395 

579 
579 
551 

PPO 50:1 832 
P 
P 
O 

313 
313 
339 

367 
367 
393 

577 
577 
551 

PPL 50:2 830 
P 
P 
L 

313 
313 
337 

367 
367 
391 

575 
575 
551 

PSO 52:1 860 
P 
S 
O 

313 
341 
339 

367 
395 
393 

605 
577 
579 

OOP 52:2 858 
O 
O 
P 

339 
339 
313 

393 
393 
367 

577 
577 
603 

POL 52:3 856 
P 
O 
L 

313 
339 
337 

367 
393 
391 

601 
575 
577 

SSO 54:1 888 
S 
S 
O 

341 
341 
339 

395 
395 
393 

605 
605 
607 

OOS 54:2 886 
O 
O 
S 

339 
339 
341 

393 
393 
395 

605 
605 
603 

OOO 54:3 884 
O 
O 
O 

339 
339 
339 

393 
393 
393 

603 
603 
603 

OOL 54:4 882 
O 
O 
L 

339 
339 
337 

393 
393 
391 

601 
601 
603 

LLS 54:4 882 
L 
L 
S 

337 
337 
341 

391 
391 
395 

603 
603 
599 

LLO 54:5 880 
L 
L 
O 

337 
337 
339 

391 
391 
393 

601 
601 
599 

LLL 54:6 878 
L 
L 
L 

337 
337 
337 

391 
391 
391 

599 
599 
599 

a ACN: the number of total acyl carbons; DB: the number of double bonds 
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Figure 4. Total ion chromatogram of the olive oil profile 
(top). Selected ion-monitoring chromatogram of m/z 313, 
m/z 367, m/z 577, m/z 603 and m/z 551. Column 
Rtx-65TG, 65% diphenyl-35% dimethyl polysiloxane (30 m × 
0.32 mm i.d. × 0.1 μm) at 350ºC. 

 
The retention time (Rt) of peak #1 was 14.06 min and some of the 

fragment ions monitored at this time were m/z 577, m/z 551,m/z 367 and 
m/z 313. These fragments correspond to the [RCO+74]+, [RCO+128]+, 
[M−OCOR]+ of the PPO component. 

At Rt 14.64, peak #2, the fragment ions at m/z 577, m/z 551 and m/z 
367 were detected between others. These ions result from the PPL. The 
component of peak #3 (Rt 17.26 min) had three kinds of [M−OCOR]+ ions, 
m/z 605,m/z 579 and m/z 577. The only TAG having this characteristic 
profile was regarded as PSO (see combination of characteristic ions in Table 
1). 
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When monitored at m/z 603, an ion peak appeared at Rt 17.88, peak 
#4, and ions such as m/z 577 [M−OCOR]+, m/z 313 [RCO+74]+and m/z 367 
[RCO+128]+, were also detected at the same Rt. These residues corresponded 
to the molecule of OOP.  

At the retention time 18.58, peak #5, four important kinds of 
fragments [M−OCOR]+, m/z 577, m/z 575, m/z 576, m/z 601 and m/z 603 
appeared (see part a in Fig. 5). This is due to a mix of triacylglycerols 
molecules co-eluted with the same number of carbons and double bonds. The 
m/z 577, m/z 575 and m/z 601 correspond to [PO]+, [PL]+and [OL]+ 
fragments respectively. The first two fragments are due to the neutral loss of 
and linoleic acid and oleic acid respectively, of the POL molecule. However 
the other two ion fragments (m/z 576 and m/z 603), that appear at the same 
retention time, correspond to [PoO]+ and [OO]+ fragments. This strongly 
suggests that the triacylglycerol is PoOO, and it is co-eluted with POL (see 
part b in Fig. 5). 

At the retention time of 21.52 min, peak #6, the ion peaks monitored 
were m/z 605, m/z 393, m/z 339 and m/z 265, this last one corresponding to 
[RCO]+ of an oleic acid residue. The other fragments correspond to 
[M−OCOR]+, [RCO+128]+, [RCO+74]+ fragment ions of the OOS. 

The characteristic ion resulting from the unsaturated triacylglycerols 
OOO is m/z 603, which corresponds to [M−OCOR] due to cleavage of an 
oleic acid anion. With this information, and from other ion fragments such as 
m/z 339 and m/z 393, it was possible to identify peak #7, at retention time 
22.20 min, as OOO definitely. 

The last peak, peak #8, at 22.97 min (see part c in Fig. 5), was 
identified as OOL due to the fragments that appeared at this retention time 
such as m/z 603, m/z 601 and m/z 339 (see part d in Fig. 5). 
Even when in the mass spectrum of this peak in Fig. 4 (peak #8), the fragment 
ion of m/z 601 did not come out because of the overlapping with the 
previous peak (OOO), with the SIM mode a right identification was possible. 
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Figure 5.  Simulated spectra with the fragments obtained at the same 
retention times (Parts a and c). Spectra of the corresponding standard 
triacylglycerol. (Parts b and d). 
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After the identification of each peak, with every single m/z at the 
same retention time, diagrams were made in order to simulate the mass 
spectrum of the previously identified triglyceride and then compared to the 
mass spectrum of the standard TAG (Fig. 5). This was used to validate the 
fragment ions obtained from the SIM profile at the same retention time.  

As it can be seen the simulated spectra are slightly similar to the 
corresponding standard TAG. Furthermore with the SIM mode, it has been 
possible to reject fragments that are not useful for identification. 

Although olive oil may contain the group acyl linolenic (Ln), no 
fragment ion peaks corresponding to this group were found in the SIM 
profile. This is probably due to the instability of the linolenic acid, during 
electron impact ionization and due to the high polarity of this compound [4]. 
Moreover it was observed that the signal intensity of the product, due to the 
neutral loss of a sn-2 fatty acid was smaller than that of the other two product 
ions, indicating that neutral loss of the sn-2 fatty acids was less favourable 
than loss of the fatty acid from the sn-1 or sn-3 position. In addition, the TAGs 
having unsaturated fatty acyl groups, these ions were relatively more intense 
than those from saturated triacylglycerols. 

By using this method it was possible to identify the eight peaks of the 
chromatogram. Moreover it was possible to solve the problem of similar 
spectra because of overlapping between TAGs as well as to eliminate the 
interferences. The identified peaks that appeared in the total ion 
chromatogram profile for the high temperature GC–MS analysis of olive oil 
(Fig. 3) are shown in Table 2. 

Although GC–MS offers much valuable information concerning the 
molecular species of TAGs, many applications of high polar column and high 
temperature in combination with mass spectrometer have not yet been 
achieved. The problem here may be that an unresolved peak leads to 
confusion in the peak assignment when using SIM profiles. 
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Table 2.  Correspondence between peaks number in the 
chromatogram of olive oil profile and the identified 
triacylglycerols. The peak numbers refer to Figure 2.  

  
Peak TAG Rt (min) 

1 PPO 14.06 

2 PPL 14.64 

3 PSO 17.26 

4 OOP 17.88 

5 POL / PoOO 18.58 

6 OOS 21.52 

7 OOO 22.20 

8 OOL 22.97 

 
 

The previous results suggest that the SIM of [M−OCOR]+,[RCO+128]+ 
and [RCO+74]+ ions is useful for the identification of TAGs in the olive oil 
with saturated, monounsaturated, and diunsaturated acid groups, but may 
not be suitable for those with more highly unsaturated acyl chains. Moreover, 
the peak assignment is possible under no good conditions such as high 
background and column bleeding. In further studies, authors will go ahead 
with this method by using different ratios of TAGs to detect adulterations in 
olive oils. 
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6. Artículo  Nº 4 
 
"Cuantificación sencilla de triglicéridos (y ácidos grasos) en aceites de 
oliva virgen extra mediante cromatografía de gases a alta temperatura" 

Publicado en: Analytical Methods 4 (2012) 753-758   



Cromatografía de gases a alta temperatura en el análisis de triglicéridos 
CAPÍTULO II 

 

 
180  

 

 
 

Abstract 
The analytical characterization of the triacylglycerol (TAG) profile of samples which 
include ten Spanish monovarietal extra virgin olive oils ("Hojiblanca", "Manzanilla", 
"Picual", "Picudo", "Cornicabra", "Lechin", "Verdial", "Empeltre", "Blanqueta" and 
"Arbequina") is reported. High temperature gas chromatography-(ionic trap) mass 
spectrometry, HTGC-(IT)MS, was employed for TAG profiling in olive oils. No 
sample treatment was required. For quantification purposes, a standard calibrant 
mixture, including all the previously identified TAGs in olive oils, was used. Results 
showed that triolein (27–50%) and 1,2-olein-3-palmitin (19–38%) were the most 
abundant TAGs in the analyzed samples, though their relative proportion changed 
between samples which corresponded to different varieties of olive oils. An 
estimation of the composition of main fatty acids (FAs) was also enabled in a simple 
approach from the TAG profiles. This analytical methodology for FA profiling in 
olive oil was validated by using two external olive oil reference materials. The results 
were found to constitute an approach, in a fast and easy way without using any 
derivatization reactions, to a conventional fatty acid methyl ester (FAME) gas 
chromatography method, when no high analytical performances are mandatory. 

 

Keywords: Fatty acids, High temperature-gas chromatography, Olive oil, 
Triacylglycerols.  
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1. Introduction 
Edible vegetable oils are valuable products derived from vegetable fruits or 
seeds by mechanical pressure or extraction with organic solvents. Together 
with (animal) fats, they contribute significantly to the daily caloric intake in 
human nutrition. Olive oil is one of the most consumed edible vegetable oils 
in the South of Europe. 

Extra virgin olive oil is a high-quality vegetable oil traditionally 
produced in the countries of Mediterranean areas. It is a high-quality vegetal 
edible oil produced by mechanical means from the fruit of the olive tree (Olea 
europaea L.); in fact, it is only olive fruit juice and requires no refinement 
prior to consumption [1]. This fat source is extremely appreciated not only for 
its organoleptic attributes but also for its health and nutritional properties [2]. 
The chemical composition of an extra virgin olive oil is well-known to exhibit 
a greater variability than other vegetable oils as it is largely influenced by 
agronomical practices, geographical origins, harvesting periods, and 
processing technologies [3,4]. 

Olive oil is mainly composed of triacylglycerols (TAGs)(95–96%). The 
minor lipids constituents comprise classes such as free fatty acids and fatty 
alcohols, phospholipids, waxes and long-chain hydrocarbons, phytosterols 
and derivatives, phenolic compounds and tocopherols, etc. Monoglycerides 
and diglycerides, mainly residues from incomplete TAG biosynthesis or 
products of TAG hydrolysis, are also present in small amounts [5]. In 
particular, the effect of the cultivar–environment interaction on the amounts 
of major (i.e., TAGs) and minor (e.g., phytosterols or antioxidant molecules as 
phenols) chemical components is considered of great importance to define the 
final quality of the product and to guarantee a high stability to auto- and 
thermal oxidation processes [6].  

The biosynthesis and metabolism of TAGs are stereo- and 
regiospecific reactions, and the positional distribution of the three fatty acids 
(FAs) in TAGs affects their biological and physical properties such as crystal 
structure, solubility, viscosity and melting point [7].  The occurrence of certain 
TAG species in some oils in high amounts has been used for the detection of 
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adulteration of other higher-priced oils, in which these TAG species are 
absent or present only at trace levels [8,9,10]. 

The attributes of TAGs are determined by the number of carbon atoms 
in the fat chains (acyl carbon number, ACN), their degree of unsaturation and 
the position and configuration of the double bonds in each FA chain. The 
TAG species may be differentiated in regiospecific/stereospecific isomers by 
determining the exact position of the three FAs on the glycerol backbone [11]. 
The determination of the TAG composition of an oil or fat is a challenging 
task because an enormous number of individual TAG species, which have 
very similar physico-chemical properties, is possible due to the large number 
of possible FA combinations on the glycerol backbone. For example a fat 
containing only two different FAs results in the theoretical number of six 
possible isomers. 

The most common approach to the indirect knowledge of TAGs is to 
release free fatty acid and perform GC after methylation. Moreover, the fatty 
acid methyl esters (FAMEs) of the vegetable oils are determined using 
conventional GC techniques. Additional information on this topic could be 
found in several specific monographs [12]. Nonetheless, this 
transesterification, necessary for FA determination by GC, implies a loss of 
structural information, for example the position of the fatty acid residues on 
the glycerol backbone. 

Identification and quantification of the intact TAGs present in edible 
vegetable oils could be obtained by chromatography as well [13,14]. Several 
chromatographic methods that have been used for the analysis of oils and fats 
are reviewed. Among them high performance liquid chromatography 
(HPLC)[15,16] performed in several detection techniques, such as ultraviolet-
diode array(UV-DAD), refractive index (RID) [17], evaporative light 
scattering (ELSD) [18],charged aerosol (CAD) [19,20], and flame ionization 
(FID).Thin layer chromatography (TLC)[21] and supercritical fluid 
chromatography (SFC)[22] have been applied effectively for identification of 
different TAG species present in a majority of common vegetable edible oils 
(and fats). Finally, mass spectrometry coupled to liquid chromatography has 
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proved to be a very suitable analytical technique for direct elucidation of 
region isomer composition of TAGs in oils and fats [23,24].  

HTGC, over 300 ºC, on non-polar stationary phases was reported in 
the seventies–eighties, to separate TAGs according to increasing ACN 
[25,26].The main problem was to separate TAGs according to the degree of 
unsaturation and molecular weight simultaneously. Low bleeding at high-
temperature (as far as 370–400 ºC) polar-phase, 50–65% phenylmethyl silicone 
coatings, capillary GC columns have been demonstrated as powerful tools for 
separating acylglycerols according to the ACN and, within each ACN group, 
according to the number of double bonds [27,28,29,30,31].  

The aim of this study was to revisit and enhance the importance of the 
high temperature-gas chromatography coupled to mass spectrometry as an 
analytical technique which is valid to identify and characterize the 
triacylglycerol and fatty acid profiles from different monovarietal extra virgin 
olive oils. A straightforward and easy calibration methodology, by means of a 
single external standard, was used for the quantification of TAGs with a good 
reproducibility. In addition, an approximated estimation of the major-FA 
profile is described in Appendix 1. It was carried out with a spreadsheet 
which permits us to calculate the mass fraction of FA from the mass fraction 
of TAGs. In addition, this last analytical methodology was validated by using 
two olive oil external reference materials supplied by an accredited 
laboratory. 

2. Experimental 

2.1. Reagents and samples 

TAGs are abbreviated by means of three letters corresponding to the fatty 
acids bound to glycerol. The following abbreviations are used: (P) palmitic 
acid (C16:0); (O) oleic acid (C18:1); (S) stearic acid (C18:0); and (L) linoleic acid 
(C18:2). 

The TAG standards used were: PPP (tripalmitin) and OOO (triolein) of 
>99% purity obtained from Sigma Chemical Co. (St. Louis, MO, USA). PPS 
(1,2-palmitin-3-stearin), PPO (1,2-palmitin-3-olein), PPL (1,2-palmitin-3-
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linolein), PSO (1-palmitin-2-stearin-3-olein), OOP (1,2-olein-3-palmitin), POL 
(1-palmitin-2-olein-3-linolein), SSO (1,2-stearin-3-olein), OOS (1,2-olein-3-
stearin), OOL (1,2-olein-3-lnolein), LLS (1,2-linolein-3-stearin), LLO (1,2-
linolein-3-olein), and LLL (trilinolein) of >99% purity were purchased from 
Larodan Fine Chemicals AB (Sweden). Chloroform (99%, PAI grade, supplied 
from PANREAC, Spain) was used as solvent. 

Ten samples, each one of a different Spanish variety of extra virgin 
olive oils ("Hojiblanca", "Manzanilla", "Picual", "Picudo", "Cornicabra", 
"Lechin", "Verdial", "Empeltre","Blanqueta" and "Arbequina"), were used and 
purchased from common markets of Spain. The authentication of the samples 
was made based on the product label. Due to the fact that the official quality 
controls, which the olive oil follows in Spain, incompliance with the European 
Regulation on marketing, are very rigorous, it was not required to apply 
another authentication process since this information was assured. 

Two olive oil external reference materials (supplied by the Food 
Quality Official Laboratory of Atarfe (Granada, Spain), an ISO 17025 
accredited laboratory recognised by the International Olive Oil Council 
(IOOC) for olive oil quality control) were used to validate the method of 
quantification of fatty acid composition in the extra virgin olive oils. 

2.2 Standard and sample analysis 

100 mg of each pure TAG standard was accurately weighed in a clean and 
dry glass vial and then was diluted using chloroform to a final weight of 10 g 
to prepare the stock solution of the reference working standard of 1% (w/w). 
Stock standard solutions were stored in the darkness at -15 ºC until their use; 
under these conditions, the TAGs were stable for several months. Working 
solutions are freshly prepared from stock solutions, previously kept at room 
temperature, by chloroform dilution. 

A mixture of fourteen TAGs standard species (PPP, PPL, PPS, PPO, 
PSO, OOP, POL, SSO, OOS, OOO, OOL, LLS, LLO, and LLL), which are more 
common in olive oil and commercially available, were prepared from aliquots 
of 500 mg of each stock standard solution and diluted by chloroform to a final 
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concentration of 700 µg g-1 for each TAG in order to optimise the 
chromatographic conditions. 

In addition, a standard calibrant mixture including all the previously 
identified TAGs in olive oil by us (PPL, PPO, PSO, OOP, POL, OOS, OOO, 
and OOL) was prepared by adding different quantities of each standard TAG 
in chloroform, according to their proportions at the olive oils. The 
composition (in w/w percent) of this calibrant mixture was 4% of PPO, 2% of 
PPL, 3% of PSO, 20% of OOP, 10% of POL, 10% of OOS, 32% of OOO and 19% 
of OOL. 

The olive oil samples were stored at 4 ºC until their analysis. Olive oil 
was dissolved in chloroform to a final concentration of 0.3% (w/w). Any 
further sample preparation was not needed prior to analysis. 

2.3. Instrumentation 

All separations were performed with a Varian GC 3800 gas chromatograph 
(PA, USA) equipped with a split/splitless injector coupled to a mass 
spectrometer (ion trap). An 1:10 split ratio was selected as an injection 
method according to Frega et al. [28] and Filho et al. [29]. The samples were 
introduced using a robotized autosampler module (Combipal, CTC 
ANALYTICS, Switzerland). The sample volume injection was 2 ml. The 
analytical column was a capillary column coated with 65% diphenyl–
35%dimethyl polysiloxane stationary phase (Restek Rtx-65TG; 30 m x 0.32 
mm i.d. x 0.1 µm film thickness, maximum temperature 370 ºC; Restek Corp., 
Bellefonte, PA, USA). 

The GC oven temperature was programmed from 315 ºC to 350 ºC at 1 
ºC min-1. The injection port was held isothermally at 370 ºC. Helium (99.995%) 
was used as the carrier gas and its flow rate was 1.5 ml min-1. 

A Varian 4000 ion trap mass spectrometer (PA, USA) equipped with 
an electron impact (EI) source was used to perform the mass analyses. The 
mass spectrometric conditions were as follows. The ion source temperature 
was held at 250 ºC during the GC/MS runs. The transfer-line temperature 
was maintained at 350 ºC throughout the analyses. The electron energy was 
70 eV and the emission current 10 µA. 
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Chromatograms were recorded in full-scan mode. Average spectra 
were acquired in the m/z range of 200–1000 m/z and were recorded at a scan 
speed of 1.20 s. Scan control, data acquisition, and processing were performed 
by a MS Workstation software (Varian) data system. 

2.4. Analytical performance 

Identification of TAGs. In another study [32], peak identification of 
the TAGs, in the analyzed olive oils samples, was made by the comparison 
with retention times of the corresponding standard and by its mass spectra 
obtained. The use of TAG pure substance standards is essential to ensure a 
correct identification because the fragmentation is slightly different between 
different TAG species. 

Moreover, the fourteen TAGs mixture solution was first analyzed to 
determine both the best chromatographic condition and the retention times of 
these components. Each TAG was also confirmed with this mixture of 
standard.  

Calibration and TAG quantification. Previous tests were carried out 
to study the homogeneity of the TAG response factors. It was verified that the 
same quantity of each TAG yields a different response intensity in the 
detector system and, for quantification purposes, no single calibrant could be 
used. Because of this, a multiple standard calibrant, which included a known 
amount of each identified TAG, at a similar concentration as that in the olive 
oil, was prepared and measured. This multiple standard calibrant was then 
analysed twice, at the beginning, middle and at the end of the sequence of 
sample injections, in order to calculate the calibration factors of each TAG by 
mean of these six replicates. Furthermore, this calibration strategy has a 
supplementary advantage since it could be also used for process quality 
control. With this one-standard external calibration methodology [33], it was 
possible to obtain directly the calibration factor CFstd of each TAG in the 
standard calibration mixture. In this case, the CFstd values are calculated 
directly from the quotient between the mass fraction (w/w) of each TAG in 
the calibration mixture standard xstd and the measured peak height of each 
TAG hstd. 
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Thus, the mass fraction of the TAG "i" in the sample, (xi)spl, is 
calculated from the calibration factor of the corresponding TAG (CFi)std and 
considering the measured peak height on the sample chromatogram. 

For quantification purpose, peak heights were preferably selected as 
analytical signals, instead of peak areas; since with only moderate tailing, 
height measurements offer a clear accuracy advantage for poorly resolved 
peaks, as the overlap contribution to peak height from the tailing produces 
less error than the area contribution. The method used for the peak height 
integration was the "drop method" which involves addition of a vertical line 
from the valley between the peaks to the horizontal baseline, which is drawn 
between the start and stop points of the peak group. 

Precision of the method was calculated as pooled standard deviation 
(sp) [34], this standard deviation is used when the combination of several 
series of measurements (n) is performed under similar conditions to achieve 
an improved estimate of the precision of the process, in this case sp is a better 
estimation than the individual estimated standard deviations s1, s2, … sk. The 
pooled standard deviation sp from k series of measurements (ten different 
varieties of olive oils) can be calculated from the weighted average of all the 
variances (not standard deviations) with regard to the corresponding degrees 
of freedom of each one (ni-1). For this special case where n is the same (in our 
case, three) for all the measurements, the calculation is reduced to the 
corresponding arithmetic mean.  

Finally, the LOD (limit of detection) was calculated for each quantified 
TAG, based on three times the baseline signal/noise ratio (S/N). This ratio 
was measured in four points close to the peak groups and the average was 
kept as a representative value. The LOQ (limit of quantification) was defined 
simply as about 10 times the S/N.  

Validation. There are no reference materials commercially affordable 
including the TAG composition as a certified parameter. For this, just the 
subsequent method for calculating the FA composition has been validated 
(the estimation methodology is described in Appendix 1). Two external olive 
oil reference materials (see "Reagents and samples" section for details) were 
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analysed five times each, by the HTGC-MS method, and then the FA 
quantification methodology was applied.  

3. Results and discussion  
 

 

 
Figura 1. HTGC-MS triacylglycerol chromatograms of six representative Spanish 
monovarietal olive oils. (a) Arbequina, (b) Blanqueta, (C) Cornicabra,(d) Empeltre, (e) 
Picual, and (f) Manzanilla.  
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Eight major TAG species were identified in all the studied oil samples. These 
identified TAGs were PPO, PPL, PSO, OOP,POL, OOS, OOO and OOL (see 
Fig. 1). The TAGs are separated according to their degree of insaturation and 
molecular weight simultaneously, giving a much more detailed picture of the 
TAG composition in comparison to the profile obtained by a conventional 
nonpolar column [35].  

A typical chromatogram of the TAG calibration standard obtained is 
shown in Fig. 2. This sample contained the same chromatographic profile as 
that of the olive oil and it was used in order to calculate the calibration 
factors, (CFi)std. 

 

 

 
Figure 2. HTGC-MS chromatogram of the 
calibration mixture of TAG standards. 

 
 

As expected, in the bulk of samples the OOO and the OOP 
composition were the most abundant. Furthermore, the obtained TAGs 
profile demonstrated significant variations among the samples coming from 
different varieties of olive oils. The samples which match with the varieties 
named as "Manzanilla", "Picudo" and "Cornicabra" had especially high OOO 
fractions (50.2, 49.0and 47.5%, respectively). On the other hand, the sample 
"Empeltre" showed the lowest OOO profile (27.1%) followed by the 
"Arbequina" one (29.4%). TAGs were quite dominant among the 
compositions with both OOO and OOP fractions, followed by the OOL and 
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POL compositions. However the lowest TAG composition was PPL ranging 
between 0.6 and 2.2% for the samples of "Cornicabra" and "Arbequina", 
respectively (see Table 1).  Table 1 also shows the precision of the method for 
each TAG, the calibration factors and the limit of detections. The precision 
results are shown in percentage points. An averaged value of 0.5% and 1.5% 
for limit of detection and limit of quantification, respectively, could be 
considered as representative for all TAGs. 

Table 1.  Relative TAG composition of extra virgin olive oils from ten 
Spanish varieties found by HTGC-(IT)MS. Calibration factors used for 
quantification, precision and detection limits of the method for each TAG.  

Olive oil  
variety 

TAG Composition (%) 

PPO PPL* PSO* OOP POL OOS OOO OOL 

Arbequina 5.7 2.2 1.4 34.5 14.4 3.0 29.4 11.4 

Cornicabra 2.2 0.6 1.5 19.8 6.4 8.0 47.5 14.1 

Empeltre 8.2 1.9 1.6 38.1 6.7 3.4 27.0 13.0 

Picual 3.9 0.9 1.9 26.0 7.3 7.6 40.5 11.8 

Hojiblanca 4.0 1.1 2.3 23.2 8.6 8.1 43.7 9.1 

Manzanilla 2.0 0.7 1.7 22.3 7.7 7.1 50.1 8.5 

Blanqueta 4.5 1.6 0.9 28.8 13.4 3.1 37.8 9.9 

Verdial  2.7 0.9 1.8 23.2 7.5 8.0 45.2 10.7 

Picudo 2.4 0.9 1.3 22.2 8.1 7.0 49.0 9.2 

Lechín 4.4 1.1 2.2 22.2 7.1 7.3 42.2 13.7 

FIGURES OF MERITS         

calibration factors (× 107)  0.80 1.69 1.30 0.92 2.33 2.48 1.49 2.54 

precision (sp , %)  0.21 0.11 0.13 1.00 0.43 0.51 1.97 0.62 

detection limits (%)  0.2 0.5 0.4 0.3 0.6 0.7 0.4 0.7 
* Some values should be considered as approximated because they could be less 

that the corresponding quantification limit (LOQ ≈ 3,3×LOD).  
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All these results clearly point out that HTGC-MS could easily 
fingerprint the TAG profile in a fast and easy way without performing 
derivatization procedures. 

Finally, the results of validation with two external olive oil reference 
materials are shown in Table 2. In addition, in spite of being a semi-
quantitative methodology, a good correspondence between the obtained 
value by this method and the value from the external reference material could 
be observed (less than 3percentage points). 

 
Table 2. Comparison of the major FA obtained for the two olive oils 
external reference material with the reference values.  

 

Fatty Acid 

FA Composition (%)  

EVOO A  EVOO B  

Found Reference Found  Reference 

P (C16:0) a 12.0 10.8 12.9 11.2 

S (C18:0) b 3.1 3.5 2.5 3.1 

O (C18:1) c 74.6 77.7 74.6 77.3 

L (C18:2) d 5.9 5.6 5.9 5.8 

a palmitic acid; b stearic acid; c oleic acid; d linoleic acid. 
 

Some differences were observed in the fatty acid profiles obtained. 
There might be a number of reasons for this, first of all, the methodology used 
to calculate the TAG composition by HTGC-MS. Moreover, only four major 
fatty acids of the olive oil were considered, this was because TAGs containing 
other, less abundant, fatty acids were either not identified or difficult to 
distinguish. The palmitic and oleic acid seems to vary a bit from the certified 
value, this might be due to there being another TAG (PoOO, 1-palmitoleic-
2,3-olein) co-eluted with the POL [32] that it was not possible to quantify due 
to there being no standard commercially available and the peak of POL being 
much larger than the one for the PoOO.  However calculations with the 
presence of this TAG were estimated taking into account the PoOO mass 
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fraction supplied in the reference materials and then, the obtained FA values 
were close to those of the certificate. No differences larger than 1.5 percentage 
points were found (results are shown in Appendix 1). 

4. Conclusion 
In conclusion, the HTGC proposed method in this paper, without any 
previous sample treatment or clean-up, has been verified to offer a valid 
analytical method to characterise the TAG profile of olive oils. In addition, 
implicitly, the FA profile has been calculated with an alternative approach to 
the conventional FAME gas chromatography method which is reliable and 
fast for determining the FA profiles without any derivatization in extra virgin 
olive oils. 

Moreover, as fatty acids are not found unbounded in oils, a method 
enabling determination of the intact TAGs, rather than from the 
derivatization, has great value. Finally, this method has been applied in ten 
different Spanish monovarietal extra virgin olive oils and it has been 
validated with good results. 
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5. Complementary material: Estimation of FA profile   
The fatty acid compositional profile was estimated with a spreadsheet 

which permits to calculate the mass fraction of each FA from the mass 
fraction of each TAG previously measured.  This was calculated by applying 
a mass balance and summarizing all the FA mass fractions found in each 
TAG. A total of the contributions of the different TAGs results in the fraction 
of the specific fatty acid. For example, if the mole fraction of oleic acid (O) in 
1,2-olein-3-palmitin (OOP) is 2/3, and its abundance in the sample of  "Picual" 
variety is 25.99% (w/w) (Table A1), therefore the contribution of this TAG to 
the O mass fraction in this sample will be 2×25.99×(MO/MOOP), which is 
17.18% (w/w); MO and MOOP are the molecular mass of O and OOP 
respectively.  

 

Table A1. Fatty acid profile of extra virgin olive oils from ten Spanish olive oil 
varieties.  

Olive oil  
variety 

FA Composition (%) 

P (C16:0)a S (C18:0)b O (C18:1)c L (C18:2)d 

Arbequina 21.4 1.5 67.8 9.3 

Cornicabra 11.1 3.2 78.8 7.1 

Empeltre 22.2 1.7 68.9 7.2 

Picual 15.0 3.2 75.2 6.7 

Hojiblanca 14.8 3.5 75.5 6.2 

Manzanilla 12.3 2.9 79.1 5.6 

Blanqueta 18.5 1.3 71.9 8.3 

Verdial 13.2 3.3 77.2 6.4 

Picudo 12.7 2.8 78.5 6.1 

Lechín 14.1 3.1 75.5 7.3 

a palmitic acid; b stearic acid; c oleic acid; d linoleic acid.  
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A similar estimation methodology has been also applied by 
Chapagain and Wiesman [36], however an improvement has been added, by 
introducing the molecular weights of each FA or TAG in the calculations. This 
semi-quantitative methodology would be just valid for virgin olive oil (where 
the sum of the total contents of free fatty acids plus waxes have to be smaller 
than 1%) because other FA sources (free FA, waxes) are not being considered 
and the results are only obtained from the bonded FAs as TAGs.  

The next aspect regards to the determination of the FAs in the olive 
oils from the TAG compositional profile. The major FAs (on a percent basis 
larger than 1%) from the ten monovarietal extra virgin olive oils are shown in 
Table A1.  

All oil samples demonstrated typical fatty acids profiles. As expected, 
oleic acid (18:1) was the most dominant fatty acid by far, followed by palmitic 
(16:0) and linoleic acid (C18:2). However, significant variations were found 
among the different varieties of extra virgin olive oil, in all FAs.  The highest 
level of oleic acid was found in the sample matching to "Manzanilla" (77.14%) 
and the lowest in the "Arbequina" (67.82%) one. Moreover, the highest level 
of palmitic acid was found in the "Empeltre" sample (22.22%) and the lowest 
in the "Cornicabra" (11.05%) one.  Nevertheless, the sample corresponding to 
"Blanqueta" showed the lowest level in stearic acid (1.33%) and the 
"Hojiblanca" one the highest level (3.48%).  These results shows that the 
compositional distribution of fatty acids of these oil samples are within the 
normal range expected for olive oil as defined by IOOC standard [37], and EU 
regulation [38]. 

Next, in the tables A2 and A3, the obtained results of the two external 
reference materials are shown. It has been taking into account the TAG PoOO 
and the mass fraction of POL has been recalculated, since they both might be 
co-eluted, and consequently the percentage of palmitic, linoleic and oleic acid 
may be different.   

As it can be seen in both tables the value of palmitic and linoleic acid 
decrease due to the drop in the percentage of POL; on the other hand the 
mass fraction of oleic acid increase due to the existence of PoOO. 
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Table A2.Comparison of the major FA obtained for the olive oil external reference 
material (EVOO A) with the reference value. Calculations with PoOO are shown in 
the last row.  

 % L % O % P % S % Po 

Reference value  5.58 77.72 10.80 3.46 0.88 

Initial obtained value 5.9 74.6 12.0 3.1 - 

Recalculated with PoOO 5.0 76.3 11.1 3.1 0.9 

 

Table A3.Comparison of the major FA obtained for the olive oil external reference 
material (EVOO B) with the reference value. Calculations with PoOO are shown in 
the last row. 

 % L % O % P % S % Po 

Reference value 5.80 77.33 11.23 3.12 0.88 

Initial obtained value 5.9 74.6 12.9 2.5 - 

Recalculated with PoOO 4.9 75.9 12.0 2.6 0.9 
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7. Apéndice  
Información adicional sobre aspectos relativos a la calibración y 

cuantificación de TAGs no publicados en el artículo nº 4.  

En el apartado anterior se aplica una metodología de cuantificación que es 
poco usual ya que se utiliza un único patrón de calibración externa para el 
cálculo de los factores de calibración de cada uno de los triglicéridos. Estos 
factores de calibración han sido aplicados a los valores de altura de pico de 
cada uno de los triglicéridos medidos sobre los cromatogramas de las 
diferentes muestras de aceite de oliva analizadas.   

A continuación se describe los pasos previos que se recorrieron para 
seleccionar dicha metodología de calibración y cuantificación.  

Calibración externa multipunto: establecimiento de rectas de calibrado 

Siguiendo la metodología tradicional, primeramente se realizaron rectas de 
calibrado independientes para cada triglicérido identificado, mediante la 
inyección en el cromatógrafo del mismo volumen de diferentes disoluciones 
de los  patrones de estos triglicéridos de concentración creciente. Todos los 
TAGs fueron cromatografiados por triplicado para cada nivel.  

A partir de los datos de altura de pico de cada uno de los TAGs para cada 
nivel de concentración, y aplicando la regresión por mínimos cuadrados, se 
ajustaron las correspondientes rectas de calibrado que fueron sometidas a la 
habitual validación estadística. En la figura 1 se muestran las diferentes rectas 
de calibrado obtenidas.  

Sin embargo los resultados encontrados no fueron buenos ya que la 
linealidad mostrada era escasa, y además se encontraron valores 
significativos, tanto positivos como negativos, para la ordenada en el origen 
de difícil justificación.  
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Figura 1.  Rectas de calibración de los TAGs.  
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Posiblemente el procedimiento no estaba bajo control y estaba sometido a 
errores experimentales no caracterizados diferentes a los errores aleatorios, ya 
que éstos son minimizados si se llevan a cabo replicas del punto de 
calibración. Además, la correspondiente cuantificación tampoco dio los 
resultados esperados ya que utilizando una mezcla sintética de TAGs cuyos 
valores de concentración eran conocidos (material de referencia interno, tipo 
"matriz"), se obtuvieron errores de cuantificación significativos.   

Teniendo en cuenta que esta metodología de calibración es preceptiva 
fundamentalmente cuando el rango  esperado de analito o analitos en las 
muestras a ser analizadas es amplio, lo cual no es nuestro caso, y que además 
el establecimiento y control de diferentes rectas de calibrado de forma 
simultánea es un tarea bastante laboriosa, se opto por la opción de  llevar 
intentar llevar a cabo una calibración externa con un único patrón 
multianalito. 

Calibración externa en un punto utilizando un único patrón multianalito 

Esta es una metodología de calibración muy poco utilizada en los laboratorios 
académicos, pero que demuestra su utilidad en análisis de rutina y es 
ampliamente recomendada en los métodos oficiales. Requiere disponer de un 
patrón externo que contenga todos los analitos a cuantificar en concentración 
conocida (a ser posible, incluyendo la incertidumbre) que se utilizará para 
establecer los factores de calibración (o factores de respuesta) de cada uno de 
los analitos, y que posteriormente se aplicarán a los resultados encontrados 
en el análisis de las muestras.  

Para métodos analíticos multi-analito, como el caso de los TAGs, y una 
situación muy común cuando se aplican técnicas separativas, el patrón de 
calibración suele estar constituido por una mezcla conteniendo los diferentes 
analitos en las cantidades adecuadas. El "multi-patrón" es apropiado cuando 
el número de analitos lo permite, se puede medir y se dispone de los patrones 
necesarios. Además. Como se verá seguidamente, la validez de esta 
metodología incrementa cuando la concentración de cada analito en el patrón 
es similar a la concentración esperada en la muestra.  
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Los analitos incluidos en el patrón idealmente deben responder al proceso de 
medida de la misma forma que lo hacen en una muestra original. Por tanto, 
las diferencias entre la matriz del patrón (usualmente disolvente)  y la matriz 
de la muestra no deben generar diferencia en el valor del factor de calibración 
ya que este hecho podría introducir un error sistemático cuando estos efectos 
("efecto matriz") son ignorados. El no cumplimiento de esta premisa 
constituye una de las principales limitaciones de la calibración externa. Sin 
embargo, en nuestro caso, como el multi-patrón estaba compuesto por 
analitos (TAG), los cuales en sí mismos componen el 98% de la matriz (aceite 
de oliva), esta suposición es correcta.  

Además, en algunos casos, es cierto que el pretratamiento de la muestra 
puede implicar algunas operaciones que provoquen pérdida del analito. En 
esos casos, el patrón debe ser sometido al mismo pretratamiento que la 
muestra, para que la posible pérdida ocurra de igual manera en los dos, 
compensando así las posibles fuentes de errores sistemáticos. Sin embargo 
esta limitación tampoco nos afectaba ya que no existe un tratamiento previo 
del aceite antes de su análisis, aparte de la propia disolución del mismo.  

Y por último existe una tercera limitación que condiciona la elección de las 
concentraciones de cada uno de los analitos en el patrón. Idealmente el factor 
de calibración propio de cada analito deberá ser estable y constante, e 
independiente de la concentración del propio analito, al menos en el intervalo 
de aplicación del método analítico. Cuando esta condición se cumple, se suele 
elegir un patrón de calibración que contenga todos los analitos en la misma 
concentración y ajustados a un valor medio en relación con las muestras a 
analizar. En caso contrario, es necesario preparar el patrón de forma que las 
concentraciones de cada analito sean los más parecido posible a las que 
dichos analitos tendrán en las muestras originales. Obviamente esta 
metodología sólo es aplicable cuando las muestras a analizar mantienen una 
composición bastante homogénea en relación a los analitos a cuantificar.   

Sin embargo, como ha quedado establecido en el apartado anterior, el hecho 
de que las rectas de calibrado presentaran valores significativos de la 
ordenada en el origen es señal de que cada uno de los factores de calibración 
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son dependientes de la concentración del analito considerado [16,17,18]. Esto 
queda más claro a continuación.  

Cuando llevamos a cabo una calibración externa multipunto, la función lineal 
estimada por regresión sería de la forma:  

ሺݕ௜ሻ௦௧ௗ ൌ ܽ ൅ ܾ ൈ ሺݔ௜ሻ௦௧ௗ 

donde el subíndice "std" se refiere al patrón de cada TAG, a es la ordenada en 
el origen de la recta de calibrado, cuando no hay patrón (señal de blanco), y b 
la sensibilidad del sistema de medida. Aquí el factor de respuesta vendría 
dado por: 

ሺݕ௜ሻ௦௧ௗ ൌ ൬
ܽ

ሺݔ௜ሻ௦௧ௗ
൅ ܾ൰ ሺݔ௜ሻ௦௧ௗ 

donde el factor de calibración se calcularía de la siguiente forma:  

ܥܨ ൌ
1

ܴܨ
ൌ

1

ቀ ௔

ሺ௫೔ሻೞ೟೏
൅ ܾቁ

ൌ
ሺݔ௜ሻ௦௧ௗ

ܽ ൅ ܾሺݔ௜ሻ௦௧ௗ
 

Con esta ecuación se comprueba que el factor de calibración depende de la 
ordenada en el origen. Sólo si ܽ ൎ 0, el factor de calibración permanece 
constante; dependerá únicamente de la inversa de la sensibilidad, y será 
independiente de la concentración de analito, ሺݔ௜ሻ௦௧ௗ. Este hecho es crucial 
para evitar errores a la hora de seleccionar estrategias de cuantificación.  

                                                           
16 L. Cuadros Rodriguez, L. Gámiz Garcia, E.M. Almansa López, J.M. Bosque 

Sendra. Calibration in chemical measurements processes. II. A methodological 
approach, Trends in Analytical Chemistry, 2001, 20,620-636.   

17 L. Cuadros Rodriguez, A. González Casado, M. Gracia Bagur, M. Sánchez Viñas, 
A.M. González Sáez. En: A. Fernández Gutiérrez, L.F. Capitán Vallvey, J.L. 
Vílchez Quero (Eds.). Investigación Actual en la Escuela Analítica de Granada. 
Libro Homenaje al Profesor Don Fermín Capitán.  Editorial Universidad de 
Granada, Granada (España), 2007, pp. 707-738.  

18 L. Cuadros Rodriguez, M. Gracia Bagur, M. Sánchez Viñas, A. González Casado, 
A.M. González Sáez. Principles of analytical calibration/ quantification for the 
separation sciences, Journal of Chromatography A, 2007, 1158, 33-46.   
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Sin embargo, como esto no ocurría en las rectas de calibrado calculadas, fue 
necesario calcular cada uno de los factores de calibración, para los patrones 
de TAGs, atendiendo a las concentraciones en que se encontraban en las 
muestras de aceite de oliva.  

Teniendo todo lo anterior en cuenta, se explica a continuación, de forma más 
desarrollada, la metodología que se ha presentado en el artículo anterior.  

Se preparó un multi-patrón hecho en el laboratorio, que incluía todos los 
TAGs identificados previamente en el aceite de oliva (PPL, PPO, PSO, OOP, 
POL, OOS, OOO, OOL). Este se elaboró añadiendo diferentes cantidades de 
cada patrón en cloroformo, según la proporción en la cual se encuentran en el 
aceite de oliva. La composición (en porcentaje peso/peso) de este calibrante 
fue 4 % de PPO, 2 % de PPL, 3 % de PSO, 20 % de OOP, 10% de POL, 10 % de 
OOS, 32 % de OOO and 19 % de OOL.  

Durante el experimento, el calibrante se replicó dos veces, al comienzo, en 
medio y al final de la secuencia de inyecciones. Con esto la cuantificación se 
lleva a cabo usando el factor de calibración, (CFi)std, calculado de las seis 
replicas, la cantidad de analito patrón (Xi)std media y la señal analítica (hi)std, 
aplicando la expresión:  

( )
stdi

stdi
stdi y

xCF
)(
)(

=  

donde el subindice "i" se refiere al patrón de cada TAG. Donde la fracción 
másica de cada TAG "i" en la muestra (Xi)spl, es calculada como: 

stdisplispli CFyx )()()( ⋅=  

El requerimiento de linealidad puede ser evitado cuando la cantidad de 
analito en el patrón de calibración es muy cercana a la de la muestra, lo cual 
es posible cuando se conocen las características de la muestra, como es 
nuestro caso.  
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La precisión del método se calculó mediante la "desviación estándar 
combinada". Se calcula sumando cuadráticamente las contribuciones, 
asociadas a todos los componentes y se usa cuando se llevan a cabo series de 
medidas donde la media puede variar entre muestras pero se considera que la 
precisión permanece igual. 

2/1

21

22
22

2
11

...
)1(...)1()1(


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
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
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knnn

snsnsns
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p  

Los números 1, 2,…k se refieren a las diferentes series de medidas (diez 
variedades de aceite de oliva), en este caso sp será una mejor estimación que 
las desviaciones estándar individuales s1, s2, ... sk. Para nuestro caso como n es 
el mismo para todas las medidas, la ecuación se reduce a: 
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Siguiendo esta sistemática se ha conseguido desarrollar un método sencillo y 
fiable para la cuantificación del perfil de TAGS en aceite de oliva, así como 
indirectamente del perfil de ácidos grasos.   
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8. Discusión 
 
A la vista de los resultados obtenidos, se pone de manifiesto la demostrada 
validez de la cromatografía de gases a alta temperatura en el análisis de 
triglicéridos frente a la cromatografía de líquidos. Ésta ha demostrado ser una 
técnica perfectamente válida para poder desarrollar un método tradicional de 
calibración y cuantificación de TAGs en aceites vegetales, aunque este no era 
el objetivo principal de esta Tesis.   

Conjuntamente, tras la extensa búsqueda bibliográfica realizada para la 
escritura del review, se ha observado como esta técnica ha sido muy utilizada 
también a lo largo de la historia, para múltiples aplicaciones en productos 
alimenticios. Por ejemplo en productos lácteos está muy establecido, 
mediante legislación, el uso de cromatografía gaseosa para su análisis; del 
mismo modo en grasas y aceites su uso está aumentando viendo los buenos 
resultados en el área de autentificación.  

Por otro lado, en relación al detector utilizado, el espectrómetro de masas; las 
dificultades técnicas que se encontraron al comienzo de este trabajo, por 
poseer una trampa de iones como analizador, que producía mucha 
fragmentación de los TAGs, reagrupaciones de los fragmentos, muy similar 
entre sí y además impedía su comparación con los espectros obtenidos con los 
de la librería, por ser estos últimos obtenidos mediante diferente analizador, 
han sido superadas con resultados satisfactorios mediante la utilización de 
"ión seleccionado".  

En el siguiente capítulo, con ayuda de herramientas quimiométricas, se 
pretende proponer nuevas aplicaciones para la identificación y clasificación 
de variedades de aceite de oliva virgen extra, así como de categorías, 
atendiendo a sus perfiles de triglicéridos y en su caso, de volátiles, pero sin 
un paso previo de calibración y/o cuantificación, es decir, usando toda la 
información que nos proporciona el cromatograma completo, lo que se 
conoce como "huella dactilar" ("fingerprinting").  
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ANEXO:   
 

 

 Procedimiento para la Verificación y 
Mantenimiento del equipo de Cromatografía de Gases 

con Detector de Espectrometría de Masas (GC-MS) 
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1. Presentación 

Este capítulo hace referencia a la autentificación del aceite de oliva, 
atendiendo tanto a sus variedades, dependiendo del fruto, y a sus categorías. 
Está compuesto de dos estudios, donde difieren principalmente en la técnica 
analítica utilizada y los cuales tienen en común el uso de "huellas dactilares"  
instrumentales, como datos primarios y, para el tratamiento de los mismos, la 
aplicación de diversos métodos de "reconocimiento de pautas" (estos 
términos serán explicados en la introducción).  

En el primero de ellos se ha utilizado la cromatografía de gases a alta 
temperatura con detector de espectrometría de masas (HTGC-MS).  En el 
segundo, se ha hecho uso de la técnica conocida como espectrometría de 
masas acoplada a un sistema de ionización de reacción por transferencia de 
protones  (PTR-MS). Este estudio ha podido realizarse gracias a  la realización 
de una estancia predoctoral de investigación en el RIKILT-Institute of Food 
Safety, en Wageningen, (The Netherlands), bajo la supervisión de la Dra. S.M 
van Ruth.  

El objetivo general de este capítulo, cuyos resultados se recogen aquí y que 
sigue en concordancia con el Proyecto QuOLEO descrito en el capítulo α, se 
expone a continuación.  
 

 Desarrollar métodos, que junto con la ayuda de herramientas 
quimiométricas, nos permitan la caracterización y autentificación del 
aceite de oliva (diferentes variedades y categorías).  

 
Para la ejecución de este objetivo se han procesado matemáticamente, 
mediante herramientas quimiométricas  de reconocimiento de pautas (PCA, 
HCA, PLS-DA), los datos obtenidos a partir de las señales analíticas 
proporcionadas por las medidas de HTGC-MS y PTR-MS y se han obtenido 
modelos que nos permiten la autentificación del aceite de oliva.  
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2. Introducción  

El olivo, un poco de historia… 

El cultivo del olivo se inició en Asia Menor, en la región que se extiende 
desde Siria a Grecia, hace unos 6.000 años, y su expansión coincidió con el 
florecimiento de las civilizaciones y culturas que se desarrollaron en la 
Cuenca Mediterránea. Así lo atestiguan las hojas fósiles encontradas en 
yacimientos pliocénicos y del Paleolítico Superior de Italia y Norte de África, 
o los trozos de acebuche (olivo silvestre) y huesos de aceituna hallados en 
excavaciones del Neolítico y de la Edad de Bronce en España. 
 
En Grecia los olivares adquieren gran importancia en el siglo IV a.C., en el 
que se llegan a formular decretos regulando su plantación ya que 
alimentaban a sus tropas con aceitunas. Desde esta zona se extiende a Egipto 
y también a toda la cuenca del Mediterráneo. A Italia llega el olivo hacia el 
siglo VII antes de Cristo.  
 
En España, las primeras plantaciones de olivos pudieron tener un doble 
origen: por una parte griegos y fenicios tenían colonias en la Bética; por otra, 
el Imperio Romano llevaba consigo todos aquellos cultivos que pudieran 
servir para abastecer a sus legiones y a la Metrópoli [1
A finales del siglo IV, el olivar entra en regresión en el Valle del 
Guadalquivir, y hemos de esperar a la influencia de la cultura árabe para el 
inicio de una nueva expansión, que recupera las zonas de cultivo romanas y 
del litoral mediterráneo, hasta Aragón y Cataluña. 

]. 

Al-Andalus es en el siglo XII una región de gran riqueza olivarera, con 
importantes producciones en Sevilla, Córdoba y Jaén. 

En el siglo XVI los españoles llevan estacas de olivo al Nuevo Continente, 
donde se ha asentado la producción olivarera, principalmente en California, 

                                                 
1  J.C. Ávila Rosón, J.F. Fernández Sánchez, in: A. Fernández Gutiérrez, A. Segura 

Carretero, El aceite de Oliva Virgen: Tesoro de Andalucía, Servicio de 
Publicaciones de la Fudación Unicaja, 2009, pp 9-22. 
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Méjico y Argentina. En mucha menor medida el olivo también se cultiva 
actualmente en Perú y Chile [2

El olivo pertenece al género Olea, que está integrado por unas 35 especies, 
algunas tan dispares como el aligustre y el fresno. La principal especie 
cultivada es la Olea europaea sativa, que al parecer proviene del cruce de otras 
dos: Olea chrysophila (variedad silvestre) y Olea oleaster (el acebuche, variedad 
semisilvestre que produce unas aceitunas pequeñas llamadas acebuchinas).  

]. 

El árbol es muy longevo. Puede durar siglos y como, además, se reproduce 
vegetativamente (por estacas) y no por semillas, resulta que el mismo 
germoplasma puede durar milenios. 

Variedades de aceituna 

Se calcula que existen en el mundo más de 200 variedades de la especie sativa. 
La mayor parte de ellas se emplean en la obtención de aceite. 

Se distinguen dos grandes grupos: 

 Aceitunas de molino o de almazara, destinadas preferentemente a la 
obtención de aceite. 

 Aceitunas de aderezo, de aliño o de mesa, destinadas preferentemente a 
ser comidas, previo tratamiento. 

Ambos grupos son intercambiables, aunque existen variedades como la 
"gordal" que no suele destinarse a aceite salvo en ocasiones muy 
excepcionales. Asimismo muchas variedades típicas de molino se pueden 
recoger poco antes de la maduración y aliñarse. 

Entre las aceitunas de molino algunas de las principales variedades son [3
 

]:  

                                                 
2  A. Polymerou-Kamilakis, in: D. Boskou, Olive Oil Chemistry and Technology 2nd 

ed., AOCS Press Champaign, Illinois , 2006, pp 1-5. 
3  J. Humanes Guillén, M. Civantos López-Villalta, Producción de aceite de oliva 

de calidad. Influencia del cultivo 2nd ed., Consejería de Agricultura y Pesca, 2001, 
pp 19-36. 
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Picual. Forma elipsoidal, pero con un pico en 
el ápice (polo opuesto al pedúnculo) que da 
nombre a esta variedad. Conocida también 
como "marteño", "nevadillo blanco" o 
"lopereño". Color morado cuando madura. 
Se distribuye por Jaén, Córdoba y Granada 
fundamentalmente. Es la variedad más 
abundante, existiendo en la actualidad más 
de 700.000 ha de superficie en producción. 
Su aceite es muy apreciado por su alta 
estabilidad (resistencia a la oxidación), su 
gran contenido en polifenoles y alto porcentaje de ácido oleico.  
 

Hojiblanca. Se encuentra distribuida 
fundamentalmente en las provincias de 
Córdoba, Málaga y Sevilla. Fruto casi 
esférico. Color verde oscuro que vira 
incompletamente a morado. Se conoce 
también como "lucentino". Sus aceites 
tienen un alto contenido en tocoferoles y 
estabilidad media. También se utiliza para 
aceituna de mesa, en verde o en negro. 
 

 
 
Cornicabra. Elipsoide más alargado que la 
picual, algo deformada (cuerno de cabra). Fruto 
verde que vira a morado poco intenso cuando 
madura. Se distribuye fundamentalmente por la 
zona de Toledo y Ciudad Real. Se conoce 
también como "cornezuelo", "corniche" y "osnal".  
 

 

 
Picual 

 
Hojiblanca 

 
Cornicabra 
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Arbequina. Fruto pequeño ovalado y corto. 
Color verde oscuro que vira a verde morado 
y luego a negro. Es la variedad característica 
de la zona catalana: Tarragona y Lérida, y 
también se da en el Alto Aragón. Su porte 
pequeño y su precoz entrada en producción 
lo hacen especialmente apto para las nuevas 
plantaciones superintensivas y cultivo 
mecanizado, por lo que se ha extendido de 
forma generalizada en el resto de las zonas 
productoras.  

 
Empeltre. Es también conocida como 
"aragonesa", "injerto" y "mallorquina". Fruto 
alargado y algo asimétrico, color negruzco en su 
madurez. Se la conoce fundamentalmente en el 
Bajo Aragón. También se da en Mallorca. Su 
aceite es de alto cont                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
enido en tocoferoles y ácido linoléico. Es también 
muy apreciada como aceituna de aderezo, que se 
deja ennegrecer en el propio árbol. 
 

 
Picudo. Pezón característico en el ápice. 
Conocido también como "carrasqueño". Su 
distribución está localizada en Córdoba y 
parte de Granada. A pesar de ser muy 
apreciado por sus excelentes características 
sensoriales, su zona de producción es muy 
limitada, alrededor de 60.000 ha.  
 

Otras variedades españolas de molino: blanqueta, manzanilla cacereña, farga, 
morisca, verdial, etc. Entre las variedades de mesa, podemos encontrar, la 
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manzanilla, la cual puede dejarse madurar también para obtener aceites. Se 
cultiva en toda Andalucía y algo en Extremadura.   

Entre las variedades de aceitunas de Italia podemos citar coratina, leccino, 
frantoio. A destacar esta última, prototipo de variedad italiana, que se cultiva 
en el centro del país, en la Toscana, y da lugar a un aceite de contenido medio 
en  ácidos oleico y linoleico. Ejemplos de variedades de otros países son: en 
Grecia, la coronaiki; en Francia, la picholine; en Túnez, la chemlali, etc.  

Por no ser de relevancia importancia para entender el objeto de esta tesis, no 
se va a explicar el proceso de elaboración del aceite de oliva, sin embargo este 
proceso global queda bastante bien ilustrado en la figura 1.  

 
 

 

Figura 1. Proceso de elaboración del aceite de oliva [4
 

]. 

 
                                                 
4  J. Casallo Calderón, ¿Qué es el Aceite de Oliva?, Unión Europea, Comisión de 

Agricultura, 2006, p12.  
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Tipos de aceite de oliva 

El reciente Reglamento (UE) Nº 61/2011, que ha modificado el Reglamento 
(CEE) 2568/91, muestra las características de los aceites de oliva y de los 
aceites de orujo de oliva y sobre sus métodos de análisis. 

En el Reglamento (CE) Nº 1513/2001, que modificó al Reglamento Nº 
136/66/CEE, se establecieron las denominaciones y definiciones de los aceites 
de oliva y de los aceites de orujo de oliva con arreglo al artículo 35 (texto 
literal):  

1. Aceites de oliva vírgenes 

Aceites obtenidos a partir del fruto del olivo únicamente por procedimientos mecánicos 
u otros procedimientos físicos, en condiciones que no ocasionen la alteración del aceite, 
y que no hayan sufrido tratamiento alguno distinto del lavado, la decantación, el 
centrifugado y la filtración… 

Estos aceites serán objeto de la clasificación exhaustiva y de las denominaciones 
siguientes: 

a) aceite de oliva virgen extra: aceite de oliva virgen con una acidez libre, 
expresada en ácido oleico, como máximo de 0,8 g por 100 g… 

b) aceite de oliva virgen: aceite de oliva virgen con una acidez libre, expresada en 
ácido oleico, como máximo de 2 g por 100 g… 

c) aceite de oliva lampante: aceite de oliva virgen con una acidez libre, expresada 
en ácido oleico, superior a 2 g por 100 g… 

 2. Aceite de oliva refinado 

Aceite de oliva obtenido mediante el refino de aceites de oliva vírgenes, cuya acidez 
libre, expresada en ácido oleico, no podrá ser superior a 0,3 g por 100 g.  

3. Aceite de oliva  

Aceite de oliva constituido por una mezcla de aceite de oliva refinado y de aceites de 
oliva vírgenes distintos del aceite lampante, cuya acidez libre, expresada en ácido oleico, 
no podrá ser superior a 1 g por 100 g… 
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4. Aceite de orujo de oliva crudo 

Aceite obtenido a partir del orujo de oliva mediante tratamiento con disolvente o por 
medios físicos, o que corresponda, con excepción de algunas características 
determinadas, a un aceite de oliva lampante; con exclusión de los aceites obtenidos por 
procedimientos de reesterificación y de cualquier mezcla con aceites de otra naturaleza. 

5. Aceite de orujo de oliva refinado 

Aceite obtenido mediante refino de aceite de orujo de oliva crudo, cuya acidez libre, 
expresada en ácido oleico, no podrá ser superior a 0,3 g por 100 g. 

6. Aceite de orujo de oliva 

Aceite constituido por una mezcla de aceite de orujo de oliva refinado y de aceites de 
oliva vírgenes distintos del lampante, cuya acidez libre, expresada en ácido oleico, no 
podrá ser superior a 1 g por 100 g.  

 
Entre los aceites de oliva vírgenes  extra podemos encontrar tres subtipos: 

 monovarietal: obtenido a partir de una sola variedad de aceituna. 
 mezcla de variedades: las cuales se pueden conocer previamente y 

hacerse para buscar unas características específicas (estas mezclas se 
denominan coupage) o no.  

 denominación de origen (D.O.): generado a partir de aceitunas 
procedentes de una determinada área geográfica, donde se la elabora y 
embotella. 

El adjetivo "monovarietal" le confiere un valor añadido al aceite de oliva y por 
esto además está protegido por regulaciones, lo que hace necesario protegerlo 
y autentificarlo.  

A continuación, se muestra, en forma de esquema, que resume la clasificación 
actual del aceite de oliva (figura 2).  
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Figura 2. Clasificación de las categorías del aceite de oliva 
 
 
El medio, la variedad

En uno de los estudios que se presenta en este capítulo se ha utilizado la 
"huella dactilar" de volátiles para  autentificar variedades de aceite de oliva 
virgen. Para ello la identificación de los volátiles no ha sido necesaria, ya que 
la información se obtiene manejando el registro completo de señal que nos 
proporciona el equipo PTR-MS. Sin embargo se va a hablar a continuación 
brevemente sobre el papel de los volátiles en el aceite de oliva antes de 
explicar en qué consiste esta técnica. 

 y todas aquellas técnicas culturales que permitan 
obtener frutos bien desarrollados y sanos, conducirán con toda seguridad a 
obtener aceites de la mejor calidad.  
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Volátiles en el aceite de oliva 

Los volátiles suelen variar en el aceite de oliva según la variedad del fruto, el 
grado de madurez, el sistema de extracción y el origen geográfico.  

Durante la moltura y batido de la pasta de las aceitunas, estas se aplastan y 
machacan. Se producen gotitas de aceite más grandes que surgen de los 
liposomas de las células. Aparte de la formación de estas gotitas, se forma una 
gran cantidad de enzimas y sustancias. Se producen diferentes reacciones 
catalizadas por las enzimas, y se forman los componentes volátiles que son 
los responsables del típico sabor del aceite de oliva. 

El aroma del aceite de oliva está formado por una compleja mezcla de 
sustancias volátiles: aldehídos, alcoholes, cetonas, hidrocarburos, ésteres. Los 
volátiles mayoritarios que suelen aparecer en el aceite de oliva virgen son los 
C6 correspondientes a aldehídos y C5, como hexanal, trans-2-hexenal, hexan-
1-ol y 3-metilbutan-1-ol, etc. [5

La ruta de la lipoxigenasa es la ruta bioquímica directamente implicada en la 
formación de los compuestos volátiles mayoritarios del aceite de oliva. Los 
principales percusores son los ácidos grasos poliinsaturados y linoleico y 
α-linolénico. La figura 3 muestra los principales compuestos producidos a 
través de esta ruta. La formación de los compuestos alifáticos C6 a partir de 
los 13-hidroperóxidos de los ácidos linoleico y linoleico está favorecida. El 2-
hexenal, hexanal y 3-hexenal, son los mayoritarios encontrados en aceite de 
oliva. 3-hexen-1-ol, 2-hexen-1-ol y hexan-1-ol se encuentran normalmente en 
altas concentraciones, su proporción está influenciada por la variedad y 
estado de madurez de las aceitunas [

].  

6

 

].  

                                                 
5   D. Boskou, G. Blekas, M. Tsimidou, in: D. Boskou, Olive oil: Chemistry and 

Technology 2nd ed., AOCS Press. Champaign, IL, 2006, pp. 41-72. 
6    M. T Morales, M. Tsimidou, in : R. Aparicio, J. Harwood, Manual del Aceite de Oliva, 

AMV Ediciones, Madrid, SP, 2003, pp 381-398.  
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Figura 3. Secuencia de reacción de la actividad lipoxigenasa, que lleva a la 
formación de los componentes aromáticos característicos de los aceites de oliva 
[6].  

 

La variedad es de gran importancia en la producción de volátiles del aceite de 
oliva porque los enzimas, que dependen de las características genéticas de 
cada variedad son los responsables de la formación de estos compuestos.  

A continuación se explica una de las técnicas analítica utilizadas en este 
capítulo para el análisis de volátiles en el aceite de oliva, ya que la otra técnica 
(cromatografía de gases a alta temperatura) se introdujo en el capítulo 2.  
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Espectrometría de masas con ionización por reacción de transferencia 
protónica  (Proton Transfer Reaction-Mass spectrometry, PTR-MS) 
 

PTR-MS es una técnica relativamente nueva y novedosa; aparece en el año 
1995 y fue desarrollada en Austria, en la Universidad de Innsbruck [7

Las reacciones de transferencia de protones se utilizan para ionizar 
químicamente los vapores que se analizan. La reacción en que se fundamenta 
es la siguiente:  

]. Se 
utiliza para la medida en-línea de compuestos orgánicos volátiles en muestras 
muy variadas. 

H3O+ + R → RH+ + H2O 

En el ionizador PTR se genera agua cargada, H3O+, el cual actúa como agente 
protonador. Un protón se transfiere desde el agua cargada hasta el compuesto 
orgánico volátil (R) de la muestra. Esta reacción sólo ocurrirá si la afinidad del 
protón de R  es mayor que la afinidad del protón del H2O (691 kJ/mol).  

En la figura 4 se muestran las afinidades de protón de algunos compuestos, 
todos se encuentran por encima del agua excepto los componentes volátiles 
del aire que poseen una afinidad menor que la del H2O (N2, O2, Ar, CO2, etc.). 
Por esto cuando introduzcamos una muestra los iones H3O+ solo reaccionarán 
con los volátiles de ésta y no se verán influenciados por el gas portador, que 
es el aire. El detector, es un espectrómetro de masas. En este caso las cargas de 
las masas de los volátiles ionizados se convertirán en una señal eléctrica a 
medir.  El resultado es una "huella dactilar" hecha con las masas de los 
compuestos volátiles de una muestra.  

 

                                                 
7  A. Hansel, A. Jordan, R. Holzinger, P. Prazeller, W. Vogel, W. Lindinger, Proton 

transfer reaction mass spectrometry: on-line trace gas analysis at the ppb level, 
International Journal of Mass Spectrometry, 1995, 149/150, 609-619. 
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Figura 4. Ejemplos de afinidades de protón [8
 

]. 

PTR-MS es interesante para la obtención de esta "huella dactilar" ya que: (i) 
no necesita un pretratamiento de la muestra, (ii) permite análisis rápidos (< 1 
min para un espectro de masas completo) y (iii) es una técnica muy sensible 
(niveles de ppt). 

La figura 5  muestra las tres partes principales por las que está formado este 
equipo.  Un PTR-MS consiste en una fuente de iones (ion source) que está 
directamente conectado a un tubo (drift tube) y un analizador (quadrupolo, 
tiempo de vuelo...).  

 

                                                 
8  R.S. Blake, P.S. Monks, A.M. Ellis, Proton-transfer reaction mass spectrometry, 

Chemical Reviews. 2009, 109, 861–896.  
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Figura 5. Funcionamiento interno de un PTR-MS. Figura  6. Equipo  PTR-MS 
 
 
La metodología de funcionamiento sería la siguiente:  

- Fuente de iones (ion source): aquí ocurre la producción de agua 
cargada H3O+ de alta pureza (hasta un 99%) procedente de vapor de 
agua al entrar en el cátodo.  

-  Tubo de corriente (drift tube): el aire que contiene los volátiles de la 
muestra es aspirado en este tubo mediante efecto venturi por la 
entrada de aire (presión en el tubo ~2.2 mbar). Los volátiles de la 
muestra son mezclados con los iones de H3O+  y son ionizados.  

-  Analizador MS (quadrupolo): este analizador junto con un electrón 
multiplicador permite la separación de las masas y la detección de los 
iones atendiendo a su masa molecular [9].  

Una de las ventajas que presenta es que no necesita una separación previa de 
los componentes de la muestra como por ejemplo ocurre en otra técnicas de 
análisis de volátiles como cromatografía de gases del espacio de cabeza, etc.  

                                                 
9  K. Buhr, S. van Ruth, C. Delahunty, Analysis of volatile flavour compounds by 

Proton-Transfer Reaction-Mass Spectrometry: fragmentation patterns and 
discrimination between isobaric and isomeric compounds.  International Journal 
of Mass Spectrometry, 2002, 221, 1-7.  



Autentificación de Aceite de Oliva 

CAPÍTULO III     
 

 

 253 

 

PTR-MS ha sido utilizado en los últimos años para autentificar diferentes 
tipos de productos alimenticios: (i) mozzarella, dependiendo de la materia 
prima y proceso de producción [10]; (ii) autentificación de quesos (DOP) [11]; 
y (iii) para la verificación del origen geográfico del aceite de oliva [12

Además, al contrario de lo que suelen hacer las técnicas tradicionales 
encontradas en bibliografía, que se ocupan de identificar y cuantificar 
volátiles, el PTR-MS nos da una huella digital que caracteriza a cada muestra. 
Esta ventaja va a ser aprovechada en el aceite de oliva virgen extra según su 
variedad. Sin embargo debido a que esta huella está formada por cientos de 
masas (variables), la aplicación de estadística multivariante es necesaria para 
extraer toda la información inherente.   

]. 

Quimiometría (Chemometrics)  

En 1971 el profesor S. Wold, de la Universidad de Umea, Suecia, fue el 
primero que utilizó el término "Chemometrics" y rápidamente su 
colaboración con el Dr. Bruce Kowalski, de la Universidad de Washington 
lleva el término a los Estados Unidos.   

Massart et al. definieron, en 1997, la Quimiometría como: la parte de la química 
que se sirve de las matemáticas, estadística y lógica formal para: diseñar o seleccionar 
procedimientos experimentales óptimos, proporcionar información química relevante 
a partir del análisis de señales analíticas y, finalmente adquirir conocimiento de los 
sistemas químicos [13

                                                 
10  F. Biasioli et al., Correlation of PTR-MS spectral fingerprints with sensory 

characterisation of flavour and odour profile of "Trentingrana" cheese.  Food and 
Quality Preferences, 2006, 17, 63-75. 

].  

11  S. A. Galle et al., 2011, Typicality and geographical origin markers of protected 
origin cheese from the Netherlands revealed by PTR-MS. Journal of Agricultural 
and Food Chemistry, 2011, 59(6), 2554-2563.  

12  N. Araghipour, J. Colineau et al., Geographical origin classification of olive oils 
by PTR-MS,  Food Chemistry, 2007, 108 374-383. 

13  D. L. Massart, B.G.M. Vandeginste, L.C.M. Buydens, S. De Jong, P.J. Lewi, J. 
Symeyers-Verbeke. Handbook of Chemometrics and Qualimetrics: Part A. 1st 
ed., Elsevier, 1997.   
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Más recientemente la Sociedad Internacional de Quimiometría ha propuesto 
una nueva definición, de redacción más simple y genérica, que establece que 
Quimiometría es: la ciencia que relaciona las medidas realizadas sobre un sistema 
químico o proceso con el estado del sistema mediante la aplicación de métodos 
matemáticos o estadísticos [14

Sin embargo, esta definición adolece de un defecto importante ya que no hace 
mención al propio proceso de la medida, íntimamente unido al uso que se va 
a hacer de los resultados de dicha medida [

].  

15

• Metrología    realizar de medidas y obtener de resultados 

], por lo que la Quimiometría 
queda como una disciplina complementaria a la Metrología y, extendiendo el 
concepto, a la Cualimetría. De esta forma se puede generar una jerarquía de 
aplicación por el cual las tres disciplinas quedan concatenadas según el 
siguiente esquema:  

• Quimiometría    relacionar los resultados de las medidas con el 
estado de sistemas químicos 

• Cualimetría    evaluar y describir la calidad de los resultados  

En este sentido es la propuesta de J. Workman [16

La Quimiometría actual implica, por tanto, química, matemáticas (estadística) 
y medida de procesos (sensores).  

], la que identifica la 
quimiometría con un proceso que permite resolver problemas químicos 
rutinarios sobre la base de diferentes etapas: (1) medida de un fenómeno o 
proceso utilizando instrumentación química capaz de generar datos de forma 
económica; (2) análisis de los datos multivariantes; (3) iteración, si es 
necesario; (4) establecimiento y validación de un modelo; y (5) desarrollo de 
conocimiento multivariante.  

 

                                                 
14  D.B. Hibbert, P. Minkkinen, N.M. Faber, B.M. Wised, IUPAC project: A glossary 

of concepts and terms in chemometrics, Analitica Chimica Acta, 2009, 642, 3-5.   
15  L. Cuadros Rodríguez, J.M. Bosque Sendra, Mediterraneam chemometrics, 

Analytical and Bioanalytical Chemistry, 2011, 399, 1925-1927.   
16  J. Workman, J. Chemometrics and Intelligent Laboratory System, 2002, 60, 13-23.   
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Son precisamente los desarrollos en Quimiometría, fundamentalmente en 
optimización, reconocimiento de pautas (clasificación y modelado) y 
calibración multivariantes, junto con otras herramientas como procesado de 
señales instrumentales, resolución matemática de mezclas complejas, análisis 
de imágenes químicas, métodos de inteligencia artificial, etc. los que dan 
sustento a los fundamentos de la química analítica actual. 

En este capítulo y en el siguiente se han utilizado las técnicas de 
reconocimiento de pautas. Entre los objetivos fundamentales  se encuentra la 
identificación de relaciones y/o vínculos entre objetos, en este caso muestras 
químicas o grupos de estas previamente caracterizadas a través de diversos 
métodos de análisis instrumental, que permitan su agrupamiento y 
clasificación según la similitud de sus espectros, cromatogramas, análisis 
elemental, imágenes etc.  [17

Se pueden diferencias diferentes niveles entre los métodos para el 
reconocimiento de pautas:  

].  

- Análisis exploratorio de datos  
- Métodos no supervisados 
- Métodos supervisados.  

El objetivo de los estudios quimiométricos que se presentan tanto en este 
capítulo como en el siguiente  y que utilizan el cromatograma completo en el 
caso de la HTGC y el espectro de masas obtenido mediante PTR-MS, es la 
obtención de modelos que permitan caracterizar un aceite de oliva de modo 
que se pueda decir a que categoría o en el caso del virgen extra variedad 
pertenece una muestra determinada.  

Análisis exploratorio de datos (Exploratory data analyisis, EDA) 

Consiste principalmente en las técnicas de análisis mediante componentes 
principales (principal component analysis, PCA) y análisis factorial (factor 

                                                 
17  R.G. Brereton, Chemometrics, Data Analysis for the Laboratory and Chemical 

Plant, Wiley & Sons Ltd, 2003. 
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analysis, FA). Las técnicas de exploración de datos se utilizan para identificar 
tendencias ocultas presentes en los datos y estudiar las causas o fuentes de 
varianza a que obedecen. También para lograr obtener las variables latentes y 
fundamentales del sistema y sobre todo lograr la reducción de dimensiones, 
de modo que la información relevante contenida en la matriz 
multidimensional pueda quedar reflejada, del mejor modo posible, sobre dos 
o tres dimensiones oblicuas obtenidas como combinaciones lineales de las 
variables originales  [18].  

Análisis en componentes principales  
(Principal component analysis, PCA)  
 
PCA encuentra combinaciones de variables, o factores, que describen la las 
mayores tendencias en los datos. Si X es una matriz de datos con m filas y n 
columnas (siendo las columnas las variables y las filas las muestras), PCA 
descompone X como la suma de r términos t y p, donde r es el rango de la 
matiz X: 

ܺ ൌ 1்݌ଵݐ ൅ 2்݌ଶݐ ൅ ൅ڮ ்݇݌௞ݐ ൅ ൅ڮ  ݎ்݌௥ݐ
 
Aquí r debe ser menor o igual a la dimensión más pequeña de X. Los pares (ti, 
pi) son ordenados según la cantidad de varianza explicada. Los vectores ti, se 
conocen como "puntuaciones" (scores) y contienen la información de cómo las 
muestras se relacionan unas con otras. Los pi, son conocidos como "pesos" o 
"ponderales" (loadings) y contienen información de cómo las variables se 
relacionan unas con otras. Generalmente el modelo PCA se reduce hasta k 
componentes y los pequeños factores de varianza sobrante se consolidan en la 
matriz residual, E:  
 

ܺ ൌ 1்݌ଵݐ ൅ 2்݌ଶݐ ൅ڮ൅ ்݇݌௞ݐ ൅  ܧ
 

                                                 
18  J.N. Miller J.C. Miller, Statistics and Chemometrics for Analytical Chemistry, 5th 

ed. Pearson Education, 2005.  
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Figura 7. Descomposición en un análisis de componentes principales.  
 

Cada componente principal (PC) consiste en un vector de score y en uno de 
loading. PC1 tiene la varianza más alta posible. El componente dos (PC2) es 
ortogonal (en scores y loadings) y tiene la varianza siguiente más alta posible 
[19
Generalmente se encuentra (y ese es el objetivo) que los datos se pueden 
describir adecuadamente usando muchos menos factores que las variables 
originales. Además el problema de solapamiento de los datos puede ser 
resuelto observando menos scores que con las variables originales, sin pérdida 
significativa de información. También se suele encontrar a menudo que PCA 
combina variable de modo que proporciona descripciones útiles de eventos 
particulares.  

] (ver figura 7).  

Métodos de reconocimiento de pautas no supervisadas  
(Unsupervised pattern recognition methods) 

Consiste en un método más formal de tratamiento de datos, compuesto 
principalmente por el análisis de agrupamientos o conglomerados (cluster).  
En algunos casos la cantidad de información de la que se dispone es tan 
grande que este tipo de análisis es una manera de buscar similitudes.  Los 
métodos no supervisadas no hacen uso de ningún conocimiento previo acerca 
de los datos (bien porque no se dispone de él o bien porque prefiere dejarse 
para la interpretación final de los resultados). Se tiene entonces como tarea, 

                                                 
19  A. Smilde, R. Bro, P. Geladi, Multy-way Analysis, John Wiley & Sons, Ltd, 2004.   
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encontrar las posibles clases existentes en la matriz de datos a partir del 
agrupamiento de objetos con similares características [20

Análisis de agrupamientos (Cluster analysis) 

].  

Estos análisis se basan en la suposición de que muestras que están cercanas en 
el espacio de medida son similares. Los métodos de agrupamientos se pueden 
clasificar en 2 categorías principales: aglomerativos y particionales. Los 
métodos aglomerativos comienzan con cada objeto siendo su propio grupo, y 
progresa mediante la combinación (mediante aglomeración) de los 
agrupamientos existentes en otros más grandes. Los métodos partitivos 
comienzan con un solo grupo que contiene todos los objetos y progresa 
dividiendo los agrupamientos existentes en otros más pequeños [21
 

].  

La figura 8 muestra las funciones posibles en el análisis de conglomerados. 
Hay seis métodos diferentes aglomerativos y un método particional.  
 

 
Figura 8. Esquema del Análisis de conglomerados  

 
 

                                                 
20  C. Mongay Fernández, Quimiometría, PUV, 2005.   
21  http://wiki.eigenvector.com/index.php?title=Cluster  
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Como punto de partida, se puede usar o las variables originales o los PCA 
scores para determinar esta distancia. El uso de los PCA scores puede 
proporcionar beneficios de colinearidad y reducción de ruido, pero requiere 
la especificación adecuada del número de componentes.  
 
Todos estos métodos requieren la especificación de una distancia medida 
para indicar la distancia entre objetos y subsecuentemente entre 
conglomerados. A continuación, entre los diferentes tipos de distancias, las 
más conocidas son la distancia euclídea y de Mahalanobis.  
 
La distancia euclídea, viene definida según aparece en la figura 9, como la 
distancia dij entre las muestras xi y xj [22]. Además se muestra un ejemplo 
gráfico.   Esta distancia es la usada más frecuentemente. 
 
 

 

 

Figura 9. Principios de la distancia euclídea para dos variables y dos clases. 
La distancia de un objeto desconocido es calculada al centro de cada una de 
las clases y asignada a la clase cuyo centro este más cercano.  

 
 
 
 
                                                 
22  R.G. Brereton, Chemometrics for Pattern Recognition, John Wiley & Sons, 2009.  
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La distancia de Mahalanobis tienen en cuenta el hecho de que en muchos 
conjuntos de datos, las variaciones en algunas direcciones son más grandes 
que en otras, así como puede ser más significativa en unas direcciones que en 
otras. La distancia de Mahalanobis, basada en los datos iniciales vendría dada 
por:  
 

 

 

donde C es la matriz de covarianza de los datos, . 

En este caso, todas las dimensiones en los datos son consideradas cuando se 
calcula la distancia. Esta medida no se recomienda para datos de elevadas 
dimensiones, con una covarianza fuerte porque sobre realza las dimensiones 
donde la variación es principalmente debida al ruido, motivo por el cual se ha 
utilizado en este capítulo la distancia euclídea.   
 
En el análisis de agrupamientos que se ha utilizado en este capítulo se ha 
empleado el método de aglomeración de Ward [23], con la distancia euclídea,  
el cual une los dos grupos existentes de tal forma que varianza entre ellos se 
minimice.  
 
En el método de Ward, en primer lugar se calcula la suma de las distancias al 
cuadrado, de cada miembro de un grupo, al centroide del mismo. A 
continuación, se consideran todas las posibles parejas de grupos y para cada 
combinación se determina la heterogeneidad del nuevo grupo. Obsérvese que 
en cada etapa se calcula la heterogeneidad de cada grupo, como la distancia al 
cuadrado de cada elemento a cada uno de los centroides.  Se decide como 
grupo final de esta etapa aquel para el cual el aumento de la heterogeneidad 
sea mínimo.  
 
En los métodos de agrupamientos habituales, cada muestra (o cada grupo de 
muestras) sólo puede entrar una vez en el proceso de ordenación, pero en el 
                                                 
23    J.H. Ward, Hierarchical grouping to optimize an objective function. Journal of 

the American Statistical Association, 1963, 53, 236-244.     
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método de Ward, una muestra (o grupo) puede estar inicialmente en un 
conjunto y pasar a otro a lo largo de sucesivas etapas de cálculo.  
Este método conduce a agrupamientos bien estructurados y es uno de los 
métodos con frecuencia más usados [24
 

].  

El resultado final es un dendograma, que consiste en una representación 
gráfica de los datos en función de su similitud, teniendo en cuenta el grado de 
asociación entre ellos y que pone de manifiesto los agrupamientos que se 
forman.  

Métodos de reconocimiento de pautas supervisadas  
(Supervised pattern recognition methods) 

Hay un gran número de métodos incluidos en este grupo, principalmente 
centrados en la clasificación. Las técnicas de clasificación se pueden usar con  
el objetivo de encontrar una relación entre un vector independiente x y un 
vector cualitativo de respuestas. Por el término clasificación, se entiende la 
operación de asignar un objeto (muestra) a una categoría basada en las 
medidas llevadas a cabo. Geométricamente esto es lo mismo que identificar 
regiones en el hiperespacio de las variables, que correspondan a las diferentes 
clases. 

Esencialmente consisten en lo siguiente [21]:  

1. Selección del conjunto de entrenamiento (training set). Esto consiste en 
objetos de clasificación conocida, para los cuales se ha medido un 
cierto número de variables. 

2. Selección de características, por ejemplo, la selección de variables que 
tienen sentido para la clasificación y eliminación de aquellas que no 
discriminan (es decir, no tienen poder modelador).  

                                                 
24 B.G.M. Vandeginste, D. L. Massart, L.C.M. Buydens, S. De Jong, P.J. Lewi, J. 

Symeyers-Verbeke. Handbook of Chemometrics and Qualimetrics: Part B. 1st 
ed., Elsevier, 1998.     
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3. Aplicación de una regla de clasificación, usando el conjunto de 
entrenamiento.  

4. Validación de la regla de clasificación, usando un test de muestras 
independientes.  

Atendiendo al punto tres, entre estos métodos hay subdivisión muy 
importante, desde el punto de vista de la aplicación; se trata de la diferencia 
entre aquellos métodos de discriminación y aquellos que están dirigidos hacia 
el modelado de clases [25

Las técnicas discriminantes son aquellas centradas en las diferencias entre 
muestras de diferentes clases y operan dividiendo el hiperespacio de las 
variables en tantas regiones como el número de categorías disponible (figura 
10 a). Cuando se utiliza una técnica discriminante, las muestras siempre son 
asignadas a una de las clases disponibles. Por otro lado, las técnicas de 
modelado de clases se centran en las similitudes entre muestras de la misma 
clase en vez de en las diferencias entre estas, cada categoría es modelada 
separadamente (figura 10 b).  

].  

 

Figura 10. Técnicas discriminantes (a) y técnicas de modelado de clases (b) [25] 
 

                                                 
25 F. Marini, Classifcation methods in chemometrics, Current Analytical Chemistry, 

2010, 6, 72-79.    
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En este capítulo se han utilizado, dentro del reconocimiento de pautas, las 
técnicas discriminantes, por tanto son las que se van a explicar a 
continuación.  

Análisis discriminante por mínimos cuadrados parciales 
(Partial least square- discriminant analysis, PLS-DA) 
 
El análisis discriminante lineal (LDA) fue la primera técnica de clasificación 
presentada en la literatura. Fue introducida por Fisher en 1936, para el 
tratamiento de problemas de clasificación biológicos [26],  y desde entonces es 
una de las técnicas más usadas frecuentemente debido a su simplicidad y 
robustez. El objetivo del LDA es encontrar una función, Y que sea 
combinación lineal de las variables originales X1, X2, etc.:  
 

 
 
Las n medidas originales de cada objeto se combinan en un único valor de Y.  
Los coeficientes de los términos se eligen de manera que Y refleje la diferencia 
entre los grupos tanto como sea posible: los objetos en el mismo grupo 
tendrán valores similares de Y, y los objetos en grupos diferentes tendrán 
valores muy diferentes.  
 
Desde un punto de vista estadístico, LDA asume que las probabilidades 
condicionales para cada clase están distribuidas normalmente. Además 
asume que las matrices de varianza/covarianza son iguales [22]. Bajo estas 
premisas, se obtienen las funciones de clasificación que son combinaciones 
lineales de las variables originales. Como consecuencia, las regiones 
correspondientes a las diferentes categorías se separan en el hiperespacio de 
las variables, mediante superficies lineales (hiperplanos). 
 
Aunque es un modelo lineal, LDA tienen numerosas limitaciones que 
provienen de su fundamento estadístico. Por ejemplo para computar el 

                                                 
26 R.A. Fisher, The use of multiple measurements in taxonomic problems, Annals 

of Human Genetics, 1936, 7, 179-188.   
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centroide para cada clase y la matriz varianza-covarianza se necesita un ratio 
suficiente entre el número de muestras y el número de variables. Además no 
es capaz de sobrellevar datos altamente colineales, lo cual es bastante 
frecuente en problemas químicos.  
Para superar estas limitaciones, una solución podría ser aplicar selección de 
variables, reducción o aplicar métodos como  el análisis discriminante por 
mínimos cuadrados parciales, PLS-DA [27

En PLS-DA se usan mínimos cuadrados parciales para desarrollar un modelo 
que predice el número de clase para cada muestra. La regresión por mínimos 
cuadrados parciales calcula un modelo lineal de los espacios X e Y bajo la 
premisa de que existe una relación lineal entre ambos espacios. El modelo 
resultante es un modelo lineal que es equivalente estadísticamente a la 
solución obtenida por LDA, pero con las ventajas de reducción de ruido y 
selección de variables de PLS donde los problemas anteriormente 
mencionados son resueltos.  

].  

El método PLS-DA ha sido aplicado en los dos trabajos presentados en este 
capítulo, con resultados satisfactorios, para clasificación de aceite de oliva 
atendiendo a sus variedades, para el caso del aceite de oliva virgen extra, y 
categorías, utilizando los datos de cromatografía gaseosa y los de 
espectrometría de masas por transferencia de protones.  

Validación (Validation) 

La validación es parte esencial de todas las técnicas quimiométricas, sobre 
todo, es muy común, cuando el principal objetivo es la evaluación de la 
habilidad predictiva. La validación, en los métodos de reconocimiento de 
pautas supervisadas es similar a la validación en calibración multivariante.  

La situación ideal para la validación, se daría cuando hay muestras suficientes 
para crear un "conjunto de entrenamiento" (training set) y un "conjunto de 

                                                 
27 Barker, M.; Rayers, W., Partial Least Squares for discrimination. Journal of 

Chemometrics, 2003, 17, 166-173.   
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ensayo" (test set) independientes. Cuando esto no es posible, se suelen utilizar 
otras alternativas. La habilidad de predicción es determinada mediante el 
desarrollo del modelo en un parte del conjunto de entrenamiento y usando el 
resto como conjunto de ensayo. A menudo, esto se suele repetir hasta que 
todas las muestras del conjunto inicial han pasado por el conjunto de ensayo. 
Esto se conoce como "validación cruzada" (cross-validation).  

El método de validación cruzada está basado en la validación interna, lo que 
significa que uno predice cada elemento en el conjunto de datos del resultado 
del análisis en los restantes. Esto se puede hacer dejando fuera un elemento 
cada vez, pero también dejando fuera grupos de elementos al mismo tiempo, 
lo cual reduce el número de análisis. Existen diversas modalidades para 
realizar la validación cruzada (venetian blinds, random subsets, k-fold cross 
validation, etc.) que se aplican dependiendo de las muestras contenidas en el 
set de prueba y las divisiones que se hagan en el set inicial de muestras para 
conseguirlo. Cuando se elimina una única muestra, cada vez, del conjunto de 
entrenamiento se conoce como "validación cruzada dejando uno fuera" (leave-
one-out cross validation). Este procedimiento se suele utilizar cuando se 
disponen de pocas muestras en el conjunto de entrenamiento. En esencia, el 
conjunto de ensayo y la validación cruzada, simplemente proporcionan 
métodos para obtener residuales más realísticos que aquellos obtenidos por 
los modelos ajustados de forma ordinaria [28

Preprocesado de los datos (Preprocessing) 

]. 

El pretratamiento de los datos es un tema muy importante para el desarrollo 
de modelos predictivos mejores y que no conduzcan a resultados erróneos. 
Todos los métodos quimiométricos están influenciados por el preprocesado 
de datos, o la preparación de la información previa a la aplicación de los 
algoritmos matemáticos. 

                                                 
28 A. Smilde, R. Bro, P. Geladi, Multi-way Analysis, Applications in the Chemical 

Sciences, John Wiley & Sons, Ltd, 2004, pp 145-173.   
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Desafortunadamente no hay una regla establecida, un pretratamiento en 
particular puede mejorar un modelo en particular para una propiedad en 
particular y unos datos en concreto, pero perjudicar a otro modelo para un 
tipo de datos diferentes. Por tanto, cada caso necesita estudios particulares y 
diferentes  ensayos son necesarios para encontrar el pretratamiento mas 
adecuado (esto normalmente requiere un proceso iterativo entre el analista y 
las opciones de preprocesado). Aunque también es cierto que hay situaciones 
bien conocidas para las cuales hay tratramientos establecidos que 
normalmente conducen a resultados mejorados [29

A continuación se explican brevemente los que se han  utilizado a lo largo de 
esta Tesis en los cromatogramas y espectros.  

].  

Corrección de línea base (Baseline correction) 

Variaciones en la línea base cromatográfica tales como ruido, deriva, etc. son 
debidas a cambios pequeños en las condiciones experimentales, por ejemplo, 
gradientes de temperatura, sangrados de fases estacionarias, cambios en la 
respuesta del detector.  Es muy usual encontrar este tipo de alteraciones en la 
línea base de los cromatogramas entre unos y otros. Estos efectos si no son 
resueltos, por ejemplo, pueden provocar la aparición de factores extra que 
intenten explicar estos cambios en el PCA.  

Se han propuesto en literatura muchos métodos para corrección de la línea 
base, siendo la forma más común la de ajustar una curva a los datos y sustraer 
este valor de la señal. Este algoritmo ajusta una función polinomial a lo largo 
de segmentos del cromatograma usando regiones donde no eluyen picos de 
analitos para determinar los coeficientes del polinomio y entonces interpolar 
la señal de fondo de aquellas zonas donde se encuentran los picos. Las 
funciones son principalmente polinomiales de primer orden, sin embargo 

                                                 
29 J.M. Andrade-Garda, R. Boqué-Martí, J. Ferré-Baldrich, A Carlosena-Zubieta, in: 

J.M. Andrade-Garda, Basic Chemomtric Techniques in Atomic Spectroscopy, 
RSC Publishing, 2009, pp 194-200.  
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también se pueden usar de órdenes superiores. Una vez que se tiene 
determinada la función de la señal de fondo, se sustrae de la señal [30

Para corregir la línea base de los cromatogramas, la cual presentaba 
variaciones debido a la deriva y al gradiente por la alta temperatura, tanto en 
este capítulo como en el siguiente, se ha utilizado el algoritmo conocido como 
mínimos cuadrados asimétricos (asymmetric least squares, ALS) [

].   

31

Alineamiento de los picos (Interval correlation shifting, icoshift)  

]. Este 
algoritmo sustrae la línea base del cromatograma usando un procedimiento 
iterativo. Los puntos con un peso menor de cero son sobre estimados en cada 
iteración. Esto da lugar a un ajuste robusto con valores no negativos.  

En todas las separaciones, los tiempos de retención de los picos pueden variar 
fácilmente por unos segundos de un análisis a otro. Cuando se utilizan 
cromatogramas completos el alineamiento de picos es muy importante ya que 
se debe asegurar que cada pico, correspondiendo a uno o varios analitos, está 
registrado siempre en la misma posición en la matriz de datos, así los 
algoritmos reconocerán la señal correctamente.  

Existen diferentes algoritmos para el alineamiento de picos en bibliografía 
[32,33]. Para el alineamiento de los cromatogramas de cromatografía de gases 
en este capítulo y el siguiente se ha utilizado el algoritmo icoshift [34

                                                 
30 R.G. Brereton, Applied Chemometrics for Scientists, John Wiley & Sons, Ltd., 

2007.     

].  

31 P.H.C. Eilers, H.F.M. Boelens, Unpublished manuscript,  
http://www.science.uva.nl/∼hboelens/publications/draftpub/Eilers_2005.pdf, 
 (2005). 

32 G. Tomasi, F. Van den Berg, C. Andersson, Correlation optimized warping and 
dynamic time warping as preprocessing methods for chromatographic data, 
Journal of Chemometrics, 2004, 18, 231-241. 

33 F. Van den Berg, G. Tomasi, N. Viereck, in: P.S., Belton, S.B. Engelsen, H.J. 
Jakobsen, Warping: Investigation of NMR Preprocessing and Correction, 
Cambridge 2005, pp. 131-138.  

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=externObjLink&_locator=url&_issn=00032670&_origin=article&_zone=art_page&_plusSign=%2B&_targetURL=http%253A%252F%252Fwww.science.uva.nl%252F~hboelens%252Fpublications%252Fdraftpub%252FEilers_2005.pdf�
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Este algoritmo es simple, rápido y muy útil cuando los datos requieren 
desplazamientos izquierda-derecha en el tiempo de retención. Este algoritmo 
alinea, empleando una transformada de Fourier, todos los cromatogramas 
simultáneamente, maximizando la correlación cruzada entre la muestra y una 
función objetivo dentro de una serie de intervalos definidos por el usuario. El 
uso de múltiples intervalos permite el alineamiento donde los 
desplazamientos ocurren en diferentes magnitudes y direcciones.  

La ventaja que presenta este algoritmo sobre los demás, es la posibilidad del 
desplazamiento de la matriz simultáneamente, ya que un valor de 
desplazamiento único especialmente para datos cromatográficos, donde los 
picos se pueden desplazar en diferentes direcciones, no sería recomendado.   

Centrado en la media (Mean-centering) 

Un pretratamiento muy básico es el centrado en la media, es a veces tan 
común que no se considera como tal un pretratamiento. Corresponde a una 
variación de los datos en torno a la media y sirve para fijarse en las 
variaciones "entre" muestras.  Este tratamiento de los datos previo se lleva a 
cabo calculando el vector medio de los datos en cada una de las columnas y 
sustrayéndolo punto a punto de cada vector de esa columna, así [35]:  

 

Después del centrado en la media, cada fila de datos incluye como las filas 
difieren de la muestra media en la matriz original de los datos.  
Geométricamente el proceso equivale a trasladar el origen de coordenadas al 
centroide o centro de gravedad. En la práctica, el centrado en la media puede 
tener gran influencia, por ejemplo, si hay problemas de línea base o solo se 
recoge  una región pequeña de los datos. El centrado en la media a menudo, 
presenta una influencia significativa en el tamaño relativo del primer valor 
                                                                                                                                
34 F. Savorani, G. Tomasi, S.B. Engelsen Icoshift: A versatile tool for the rapid 

alignment of 1D NMR spectra. Journal of Magnetic Resonance, 2010, 202:190-202.     
35 P. Gemperline, in:  P. J. Gemperline, Practical Guide to Chemometrics, Taylor & 

Francis Group, 2006, pp 69-83.  
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propio (eigenvalue), el cual se ve reducido y puede influir en el número 
aparente de componentes significativos en el conjunto de datos.  

Auto-escalado (Autoescale) 

El escalado de variables es otro método muy común de pretratamiento en 
datos multivariantes. Estandarizar todas las variables a la misma varianza 
puede ser visto como una forma de dar a todas las variables la misma 
oportunidad de influir en el modelo. Muchas técnicas asumen que la 
magnitud de una medida es proporcional a su importancia y que el nivel de 
ruido es similar en todas las variables. Cuando las variables tienen diferentes 
escalas simplemente porque están en unidades diferentes, la magnitud de los 
valores no es necesariamente proporcional a la información contenida.  

El  autoescalado es un método que usa un centrado en la media seguido por 
la división de cada columna (variable) por la desviación estándar de la 
columna.  

 

donde X representa la matriz de datos y S es la matriz diagonal que 
corresponde a la inversa de la desviación estándar de cada columna. XS es la 
matriz de los datos escalados. El resultado es que cada columna de XS tiene 
una media de cero y una desviación estándar de uno.  

Esta aproximación es válida si la fuente predominante de varianza en cada 
variable es señal en vez de ruido. Bajo estas condiciones, cada variable será 
escalada de tal forma que su señal útil tenga la misma influencia que la señal 
del resto de variables. Sin embargo si una variable tiene una contribución 
significativa de ruido o tiene una desviación estándar cercana a cero, el 
autoescalado provocará que este ruido de la variable tenga igual efecto que la 
señal en otras variables. Estas variables entonces, influenciarán adversamente 
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el modelo. Para estos casos se recomienda o excluir estas variables o usar el 
parámetro "offset" (o similar) que suele proporcionar el software [36

El autoescalado fue aplicado en los datos de volátiles de los aceites de oliva 
virgen extra obtenidos mediante PTR-MS.  

]. 

Autentificación - Técnicas basadas en "huella dactilares"  

Como parte del título de esta Tesis y objetivo de la misma, la autentificación 
es un término que es necesario definir. Autenticidad de un  alimento 
básicamente se refiere a si el alimento adquirido por el consumidor 
corresponde con su descripción. Descripciones falsas o erróneas se pueden 
dar de muchas maneras, desde adiciones no declaradas de  materiales más 
económicos, declaraciones incorrectas de la cantidad de un ingrediente 
particular en el producto, hasta afirmaciones o declaraciones falsas sobre la 
fuente de los ingredientes, por ejemplo, su origen geográfico, origen animal o 
vegetal, variedad, etc. [37

La autentificación cubre muchos aspectos, incluyendo adulteración, 
etiquetado, caracterización y origen. Atendiendo a estos aspectos, la 
autenticidad del aceite de oliva se ha convertido en un importante tema de 
estudio tanto desde el punto de vista comercial como de la salud [

].  

38

El término autentificar esta principalmente relacionado con estos tres 
conceptos [

]. 

39

 - 

]: 

Detectar adulteraciones:

                                                 
36 B.M. Wise, N.B. Garragher, R. Bro, J.M. Shaver, W. Winding, R.S. Koch, 

Chemometrics Tutorial for PLS_Toolbox and Solo, Eigenvector Research, Inc., 
Wenatchee, USA, 2006. 

 el aceite de oliva "virgen extra" es un producto que 
por su importancia alimentaria, especialmente en los países mediterráneos, 
debe proteger su identidad y su valor añadido. Como consecuencia tiene un 

37  M. Lees, Food Authenticity and Traceability, CRC Press, Washington, DC, 2003. 
38  W. Kamm, F. Dionisi, C. Hischenhuber, K.H Engel, Authenticity assessment of 

fats and oils, Food Reviews International, 2001, 17(3), 249–290.   
39  F. Ulberth, M. Buchgraber, Authenticity of fats and oils, European Journal of 

Lipid Science and Technology, 102, 2000, 687-694.  
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precio más elevado en el mercado y está sujeto a fraudes, como la adición de 
aceites más baratos, mezcla de variedades, etc.  

-  Identificar tipo procesado

- 

: intentar diferenciar, vírgenes, vírgenes extra, 
refinados, etc. En los aceites que han sido extraídos en frío, sus características 
naturales (aroma, componentes minoritarios, etc.) se conservan  frente a 
aquellos que han sufrido algún tipo de procesamiento (refinado, 
desodorización, etc.).  Por esto es que las diferentes categorías de aceite de 
oliva están definidas por la legislación europea. 

Caracterización origen geográfico-variedad

Esta autentificación puede hacerse atendiendo al hecho de que algunos 
indicadores  varían debido a factores biológicos, climáticos, agronómicos y 
temporales y las técnicas analíticas, en conjunto con las herramientas 
quimiométricas de las que se dispone en la actualidad, son capaces de ser 
sensibles a estos cambios.  

: normalmente se suele hacer en 
relación a los componentes minoritarios del aceite de oliva o en aquellos 
componentes mayoritarios que están afectados por el clima, suelo o variedad 
de una zona concreta.  

Para llevar a cabo esta autentificación tanto de aceites de oliva, en este 
capítulo, como con mezclas de aceites vegetales en el siguiente, se han 
utilizado los datos obtenidos directamente tras el análisis mediante las 
técnicas analíticas (HTGC-MS y PTR-MS), lo que comúnmente se conoce 
como "huellas dactilares". Siguiendo el esquema que se presenta en la figura 
7. 

De esta manera, en la actualidad, el término "técnicas de huella dactilar" 
(fingerprinting) describe a una variedad de métodos analíticos que pueden 
medir la composición de productos alimentarios de una manera no-selectiva, 
esto es, mediante la colección de un espectro o un cromatograma.  
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El tratamiento matemático de la información contenida en esas "huellas 
dactilares" de cada muestra, es lo que permite la caracterización del producto 
alimentario o aceite en este caso [40]. 

 

 

Figura 7. Esquema que describe las etapas 
de la metodología de las técnicas de "huellas 
dactilares".   

 

Estas metodologías analíticas rápidas y precisas, pueden convertirse en 
herramientas muy potentes, de uso rutinario, para autentificación de 
alimentos en general y de aceite de oliva y aceites vegetales en particular, 
como se puede confirmar gracias a los resultados que se exponen en los 
artículos siguientes.   

                                                 
40  L. Mannina, V. Di Tullio, Food analysis by fingerprinting techniques, Trace 

Project, European Commission, 2009.   

Olive Oil

Fingerprinting Techniques
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Authentication
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3. Análisis DAFO 

 
 

DEBILIDADES AMENAZAS 

 Necesidad de adaptación a 
un entorno nuevo de 
trabajo en corto tiempo. 

 Inicio en el uso de técnicas 
nuevas sin experiencia 
previa.  

 Acumulación de mucho 
trabajo y falta de tiempo 

 Uso de cromatogramas 
completos  en vez de 
datos de cuantificación. 

 Necesidad de búsqueda 
de muestras. 

 Posibilidad de no obtener 
resultados esperados 

FORTALEZAS OPORTUNIDADES 

 Realización de una 
estancia de investigación. 

 Trabajo en un Instituto de 
Seguridad Alimentaria de 
elevado prestigio.  

 Ilusión por nuevos retos 

 Uso de una técnica 
novedosa (PTR-MS).  

 Establecer contactos con 
múltiples empresas 
internacionales.  

 Nuevas líneas de 
investigación y 
colaboración 
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4. Artículo Nº5 

"Análisis multivariante de perfiles cromátográficos  HT/GC-(IT)MS de 
triglicéridos para clasificación de variedades de aceite de oliva"  

Publicado en: Analytical and Bioanalytical Chemistry 399 (2011) 2093-2103 
"Chemometrics special issue", que recoge algunos de las comunicaciones 
presentadas al VII Colloquium Chemiometricum Meditterraneum).  
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Abstract  
The ability of multivariate analysis methods such as hierarchical cluster analysis, 
principal component analysis and partial least squares-discriminant analysis (PLS-
DA) to achieve olive oil classification based on the olive fruit varieties from their 
triacylglycerols profile, have been investigated. The variations in the raw 
chromatographic data sets of 56 olive oil samples were studied by high-temperature 
gas chromatography with (ion trap) mass spectrometry detection. The olive oil 
samples were of four different categories ("extra-virgin olive oil", "virgin olive oil", 
"olive oil" and "olive-pomace" oil), and for the "extra-virgin" category, six different 
well identified olive oil varieties ("hojiblanca", "manzanilla", "picual", "cornicabra", 
"arbequina" and "frantoio") and some blends of unidentified varieties. Moreover, by 
pre-processing methods of chemometric (to linearise the response of the variables) 
such as peak-shifting, baseline (weighted least squares) and mean centering, it was 
possible to improve the model and grouping between different varieties of olive oils. 
By using the first three principal components, it was possible to account for 79.50% of 
the information on the original data. The fitted PLS-DA model succeeded in 
classifying the samples. Correct classification rates were assessed by cross-validation. 

 

Keywords. Triacylglycerols, Olive oil varieties, High-temperature gas 
chromatography–mass spectrometry, Chemometric multivariate classification.  
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Introduction 
Vegetable oils are products derived from vegetable fruits or seeds by 
mechanical pressure or extraction with organic solvents. Olive oil is one of the 
most valuable edible vegetable oils. It is produced by mechanical means from 
the fruit of the olive tree (Olea europaea L.) and requires no refinement prior 
to consumption. 

Brand named olive oil can be found in the market in four major 
categories: (i) "extra-virgin" olive oil, it is the pure natural juice of the olive 
without further processing beyond cold pressing. Its free acidity does not 
exceed 0.8% and it shows a perfect aroma and taste; (ii) "virgin" olive oil, it is 
the natural juice of the olive whose acidity varies between 0.9% and 2%; (iii) 
"olive oil", refined olive oil which contains a small percentage of natural juice 
from olive oil (virgin olive oil) usually between 20% and 30%; and (iv) "olive-
pomace" oil (pomace is the ground flesh and pits left after pressing), which is 
the oil obtained by treating olive fruits solid residues with solvents or other 
physical treatments. This last one is considered the poorer-quality olive oil. In 
addition, for some categories it is also possible to distinguish different grades. 
Several recognised international bodies have introduced control measures to 
ensure standardised quality and classification of the different categories of 
olive oils available [1

  Extra-virgin olive oil is a high-quality vegetable oil traditionally 
produced in the countries of Mediterranean basin, and it can be consumed 
directly without purification. The chemical composition of an extra-virgin 
olive oil is well known to exhibit a greater variability than other vegetable oils 
as it is largely influenced by agronomical practices, geographical origins, 
harvesting periods and processing technologies [5,6]. In addition, different 
types of extra-virgin olive oils are marketed according to the variety of olive 
fruit used. In Spain, there are more than 200 botanical varieties of olive trees 
of which only around 15 have importance on marketing for olive oil. Their 
olives vary in size, oil content, taste, chemical characteristics, ripening time 
and many other factors. They could have different looks as well as growing 
characteristics and preferences. Although originally each variety was 

,2,3,4].  
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characteristic of a geographical area, nowadays different varieties are 
cultivated in the same area and it is not possible to establish a one-to-one 
relationship between variety and geographical origin. Differences between 
varieties can be very subtle; however, it is now possible to use DNA 
fingerprinting to identify specific varieties [7,8]. 

When the olive oil is produced from a single variety, this olive oil is 
labelled as "monovarietal"; this is usual only for extra-virgin and virgin 
categories. Some few varieties are utilised only to produce monovarietal olive 
oil; the ones that have a high sensory quality. The "monovarietal" hallmark 
confers an added value to the olive oil and so it is protected by the producing 
corresponding countries. 

The olive oil is mainly composed of triacylglycerols (TAGs >98%) and 
complex mixtures on other minor constituents of a wide range of chemical 
nature. A lot of different reviews on the analytical methods for the 
determination (identification and quantification) of the different chemical 
species of TAGs are available in the scientific literature, although the 
chromatographic methods are the most utilized [9,10,11,12]. The occurrence 
of certain TAGs species in some oils in high amounts has been used for the 
detection of adulteration of other higher-priced oils, in which these TAG 
species are absent or present only at trace levels [13,14].  

Due to the large price gap between olive and other vegetable oils and 
also between the various categories of olive oil, extra-virgin may cost nearly 
twice as much as refined oils and adulteration of olive with cheaper oils is a 
temptation [15,16]. The search for the origin and the authenticity of olive oils 
has been the object of numerous studies in the past few years using the 
extremely varied physical–chemical determinations [17,18,19,20]. In addition, 
a chemometric treatment is usually required [21,22,23]. Chemometric 
applications have been classified in two main categories. In the first category, 
the samples are chemically treated in order to determine the composition of 
different constituents, for example fatty acids and triacylglycerols [24,25] or 
sterols [26,27]. On the other hand, the second option is the direct analysis of 
the sample without sample pre-treatment but with dilution. This option is 
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based upon the use of nonspecific analytical techniques such as fluorescence 
[28,29], raman [30] infrared (IR) [31] and nuclear magnetic resonance (NMR) 
spectrometries [32] as well as mass spectrometry (MS) [33,34,35] and 
electronic nose [36], which provide characteristic fingerprints of the olive oil 
sample. The high amount of data in these fingerprints cannot be processed 
without chemometric tools (multivariate pattern recognition approaches), 
which enable adulterated samples of virgin olive oil to be detected. 

In the case of chromatographic profiles, the whole run or selected time 
windows can be used as analytical data. In addition, the occurrence of 
unresolved peaks should not be taken as a negative issue, since 
chromatograms may be exploited as chemical fingerprints that provide 
specific information on the samples analyzed [37]. Because of this, in the 
recent years liquid chromatographic techniques, lonely or in conjunction with 
mass spectrometry, are also being used for fingerprint purposes [38,39]. 

Multivariate analysis for processing chromatographic data has been 
shown to be an efficient tool for classification and prediction in assessing 
authenticity of vegetable oils improving and searching similarities of oils 
samples and it shows promise for routine quality control of oils [40]. Spectra 
data handled from techniques, as IR, NMR or MS has been proposed for 
develop chemometric models to characterise and discriminate olive oil 
varieties [41].  

Consequently, the availability of routine analytical methods, simple and fast, 
for the authentication of monovarietal virgin olive oils constitutes a growing 
necessity nowadays for the quality control laboratories [42]. From the point of 
view of the chemical analyses, this constitutes an arduous task because to find 
varietal chemical markers that can be applied to the majority of the olive oil 
products is not easy. Nowadays, the olive oil varieties can be differentiated 
from their flavour properties by sensory analysis, composition of volatile 
compounds [43], phenolic compounds [44]. In addition, a data set of the 
quality physico-chemical characteristics has been also applied [45]. 

Surprisingly, studies leading to the use of the chromatographic 
triacylglycerol profiles to discriminate and classify different olive oil varieties 
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have not been reported. In this paper, the TAGs profile from different 
selected Spanish olive oils were analyzed by high-temperature gas 
chromatography with (ionic trap) mass spectrometry detection. Fifty-six 
samples of four different olive oil categories ("extra-virgin olive oil", "virgin 
olive oil", "olive oil", and "olive-pomace" oil), and for the "extra-virgin" 
category, six different well-identified varieties ("hojiblanca", "manzanilla", 
"picual", "cornicabra", "arbequina", and "frantoio") and some blends of 
unidentified varieties were used as data set. This paper focuses on the use of 
TAGs profile obtained from the GC/MS fingerprint data to assess the 
authenticity and classifies the valuable "monovarietal" olive oils by using 
classical pattern recognition tools.  

Materials and Methods 

Reagents and samples 

The olive oils samples distribution was as follows, fifty-six samples from four 
different categories: 46 samples were "extra-virgin", three were "virgin", four 
were "olive oil", (market blend of refined and virgin olive oil) and three 
samples were "olive-pomace" oil. They were purchased from common 
markets of Spain. The samples of extra-virgin category were divided in two 
groups: the first one, were labelled as monovarietals of six different varieties 
(seven samples of "hojiblanca", two samples of "manzanilla" eight samples of 
"picual", five samples of "cornicabra" six samples of "arbequina" and six 
samples of "frantoio" and the second one, 12 samples, were declared only as 
"extra-virgin" (they are generally the result of blending different varieties 
which are not stated by the producer). 

The authentication of the samples was made based on the product 
label. Due to the fact that the official quality controls, which the olive oil 
follows in Spain, in compliance with the European Regulation on marketing, 
are very rigorous, it was not required to apply another authentication process 
since this information was assured. 

The samples were stored at 4 °C until its analysis. For analysis, olive 
oil was dissolved in chloroform (99%, reagent grade) to a final concentration 
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of 0.2% (w/w). Any further sample preparation was not needed prior to 
chromatographic analysis. 

Chromatographic conditions 

All separations were performed with a VARIAN GC 3800 gas chromatograph 
(PA, USA) equipped with a split/splitless injector coupled to a VARIAN 4000 
ion trap mass spectrometer (PA, USA) equipped with an electron impact 
source. A split injection with a ratio of 1:50 was used. The samples were 
introduced using a robotized autosampler module (Combipal, CTC 
ANALYTICS, Switzerland).  

Scan control, data acquisition, and processing were performed by a 
MS Workstation software (VARIAN, PA, USA) data system. The sample 
volume injection was 2 μl. A capillary column coated with 65% diphenyl-35% 
dimethylpolysiloxane stationary phase (Restek Rtx-65TG; 30 m×0.32 mm 
i.d.×0.1 μm; maximum temperature 370 °C; Restek Corp., Bellefonte, PA, 
USA) was used. 

The GC oven temperature was programmed from 315 to 350 °C at 1 
°C/min. The injection port was held isothermally at 370 °C. Helium (99.995%) 
was used as the carrier gas and its flow rate was 1.5 ml/min. The mass 
spectrometric conditions were as follows. The ion source temperature was 
held at 250 °C during the GC/MS runs. The transfer-line temperature was 
maintained at 350 °C throughout the analyses. The electron energy was 70 eV 
and the emission current 10 μA. 

Chromatograms are recorded in full-scan mode. Average spectra were 
acquired in the m/z range of 200–1,000 m/z and were recorded at a scan 
speed of 1.20 s. Scan control data acquisition, and processing were performed 
by a MS Workstation software (VARIAN, PA, USA) data system. 

TAG chromatograms 

The presented method is simple since the diluted olive oil sample is directly 
injected into the system, without any preliminary chemical derivatization or 
purification step. Each recorded chromatogram is constituted by a vector of 
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1,724 elements. These are related to the signal intensity measured by the 
detection system and it was acquired between 0 and 35 min. Obviously, the 
signal maxima are the heights from the different chromatographic peak 
which correspond to the triacylglycerol profile of the different olive oils. 

 

  

Figure 1. HT/GC-(IT)MS triglycerides profiles (total ion chromatogram) of two 
varieties of extra-virgin olive oils: a "picual" and b "cornicabra" 
 

As it has already been commented in the Introduction section, in order 
to carry out the chemometric analysis, it is only necessary to have the data 
matrix corresponding to the chromatographic profile handled by the 
measuring instrument and the identification of the different species of TAGs 
is not mandatory. Nevertheless, in a previous paper the readers can found the 
methodology of identification [46].  

Eight major TAGs species were identified in all studied oil samples. As 
representative example, two typical chromatograms, obtained under the 
conditions above described, of two monovarietals extra-virgin olive oils 
(picual and cornicabra) are shown in Fig. 1. 
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Chemometric analysis 

The matrix employed to characterization of the olive oils samples was 
composed by as many rows as samples analyzed and as many columns as the 
entire chromatograms recorded during the data acquisition time. The whole 
set of data was imported to Excel from the GC/MS Workstation software 
(VARIAN, PA, USA). All chemometric treatments were performed by using 
the PLS Toolbox (Eigenvector Research Inc., West Eaglerock Drive, 
Wenatchee, WA) for Matlab® software (The Mathworks Inc., Natick, MA, 
USA).  

Hierarchical cluster analysis (HCA) was applied to determine the 
natural conformation of groups of samples. This statistical method organises 
the clustering of different objects without any prior knowledge of the class 
membership, on the basis of a similarity indicator (distance) calculated from 
mathematical relationships of the numerical properties of samples. In an 
iterative procedure, each sample was linked to the closest sample or group of 
samples and a characteristic distance was used to describe this union. The 
distance between groups of samples (commonly called classes or clusters) can 
be evaluated in different ways and is the main difference among common 
linkage methods. The Ward method was used and the difference of this 
method is that as distance measured, it considers the variance within clusters 
as well as separation between clusters [47]. 

Pre-processing In order to improve the data into a form suitable for 
principal component analysis (PCA), the data set, obtained from the entire 
chromatogram, was pretreated. The icoshift programme [48], designed for 
solving signal alignment problems, was used. The icoshift algorithm is based 
on correlation shifting of spectral intervals and employs a fast Fourier 
transform engine that aligns all spectra simultaneously. This algorithm 
independently aligns each signal to a target by maximising the cross-
correlation between user-defined intervals. The dataset is split into the 
intervals defined by the user and aligns them towards the average spectrum 
using the highest allowed shift (fastest method) for each interval. Icoshift was 
applied to each kind of sample separately due to some differences were found 
in retention times within the samples. Figure 2 shows the alignment of all 



Autentificación de Aceite de Oliva 
CAPÍTULO III     

 

 

284  

 

chromatograms from "arbequina" and "picual" varieties using icoshift. It is 
observed that when the different chromatograms are overlapped, some 
differences in retention times are found between both varieties. 

Moreover, the baseline (weighted least squares) preprocessing method 
was applied for automatically removing baseline offsets from data. Finally, 
mean centering preprocessing method, was used.  

 

 

Figure 2. Overlapped chromatograms of "arbequina" and 
"picual" varieties after pre-treatment with Icoshift 

 

Principal components analysis (PCA) is a technique for reducing the 
amount of data when there is correlation present. The idea is to find principal 
components which are linear combinations of the original variables 
describing each sample. These principal components explain the main point 
of the variance in the original data. PCA were applied to the data in order to 
find out a natural grouping tend as well as to detect the possible presence of 
outliers between the samples that were going to made up the training set [47].  
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Partial least squares-discriminant analysis. The principle of PLS is to 
find the components in the input matrix (X) that describe as much as possible 
of the relevant variations in the input variables, and at the same time have 
maximal correlation with the target value in Y, but without including the 
variations that are irrelevant or noisy. Y-matrix was constructed from the 
grouping variables consisting of zeros and ones. The matrix consisted of as 
many columns as there are classes and an observation had the value one for 
the class it belongs to and zeroes for the rest. Partial least squares-
discriminant analysis (PLS-DA) was performed in order to sharpen the 
separation between groups of observations and classify between the olive oil 
samples. Cross-validation was used for validation of the model. 

Results and discussion 
The chromatographic triglyceride profiles of the olive oils studied were all 
found to be qualitatively similar. In this study, the statistical analyses take 
advantage of the variations in the raw chromatographic data sets as 
fingerprints, in each sample, as a pattern for inter-comparison of the samples. 

Hierarchical cluster analysis 

The TAGs GC/MS chromatographic profile of the olive oil samples was used 
to examine the similarity (or dissimilarity) of oils by means of HCA. The 
results of HCA are presented in the form of a dendrogram, which shows the 
different groups at a normalised or rescaled distance of each kind of samples 
from the others, when it is read from right to left.  

In Fig. 3, the dendogram obtained from the 56 olive oil samples applying the 
Ward method is shown.  
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Figure 3. Dendrogram clustering of the 56 olive oil samples considered and by using 
the Ward method 
 

This study mean that all the varieties clustered within each one of the 
previous groups have homogeneous profiles and they share basic information 
of the TAGs composition. The responsible of this grouping is certainly due to 
the genetic background of the different varieties of olives, regardless of the 
processing of the oil. The most important conclusion is that four different 
groups can be identified. The samples that are blends of varieties such as 
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"extra-virgin" and "virgin" are together in one group, in addition to the 
monovarietals of "picual", "manzanilla" and "hojiblanca". Perhaps, these facts 
are due to these blends are made up by these varieties, which are the most 
cultivated, and probably have similar TAGs profile. The second group is also 
formed by the blends of varieties "olive-pomace" and olive oil" close to the 
monovarietals virgin olive oils "frantoio", "cornicabra" and "arbequina" 
varieties. 

For test the robustness of the clusters, a resampling was performed 
exchanging labels of the data set. The results obtained were the same as the 
previous one.  

Principal components analysis 

Figure 4a shows the score plot on the PC2–PC1 plane. As it can be seen, the 
variance explained by the first and the second principal components was 
63.90% and 14.84%, respectively. Regarding to the number of principal 
components (PCs) selected, in this study, four components were used to 
obtain the best representation of the objects under consideration and this 
number of PCs was enough to explain the 91.52% of the data variance. Due to 
separation among clusters was not complete, the analysis was extended until 
the third component (6.84% of the total variance) and reporting on the PC3–
PC2 plane in which a better separation was achieved (Fig. 4b). This is due to 
several concurrent aspects such as the decrease in S/N associated with first 
order differentiation and that the first PC also describes the baseline. After 
PC1 explained all this ineffective information of the chromatographic profiles, 
PC2 and PC3 started to explain the relevant information related to the 
samples of olive oils. 
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Figure 4. PCA scores plot obtained from the data of the TAGs chromatographic 
profile of the olive oils: a) scores on the PC2–PC1 plane; b) scores on the PC3–PC2 
plane 
 

Pre-processing methods were applied in order to improve the 
obtained model. The unaligned raw chromatograms were check by a peak-
shifting alignment (icoshift programme) to each variety and category in order 
to improve the signal alignment. Each signal was align by using the average 
spectrum as a reference. The user-defined intervals used for alignment were 
(1,300,550,900). If this peak-shifting alignment would have been carried out 
with all the samples together some valuable information would have been 
lost due to the differences in the retention times. The baseline (weighted least 
squares) correction and mean centering were also applied. Clearly, this pre-
processing method had improved the PCA model significantly by reducing 
its complexity and obtaining a better grouping of the varieties. The pre-
processing methods were also used in further analysis.  

Figure 5, shows the score plot after pre-processing methods in which 
separation among clusters is roughly complete. As it can be seen in this 
figure, the previous preprocessing steps greatly improve the resolution power 
of the PCA model. The variances explained by the first and the second 
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components, respectively, are 43.35% and 19.31%. Three components were 
used to obtain the best representation and this number of PCs was enough to 
explain the 79.50% of the data variance. Similarities in sample clustering were 
observed.  

 

Figure 5. PCA plot obtained from the pre-processed 
chromatographic data of the olive oils samples 

 

As it is shown on the score plot, in the positive part of PC1, the monovarietals 
extravirgin olive oils "frantoio", "arbequina" and "cornicabra" and the blends 
of "olive-pomace" and "olive oil" are located. The positive loadings in PC1 
agree to the intensities of the major peaks matching to the triacylglicerides 
OOP (1,2-olein-3-palmitin) and OOO (triolein). On the negative part of PC1 
the monovarietals extra-virgin olive oils "picual", "manzanilla" and 
"hojiblanca" and the blends of "extra-virgin" and "virgin" are found. The 
negative loadings in PC1 are mainly explained by the intensities of the 
chromatogram of PSO (1-palmitin-2-stearin-3-olein) and OOS (1,2-olein-3-
stearin). On PC2, it can be observed a separation between monovarietals 
virgin olive oils ("picual", "manzanilla", "hojiblanca", "frantoio", "cornicabra" 
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and "arbequina") and the blends of different varieties ("olive oil", "olive-
pomace", "virgin" and "extravirgin"). In addition the samples of each variety 
and blends of varieties are quite together. It is surprising that both "olive 
pomace" and "olive oil" categories are together. Perhaps, either same varieties 
were used to blend them or due to the process which is used for these kinds 
of oils, the information about the original TAG profile, related with the 
varieties used in these blends, has been lost and a new "manufactured" 
variety has come out. 

Partial least squares-discriminant analysis 

PLS-DA was carried out on the 56 samples in order to estimate a classification 
model for the olive oil samples. The fitted PLS-DA model succeeded in 
classifying the samples. The performance of the fitted model was evaluated 
using cross-validation from random subsets. For external validation, 25% of 
the samples were removed at random from the complete dataset. The 
remaining data were then used to fit a model, which was subsequently 
applied to predict class membership for the removed samples. This procedure 
was repeated to ensure that a prediction was available for all samples. The 
RMSEP of all classes was lower than 0.3. Three latent variables were used. 
The quality of the classification model has been considered on the basis of the 
validation results. According to the results and on the same way that the PCA 
analysis, the PLS-DA classification model was able to predict monovarietals 
virgin olive oils and the blends of different varieties ("olive-pomace", "olive 
oil", "virgin" and "extra-virgin"). 

The y-predicted plots of the PLS-DA model for some of the samples: 
(a) "frantoio", (b) "hojiblanca", (c) "picual" and (d) "extra-virgin" olive oil, are 
presented in Fig. 6. 
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Figure 6. Results of each y-predicted PLS-DA for classification of the samples: a 
"frantoio", b "hojiblanca", c "picual" and d "extra-virgin" olive oil. Samples of 
validation (triangles) and the samples of calibration (circles) 
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Conclusions 

The analysis of raw chromatographic data sets may bring additional 
advantages with respect to the previous studies. Firstly, no additional 
calculations of TAG concentrations through the corresponding 
calibration procedure were needed. Secondly, raw chromatogram 
vectors (values taken at each elution time), with some pre-processing 
methods, were directly used as multivariate data for HCA, PCA and 
PLS-DA analysis. Due to this, by using GC/MS analysis and different 
chemometric approaches, it has been demonstrated the singularity of 
olive oil regarding its chromatographic profile. All the described 
results have shown out there is a wide variability in the characteristics 
of the olive oils because of the diversity of the varieties and there is a 
certain tendency to the clustering due to this. 

Finally, many types of extra-virgin olive oils are produced by 
mixing oils from different varieties of olive trees, and they are sold as 
monovarietals olive oils. Adulteration of the "added value" olive oils, 
involving the replacement of high-cost extra-virgin olive oil with lower 
grade, cheaper substitutes, could potentially be very lucrative for a 
manufacturer or raw material supplier. For this reason, the proposed 
method could be a way to distinguish them and to avoid these kinds of 
frauds. 
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5. Artículo Nº6 

"Huellas dactilares de compuestos orgánicos volátiles mediante 
reacción por transferencia de protones-espectrometría de masas para 
identificación de aceite de oliva virgen extra"  
 
Aceptado en: Food Chemistry (2012) In press 
doi: 10.1016/j.foodchem.2012.02.135 
  



Autentificación de Aceite de Oliva 
CAPÍTULO III     

 

 

298  

 

 

 

Abstract  
Proton transfer reaction-mass spectrometry (PTR-MS) is a relatively new technique 
that allows the fast and accurate qualification of the volatile organic compound 
(VOC) fingerprint. This paper describes the analysis of thirty samples of extra virgin 
olive oil, of five different varieties of olive fruit (Arbequina, Cornicabra, Frantoio, 
Hojiblanca, and Picual) by PTR-MS.  
A multivariate pattern recognition method (partial least square-discriminant analysis, 
PLS-DA) was applied on the full spectra fingerprint of the PTR-MS measurements. 
The multivariate model was doubly validated: firstly by means of internal validation 
(cross-validation) and secondly with an external validation data set. The results 
showed that the five varieties could be successfully distinguished within them.  
The proposed method provides a new valuable tool for extra virgin olive oil 
classification according to variety, and it could serve as a screening technique for the 
authentication of monovarietal extra-virgin olive oil and as a methodology to confirm 
that a variety is in agreement with claimed identity.  
 
 
Keywords: Monovarietal extra-virgin olive oil, Volatile organic compounds, PTR-MS, 
Chemometric discrimination 
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1.  Introduction 
Extra-virgin olive oil (EVOO) is an edible oil, highly appreciated for its 

delicious taste and aroma. It is particularly important in the basic 
Mediterranean diet. Over the last years, the consumption of EVOO has 
increased considerably in relation to the consumption of virgin and refined 
olive oils (Trichopoulou, 2001). It is an oil produced by mechanical means 
from the fruit of the olive tree (Olea europaea L.); in fact, EVOO is only olive 
fruit juice and requires no refinement prior to consumption. Due to the entire 
procedure for its production, EVOO is a food of high quality and price.  

There are hundreds of different varieties of olive trees. Some are very 
similar and sometimes they are identical with just slightly different names. 
Some of them have different physical aspects as well as growing 
characteristics. Their olive fruits vary in size, oil content, taste, physical and 
chemical characteristics, ripening time, and many other factors.  Today, 
EVOO is a buoyant business where blends of different varietal virgin olive 
oils represent a high percentage of the olive oil market. Owing to its 
distinctive and peculiar intense taste, EVOO obtained from a single kind of 
variety is highly appreciated. This "monovarietal" hallmark confers an added 
value to the olive oil so it is protected by regulations to avoid fraud. This 
fraud could be committed not only by mixing EVOO with other cheaper oils, 
but also by mixing EVOO from several varieties (CODEX STAN 33–1981 
(Rev. 2– 2003); COI/T.15/NC no.3/Rev. 1–2003). On the other hand, the 
chemical composition of an EVOO is well known to exhibit a greater 
variability than other vegetable oils because it is largely influenced by the 
cultivar, agronomical practices, geographical origins, harvesting periods and 
processing technologies (Di Giovacchino, Sestili & Di Vincenzo, 2002). From a 
generic point of view, olive oil is a complex mixture consisting of two main 
groups of substances: (a) saponificable substances which represent nearly 
98% of the chemical composition, such as triglycerides, partial glycerides, and 
waxes and (b) unsaponificable substances, with many different chemical 
structures, such as sterols, hydrocarbons, pigments, phenols, flavonoids, or 
volatile organic compounds (VOC) (Aparicio & Aparicio-Ruíz, 2000). VOCs in 
olive oil comprise a wide variety of compounds, including saturated, 
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unsaturated, aromatic, and terpenic hydrocarbons, aldehydes, alcohols, 
ketones, esters, ethers, furans, acids, and other compounds such as yet 
unidentified VOC. The major VOC reported in virgin olive oils are the C6 and 
C5 volatile compounds, such as hexanal, trans-2-hexenal and hexan-1-ol 
(Boskou, 2006). They are enzymatically produced from the polyunsaturated 
fatty acids through the cascade of reactions collectively called "the 
lipoxygenase (LOX) pathway" and their concentrations depend on the level 
and the activity of each enzyme involved in this pathway. This LOX pathway 
is predominant in olive oils of high quality; however, other VOC might be 
originated from other pathways, such as the fatty acid auto oxidation 
(Angerosa, 2002; Angerosa, Servili, Selvaggini, Taticchi, Esposto & 
Montedoro, 2004). 

The quality and authenticity of an EVOO is affected by factors such as 
variety, geographical origin, extraction method and composition. Due to its 
added value EVOO is susceptible to fraud (Ruiz-Samblás, Cuadros-
Rodríguez, González-Casado, Rodríguez-García, de la Mata-Espinosa, 
Bosque-Sendra, 2011). According to this, there are analytical methods which 
have been developed to characterise and authenticate specific EVOO. 
Authentication methods for varieties of olive oils have been most frequently 
established using GC and HPLC related to different compounds (Aranda, 
Gómez-Alonso, Rivera del Álamo, Salvador & Fregapane, 2004; Bucci, Magri, 
Magri, Marini & Marini, 2002; Koprivnjak, Moret, Populin, Lagazio & Conte, 
2005; Cichelli & Pertesana, 2004). In addition, the particular volatile profiles of 
the monovarietal EVOO show clear differences between cultivars although 
external parameters (climate, soil, harvesting and extraction conditions) 
modulate the final sensory profile (Angerosa, Servili, Selvaggini, Taticchi, 
Esposto & Montedoro, 2004). Due to this, the VOC profile has been proposed 
as a tool for olive oil authentication (Vichi, Castellote, Pizzale, Conte, 
Buxaderas & Lopez-Tamames, 2003; Escuderos, 2001).  

Headspace-gas chromatography-mass spectrometry (HS-GC-MS) is 
the most widely used method to separate and identify VOCs with a high 
sensitivity. However, it is a time consuming technique, and usually it is 
necessary to preconcentrate the analyte sample by absorbing VOC onto a 
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suitable adsorbent as well as a quantification procedure after analysis (Luna, 
Morales & Aparicio, 2006).  

Due to this, more rapid, accurate, reliable and robust analytical 
methodologies are being requested for authentication purposes, and routine 
analysis. Electronic noses and other analytical sensor systems have been 
proposed as alternatives (García Gonzalez & Aparicio, 2003; González Martin, 
Perez-Pavon, Corder & Pinto, 1999; López Feria, Cárdenas & Valcárcel, 
2008b). Also, recent developments in mass spectrometry make possible to 
fulfill those requirements, because the resolution reached with mass 
spectrometry allows injecting directly the volatile fraction present in the 
headspace of the sample, without prior chromatographic separation of its 
components, into the ionisation chamber of the MS, reducing the analysis 
time and sample preparation significantly (López-Feria, Cárdenas, García-
Mesa & Valcárcel, 2008a; Mildner-Szkudlarz & Jelén, 2008). 

These analytical tools provide a global signal of sample’s VOC which 
can be considered a fingerprint of the total volatile profile of the sample and 
can be used to authenticate the commodity. Among them, PTR-MS has been a 
successful technique to measure VOC fingerprint for food authentication 
purposes (Biasioli, Gasperi, Aprea, Colato, Boscaini & Märk, 2003; Macatelli, 
Akkermans, Koot, Buchgraber, Paterson & Van Ruth, 2009). The PTR-MS 
outcome is a mass resolved fingerprint of the total volatile profile of samples 
that can be used as a identity to categorise the sample (Buhr, van Ruth & 
Delahunty, 2002; Biasioli et al., 2003). In addition, the identification and 
quantitation of the single VOC is not necessary and the data can be 
investigated by means of multivariate chemometric data analysis which is 
especially able to handle the large amounts of data produced by modern first- 
and second-order analytical instruments. The concerned reader could found 
more information about the methodology of identification of VOCs in olive 
oil in the bibliography (Kalua et al., 2007; Sabatini & Marsilio, 2008).  

However, only a few studies have been carried out on the application 
of headspace fraction measurements of EVOO samples by means of PTR-MS 
with the aim of evaluating the geographical origin of olive oils (Araghipour et 
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al., 2008), to detect oxidative alterations of extra virgin and rancid olive oils 
(Aprea, Biasioli, Sani, Cantini, Märk & Gasperi, 2006) and to see the influence 
of olive fruit ripening (Vezzaro et al., 2011). Due advantages of PTR-MS in 
food authentication, and its successful applications in olive oil authentication, 
PTR-MS is a suitable candidate to authenticate monovarietal EVOO, however, 
none study has been conducted in this respect yet.  

On the basis of these considerations, the objective of our study was to 
develop a method to identify and authenticate five monovarietal EVOO 
(Arbequina, Cornicabra, Frantoio, Hojiblanca, and Picual) using their VOC 
fingerprint analysed by PTR-MS and chemometric tools.  

 

2.  Materials and methods 

2.1. Sampling procedure 

Thirty samples of EVOO, from five different varieties of olive fruit, six 
samples of each variety, (Arbequina, Cornicabra, Frantoio, Hojiblanca, and 
Picual), being the more common varieties, and cultivated in Spain and Italy 
were purchased from common markets of Spain.    

The olive oil samples were stored in a cold room at 4 ºC in the absence 
light. Four hours prior to analysis samples were removed from the cold 
storage rooms and placed in the laboratory, which was at a room temperature 
of approximately 20 ºC.  

2.2. VOC fingerprinting  

The VOC fingerprint was handled by PTR-MS. The sample gas is 
continuously introduced into a drift tube, where it is mixed with H3O+ ions 
formed in a hollow cathode ion source. VOC that have proton affinities 
higher than water (>166.58 kcal/mol) are ionised by proton transfer from 
H3O+, mass analysed in a quadrupole mass spectrometer and eventually 
detected as ion counts/s (cps) by a secondary electron multiplier. By using 
H3O+ as the proton source, the ionisation of most of the common inorganic 
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constituents of air (N2, O2 or CO2) is avoided since they have proton affinities 
lower than H2O. Furthermore, this soft ionisation avoids excessive 
fragmentation of ions, which makes multicomponent analyte mass spectra 
simpler and easier to interpret.  

For the measurements of the volatile profile using PTR-MS, 4 mL of 
olive oil (at room temperature) were placed in a 250 mL screw cap glass vial. 
No sample preparation was required.  Measurements were performed using a 
commercial PTR-MS system (Ionicon GmbH, Innsbruck, Austria). Samples 
were equilibrated at 30 °C for at least 30 min in a water bath under agitation 
(60 rpm). The headspace of the samples was delivered directly to the inlet of 
the PTR-MS system with a flow rate of 48 mL/min. The temperature of the 
inlet and drift chamber were both maintained at 60 °C to prevent loss of 
volatiles along the sampling inlet line for on-line analysis. A blank was 
measured before each sample. Measurements were carried out in the mass 
full-scan mode and the mass spectra were collected in the range of 20-150 
atomic mass units (amu). A dwell time of 0.2 s/mass unit was used, resulting 
in a cycle time just under 30 s.  

Sample analyses were carried out in triplicate. For each replicate, five 
full mass scans were recorded, but the first and last cycle were discarded for 
calculations. The second, third and fourth scans were averaged and the data 
were background and transmission corrected, yielding a mean mass 
spectrum/replicate. Then, the three averaged mass spectrums of the three 
replicates of each sample were averaged to obtain a mean mass 
spectrum/sample. In this manner, a dataset containing mean mass 
spectra/sample analysed could be compiled. Mass 32 (O2+) and 37 (water 
cluster ion) which are associated with the PTR-MS ion source were removed 
from the data set.  

2.3. Chemometric analysis 

Since the spectrum was composed of 128 masses (variables), the 
application of multivariate statistics is needed to exploit the information in 
these fingerprints. PTR-MS raw count-rate data were converted to volume 
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mixing ratios (VMRs) for statistical analysis, using a typical PTR-MS 
sensitivity value observed for oxygenated VOCs.  

The data set was composed by as many rows as samples analysed and 
as many columns as the entire VOC fingerprint recorded during the cycles 
time. The whole set of data was imported from the PTR-MS system. 
Chemometric treatments were performed using PLS Toolbox v.6.2 
(Eigenvector Research Inc., West Eaglerock Drive, Wenatchee, WA) for 
Matlab® software (The Mathworks Inc., Natick, MA, USA) (Wise et al., 2006).   

Partial least-square-discriminant analysis (PLS-DA) was conducted on 
the autoscaled PTR-MS spectral data (128 masses for each sample) to develop 
a classification model to verify the identity of the olive oil variety (Arbequina, 
Cornicabra, Frantoio, Hojiblanca and Picual). PLS-DA performs a reduction 
on the independent dimension of variables by combining them to obtain new 
variables (called factors) that provide the maximum correlation with the 
dependent variable (olive oil varieties), and they thus find the maximum 
separation between classes. By using the adequate (reduced) number of 
factors, noise is eliminated and the relevant information emerging from the 
ion concentrations is used to classify the samples.  

Firstly, the model was developed with all the samples (calibration set). 
Several data pre-processing techniques were assayed to investigate which one 
was providing the most robust classification model, being autoscale 
preprocessing the one offering more successful results. This is an approach to 
correct for different variable scaling and units when the predominant source 
of variance in each variable is signal rather than noise. It uses mean-centering 
followed by dividing each column (variable) by the standard deviation of the 
column. The model was evaluated by using the root-mean-squared error of 
calibration (RMSEC).  

The validation of the fitted model was evaluated by two different 
ways. (I) By internal validation of the calibration set (30 samples), using cross-
validation from random subsets. Cross validation involves a series of 
experiments, hereby called sub-validation experiments, each of which 
involves the removal of a subset of objects from a dataset (the test set), 
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construction of a model using the remaining objects in the dataset (the model 
building set), and subsequent application of the resulting model to the 
removed objects. This way, each sub-validation experiment involves testing a 
model with objects that were not used to build the model. The number of 
correct predictions and the root-mean-squared error of cross-validation 
(RMSECV) were used to evaluate the model. (II) By external validation, 
where 30% of the samples (external validation set) were removed at random 
from the complete dataset. The remaining, 70% of samples were then used to 
fit a model, which was subsequently validated with the removed samples 
(external validation set) to predict class membership. This procedure was 
repeated fifteen times to ensure that a prediction was available for all 
samples. External validation of the model was quantified by the root-mean-
squared error of prediction (RMSEP).  

 

3.  Results and discussion 

3.1. VOC fingerprint of EVOO 

The whole PTR-MS mass spectrum (128 masses and their intensities) 
was used together with multivariate statistics to develop a classification 
model (each olive oil variety vs the rest), thus, the identification of the 
compounds yielding each mass was not needed. This reduces tremendously 
the time to be spent in the data analysis of new samples, which together with 
the fact that each PTR-MS spectra can be measured in less than one minute, 
makes PTR-MS a promising technique for the routine analysis of olive oil 
samples.    
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All the samples showed signals on most masses in the defined 
measurement range (m/z 20-150) indicating the complex VOC composition of 
olive oils. Four examples of the mean sample mass spectra for (a) 
"Arbequina", (b) "Cornicabra", (c) "Frantoio", and (d) "Picual" EVOO are 
shown in Figure 1. For the X axis only are shown the interval of measure from 
m/z 20-100 due to this range was the more representative in the mass spectra.  

As it is shown, the VOC with higher volatility (lower mass) dominate 
the spectra in terms of signal intensity. In addition some of the lower masses 
may have been also originated from some fragmentation of larger 

 
Figure 1.  Mean mass spectra of EVOO volatile fingerprint of a) "Arbequina", b) 
"Cornicabra", c) "Frantoio", and d) "Picual" varieties obtained by PTR-MS. Note 
the scale on the y-axis and x-axis have been reduced in order to see the major 
differences between masses.   
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compounds, although in PTR-MS fragmentation is very much reduced 
(Luykx & van Ruth, 2008). PTR-MS is a one-dimensional technique that 
characterises compounds only via their mass, which is not sufficient for a 
positive identification of the individual VOCs. Nonetheless, as commented 
above, peak identification is not necessary for the development of the 
classification model. However, based on previous studies found in literature, 
some of them can be very cautiously attributed to certain compounds. The 
dominant signals are listed in Table 1, along with tentative compound 
assignments. For instance, the spectra showed high signal on mass 57, 
particularly in "Arbequina" and "Frantoio" samples. This ion is not specific for 
any VOC, because it could have been originated from the fragmentation of 
several compounds such us trans-2-hexenal or hexanol, among others, (Aprea 
et al., 2006; Buhr et al., 2002), being the most abundant fragment of trans-2-
hexenal according to previous PTR-MS studies, (Aprea et al., 2006). These 
results are in agreement with previous studies, in which the amount of trans-
2-hexenal in Arbequina and Frantoio samples was higher than in Hojiblanca, 
Picual and Cornicabra samples (Aparicio & Luna, 2002; Luna et al., 2006). 
Trans-2-hexenal is among the C6 volatile compounds formed from linoleic 
and linolenic acids by the LOX pathway. The differences in the concentration 
of C6 volatiles have been mostly related to the olive variety, as it was shown 
in studies in which there were no other external variables that could 
unequally affect their formation (e.g. climatic conditions, ripeness and 
extraction conditions)(Angerosa et al., 2004; Luna, Morales & Aparicio, 2006).  
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Table 1. The predominant masses for each EVOO variety with corresponding VMRs 
for all samples and tentative assignments.  

 

Protonated 
specie mass Arbequina Cornicabra Frantoio Hojiblanca Picual Tentative assignment 

31 39 645 37 73 65 - 

33 7980 9933 6393 9878 7249 fragment of larger compounds 

34 98 207 77 127 88 - 

35 17 22 14 22 15 - 

39 15 19 17 16 15 Hexenyl acetate a,f 

41 86 83 82 91 82 Hexanol, fragment a,e,f,h,k 

43 347 468 159 470 513 Acetic acid a,b,l, Hexanol (1-, 2-) a,e,h,k,m , 
hexyl acetate a,h,k 

45 476 2815 639 1046 1206 Acetaldehyde a,f,g,i,l 

47 501 1263 334 1523 1457 Ethanol a,b,f,g 

51 29 34 17 26 20 Dehydrated metanol a 

55 56 35 67 41 38 Butanal, butadiene f 

57 264 92 829 90 60 
Hexanal, hexenal a,c,f,h,j,k , butyl formate, 
octyl acetate d, octanol (1-, 2-, 3-)f , 
hexanola,f, k, isobutyl butyrate f 

59 153 305 425 322 336 Propanal f,i,m,n,o ,propanediol i,hexenol a,f 

61 337 310 95 563 627 Acetic acid / acetates a,c,f,g,variety of 
esters, unspecific for acetates d,f,i 

69 51 40 59 36 37 Pentanal a,f,n, octenol c 

73 34 20 9 29 30 Iso-butanal, 2-butanone a,f,i 

75 146 87 21 90 86 Methyl acetate a,g, propyl propanoate, butyl 
propanoate d, ethyl propionate f 

81 38 10 113 10 7 Hexanal, fragment a,m 

83 44 25 55 32 28 Hexanal a,f,m, hexenol a,f, hexenyl acetate a 

85 26 21 34 20 16 Hexanol a 

87 49 21 21 28 26 Penatanal a,g, 2-pentanone a,g,n 

89 9 15 4 17 18 
Butyrate esters (fragment of ethyl, propyl, 
butyl butyrate), butanoic acid a, m, methyl 
propanoated 

99 38 10 131 9 5 Hexenal a, decane n 

 
a Araghipour et al. (2008), Food chem., 108, 374-383  
b Angerosa et al. (2004), J. Chromatogr. A, 1054, 17-31 
c Aprea (2006), J. Agric. Food Chem., 54, 7635-7640 
d Aprea (2007), Int. J. Mass Spectrom., 262, 114-121  
e Boscaini (2003), J. Agric. Food Chem., 51, 1782-1790 
f Buhr et al. (2002), Int. J. Mass Spectrom., 221, 1-7 
g Galle et al. (2011), J. Agric. Food Chem., 59, 2554-63 
h Kalua et al. (2007), Food Chem., 100, 273-286 
I Macatelli et al. (2009), J. Food Comp. Anal., 22, 169-175 
j Morales et al. (1997), J. Agric. Food Chem., 45, 2666-2673 
k Morales et al. (1998), J. Chromatogr. A, 819, 267-275 
l Stashenko et al. (1996), J. Chromatogr. A, 752, 209-216 
m van Ruth et al. (2008), Eur. Food Res. Technol., 227, 307-317 
n Warneke et al. (2003), Environ. Sci. Technol., 37, 2494-2501 
o Yeretzian (2003), J. Mass spectrum., 223, 115-139. 
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Indeed, the trans-2-hexenal concentration has been used to 
differentiate monovarietal oils from different cultivars (Angerosa et al., 2004; 
Angerosa, Basti & Vito, 1999).  Other large signals were observed on mass 33 
(and 51), which is usually associated with methanol (and hydrated methanol); 
however, there were no reports found in the literature of olive oil containing 
this alcohol, thus it is more likely that the signals on these masses arise from 
the fragmentation of one or more larger molecules (Araghipour et al., 2008).  
Additionally, high signals are seen on masses 43 and 61, for the samples of 
"Picual" which are likely to be acetic acid which could be a defect, mainly 
produced by Acetobacter bacteria during storage of olives (Angerosa et al., 
2004). It also might be possible to be either acetates, or fragments of other 
larger compounds such as hexyl acetate or hexenyl acetate, but as commented 
above, the identification is not necessary for the development of the 
classification model. 

3.2. Classification of monovarietal EVOO by PLS-DA 

PLS-DA was applied on the autoescaled data of the PTR-MS 
measurements (128 masses for each sample) to develop a classification model 
to verify the identity of the olive oil varieties (Arbequina, Cornicabra, 
Frantoio, Hojiblanca and Picual). All of them were successfully fitted (100%). 
The RMSEC was lower than 0.2. The calibration model is shown in Figure 2. 
The probability prediction (y-axis) for all the sample was >0.95.  

After calibration of the model, the quality of the classification model has been 
considered on the basis of the validation results. Firstly, cross-validation from 
random subsets, was performed with five splits and this procedure was 
repeated 15 times to ensure that a prediction was available for all samples. 
The RMSECV was lower than 0.5. The fitted model with six components 
provided a 79.4% success rate in classifying the samples into their variety.  
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Figure 2. PLS-DA calibration model 
for monovarietal EVOO, according to 
their VOC fingerprint obtained by 
PTR-MS. (a) "Arbequina" (blue 
squares), (b) "Cornicabra" (white 
rhombus), (c) "Frantoio" (green 
stars), (d) "Hojiblanca" (green 
circles), and (e) "Picual" (green 
crosses). 
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Figure 3. Results of each y-predicted 
PLS-DA for classification of the 
samples: a) "Arbequina" (blue 
squares), b) Cornicabra (white 
rhombus), c)"Frantoio" (green stars), 
and d) "Picual" (green crosses), 
monovarietal EVOO. For each 
variety, both calibration and 
validation samples (within the 
circles) are shown. 

 

Secondly, the classification model was externally validated by 
predicting the identity of the samples with the external validation set which 
corresponded to the 30% of the samples of the calibration set. The external 
validation of the model was quantified by the root mean squared error of 
prediction RMSEP and was lower than 0.2. The predicted values of the PLS-
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DA model on the validation set of the five varieties (a) "Arbequina", (b) 
"Cornicabra", (c) "Frantoio", (d) "Hojiblanca" and (e) "Picual" olive oil are 
presented in Figure 3. The calculated threshold is shown as the horizontal red 
dashed line at approximately 0.35. The threshold is estimated using Bayes' 
theorem and the available data in order to minimise errors. The Bayesian 
threshold calculation assumes that the predicted y values follow a 
distribution similar to what will be observed for future samples.  As it is 
shown in the Fig. 3, all samples were correctly classified. The samples inside 
the circles were the ones to be predicted for each class in the model.  

 

4.  Conclusion  
The present PTR-MS method exhibits a fast response (less than one 

minute per replicate) and it does not need a sample preparation. 
Furthermore, it showed a very high sensitivity. The successfulness of PTR-MS 
in authentication purposes is supported by: (i) its high sensitivity (ng/g 
levels); (ii) the low fragmentation of the molecules in the mass spectrometric 
detection compared to that in conventional ionisation techniques, which 
makes spectra of multicomponent analytes easier to interpret; and (iii) the fact 
that it does not require sample pretreatment, thus allowing on-line analysis 
(Roberts, Pollien, Yeretzian & Lindinger, 2004). These characteristics allow a 
rapid and sensitive detection of the VOC, which together with multivariate 
pattern recognition methods, provides a characteristic fingerprinting of each 
olive oil variety, even if the mass profiles are very similar and the mass 
concentrations are ppb levels.  

The amount of VOCs in olive oil is often connected both with their 
intrinsic properties (e.g., ripening degree, defects, shelf life evolution, effect of 
processing technology) and with the quality perceived by the consumer. Due 
to this fact, the evaluation of VOC fingerprint is helpful both in the 
assessment of the overall quality of the product, and to authenticate quality-
differentiated oils such as the monovarietal extra virgin olive oils. Quality 
control, variety selection, product development, etc., are typical areas of oil 
production chain in which it is important to compare samples under study 
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with previously identified references (authentic oils) in order to monitor 
whether differences exist with the authentic standard, in order to take on site 
corresponding decisions. The assessment of VOC fingerprint by PTR-MS 
provides a promising tool to verify the authenticity of extra virgin olive oils 
because this method could serve as a future screening technique for the 
authentication of monovarietal extra virgin olive oil due to the promising 
obtained results in this paper. 
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6. Discusión 

 
De acuerdo a los resultados obtenidos y presentados en este capítulo, se  
demuestra que las variedades de aceite de oliva virgen extra, así como las 
categorías de éste, presentan características diferentes entre sí en relación con 
el perfil composicional de triglicéridos o compuestos volátiles, las cuales son 
detectables mediante la cromatografía de gases, espectrometría de masas y la 
quimiometría.  

Aspectos importantes a destacar en los estudios presentados, son la 
metodología utilizada, donde se propone el uso de los cromatogramas 
completos en lugar de una colección de aéreas/alturas de pico como se 
realiza normalmente según los trabajos encontrados en bibliografía. El 
análisis de estos datos cromatográficos reporta ventajas con respecto a 
estudios previos, ya que no se necesita cuantificar el contenido de los TAGs, a 
través de un proceso previo de calibración. 

Esto, además da lugar a un mejor agrupamiento y clasificación de los 
resultados finales, debidos también al preprocesado previo de los datos que 
se ha realizado, donde se ha eliminado las posibles fuentes de interferencia 
para obtener así resultados fiables.  

Para finalizar, resaltar la importancia de estas metodologías que permitirían 
la detección de algunos tipos de fraude, como la declaración de categorías 
más elevadas en el aceite de oliva (virgen extra) cuando en realidad no se 
cumplan.  

A partir de los resultados obtenidos, en el siguiente capítulo se proponen los 
estudios de autenticación, pero aumentando el grado de dificultad, mediante  
la intención de cuantificar el aceite de oliva presente en mezclas con otros 
aceites vegetales.   

 

 



Autentificación de Aceite de Oliva 
CAPÍTULO III     

 

 

318  

 

Comunicaciones a congresos derivadas de este capítulo 
 

 
♦ C Ruiz-Samblás, A Tres, A Koot, S M van Ruth, L Cuadros-Rodríguez, 

A González-Casado. Extra virgin olive oil authentication by PTR-MS. 
World Conference on Oliseed Processing, Fats & Oils Processing, 
Biofuels & Applications, 2011. Póster. 
 

♦ C Ruiz-Samblás, A Tres, A Koot, S M van Ruth, L Cuadros-Rodríguez, 
A González-Casado. Proton transfer reaction-mass spectrometry (PTR-MS) 
analysis for authentication of monovarietal extra virgin olive oils. XV 
Simposium Científico-Técnico. Foro de la Industria Oleícola, Tecnología 
y Calidad. XV Feria Internacional del Aceite de Oliva e Industrias 
Afines (EXPOLIVA, 2011). Comunicación oral.  
 

♦ C. Ruiz-Samblás, P. de la Mata Espinosa, L. Cuadros-Rodríguez, A. 
González-Casado, F.P. Rodríguez  García. Exploratory data analysis of 
chromatographic profiles of TAGs in varieties of olive oil by using 
HT/GC-(IT)MS. VII Colloquium Chemiometricum Mediterraneum 
(CCM VII - 2010). Póster. 

 

Otras Comunicaciones a congresos relacionadas 
 
♦ A Tres, C Ruiz-Samblás, A Koot, S M van Ruth. Assessment of the 

Geographical Origin of Palm Oil using Chemometrics. World Conference 
on Oliseed Processing, Fats & Oils Processing, Biofuels & Applications, 
2011. Póster. 
 

♦ A. Tres, G. van der Veer, C Ruiz-Samblás, S M van Ruth. Verification of 
the geographical origin of palm oil using fingerprints and chemometrics. 9th 

Euro Fed Lipid Congress, 2011. Póster. 
 

 

 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
  

Capítulo IV 



Cuantificación de Aceite de Oliva 
CAPÍTULO IV 

 

 
320  

 

  



Cuantificación de Aceite de Oliva 

CAPÍTULO IV 
 

 
 321 

 

Índice 
 

1. Presentación   .................................................................................................. 323

2. Introducción   .................................................................................................. 325

3. AnálisisDAFO   ............................................................................................... 341

4. Artículo Nº 7   ................................................................................................. 343

Abstract   .......................................................................................................... 344

1.  Introduction   ............................................................................................. 346

1.1.  Chemometrics merging chromatography   ................................347

1.2. Exploratory data analysis and pattern recognition   .................351

1.3.  Chromatography of triacylglycerols (or triglycerides)   ..........353

2. Characterization and authentication of fat and oils   ............................ 356

2.1. Olive oil   ..........................................................................................358

2.2. Other vegetable and marine oils, and animal fats   ...................364

2.3.  Milk and dairy products   .............................................................367

2.4.  Cocoa and coffee   ..........................................................................369

2.5.  Other fats   ......................................................................................371

3. Conclusions   ............................................................................................... 372

References  ...................................................................................................... 373

5.  Artículo Nº 8   ................................................................................................... 379

Abstract   .......................................................................................................... 380

1. Introduction   .............................................................................................. 381

2. Materials and methods   ............................................................................ 383

2.1. Samples   ..........................................................................................383

2.2. Chromatographic conditions   ......................................................385

2.3. Chemometrics   ...............................................................................387

3. Results and discussion   ............................................................................ 391



Cuantificación de Aceite de Oliva 
CAPÍTULO IV 

 

 
322  

 

References   ..................................................................................................... 399

6. Discusión   ...................................................................................................... 401

Comunicaciones a Congresos derivadas de este capítulo   ............................... 402

  



Cuantificación de Aceite de Oliva 

CAPÍTULO IV 
 

 
 323 

 

1. Presentación 
 

En los capítulos anteriores, se ha descrito el desarrollo de un método analítico 
mediante cromatografía de gases a alta temperatura para la identificación y 
caracterización del perfil de triglicéridos de aceites vegetales. Además, con 
ayuda de herramientas quimiométricas, se han propuesto modelos para 
autentificar el aceite de oliva. El siguiente paso correspondía ahora, a intentar 
abordar la última parte de la hipótesis planteada inicialmente, donde se 
proponía la utilización de las huellas cromatográficas de triglicéridos para la 
cuantificación de la proporción de aceite de oliva cuando se encuentra 
formando parte de una mezcla de aceites vegetales comestibles. Estas 
mezclas, como ya se dijo anteriormente, pueden ser legales, en aquellos países 
donde están permitidas o, si no es el caso, fraudulentas.   

Por tanto, el objetivo de este capítulo, cuyos resultados se recogen aquí y que 
forma parte de los objetivos marcados por el Proyecto QuOLEO descrito en el 
capítulo α, se expone a continuación.  

 Desarrollar una metodología, que, mediante cromatografía y 
quimiometría, nos permitan la cuantificación  del aceite de oliva 
cuando se encuentra mezclado con otros aceites vegetales.  

La parte de este capítulo correspondiente a la aplicación de la quimiométria, 
se llevó a cabo en colaboración con el Dr. Federico Marini, gracias a la 
realización de una estancia de investigación en la Universidad de "La 
Sapienza" en Roma, (Italia) bajo su supervisión. 

Para la realización de este objetivo, se prepararon en el laboratorio mezclas de 
aceite de oliva y aceites vegetales  en el intervalo comprendido entre 10-90%. 
Conjuntamente, se han aplicado métodos quimiométricos de reconocimiento 
de pautas (SIMCA) y de calibración multivariante (PLS), así mismo, se ha 
probado a reducir el número de variables de trabajo, mediante la aplicación 
de algoritmos genéticos, con el objetivo de comprobar los resultados 
obtenidos. 
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Previamente a la descripción del estudio experimental sobre las mezclas de 
aceite de oliva, también se presenta una revisión bibliográfica donde se ha 
examinado de forma crítica la literatura científica existente sobre la aplicación 
del análisis exploratorio de datos, así como las técnicas de reconocimiento de 
pautas, en datos cromatográficos de triglicéridos, con el objetivo de 
caracterizar y autentificar aceite de oliva y otros aceites vegetales, grasas 
animales, aceites de pescado, productos lácteos, etc.   
En la introducción de dicho artículo de revisión, se hace una discusión sobre 
las relaciones entre la cromatografía y la quimiometría, así como sobre la 
utilización de "huellas dactilares cromatográficas" como conjunto de datos 
característicos de cada objeto a fin de desarrollar modelos quimimétricos de 
reconocimiento de pautas. Paralelamente se comentan también otras 
estrategias más habituales para conformar la matriz de datos previa al 
tratamiento quimiométrico  
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2. Introducción 
 

Aceites vegetales 

En esta introducción se abordará la descripción del resto de aceites vegetales, 
aparte del aceite de oliva, que se han utilizado en los estudios que se 
presentan en este capítulo.  

Los aceites vegetales comestibles se obtienen generalmente a partir de las 
semillas o frutos. Entre las semillas de plantas cultivadas por su aceite, las 
más conocidas son: el cacahuete, la colza, el ricino, la soja, la uva, el maíz y el 
girasol. A estas se deben agregar las plantas cultivadas para la producción de 
fibras textiles y en segundo lugar aceite: algodón y lino principalmente. En 
cuanto a los frutos oleaginosos, estos provienen principalmente del cocotero 
(copra), del nogal, de la palma de aceite (palma y palmito) y del olivo 
(aceitunas).  En  realidad, todas las semillas y frutos contienen aceite, pero 
sólo los llamados oleaginosos  sirven para la producción industrial de aceite.  
Los aceites vegetales más comunes, aparte del aceite de oliva, son los 
extraídos de semillas, como girasol, soja, etc. y de los gérmenes de las semillas 
como es el caso del maíz o trigo. En las semillas se pueden encontrar unos 
contenidosen aceite que varían entre el 25 % y el 65% [1

La elección del método de extracción es muy importante ya que va a actuar 
sobre la cantidad de aceite que pueda ser extraída. Además, las semillas 
maduras son mucho más ricas en aceite  que las semillas verdes. Esta es la 
única dificultad encontrada durante la cosecha ya que las semillas no 
maduran todas al mismo tiempo.  

].  

En la figura  1 se presenta el porcentaje medio de TAGs habitualmente 
encontrados en los aceites vegetales de maíz, soja, girasol y sésamo, los cuales 
han sido utilizados en este capítulo. Se observa como predominan en 

                                                 
1 F.D. Gunstone, in: F.D. Gunstone, Vegetable Oils in Food Technology: 

Composition, Properties and Uses, Blackwell Publishing, 2002, pp 1-18. 
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concentraciones mayores los TAG que contienen en su estructura ácidos 
grasos insaturados o poliinsaturados.  

 

Figura 1. Gráfica comparativa del contenido medio en TAG de 
algunos aceites vegetales [2

 
]. 

Gracias a la gran diversidad de frutos y semillas oleaginosas que existen 
actualmente en el mercado, se tienen una amplia lista de aceites vegetales 
comestibles, a continuación se explican brevemente los que se han utilizado 
en este estudio [3

- Aceite de Girasol: es la cuarta fuente de aceite vegetal en el mundo, con 
una producción mayor en  Rusia. Se obtiene por extracción mecánica y 
por disolventes de la semilla de girasol (helianthus annus). El aceite 
crudo contiene un alto porcentaje de ceras que deben eliminarse del 

]: 

                                                 
2 N.K. Andrikopoulos, Triglyceride species compositions of common edible 

vegetable oils and methods used for their identification and quantification, Food 
Reviews International, 2002, 18(1), 71-102. 

3 R. D. O'Brien, Fats and Oils, Formulating and Processing for Applications, 3rd ed, 
Taylor & Francis Group, CRC Press, 2009, pp 1-66.  
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aceite en un proceso de desencerado. El aceite refinado deodorizado 
tiene una apariencia cristalina y un color amarillo pálido. El aceite de 
girasol ha sido valorado por su alto contenido en ácido polinsaturado 
linoleico y ausencia de linolénico. Respecto al consumo, compite con 
el aceite de maíz y el aceite de soja, debido a que su perfil de ácidos 
grasos son similares.  
 

- Aceite de Maíz: es originario del Norte y Sur de América, el aceite solo 
representa una pequeña fracción, 3.1% a 5.7%, del peso del grano y 
esta contenido principalmente en el germen. El aceite crudo del 
germen del maíz  se obtiene por extracción mecánica y/o disolventes, 
refinado, blanqueado, deodorización y ocasionalmente se desencera. 
Pertenece al grupo de aceites con altos niveles de ácidos linoleico y 
oleico El aceite terminado tiene una apariencia cristalina y color 
amarillo rojizo, con un sabor muy bien aceptado por el consumidor.  

- Aceite de Soja: es el aceite que se obtiene 
de la semilla de la soja (glycine max), 
que son originarias del este asiático. El 
aceite crudo contiene entre 2.5-3.0% de 
fosfolípidos que tienen que eliminarse 
del aceite por procesos de desgomado y 
refinación química. La estructura de 
triglicéridos está caracterizada por una 
ausencia casi total de ácidos grasos 
saturados en la posición sn-2, una distribución aleatoria de de ácidos 
grasos oleico y linoleico en todas las posiciones del glicerol  y una 
elevada proporción de linoleico en la posición sn-2. El aceite de soja se 
ha convertido en un aceite vegetal muy popular para uso alimentario 
debido a propiedades nutricionales y funcionalidad 

 
Figura 2. Semillas de soja 
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- Aceite de sésamo: derivado de estas semillas y de uso muy común en 
Asia para la cocina y la medicina. Las semillas están protegidas por 

una capsula la cual no se abre hasta que la 
semilla está completamente madura. Se 
pueden encontrar en diferentes gamas de 
color dependiendo de donde proceda y si 
las semillas fueron tostadas antes de ser 
prensadas para la extracción del aceite. 
Contiene cantidades saludables de ácidos 
grasos poliinsaturados. Los triglicéridos 
más abundantes son OLL, OOL,  POL y 
OOO, variando su proporción en función 
del origen geográfico de la semilla. 

 

Mezclas legales y no tan legales… 

Teniendo en cuenta el expansivo mercado de los aceites vegetales, su 
autentificación y cuantificación se ha convertido en un objetivo importante 
tanto desde una perspectiva económica como de la salud.  

Como expusimos anteriormente, existen mezclas de aceite de oliva y aceites 
vegetales de muchos tipos. Por ejemplo, existen aquellas que se comercializan 
de forma legal en algunos países. También aquellas que están surgiendo en el 
mercado debido al creciente interés, por parte de las industrias alimentarias, 
así como por parte de las empresas oleícolas, en comercializar mezclas de 
aceites con objeto de ofrecer productos con una composición lipídica 
nutricionalmente óptima, o de utilizar el aceite de oliva como un ingrediente 
alimenticio con objeto de dotar al alimento que lo contiene de un valor 
añadido. 

Por otro lado, existen también mezclas en el mercado que no son tan legales 
como las comentadas anteriormente.  Así, la diferencia de precio entre el 
aceite de oliva y otros aceites vegetales, por ejemplo, puede traducirse en 

 
Figura 3. Semillas de 
sésamo 
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grandes cantidades de dinero que podrían conseguirse, añadiendo aceites 
más baratos a aceites de oliva virgen [4

Los casos de fraude en el aceite de oliva virgen extra tanto en España como 
fuera de ella, han sido numerosos a lo largo de la historia. A continuación se 
nombrarán algunos de los casos más conocidos aunque es difícil obtener una 
información clara y contrastada sobre los mismos.  

].  

Recientemente (febrero 2012), han descubierto un fraude en el sector del 
aceite de oliva que se cometió entre los años 2001 y 2002, por la mezcla 
engañosa de aceite lampante. Se llevó a cabo en las provincias de Jaén y 
Córdoba, donde una organización se dedicaba a comercializar mezclas 
fraudulentas de aceites de muy baja calidad como si se tratase de aceite de 
oliva. Los aceites con los que "engañaban" a sus clientes se hacían a base de 
aceites de palma, avellana o girasol. 

Otro ejemplo,  en 2010 se da la noticia de 
que la filial de hipermercados Alcampo, 
etiqueta aceite de oliva refinado como 
aceite de oliva virgen extra.  

Se detectaron garrafas de 3 y 5 litros de 
aceite de la marca Auchan (Alcampo) con 
la descriptiva aceite de oliva virgen extra, 
curiosamente en la misma etiqueta 
ofrecía información sobre el contenido 
indicando que el aceite procedía de un 
tratamiento de refinado y de aceites 
obtenidos a partir de la primera prensada 
de las aceitunas, o sea, aceite de oliva "a secas", ¿error o intencionalidad de 
confundir al consumidor? 
                                                 
4 R. Aparicio, R. Aparicio-Ruíz, Authentication of vegetable oils by 

chromatographic techniques, Journal of Chromatography A, 881, 2000, 93–104. 
5 http://www.gastronomiaycia.com/2010/02/15/alcampo-etiqueta-aceite-de-

oliva-refinado-como-aceite-de-oliva-virgen-extra/ 

 
Figura 4. Etiqueta del presunto 
"aceite de oliva virgen extra" [5] 



Cuantificación de Aceite de Oliva 
CAPÍTULO IV 

 

 
330  

 

Uno de los casos más serios fue en 1981, cuando miles personas se vieron 
afectadas por la ingesta de aceite de colza presuntamente desnaturalizado con 
anilina, para ser utilizado en aplicaciones industriales, y que había sido 
vendido como aceite de oliva [6

Fuera de España, también han ocurrido este tipo de fraudes, por ejemplo en 
Italia [

].  

7], por el presunto fraude de "agromafias" italianas que venderían al 
mundo falsos vírgenes con el sello "made in Italy". En concreto, sus 
envasadores comercializaban en el exterior aceite de oliva etiquetado como 
virgen  y producido en ese país, cuando en realidad eran importados de otras 
procedencias o mezclas de inferior calidad [8

Aquí, se han mostrado sólo algunos ejemplos, sin embargo existen cientos de 
casos continuamente en todo el mundo. Por esto, queda expuesta la 
importancia de disponer de metodologías que nos permitan responder y 
controlar de forma eficaz a la aparición de estas mezclas de aceite de oliva en 
el mercado. Así queda justificada la importancia del estudio que se ha llevado 
a cabo en esta última parte de la tesis.  

]. 

 

A continuación, y como ampliación de la introducción del capítulo III, sobre 
técnicas de reconocimiento de pautas, se expondrán las explicaciones teóricas 
de las herramientas quimiométricas que se han utilizado en este capítulo.  

 

 

 

                                                 
6 I. Abaitua, M. Posada (Ed.), Toxic Oil Syndrome: Current Knowledge and Future 

Perspectives, European Series No. 42, WHO Regional Publication, Copenhagen, 
1992, p. 27. 

7 www.guardian.co.uk/lifeandstyle/wordofmouth/2012/jan/04/olive-oil-food-fraud 
8 www.newyorker.com/reporting/2007/08/13/070813fa_fact_mueller?currentPage=all 

http://www.guardian.co.uk/lifeandstyle/wordofmouth/2012/jan/04/olive-oil-food-fraud�
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Herramientas quimiométricas 

Las herramientas quimiométricas aplicadas para el desarrollo de los modelos 
de cuantificación de aceite de oliva han sido: Modelado Independiente Flexible 
por Analogía de Clases, SIMCA, Regresión por Mínimos Cuadrados Parciales, PLS, 
y Algoritmos Genéticos, GA.  

 

Modelado independiente flexible por analogías de clases, SIMCA 

Anteriormente, cuando se ha habló de los métodos de reconocimiento de 
pautas supervisadas, se hacia una distinción entre las técnicas discriminantes 
y las técnicas de modelado. Estas últimas técnicas de clasificación, que 
modelan cada categoría por separado, están especialmente indicadas para 
aquellos casos donde no hay suficientes muestras para todas las clases que 
están implicadas en el problema, o para aquellos casos de autentificación por 
ejemplo, donde nuevas categorías son introducidas continuamente.  

SIMCA (Soft Independent Modeling of Class Analogies) es la técnica de modelado 
de clases usada más frecuentemente, además fue la primera utilizada en la 
literatura de quimiometría [9], junto con UNEQ (Unequal Class-Modeling). Sin 
embargo, esta última puede ser aplicada únicamente cuando se consideran 
pocas variables y está basada en la distancia de Mahalanobis desde el centro 
de cada clase [10

En SIMCA cada modelo de clase está definido en la base de un modelo de 
componentes principales de la dimensionalidad oportuna. Por ejemplo el 

]. Cuando la distancia excede una distancia crítica, el objeto 
se declara como anómalo.  

                                                 
9 S. Wold, M. Sjöström, SIMCA: a method for analysing chemical data in terms of 

similarity and analogy, in Kowalski, B.R. (Ed.): Chemometrics, Theory and 
Application. ACS Symposium Series No. 52, American Chemical Society, 
Washington, 1977, 243-282. 

10 M.P. Derde, D.L. Massart, UNEQ: a disjoint modelling technique for pattern 
recognition based on normal distribution. Analytical Chimica Acta, 1986, 184, 33-
51. 
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modelo de la clase 1 se asume que es descrito por un componente principal 
según:  

ଵܺ ൌ ஺ܶ ஺ܲ
் ൅  ܧ

donde ଵܺes la submatrix del conjunto de datos originales y seleccionando sólo 
las muestras de la categoría 1, TA y PA , son las matrices que contienen los 
scores y loadings respectivamente, y E son los residuales. Una vez que el 
modelo de componente principal está definido, el espacio de la clase se define 
de acuerdo a criterios estadísticos para la detección de espurios.  

Actualmente  SIMCA suele ser aplicado utilizando un criterio de distancia al 
modelo. En particular, la matriz de score, TA, y de residuales, E, son usadas 
para calcular las distribuciones de probabilidad para las distancias dentro de 
los espacios del modelo (estadístico T2) y para la distancia ortogonal al 
espacio del modelo (estadístico Q) respectivamente.  En concordancia, se elige 
un nivel de confianza, para ambos estadísticos (usualmente 95%), así el 
espacio de clase es definido como:  

ඨቆ
ܶଶ

଴ܶ.ଽହ
ଶ ቇ

ଶ

൅ ൬
ܳ

ܳ଴.ଽହ
൰

ଶ

൑  √2 

donde T2 y Q son los valores de los estadísticos calculados de la muestra, 
mientras que ଴ܶ.ଽହ

ଶ  y ܳ଴.ଽହ son sus valores correspondientes al 95% de 
confianza [11]. 

Este criterio puede ser representado gráficamente del modo T2 vs Q, como el 
que aparece a continuación, en la figura 5. 

Las muestras que caigan dentro de la región definida por la ecuación anterior, 
son aceptadas por el modelo de esa clase, las que salgan fuera son 
descartadas.  De la misma forma las muestras de otra clase (por ejemplo "o" 

                                                 
11 R.G. Brereton Chemometrics for Pattern Recognition, John Wiley & Sons, 2009, 

pp 241-248.  
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en la figura 5), que caigan dentro del modelo son aceptadas por ese modelo 
de clase "x", aunque pertenezcan a otro grupo.  

 

 

Figura 5. Espacio del modelo SIMCA para la 
clase "x" [12

 
].  

En los estudios de cuantificación,  SIMCA fue aplicado primeramente para 
ver como se comportaban los modelos de clasificación de las mezclas 
individualmente, definiendo como cada clase, a cada una de las mezclas de 
aceite de oliva con un aceite vegetal. Este modelo fue validado con un 
conjunto de muestras externas, que no se utilizaron para la construcción del 
modelo.  

  

                                                 
12 F. Marini, Classification methods in chemometrics, Current Analytical 

Chemistry, 2010, 6, 72-79.  
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Regresión por mínimos cuadrados parciales (PLS) 

De forma general se puede decir que, la calibración es el uso de datos 
empíricos y conocimiento previo para determinar cómo predecir información 
cuantitativa desconocida, Y, de medidas disponibles, X, mediante alguna 
función matemática.  

Este método, de mínimos cuadrados parciales, es una técnica de regresión, la 
cual hace uso de factores derivados del conjunto de variables independientes. 
Estos factores aquí reciben el nombre de variables latentes, como se muestra 
en la siguiente ecuación:  

ݕ ൌ ܽଵܮ ଵܸ ൅ ܽଶܮ ଶܸ ൅ ܮ௣ܽڮ ௣ܸ 

donde y es una variable dependiente y a1-ap son los coeficientes de regresión 
ajustados por el procedimiento PLS. Cada variable latente es una 
combinación lineal del conjunto de variables independientes [13].  

ܮ ଵܸ ൌ ܾଵ,ଵݔଵ ൅ ܾଵ,ଶݔଶ ൅  ௣ݔଵ,௣ܾڮ

ܮ ଶܸ ൌ ܾଶ,ଵݔଵ ൅ ܾଶ,ଶݔଶ ൅  ௣ݔଶ,௣ܾڮ

                                       …………………………………….. 

ܮ ௤ܸ ൌ ܾ௤,ଵݔଵ ൅ ܾ௤,ଶݔଶ ൅  ௣ݔ௤,௣ܾڮ

PLS calcula las variables latentes  y los coeficientes de regresión al mismo 
tiempo. La primera variable latente (LV1) explicará la mayor varianza en el 
conjunto independiente, LV2, la siguiente mayor y así sucesivamente. Es 
importante elegir el número apropiado  de variables latentes para incluir en el 
modelo. 

La regresión por mínimos cuadrados parciales usa combinaciones lineales de 
las variables predictivas, en lugar de las variables originales. La forma en que 

                                                 
13 D. Livingstone, A Practical Guide to Scientific Data Analysis, Wiley, 2010, pp 

206-211.  
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estas combinaciones lineales se llevan a cabo es de tal manera que las 
variables que muestran mayor correlación con las variables respuesta se les 
dan un peso extra, porque serán más efectivas prediciendo. Se espera que solo 
con unas pocas combinaciones de las variables predictivas, se explique la 
mayoría de la varianza.  

PLS está relacionado con otros modelos de regresión como la regresión linear 
múltiple (multiple linear regression, MLR) o la regresión por componentes 
principales, (principal component regression, PCR) y ocupa un lugar intermedio 
entre ellos. PCR encuentra factores (componentes principales) que son 
seleccionados basados únicamente en la cantidad de varianza que explican en 
X. MLR intenta encontrar un único factor que  correlacione mejor las variables 
predictoras (X) con las predichas (Y). PLS, en cambio, intenta encontrar 
variables latentes que maximicen la cantidad de variación explicada en X que 
es relevante para predecir Y,  esto es que capturen varianza y consigan 
correlación a la vez. Se dice comúnmente que PLS intenta maximizar 
covarianza. 

Por lo dicho anteriormente, PLS parece ofrecer una aproximación superior 
para la construcción de modelos de regresión lineales.  

Hay diversas maneras de calcular los parámetros de un modelo PLS. Quizás 
el más intuitivo es conocido como NIPALS (Non-Iterative Partial Least Square). 
NIPALS calcula scores y loadings (similares a los usados en PCR) y un set 
adicional de vectores conocido como pesos (de la misma dimensión que los 
loadings). La adición de pesos en PLS requiere mantener scores ortogonales. 
Otro algoritmo para modelos PLS es conocido como SIMPLS, que da los 
mismos resultados que el anterior para calibración univariante pero difiere 
ligeramente para calibración multivariante, ya que maximiza el criterio de la 
covarianza mientras que NIPALS no lo hace [14

                                                 
14 B.M. Wise, N.B. Garragher, R. Bro, J.M. Shaver, W. Winding, R.S. Koch, 

Chemometrics Tutorial for PLS_Toolbox and Solo, Eigenvector Research, Inc., 
Wenatchee, USA, 2006. 

]. 
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PLS (con la utilización del algoritmo SIMPLS) se ha aplicado para crear 
modelos de regresión para la cuantificación de aceite de oliva en las mezclas 
con otros aceites vegetales. La elección del número de variables latentes en los 
modelos, se ha hecho atendiendo a los criterios que se exponen a 
continuación. 

 

Evaluación de los resultados 

Antes de comparar la habilidad predictiva de un modelo es útil revisar 
algunos parámetros de calidad. Así, el "error medio cuadrático de calibración" 
(root-mean-square error of calibration, RMSEC), nos informa sobre el ajuste del 
modelo a los datos de calibración. Se define como:  

ܥܧܵܯܴ ൌ ඨ
∑ ሺݕపෝ െ ௜ሻଶݕ
௡
௜ୀଵ

݊
 

donde ݕపෝ , son los valores de la variable predicha cuando todas las variables se 
incluyen en la información del modelo y n es el número de muestras de 
calibración. RMSEC describe el grado de acuerdo entre los valores de 
concentraciones estimadas por el modelo de calibración para las muestras de 
calibración y los valores verdaderos usados para obtener los parámetros del 
modelo [15].  

Normalmente, RMSEC proporciona resultados optimistas de las habilidades 
predictivas de los modelos de calibración para muestras medidas en un 
futuro. Esto es debido a que una porción del ruido, en las muestras de 
calibración, es modelada por los parámetros estimados para el modelo. Una 
mejor habilidad predictiva del modelo se puede obtener mediante validación 
cruzada, con las muestras de calibración o de un conjunto de muestras de 
validación. De esta forma aparece el "error medio cuadrático de validación 
cruzada" (root-mean-square error of cross-validation, RMSECV), el cual se define 
                                                 
15 P. Gemperline, Practical Guide to Chemometrics, 2nd ed., in: J.H. Kalivas and 

P.J. Gemperline, Taylor and Francis, 2006,  pp 105-165. 
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de la misma manera que el anterior, pero  corresponde a las predicciones 
para las muestras que no se incluyen en la formulación del modelo.  

Es muy común calcular el RMSECV mediante validación cruzada (leave-one-
out cross validation). Se estiman n modelos de calibración, cada uno de ellos 
utilizando sólo n-1 muestras, ya que en cada uno se deja fuera del modelo 
una muestra diferente. Los modelos de calibración resultantes son usados 
para predecir la muestra dejada fuera, que actúa como una muestra de 
validación externa y proporciona una predicción independiente. Otra forma 
de hacerlo es que el conjunto de datos de calibración existente sea dividido en 
diferentes conjuntos de entrenamiento, de aproximadamente el mismo 
número de muestras, y se deja un grupo fuera en cada ciclo para que actúe 
como conjunto de validación independiente para valorar como el modelo se 
comporta en predecir los nuevos datos.  

Alternativamente, se puede se puede designar un conjunto de predicción  de 
muestras completamente independiente, que tenga valores de Y conocidos, 
así la evaluación se puede hacer directamente. En este caso se calcularía el 
"error medio cuadrático de predicción" (root-mean-square of prediction, 
RMSEP), cuando el modelo es aplicado a datos nuevos. El RMSEP se 
calcularía del mismo modo que antes, con la ecuación mostrada en la página 
anterior, pero ahora  se refiere a las muestras en el conjunto de predicción 
independiente y n es el número de muestras en éste.  

 

Algoritmos genéticos, GA 

Para comprobar cómo influía el número de variables utilizadas en los 
estudios de cuantificación (cromatograma completo), se probó a reducir el 
número de variables mediante algoritmos genéticos. 

La selección de variables es un problema de optimización. Los algoritmos 
genéticos son un método de optimización que combina la aleatoriedad con 
una estrategia prestada de la biología. A continuación se dará una breve 
introducción a GA, pero sólo desde el punto de vista de selección de 
variables.  
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Como ejemplo, una selección particular de variables se puede indicar como 
un vector consistiendo en componentes binarios;  un "1" indica que la variable 
es seleccionada, un "0", no es seleccionada. Este vector de longitud, "m" 
(número total de variables) define uno de los posibles subconjuntos de 
variables. En la inspirada notación biológica, este vector es denominado 
cromosoma que contienen m genes. Un conjunto de cromosomas diferentes 
(cada uno representando los posibles subconjuntos de variables), se llama 
población. Normalmente se empieza con cromosomas definidos 
aleatoriamente, restringidos mayoritariamente por un número máximos de 
"1" (variables seleccionadas) en un cromosoma. El número de cromosomas –el 
tamaño de la población- es normalmente de 30-200 [16

Para cada cromosoma (subconjunto de variables), una respuesta, función 
objetivo (fitness), tiene que ser determinada, la cual para el caso de selección 
de variables es una medida en el modelo creado. 

]. 

 

 

Figura 6. Esquema de GA aplicado a selección de variables [17
 

]. 

                                                 
16 R. Leardi, Genetic algorithms in chemometrics and chemistry: a review, Journal 

of Chemometrics, 2001, 15(7), 559–569.  
17 K. Varmuza, P. Filzmoser, Introduction to Multivariate Statistical Analysis in 

Chemometrics, CRC Press, 2008, pp 158-160.  

o Eliminar cromosomas con poco ajuste 
(Selección)

oCrear nuevos cromosomas de pares de 
buenos (Cruce) 

oCambiar unos pocos genes aleatoriamente 
(Mutación) 

Nueva Población (mejor)
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La figura 6 muestra, a continuación, como el primer cromosoma define un 
subconjunto de variables, con 4 variables seleccionadas de m=10 variables. 

El fitness es una medida del modelo correspondiente. La población de 
cromosomas es modificada por acciones genéticamente inspiradas (selección, 
cruce y mutación) con el objetivo de incrementar los valores de ajustes.   

En general la población contendrá cromosomas con ajustes diferentes, y la 
estrategia GA es producir poblaciones mejores. A continuación se muestra el 
esquema que sigue: 

⊗ Algunos de los cromosomas peores son eliminados y reemplazados 
por nuevos cromosomas (competición). 

⊗ Aparecen nuevos cromosomas derivados de pares de buenos, 
mediante "cruces". La idea es que la combinación de dos cromosomas 
buenos puede producir uno mejor.  

⊗ Un porcentaje pequeño de genes son alterados aleatoriamente 
mediante mutación. Esto significa que unos pocos "0" son cambiados a 
"1" y viceversa. El ratio de mutación puede ir disminuyendo durante 
el cálculo para alcanzar una convergencia mejor. 

Este proceso se repite hasta que se alcanza algunos de los criterios de 
terminación. Parámetros como tamaño de la población, modo de selección, 
parámetros para el cruce, mutación etc., deben seleccionarse y todos influirán 
en el resultado final.  

La aproximación GA es muy útil para set de datos entre 30 y 200 variables y 
para seleccionar entre 5 y 20 variables. Para números elevados de variables, la 
oportunidad de encontrar una solución más adecuada es más difícil, por eso 
se suele llevar a cabo una preselección de variables por otros métodos.  

GA-PLS 

Hasta hace no muchos años, PLS era considerado ser casi insensible al ruido, 
por lo que se pensaba que no se requería ningún tipo de selección de 
variables. Sin embargo, esta actitud ha cambiado en los últimos años, y se ha 
reconocido que una selección puede ser altamente beneficiosa ya que se 
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puede alcanzar el doble objetivo de que por un lado se mejore la habilidad 
predictiva del modelo y además simplificando su complejidad [18

En GA-PLS el cromosoma correspondería al  set de variables, y sería usado 
como entrada al modelo de regresión PLS. En la literatura podemos encontrar 
como el análisis GA-PLS se ha aplicado en numerosos datos espectrales con 
resultados satisfactorios [

].   

19

El desarrollo de GA se mide comparando el error medio cuadrático en 
predicción (RMSEP) del modelo propuesto mediante algoritmos genéticos 
con el RMSEP del modelo que contienen todas las variables.   

]. 

                                                 
18 R. Leardi, A. Lupiáñez, Genetic algorithms applied to feature selection in PLS 

regression: how and when to use them, Chemometrics and Intelligent 
Laboratory System, 1998, 41, 195-207. 

19 R. Leardi, Application of genetic algorithm-PLS for feature selection in spectral 
data sets, Journal of Chemometrics, 2000, 14, 643-655. 
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3. AnálisisDAFO 
 
 

DEBILIDADES AMENAZAS 

 Nuevo entorno  de trabajo 
y muy poco tiempo. 

 Necesidad de obtener 
buenos resultados para 
finalizar la Tesis.  

 Utilización por primera 
vez de algunas 
herramientas 
quimiométricas.  

 Dificultades en el 
alineamiento de los 
cromatogramas. 

 Demasiada variabilidad 
debido los aceites tan 
diferentes considerados. 

 Posibilidad de no obtener 
los resultados esperados.  

FORTALEZAS OPORTUNIDADES 

 Buenos resultados en 
estudios previos.  

 Realización de otra 
estancia de investigación  

 Aprender bajo la dirección 
de un experto en 
quimiometría. 

 Estudios de gran interés 
científico.  

 Colaboraciones con 
grupos de prestigio 
internacional.  

 Disfrutar de la ciudad 
eterna.  
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4. Artículo Nº 7 
 
"Combinando Cromatografía y Quimiometría para la 
caracterización y  autentificación de grasas y aceites a partir de 
datos composicionales de triglicéridos – revisión" 
 
Publicado en: Analytica Chimica Acta (2012) 
Doi: 10.1016/j.aca.2012.02.041 
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Abstract 
 
The characterization and authentication of fats and oils is a subject of great 
importance for market and health aspects. Identification and quantification of 
triacylglycerols in fats and oils can be excellent tools for detecting changes in their 
composition due to the mixtures of these products. Most of the triacylglycerol 
species present in either fats or oils could be analyzed and identified by 
chromatographic methods. 
However, the natural variability of these samples and the possible presence of 
adulterants require the application of chemometric pattern recognition methods 
to facilitate the interpretation of the obtained data. In view of the growing interest 
in this topic, this paper reviews the literature of the application of exploratory 
and unsupervised/supervised chemometric methods on chromatographic data, 
using triacylglycerol composition for the characterization and authentication of 
several foodstuffs such as olive oil, vegetable oils, animal fats, fish oils, milk and 
dairy products, cocoa and coffee. 
 
 
Keywords – Authentication, Triacylglycerols, High temperature gas 
chromatography, Liquid chromatography, Multivariate data analysis.  
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Abbreviations: ANN, artificial neural network; ANOVA, analysis of variance; APCI, atmospheric-
pressure chemical ionization; CAD, charged aerosol detector; CART,classification and regression tree; 
CB, cocoa butter; CBE, cocoa butter equivalent; CDA, canonical discriminant analysis; CN, carbon 
number; DA, discriminant analysis; DAG,diacylglycerols; ECN, equivalent carbon number; EDA, 
exploratory data analysis; EI, electron impact ionization; ELSD, evaporative light scattering detector; 
ESI, electrosprayionization; FA, fatty acid; FAME, fatty acid methyl ester; FD, fluorescence detector; 
FID, flame ionization detector; GC, gas chromatography; HCA, hierarchical cluster analysis;HPLC, 
high performance liquid chromatography; HRGC, high resolution gas chromatography; HTGC, high 
temperature gas chromatography; iPLS, interval partial least squares; 
IT, ionic trap; KNN, K-nearest neighbor classification; LDA, linear discriminant analysis; LLL, 
trilinolein; LLLn, 1,2-linolein-3-linolenin; LLP, 1,2-linolein-3-palmitin; LnPP, 1-linolenin-2-palmitin-3-
palmitin; LOO, 1-linolein-2,3-olein; LOP, 1-linolein-2-olein-3-palmitin; MALDI, matrix-assisted laser 
desorption/ionization; MANOVA, multivariateanalysis of variance; MCR, multivariate curve 
resolution; MLR, multiple linear regressions; MS, mass spectrometry; NP, normal phase; OLA, 1-olein-
2-linolein-3-arachidin;OLL, 1-olein-2,3-linolein; OLO, 1,3-olein-2-linolein; OOL, 1,2-olein-3-linolein; 
OOO, triolein; PCA, principal component analysis; PLL, 1-palmitin-2,3-linolein; PLO, 1-palmitin- 
2-linolein-3-olein; PLS, partial least squares; PLS-DA, partial least squares-discriminant analysis; POO, 
1-palmitin-2,3-olein; PoOO, 1-palmitolein-2,3-olein; RID, refractiveindex detector; RMSEC, root mean 
square error of calibration; RMSECV, root mean square error of cross-validation; RMSEP, root mean 
square error of prediction; RP, reversephase; SDA, stepwise discriminant analysis; SFC, supercritical 
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fluid chromatography; SFDA, stepwise factorial discriminant analysis; SIMCA, soft independent 
modeling classanalogy; SLS, 1,3-stearin-2-linolein; SOL, 1-stearin-2-olein-3-linolein; SOO, 1-stearin-2,3-
olein; SPL, 1-stearin-2-palmitin-3-linolein; TAG, triacylglycerol; TCD, thermalconductivity detector; 
TIC, total ion current; TLC, thin-layer chromatography; TMS, total mass spectral. 

 

1.  Introduction 
Dietary lipids include all plant and animal tissues that are ingested 

as food. Dietary lipids provide energy, transport fat-soluble vitamins (A, 
D, E, K), and they are a source of antioxidants and bioactive compounds. 
Furthermore, they are also the structural components of brain cell 
membranes. Fats (solid) or oils (liquid) are mostly composed of a mixture 
of triacylglycerols (or triglycerides) (TAGs), characteristic of each one, 
with minor amounts of other lipids. The fatty acids, which are in various 
lipid molecules, constitute the lipids of more nutritional interest.  

The molecular structure of each individual TAG species can be 
described by a few basic attributes; (1) the total carbon number (CN), 
which is the sum of the alkyl chain lengths of each of the three fatty acids 
(FA), (2) the degree of unsaturation in each FA, and (3) the position and 
configuration of the double bonds in each FA. Moreover, the biosynthesis 
and the metabolism of TAG are  stereo and regiospecific reactions, and the 
positional distribution of  the three FA in TAG affects their biological and 
physical properties  such as crystal structure, solubility, viscosity and 
melting point [1

Traditionally, the characterization of fats and oils has been based 
on FA composition, which was determined after a previous process of 
saponification (hydrolysis of TAG and other minor FA derivates). This 
saponification produces a FA "soup". The identity and the total quantity of 
each FA (FA compositional profile) is well established for fats or oils, and 
their average values can be easily found in the literature [2]. However, this 
information is not enough about the fat or oil composition because 
different TAG blends in the right proportion could lead to similar FA 

]. As a result, the analysis of TAG is very challenging; 
moreover there are an enormous number of individual TAG species due 
to the large number of possible combinations of FA.  
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profiles. For this reason, recent studies tend to directly use the TAG as 
compositional markers in order to characterize fats and oils [3]. This 
information is then used to solve problems related to authenticity issues, 
especially when they are used for food stuffs. Food (and other commercial 
products) authentication is the process by which a food product is verified 
as complying with its label description. There are many different and 
indeed issues concerning labelling which may be checked by performing 
chemical tests; however many of them can be gathered in a few categories 
such as: species or varieties (botanical or animal) identification, 
geographical origin recognition, treatments for differentiated quality 
categorization, or adulterants detection.  

Since its beginning, chemometrics has played an important role in 
resolving food chemistry problems. Nowadays food problems represent 
one of the largest fields of application of chemometrics, and food chemical 
data are often used for the development and evaluation of new 
chemometric tools and strategies [4].  

This review is focussed on the application of exploratory and 
pattern recognition chemometric methods (unsupervised and supervised) 
on chromatographic data. It describes and discusses the use of TAG 
composition for the characterisation of fat and oils, applied to the 
authentication of several samples such as vegetable oils, marine oils, milk 
and dairy products, cocoa and coffee products. It emphasizes how the 
data have been obtained, and what strategy has been used for building the 
data matrix for chemometric analysis.  

 

1.1.  Chemometrics merging chromatography 

Chemometric methods are tools of great potential for the treatment 
of multivariate chemical data such as that obtained from chromatography. 
Among the many applied chemometric features, which are also commons 
for other techniques (NIR, F-TIR, imaging, UV, etc.), the authors would 
like to highlight:  
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1. Estimating behavioral models of the chemical data and providing 
either explicit models (patterns recognition, mathematical 
functions, etc.) or implicit models (behavioral rules). 

2. Providing criteria and parameters for assessing the quality of the 
models obtained.  

3. Models can be validated either with external samples or through 
cross-validation.  

4. If the size of sample is suitable, the models obtained are robust and 
they can provide objective and verifiable conclusions.  

5. Establishing relationships between the chemical variables and the 
characteristic parameters of chemometric methods and explaining 
the patterns from the chemical point of view.  

 
Sometimes chemometrics methods have been used by analytical 

chemists as a tool to solve problems resulting from the lack of selectivity 
[5,6,7] in analytical signals, including the chromatographic signals, as well 
as in other analytical parameters of interest. In order to apply a proper 
chemometric treatment, a (multivariate) data matrix is needed, either from 
the analytical instrument or from independent analytical results (i.e. 
analytical parameters).   

However, sometimes analytical signals have a low degree of 
selectivity. This is due to the interferences of individual components 
(interferents) and/or matrix effect. In this case, it is necessary to apply 
multivariate chemometric analysis [8] in order to differentiate and/or 
extract useful information related to the analytical problem and discard 
information which is not relevant (qualitative methods). In this context, 
different multivariate chemometric methods could be applied as 
exploratory data analysis (EDA) and pattern recognition analysis [9,10].A 
multivariate calibration must be applied if it is necessary to predict a 
value from a certain analytical quantity (quantitative methods) [11,12].  

 
In a very simple approach, the analytical data matrices used in 

chemometrics can come from two sources: 1) signals coming directly from 
the chromatographic instrument (i.e. fingerprinting); or 2) data from 
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derived information such as measured intensity signal or 
composition/concentration results (i.e. profiling).  Figure 1 shows 
graphically the described cases 
 

 
Fig. 1. Different strategies for obtaining multivariate data matrices for 
chemometrics application on chromatography. 

In the first case (a), the data matrix is constituted by the whole 
chromatogram handled as a continuous signal.  However, in most 
occasions (b) a discrete data set, previously selected by the analyst, is 
used. Habitually this data set is an analytical profile of a compound family 
with similar properties, for example, a food volatile compound profile. 
The aforementioned profile could correspond to peak areas or heights 
(chromatographic profile). The most commonly used is case (c) which is 
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constituted by content values (concentrations or percentages) of every 
single one of the components of interest (compositional profile), obtained 
after a previous analyte identification-calibration-quantification process. 
As a complement, the data matrix could be enlarged by adding 
experimental data obtained from independent measurements [13].  

One of the advantages of chromatography is that it is a powerful 
separation technique. Chromatograms could be considered a selective 
signal with a good choice of chromatographic conditions. A choice of an 
appropriate detector could increase the selectivity signal in an 
instrumental way [14]. Taking as reference a chromatographic analysis of 
a mixture of chemical compounds, if the separation method is well-
optimized, each chromatographic peak would provide information of a 
single compound which is the ideal aim of the chromatographers. For a 
long time there was the idea that chromatography and chemometrics were 
not "compatible" when a well-resolved chromatogram was achieved; 
chromatographers thought that chemometrics was only useful to hide bad 
chromatographic developments. Nowadays the combination of 
chemometrics and chromatography is fully supported. Chemometrics can 
have many other functions besides improving the chromatograms; 
chemometrics seeks for greater quality and reliability of the information 
that can be obtained by combining both techniques. The power of 
chemometrics allows the chromatographer to spend less time obtaining a 
perfect separation. The power and versatility of chemometric tools makes 
it possible to have low resolution in exchange for improving other 
analysis conditions such as time, cost, simplicity.  

However both techniques could be applied in a synergistic way. In 
the first approach, chemometrics could improve the results of the 
chromatograms since extraneous components of the chromatographic 
signal could be corrected, such as noise or baseline [15]. Furthermore, in 
view of the fact that chromatography carries out the analyte separation in 
quasi-equilibrum conditions, the chemical environment affects the 
chromatographic features of each peak, this is, different analytes could co-
vary with respect to another. The role of  chemometrics could be crucial in 
lessening the undesirable effects of this circumstance. It is important to 
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keep in mind that even if only pre-processing tools are applied, analytical 
results will be much more reliable.  

There are a lot of problems in separation science which require the 
use of chemometrics, such as the evaluation of chromatographic 
separation quality [16,17] or the optimization of chromatographic systems 
by design of experiments [18,19]. In addition, the use of multivariate 
pattern recognition methods combined with chromatography is 
significant for monitoring quality control, calibration, and discrimination 
of analytical data [20,21]. However, the application of chemometric tools 
on raw chromatographic data (i.e. chromatographic fingerprint) is not free 
of problems, as shown in two recently published tutorials [22,23]. 
Furthermore specific data pre-processing techniques are nearly always 
required [21]. In fact, overcoming problems related to the peak alignment 
[21,22,23,24,25] or the variable selection [21,26] are particularly critical 
when a chromatographic fingerprint is used as a data set. In special, to 
solve alignment troubles of all chromatograms in a dataset, icoshift 
algorithm has shown recently to be a powerful tool [25].These problems 
(baseline and misalignment) might be the reason why in the literature 
there are more studies using the area/height of peaks (peak profile) or 
concentration data (concentration or compositional profiles) rather than 
using raw data (strategy (c) in Fig. 1).  
 
 

1.2. Exploratory data analysis and pattern recognition 

Exploratory data analysis and pattern recognition are 
chemometric tools which are designed to identify similarities or ways of 
behavior of the analyzed samples or measured variables on a data 
matrix. Depending on the type of information to be analyzed, two types of 
analysis could be considered: (1) exploratory data analysis or (2) pattern 
recognition, which could also be separated into supervised or 
unsupervised analysis.  
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EDA is used to highlight the information contained in a data 
matrix, in order to visualize the possible relationships between samples 
and variables. The group assignment between samples and/or variables is 
not the end of this type of analysis. Moreover, the objectives are: (1) to 
extract variables or important related information, (2) to identify possible 
clusters, (3) to detect outliers and (4) to identify trends between samples 
and/or variables.  

PCA and factor analysis are two methods widely used 
in EDA. This type of analysis is used as a first step in a process of 
classification, which is usually done by pattern recognition methods.  
On pattern recognition methods, the objective is the behavior between 
samples and variables. Depending on the starting point, two types of 
methods could be established: 

1) Unsupervised pattern recognition methods. They try to establish the 
existence of groups of samples in the data matrix taking into account 
similarities between them, without prior information of such an 
existence. One of the most commonly used is hierarchical cluster 
analysis (HCA). 

2) Supervised pattern recognition methods. In these methods, samples 
belonging to a particular class or group are known and the aim is to 
establish implicit or explicit classification models. Therefore, using a 
set of samples, called a training set, the classification model is 
established. This classification model is then used to predict 
membership in one sample which was not included in the training 
set. To validate the classification model, a sample set that is 
independent of the training set, called the validation set, is used, the 
classes of the samples are known. The best or worst classification for 
each one of the samples from the validation set, measure the 
quality of the model (recognition capability, predictability, 
robustness). When the existence of a limited number 
of samples makes it difficult to construct a set of independent 
validation data from the training set, a cross-validation technique is 
used, which allows one to study the quality of the model by using the 
training set as a validation set. However this strategy can generate 
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overestimated results. The supervised pattern recognition methods 
most commonly used are: discriminant analysis (DA), soft 
independent modeling class analogy (SIMCA) and partial least 
square-discriminant analysis (PLS-DA). 

Extensive information on the aspects previously mentioned can be found 
in textbooks dedicated to this topic [4,9].  
 

1.3.  Chromatography of triacylglycerols (or triglycerides) 

A variety of chromatographic techniques have been successfully 
used for the qualitative and quantitative determination of TAG, including 
gas chromatography (GC), high-performance liquid chromatography 
(HPLC) in both normal (NP) and reversed phase (RP) modes, thin-layer 
chromatography (TLC), and super critical fluid chromatography (SFC) 
[27,28,29]. RP-HPLC is the most commonly employed chromatographic 
technique for separating mixtures of TAG.  The parameter which is used 
to explain the separation of TAG,  and to identify them in RP-HPLC is the 
"equivalent carbon number" (ECN), first introduced in 1977 [30], defined 
as ECN = CN–2n, where CN is the number of carbons of the fatty chains, 
and n is the total number of the double bonds present in the three FAs. 
The mechanism for separating TAG in RP-HPLC involves chain length 
and the degree of unsaturation of the FA. Separations are obtained by 
partition between relatively non-polar stationary phases of the C18 type 
and polar mobile phases, mostly mixtures of acetonitrile with acetone or 
chlorinated solvents [31]. Typically combinations of acetonitrile/2-
propanol [32,33], are used. Finally, relatively apolar solvents are usually 
used for the analysis of the TAG because of their insolubility in water.  

The quantitation of TAG using detectors, of which the response is 
almost independent of the analyte structure, allows simpler and faster 
quantitation without the need of response factors. RP-HPLC combined 
with flame ionization detection (FID) and with refractive index detection 
(RID), have been used for the quantitation of TAG in plant oils [34]. Thus, 
the IUPAC standard method for TAG determination in vegetable oils 
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involves an isocratic non-aqueous RP-HPLC with RI detection [35]. 
However, aerosol-based detectors such us the evaporative light scattering 
detector (ELSD) [36] and the charged aerosol detector (CAD) [37], are 
gaining interest as they are almost universal detectors which can be used 
in combination with gradient analysis. Thus, numerous practical 
applications of RP-HPLC for TAG separations using these classical 
detectors have been described in the literature [28,29]. Finally, mass 
spectrometry coupled to LC has proved to be a very suitable analytical 
technique for direct elucidation of regioisomer composition of TAG in fats 
and oils [38].  

In addition, GC is also extensively used for the analysis of TAG 
[28,29]. However, the most common approach to the indirect knowledge 
of TAG, was to release FA composition and perform GC after methylation. 
Additional information on this topic could be found in a specific textbook 
[39]. 

For direct analysis of TAG in GC, each TAG is chemically 
characterized by its total number of carbons, the degree of unsaturation of 
each FA and the position and configuration of double bonds of each FA. 
For instance, the official EC method for the determination of the purity of 
milk fat is based on TAG analysis by packed column GC [40]. However, 
due to the rapid progress of capillary column technology for GC, packed 
columns are rarely used any longer. The progress in separation efficiency 
of TAG has been achieved by using capillary columns coated with more 
polar polysiloxane phases containing a higher proportion of phenyl 
groups (50-65%) and low blending at high-temperature (as far as 370-
400°C). These thermo-resistant polar columns have been a powerful tool 
[41,42] in combination with the high-temperature GC to solve the main 
problem of separating TAG according to the degree of unsaturation and 
its CN.  

Additionally, a large number of detectors operating on different 
principles have been developed for use in GC, but only a few of these 
continue to be used to a significant extent. Mass spectrometry (MS) has 
become an invaluable tool for the identification of TAG separated by GC. 
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In general, GC-MS utilizing electron impact ionization (EI) is the simplest 
and most widely used chromatography-MS combination [43]. In contrast, 
analyses of highly unsaturated TAG, such as fish oils and seed oils, by 
GC-MS cannot be recommended due to thermal degradation and 
polymerization of highly unsaturated molecules at high elution 
temperatures although some improvements may already be found in 
literature [44]. In addition, the occurrence of certain TAG species in some 
oils in high amounts has been used for the detection of adulteration of 
other higher priced oils, in which these TAG species are absent or present 
only at trace levels [45,46,47].  

 

Fig. 2. Chromatograms of 
the same sample of an extra 
virgin olive oil, variety 
"arbequina", obtained in 
our laboratory using 
HTGC–MS (a) and HPLC-
CAD (b). 
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From an operative point of view, GC and HPLC methods are 
equivalent since the fat or oil samples do not need more previous 
treatment, only the dissolution in an appropriate solvent. These solutions 
are directly introduced into the chromatograph. Furthermore, as it can be 
seen in Fig. 2, the chromatographic times are similar. However, GC and 
HPLC together could provide additional information on the TAG 
composition of fats or oils as the mechanisms governing the separation 
achieved with these techniques are different (see explanation in previous 
text, from this section) and they elute in altered order. For this reason, 
TAG chromatographic fingerprints from both types of chromatography 
are never equal. See Fig. 2.  
 

2. Characterization and authentication of fat and oils 
Papers about the reviewed topic published in the last twenty-five 

years (1987-2011) have been included in this section. Authors have not 
found papers published prior to 1987. 

In all cases, the selected papers have a common feature: the data 
set was obtained from chromatographic techniques (LC or GC). Another 
common feature is that TAG profiles or fingerprints, alone or combined 
with more data related to other authenticity markers (FA, sterols, phenols, 
tocopherols, or other quality and composition general characteristics of 
fats and oils), have been used for the chemometric treatment. It is 
surprising that in the 89% of the papers compositional profiles have been 
used as the data matrix and just a few examples of chromatographic 
fingerprints (raw data), 11% of the papers, have been found. This is 
possibly due to the difficulty in in handling such a large collection of 
chromatographic data, and to the lack of knowledge of many 
chromatographers on how it could be performed [22].  

There are a relatively high number of papers devoted to 
characterization of fat and oils using TAG compositional data and 
chemometric methods. 
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Exploratory methods and pattern recognition are the chemometric 
methods used.  However, the methods used vary according to the type of 
analyzed sample. For the characterization of olive oils and vegetable 
oils, the most commonly used method is PCA, which is used in 69% of the 
articles, either by itself (25% of articles) or in conjunction with pattern 
recognition methods. Among the pattern recognition methods, the most 
widely used are the supervised one, 58% of the articles, while 
unsupervised methods such as HCA are used only in 17% of the articles, 
always associated with PCA. However, one of the articles about the 
characterization of vegetable oils is using only this method.  

On the other hand, in the characterization of milks, cocoa and 
coffee, in all the papers were employed one or more of the supervised 
method, while PCA was only used in one of the articles as an exploratory 
method.  

From the point of view of the strategy, the approaches developed 
in the papers are usually correct, however during implementation, some 
of them show some problems that lead to results and/or conclusions that 
are quite debatable.  These problems include: (1) PCA as exploratory 
method is used in a partial way and incomplete information is extracted 
from the data set; (2) PCA is used, inappropriately, as a method of 
classification in a high percentage (25%) of the articles associated to the 
characterization of olive oils and vegetable oils; (3) the small number of 
samples usually used to build the data set is an important limitation of 
these papers; (4) the data set only collect a small part of the variability that 
can be found in the characterization of fats and oils; (5) when supervised 
methods are used, no explicit models were estimated in those cases where 
this option is possible, and (6) the estimated models were not validated 
and characteristic quality parameters of the proposed models were not 
calculated.  

In recent papers, DA and SIMCA have been substituted by PLS-
DA due to its great potential as a classification method. PLS has been the 
method used for the quantification of the samples.  The subsections have 
been structured according to the type of analyzed sample. And within 
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these sections the papers have been collected in two sub-sections on the 
basis of the chemometric techniques used according to Section 1.2.  

A brief descriptive remark is carried out about each paper. In 
addition, when this is pertinent, a critical comment is added. 
 

2.1. Olive oil 

Olive oil is obtained from the fruit of the olive tree as edible oil. 
The properties of olive oil can be affected by different aspects such as: 
cultivation, harvesting and technological processing. Characterization of 
olive oil according to its variety and/or geographical origin is of great 
importance for obtaining the product of quality which is demanded by 
producers and consumers. Olive oil is sometime adulterated with other 
less expensive vegetable oils such as olive pomace oil, corn oil, hazelnut 
oil and peanut oil among others. Chromatographic techniques have been 
used successfully to establish different types of compositional profiles in 
olive oils, including TAG profiles. These profiles, associated with different 
chemometric techniques, have been extensively used for the 
characterization and authentication of olive oils.  

2.1.1. Exploratory and unsupervised methods  

PCA has been used to establish the authenticity and adulteration 
of olive oils from different origins. Tsimidou et al. [48] analyzed forty-five 
Greek virgin olive oils. Blends of olive oil with 10-20 % of maize, 
cottonseed, sunflower, soybean or rapeseed oils were analyzed by the 
same authors [49]. The adulteration of olive oil with eleven vegetable oils, 
such as soybean, sesame, apricot, peanut and olive oils were investigated 
using PCA [47]. The characterization of eleven virgin olive oil samples 
obtained from seven olive cultivars in Sardinia (Italy) and one in Corsica 
(France) were carried out using PCA [50]. The characterization of two 
monovarietal virgin olive oils from Tunisia and three olive oils from Sicily 
(Italy) were studied using PCA [51]. The authentication of olive oils in 
blends with different contents of sunflower oil was performed using PCA 
[52]. An interesting study of characterization and adulteration of olive oils 
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were based on the use of mass spectra data and PCA. However, only 
seven extra virgin olive oils from Spain, Portugal, Italy, Greece and 
Argentine, a Brazilian soybean and a commercial oil blend of olive oil in 
soybean oil were analyzed [53]. 

The main problem with these previous papers is the use of PCA as 
a classification method rather than as an exploratory method. In general, 
the number of samples used is too small to ensure that all the variability of 
the problem is included. Furthermore, the models have not been validated 
and they do not provide some parameter to estimate the quality of the 
results. 

In another paper, PCA is used in a prior stage as an exploratory 
method and HCA is employed to characterize virgin olive oil, of the 
"oueslati" variety, from seven different zones of Tunisia. However the 
obtained results are arguable because the number of samples used is very 
small and the models were not validated [54].  

2.1.2. Supervised methods 

In this section it has been included mainly applications where 
supervised patter recognition methods have been used, independently or 
jointly with another ones, as the main procedure to establish the 
characterization of olive oils. PCA and canonical discriminant analysis 
(CDA) were used for the classification of Cretan olive oils according to 
cultivar and geographic origin. In fact, it only used two varieties of oil 
from olives grown in five geographic areas and collected in three different 
maturity periods [55].  

DA was used to characterize hazelnut and olive oil samples and 
their blends (70-30%, 50-50% and 30-70% of hazelnut oil with olive oil).  
Two groups were obtained for hazelnut oil and olive oil samples but the 
blends did not clearly separate. The number of samples used is small 
(three replicates of two types of olive oils and blends in three different 
proportions) and it does not take into account the different either varieties 
or categories of olive oils [56]. 
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Different methods such as HCA, SIMCA, KNN and PCA were 
used to characterize seven major Italian olive varieties in three kinds of 
olive fruit oils (pulp, seed and whole fruit). The two discriminant 
chemometric methods have been used properly, but they attributed 
erroneously a classification ability of the oil varieties to the PCA. In 
addition, a small number of samples were used and the models were not 
validated [57]. 

PCA, HCA and DA were used to analyze both the compositional 
data (FA, TAG and sterols). A classification of thirty-seven samples of 
olive oils from the southern of Italy according to four cultivars (seven 
samples of Coratina, ten of Leccino, seven of Peranzana, and thirteen of 
Oliarola) was obtained. DA was applied to the data set with twenty-five 
samples in the training set and twelve in the validation set [58].  

Stepwise discriminant analysis (SDA) was used to classify virgin 
olive oil of different varieties from Extremadura (Spain).  The model 
obtained with a training set containing two hundred and seventy-three 
samples of a total of three hundred and fifteen samples of olive oil 
explained more than the 88% of the variance with the two first functions. 
The fitted model was evaluated using external validation, for this, forty-
two samples were removed at random from the complete dataset. The 
validated model discriminate completely only three ("cacereña", "cornice" 
and "picual") of the seven varieties. On the contrary, the percentage of 
classification of the variety "carrasqueña" was just 33.3% [59].  

The origin differentiation of French virgin olive oils was obtained 
applying linear discriminant analysis (LDA). Four main French cultivars 
(Aglandau, Cailletier, Picholine, and Salonenque) and two French 
protected designations of origin of olive oil were classified in six groups. 
Five hundred and sixty-four samples analyzed were obtained as industrial 
samples from different crops (1997-2000) [60]. In another paper, the same 
authors have classified five hundred and thirty-nine samples containing 
two or more varieties of French olive oils according to five predetermined 
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classes [61]. In both cases, the quality of the LDA model was estimated by 
the leave-one-out cross-validation.  

LDA was also used to classifying different vegetable oils, and olive 
oils, in six groups according to their botanical origin. A training set of 24 
objects (6 groups of 4 samples) was used to estimate a LDA model and a 
validation set of 12 objects (6 groups of 2 samples) was used to validate 
the estimated model [62].  

PCA and SDA were used to classify commercial olive oils. Two 
hundred and twenty-four samples of "cornicabra", "arbequina", 
"hojiblanca" and "picual" monovarietal virgin olive oils from industrial oil 
mills covering the crop seasons from 1995 to 2000 were analyzed. Neither 
has an explicit discriminant function has been estimated nor have the 
proposed models have been validated [63].  

The characterization of extra virgin olive oils according to its 
varieties was studied using PCA and LDA. Only seventeen oil samples 
from different cultivars, most of them from Sicily, were analyzed. Samples 
were separated in three classes corresponding to Nocellara, Cerasuola and 
Biancolilla cultivars, using LDA and a selection of only six variables. The 
LDA model was validated by means of cross-validation using the leave-
one-out method [64].  

PCA and SIMCA were used to analyze the TAG and sterol profiles 
of eighty samples of monovarietal olive oils obtained in the crop seasons 
from 1999 to 2001. The samples were classified in two categories: 
"manzanilla cacereña" (44 samples) and "non-manzanilla cacereña" (36 
samples). The number of principal components was chosen by means of 
cross validation and the relationships between these principal 
components, sterols and TAG contents were established [65].  

The characterization of nine Corsican olive oils was carried out by 
means of ANOVA and stepwise factorial discriminant analysis (SFDA).  
Oils are completely discriminated on the basis of variety (four categories) 
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and this discrimination is based on the proportions of four TAG and one 
fatty acid. The discriminant model proposed was not validated [66].  

MANOVA, PCA and DA were used to distinguish among two 
varieties of olive oils ("manzanilla" and "hojiblanca"). A small number of 
samples were analyzed and models were not validated [67].  

Chromatographic fingerprints were used in the next three papers, 
published in 2011. In them, the icoshift algorithm was used as pre-
processing of the chromatogram for solving signal alignment problems. 
PCA, PLS-DA, and multiple curve resolution (MCR) in combination with 
suitable pre-processing were used for the differentiation of samples of 
different categories and varieties of olive oils and different types of edible 
oils. Two clusters (olive and non-olive oils) were obtained considering one 
hundred and twenty-six samples of olive oils and edible oils, including 
corn, sunflower, peanut, soybean, rapeseed, canola, seed, sesame, grape 
seed, and some mixed oils. The PLS-DA model was validated using a 
validation set of twenty-five samples of non-olive and olive oils. Both non-
olive and olive oils were classified in their respective group to 100% [68].  

HCA, PCA and PLS-DA were used to study the variations in the 
raw chromatographic data sets of fifty-six samples from four different 
categories and different varieties of olive oil. The PLS-DA classification 
model was able to predict monovarietal virgin olive oils and the blends of 
different varieties of olive oils. The performance of the fitted model was 
evaluated with external validation, for this 25% of the samples were 
removed at random from the complete dataset [43].  

PLS was used for the quantification of olive oil in edible vegetable 
oil blends. Different categories of olive oils and various vegetable oils such 
as, sunflower, rapeseed, corn, soybean, canola, seed and grape seed were 
used at different concentrations. The iPLS approach provides a slight 
improvement in RMSECV but revealed chemical information important in 
the chromatogram to quantify olive oil in vegetable oil blends. The 



Cuantificación de Aceite de Oliva 

CAPÍTULO IV 
 

 
 363 

 

prediction capability of the regression models was assessed by cross-
validation by removing one sample at a time [69].  

Main features of the methods used to characterize olive oils and 
mentioned above are shortened in Table 1.  

 

Table 1.Characterization and authentication of olive oils  

Data Matrix Chromatography  Chemometrics  Samples References 

Chromatographic 
fingerprint of TAG HT/GC-(IT)MS PCA, PLS-DA Olive oils [43] 

TAG profile HT/GC PCA Olive and 
vegetable oils [47] 

TAG and FA profiles 
HPLC-MS 

GLC 
PCA Olive oil [48] 

TAG and FA profiles 
HPLC-MS 

GLC 
PCA Olive and 

vegetable oils [49] 

TAG profile HPLC-RID ANOVA, PCA, 
CDA Cretan olive oils [49] 

TAG, tocopherols and 
sterols profiles 

HPLC-(APCI)MS    
GC-FID ANOVA, DA Hazelnut and 

olive oils [56] 

TAG and FA profiles 
HPLC-ELSD 

GC-FID 
HCA, SIMCA, 

KNN, PCA 
Italian olive oils 
and olive fruit [57] 

TAG profile HPLC-RID ANOVA, LDA 
Spanish 

monovarietal 
virgin olive oils 

[59] 

TAG, FA and      
sterols profiles 

GC-FID     
HPLC-RID 

ANOVA , PCA, 
HCA, DA Italian olive oils [58] 

TAG and FA profiles 
HPLC-RID            

GC-FID 
LDA 

French virgin 
olive oils 

[60] 

TAG and FA profiles 
HPLC-RID          
  GC-FID 

ANOVA, PCA, 
SDA 

Spanish 
monovarietal 

virgin olive oils 
[63] 

TAG profile HPLC-MS PCA, DA Extra virgin olive 
oils [64] 

TAG and sterols 
profiles 

HPLC-RID 
GC-FID 

PCA, SIMCA Spanish virgin 
olive oils [65] 

TAG and FA 
profiles 

HPLC-RID          
 GC-FID 

ANOVA, PCA Virgin olive oils 
from Sardinia [50] 

Sensory attributes,   
FA and TAG profiles HPLC-RID LDA French virgin olive 

oils [61] 
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Phenols and TAG and 
FA profiles 

HPLC-ELSD 
GC-FID 

ANOVA, PCA 
Tunisian 

monovarietal 
virgin olive oils 

[51] 

TAG and FA 
profiles 

HPLC-ELSD 
GC-FID 

FDA Corsican olive oils [66] 

TAG profile (RP)HPLC-
(APCI)MS PCA Plants oils and 

olive oils [52] 

TAG profile HPLC-(APCI)MS2 PCA 
Olive and soybean 

oils [53] 

K270, K232, 
TAG and  FA profiles 

HPLC-ELSD 
GC-FID 

MANOVA, PCA, 
DA Olive oils [67] 

TAG and sterols 
profiles 

HPLC-RID  
CG-FID 

ANOVA, PCA, 
HCA Tunesia olive oils  [54] 

TAG profile HPLC-UV-Vis LDA Olive and 
vegetable oils [62] 

Chromatographic 
fingerprint of TAG HPLC-CAD PCA, PLS-DA, 

MCR 
Olive and 

vegetable oils [68] 

Chromatographic 
fingerprint of TAG HPLC-CAD PLS, iPLS Olive and 

vegetable oils [69] 

 

 

2.2. Other vegetable and marine oils, and animal fats 

2.2.1. Exploratory and unsupervised methods 

Classification, according to the authors, of the different vegetable 
oils and the detection of adulteration of argan oil were established using 
HCA. However, only twelve samples (one of each vegetable oil) and one 
sample of adulterated argan oil were used [70].  

PCA has been used to characterize fifty-two samples of vegetable 
oils, such as sunflower (10), corn (8), peanut (10), soybean (6), hazelnut (4), 
walnut (6), sesame (4) and virgin olive oils (4). According to the authors, 
vegetable oils were clustered in eight different classes based on PCA 
results. This classification that is attributed to the PCA is at least arguable. 
Logically, olive and hazelnut oils groups were very close but can be 
differentiated from the other vegetable oils due to its high levels of OOO 
[71].  
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PCA was used for the evaluation of the genuineness of the 
pumpkin seed oil from northeastern Slovenia. TAG composition was 
qualitatively related with the different samples and with the two principal 
components estimated from PCA. As indicated by the authors a larger 
number of samples is needed to obtain a valid reference [72].  

The changes in the distribution of TAG and FA in soybean oil due 
to thermal oxidation at 180 ºC and methylene blue photosensitized 
oxidation were studied using PCA. Six samples for each treatment 
(control, thermal and photooxidation) were used. According to PCA 
results, authors noticed the presence of two classes, thermally oxidized 
samples and photosensitized samples [73]. Again, PCA is unusually used 
as a classification method.   

In the next two papers, total ion current (TIC) and total mass 
spectral (TMS) fingerprints were used to building the dataset for PCA 
study. In the first one, a complete study of the structural elucidation of 
TAG molecules present in cod liver oil was estimated using LC-(ESI)MS2. 
PCA results were used to discriminate between genuine and adulterated 
cod liver oils [74]. Different approaches to differentiate marine oils were 
presented.  For distinguishing several marine oils (seal, whale, cod liver 
and salmon) and plant oils (soy, rapeseed and linseed) TAG composition 
and different profiles including TIC and TMS were used [75]. The results 
obtained in the discrimination study of marine oils in both papers are 
arguable as PCA is improperly used again as a classification method. 

2.2.2. Supervised methods 

Next, papers, where mainly supervised pattern recognition 
methods are applied, are reviewed. For instance, authentic and 
adulterated sesame oil with perilla oil can be characterized using PCA and 
DA. Only twenty samples of authentic sesame oils from different origin 
and ten samples of adulterated oils were used. It is attributed erroneously 
to a discrimination ability with PCA because the samples are clustered in 
two classes, authentic and adulterated sesame oils, using PCA. DA was 
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employed to assign unknown sesame samples into one of the two 
previous groups [76].  

DA was used for the characterization of walnut oil [77] and to 
estimate a discrimination model between four Portuguese chestnut 
cultivars [78]. A relatively small number of samples were used, twenty-six 
samples of walnut oil from nine cultivars and forty samples of chestnut 
oil, respectively. Explicit discriminant functions were not proposed and 
the estimated models were not validated.  

ANOVA and CDA were used for distinguishing the adulteration 
of vegetable oils, palm oil, palm kernel oil and canola oil, with lard from 
those samples adulterated with other animal fats, beef tallow, mutton 
tallow and chicken fat. However, the number of samples used was small, 
the method was not validated and there were no parameters to estimate 
the quality of the results [79].  

PCA, HCA and LDA were used for the characterization of 
different almond in the next two papers. Nineteen cultivars (three samples 
in duplicate by cultivars) [80] and one hundred and nine samples (91 
samples as training set and 18 samples as validation set) from ten cultivars 
of different countries [81] were analyzed. TAG compositional profiles 
were related with the different cultivars and with the two principal 
components estimated from PCA.  Different clusters according to the 
cultivars were obtained using HCA. DA provided appropriate functions 
for the discrimination of the five different groups. External samples were 
used to validate discriminant models.  

In Table 2 the different methods used in the characterization of 
vegetable and marine oils and animal fats are compiled.  
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Table 2.  Characterization and authentication of vegetable and marine oils and 
animal fats 

Data Matrix Chromatography  Chemometrics  Samples References 

TAG profile GC-FID HCA Vegetable edible oils [70] 

TAG profile HPLC-RID PCA, DA Adulterated sesame 
oils with perilla oil [76] 

TAG profile (RP)HPLC-ELSD 
ANOVA, 

MANOVA, 
DA 

Walnut oils [77] 

TAG profile HPLC-RID ANOVA, CDA Animal fats and 
vegetable oils [79] 

TAG profile HPLC-ELSD ANOVA, PCA Vegetable oils [71] 

Nutritional 
parameters, TAG and 

FA profiles 

HPLC-ELSD 

GC-FID 
DA Portuguese chestnut [78] 

TAG profile HPLC-RID ANOVA, PCA Pumpkin seed oils [72] 

TAG and FA profiles 
HPLC-ELSD 

GC-FID 
ANOVA, PCA Soy bean oils [73] 

TAG profile HPLC-RID 
ANOVA , 

PCA, HCA, 
DA 

Almond 

kernel oils 
[80] 

TAG profile HPLC-RID PCA, HCA, 
LDA 

Almond 

kernel oils 
[81] 

TIC fingerprint from 
TAG composition LC–ESI-MS2 PCA Cod liver oil [74] 

TAG profile and TIC 
and TMS fingerprints 

LC-(ESI)MS 

LC-(ESI)MS2 
PCA Marine and plant 

oils [75] 

 

2.3.  Milk and dairy products 

Characterization of samples of milk and dairy products was 
carried out only using supervised methods.  

In order to study the adulteration of milk fat with vegetable fat, 
fifty six butter samples (19 from Germany, four from Belgium, fifteen from 
Italy, ten from France, five from Switzerland and two from Denmark) 
were used to prepare mixtures of butter samples with sunflower oil (n=7), 
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soy oil (n=6), maize oil (n=5) and lard (n=15). A training set of forty-four 
butter samples and twelve mixtures and a validation set of twenty four 
butter samples and four mixtures were used to estimate and validate PLS 
and artificial neural network (ANN) models. The PLS model was better 
than the ANN model for predicting the quantity of foreign fat in mixtures 
[82].  

In two different papers, multiple linear regressions (MLR) and 
LDA were used to estimate the presence of foreign fat in milk. In the first 
one, two hundred and sixteen samples of milk fat  from different 
geographical zones of Mexico and ten samples of non-milk fat, such as, 
fish oil, canola and sunflower oils, pork lard and bovine tallow (two 
samples of each type), were analyzed using MLR. Three multiple 
regression equations were obtained for the percentage of non-milk fat in 
function of the type of adulterant oil [83]. In the second one, two hundred 
and sixteen samples of milk fat from different geographical zones of 
Mexico, thirty-six samples of commercial UHT milk and fourteen samples 
of NMF (fish, peanut, corn, olive and soy oils and pork lard and bovine 
tallow, two samples each type), were analyzed using PCA and LDA. The 
PCA was used for the selection of variables in order to reduce its number 
and getting a better measurement of the total variance associated to the 
TAG.  Five fat groups (pure MF and four different percentage of 
adulteration) and four discriminant functions were established. But the 
first function was chosen due to its greatest power of classification [84]. In 
both papers, explicit discriminant functions were not proposed and the 
models were not validated with an external validation set. 

The detection of cow milk in donkey milk may be achieved using 
LDA and ANN. Twenty-five samples of milk from cow and donkey and 
mixtures of both, from different Italian farms were used in this study. A 
chemical enzymatic chromatographic analytical method was used to 
obtain the total and intrapositional FA profile of the TAG fraction of cow 
and donkey pure milks. The proposed models permitted the 
characterization of donkey milk and the discrimination of the samples 
containing small quantities (1, 3 and 5%) of cow milk added to donkey 
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milk. The prediction of the ANN model is a little better when the total FA 
compositions of TAG fraction and the intrapositional FA compositions of 
TAG fraction are used as variables. These models were not validated with 
an external validation set [85].  

Three of the four previous papers used GC-FID as the 
chromatographic technique in the characterization of milk and dairy 
products (Table 3).  

 
Table 3.Characterization and authentication of milk and derivatives  

Data Matrix Chromatography  Chemometrics  Samples References 

TAG profile GC-FID PLS, ANN 
Pure butters and mixtures 

of butter fat and 
vegetable oils 

[82] 

TAG profile GC-FID MLR 
Milk fat and not-milk fat 
(vegetable and fish oils 

and lard and tallow) 
[83] 

TAG profile GC-FID ANOVA, PCA, 
LDA 

Milk fat and not-milk fat 
(vegetable and fish oils 

and lard and tallow) 
[84] 

FA profile  HRGC-FID LDA, ANN Cow milk, donkey milk 
and mixtures of them  [85] 

 

2.4.  Cocoa and coffee 

CB is the major fat component in chocolate products. However, in 
the European Union, these products may contain vegetable fats other than 
cocoa butter up to 5% of the total weight.  In this case, chocolate products 
should be labeled with the statement, "contains vegetable fats in addition 
to cocoa butter". Then, some vegetable fats (so-called cocoa butter 
equivalent, CBE) can be used.  

PLS and ANN were used to prove the authenticity of cocoa butter. 
The PLS analysis of eighteen cocoa butter samples and mixtures with 
several vegetables oils provides a calibration model with a root mean 
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squared error of calibration (RMSEC) of 1.4%. No explicit PLS model was 
proposed but a validation set of thirteen pure cocoa butters and mixtures 
were used to test the model. ANN can classify the samples in two cluster, 
pure cocoa butter and mixtures of cocoa butter and vegetable oils. A 
validation set of fourteen samples was used to evaluate the model and 
twelve of these samples were correctly identified. The presence of 2-3% of 
vegetable oil can be detected using both PLS and ANN [86].  

A new PLS model to quantify CBE in CB blends was proposed. 
Twenty-four mixtures containing different proportions of six different 
CBE and CB fat at three percentage levels: 5, 15 and 20% were used to 
estimate a regression model that represents the percentage of CBE added 
to CB in function of the percentages of different TAG. Mixtures of 
CBE/CB were produced according to a Plackett-Burman experimental 
design. The value of root mean-square error of prediction (RMSEP) was 
used as a criterion to test the quality of the model. In 98% of the tested 
samples, the RMSEP value was of 1.6%. The PLS model allows the 
quantification of CBE in mixtures with an uncertainty of 2% [87].  

HCA was used to classify CB and CBE samples in order to assess 
the purity and the origin of the CB samples. CB samples (n = 74) from 
three main producing cocoa regions and CBE samples (n =75) from 
industry sources were used in the study [88]. 

A PLS model for the detection and quantification of CBE in milk 
chocolate was proposed. In the proposed model was included the 
variability due to milk fat (310 samples), CB (75 samples), CBE (74 
samples) and mixtures of them (947 samples).  The prediction model was 
estimated using a training set (n=363) and this model vas validated using 
an external validation set (n=362) [89].  

PCA and LDA were used to confirm the authentication of coffee 
varieties. Thirty-two coffee samples (eight of "robusta" variety and twenty 
four of "arabica" variety) from different geographical zones were used in 
the study.  Sixteen samples were green coffee beans and the other sixteen 
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samples were processed to obtain roasted coffee. Using PCA and 
considering separately TAG and tocopherols as descriptor variables, the 
first principal component showed two well separated groups, "arabica" 
and "robusta". An explicit discriminant function to separate "arabica" and 
"robusta" varieties was obtained. But discrimination of green and roasted 
coffees was not obtained. LDA models were not validated [90].  

Cocoa and coffee methods used for authentication are summarized 
in Table 4.  

 
Table 4.  Characterization and authentication of cocoa and coffee 

Data Matrix Chromatography  Chemometrics  Samples References 

TAG profile HPLC-ELSD PLS, ANN 
Cocoa butter, vegetable 

fats and mixtures of 
them 

[86] 

TAG profile HRGC PLS Cocoa butter and cocoa 
butter equivalents [87] 

TAG profile HRGC-FID HCA Cocoa butter and cocoa 
butter equivalents [88] 

TAG profile HRGC-FID PLS Cocoa butter equivalents 
and milk chocolate [89] 

TAG and 
tocopherols 

profiles 

(RP)HPLC-RID 

(NP)HPLC-FD 
PCA, LDA "Arabica" and "robusta" 

coffee varieties [90] 

 

2.5.  Other fats 

PCA, HCA and DA were used to classify fat bodies of males in 
eleven bumblebee species. Using PCA the number of descriptive variables 
was reduced. A cluster tree of the samples analyzed by two different 
analytical techniques was obtained using HCA. Classification of the 
samples into groups was similar for those samples analyzed by both 
techniques. DA using the factors extracted from PCA proved the 
discrimination of the different species. However, an explicit discriminate 
function was not provided and DA model was not validated. According to 
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the results TAG profile in the fat bodies of bumblebee males are species-
specific [91].  

3. Conclusions 
Chemometrics is a very useful tool for the characterization and 

authentication of edible fats and oils with suitable chromatographic data, 
it is able to explore, classify and predict geographical origin, types, 
varieties, adulterations, etc.  

In the revised literature PCA (an exploratory method) was the 
method more commonly used, even though in some cases it has been 
erroneously used as a classification method. However PCA was used in 
combination with either unsupervised (clustering) or supervised 
(classification and discrimination) pattern recognition methods. More 
recently PLS-DA (a discrimination method) has become the more 
commonly used classification method due to its potential and versatility.  

However, going more deeply into the use which some authors 
make of these powerful tools, it would be desirable a better knowledge 
about which type of chemometric method, depending on the target 
problem, is fitted for purpose. For instance, PCA has been used several 
times to classify, or validation of the proposed models is not carried out 
very often.  

On the other hand, related to the preparation of the data set, the 
transformation of chromatographic signal into compositional data 
(profiling) shows some inconvenience because valuable information could 
be lost. On the other hand using the entire chromatogram (fingerprinting) 
could keep the complete information, however this methodology is rarely 
used. Finally, it is important to express  that chemometric tools can help 
obtain valuable results in case where well-resolved chromatograms 
cannot be obtained. 
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Abstract 
A reliable procedure for the identification and quantification of the adulteration 
of olive oils in terms of blending with other vegetable oils (sunflower, corn, seeds, 
sesame and soya) has been developed. From the analytical viewpoint, the whole 
procedure relies only on the results of the determination of the triacylglycerol 
profile of the oils by high temperature gas chromatography–mass spectrometry. 
The chromatographic profiles were pre-treated (baseline correction, peak 
alignment using iCoshift algorithm and mean centering) before building the 
models. At first, a class-modeling approach, Soft Independent Modeling of Class 
Analogy (SIMCA) was used to identify the vegetable oil used blending. 
Successively, a separate calibration model for each kind of blending was built 
using Partial Least Square (PLS). The correlation coefficients of actual versus 
predicted concentrations resulting from multivariate calibration models were 
between 0.95 and 0.99. In addition, Genetic algorithms (GA–PLS), were used, as 
variable selection method, to improve the models which yielded R2 values higher 
than 0.90 for calibration set. This model had a better predictive ability than the 
PLS without feature selection. The results obtained showed the potential of this 
method and allowed quantification of blends of olive oil in the vegetable oils 
tested containing at least 10% of olive oil.  

Keywords: Olive oil Vegetable oil Blends Genetic algorithm PLS GC–MS  
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1. Introduction 
Edible vegetable oils are a valuable component of a fully mature 

seed. They are mainly the mixtures of triacylglycerols (TAGs), with 
different concentration levels. The remaining nonglyceridic fraction 
consists of different compound classes such as hydrocarbons, tocopherols, 
phytosterols and sterol esters [1]. The vegetable seed or fruit from which 
the oil is extracted determine most of its characteristics and composition 
that also depends on several factors such as soil, climate, processing, 
harvesting and chemical process occurring during storage [2]. 

Among edible oils, olive oil (OO) shows important and outstand-
ing characteristics due to its differentiated sensorial qualities (taste and 
flavor) and higher nutritional value which have been acknowledged 
internationally. Several health benefits associated with its consumption 
were initially observed among Mediterranean people and its dietary 
consumption is nowadays considered to provide many benefits to human 
health [3]. 

TAGs represent up to 95–98% (weight to weight – w/w) of 
vegetable oil composition and show a characteristic distribution. As a 
consequence, the addition of other edible vegetable oils to olive oils 
modifies TAG distribution and because of that, they are considered to be 
good fingerprints for adulteration detection purposes [4]. 

Companies have been taking advantage of selling OO blends at the 
same price as pure OO, obtaining important economic benefits. The 
adulterants used in blends are the ones with similar physical and chemical 
properties and usually they are cheaper and easy to obtain. In the case of 
OO this usually implies the dilution with less expensive oils or other 
inferior quality olive oils [5,6]. Moreover, a lot of methods and limits were 
introduced into the International Olive Oil Council (IOOC) trade 
standard, into EC Regulation 2568/91 and into the Codex Alimentarius 
Standard for controlling product authenticity and quality. In addition, in 
the EU, requirements have being established in Regulation (EC) No. 
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29/2012, concerning commercialization and labeling of products which 
contain olive oil, blends of olive and other edible vegetable oils. The 
presence of olive oil higher than 50% has to be indicated on the label, but 
if the percentage is lower than 50% the name of olive oil cannot be used in 
the label [7].  

However, the reasons for mixing olive oil with others are not only 
economical, but also nutritional. It is clear from the composition of 
vegetable oils, that no single oil, even olive oil, meet all the oil nutritional 
requirements of essential fatty acids and vitamins [8]. 

The interest of researchers in the authentication of vegetable oils 
has led to an improvement in the control of adulteration and to the 
development of analytical methods to establish compositional differences 
in olive oils blends [9]. An extensive literature, discussing the suitability of 
a wide assortment of analytical methods aimed at evaluating the 
authenticity and the presence of adulterants in OO, has been published 
[10,11]. When such methods are applied in conjunction of chemometric 
tools, spectroscopic analytical techniques as NIR, MIR, Raman, NMR or 
MS, and sensor-based analytical techniques as electronic nose, have been 
frequently used. This techniques share as common feature that yield low 
selective instrumental signals (instrumental fingerprints) which are very 
suitable for developing valid chemometric models for pattern recognition. 
However, there are not many studies about vegetable oils authentication, 
which use directly the raw analytical signal which come from the 
chromatographic instrument (chromatographic fingerprint) with 
multivariate statistical methods [12,13]. In most cases, the 
chromatographic applications use derived information from the raw 
analytical signal provided by the instrument, such as peak areas or 
concentration profiles for the classification of edible vegetable oils and 
detection of their adulterations. Chemometric tools have been commonly 
applied for matching and discrimination, classification and prediction in 
assessing authenticity of vegetable oils [14,15,16]. Thus, GC and LC 
methods in combination with multivariate statistical techniques such as 
principal component analysis (PCA), discriminant analysis (DA), cluster 
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analysis (CA), K-nearest neighbour, genetic algorithm (GA), partial least 
squares (PLS)[17] and artificial neural networks (ANN) have been applied 
successfully to classify and discriminate the oils [18,19].  

The official method of the International Olive Council (IOC) is 
based on the use of the reverse phase-liquid chromatography with a 
refractive index detector (HPLC-RID), to establish the difference between 
actual and theoretical content of TAGs with Equivalent Carbon Number 
42 (ECN42)[20]. In the literature, the contribution in chromatography to 
the authentication of vegetable oils by quantifying different major and 
minor compounds have been reviewed by Aparicio and Aparicio-Ruiz 
[21]. Detection of adulterated oils based on TAG compositions by high 
temperature gas chromatography (HT)-GC was studied previously by 
Park and Lee [1].  

This study focuses on the quantification of olive oil in blends with 
vegetable oils using multivariate calibration. The TAGs profiles, measured 
by HTGC–MS systems, have been applied for the quantification of olive 
oils in blends with vegetable oils (sunflower, corn, seeds, sesame and 
soya) and considering the different categories of olive oil (extra virgin 
olive oil, virgin, olive oil and pomace) and varieties (picual, hojiblanca and 
arbequina) at several percentages (10–90%). Multivariate statistical 
analyses, such as SIMCA, PLS and GA–PLS were applied to achieve this 
purpose. 

 

2. Materials and methods 

2.1. Samples 

The olive oil samples, to build the blends, were fourteen, includ-
ing four categories [22]: extra virgin (EVOO), virgin (VOO), olive oil (OO, 
blend of virgin and refined) and pomace oil (POO), and three Spanish 
olive fruit varieties named "arbequina" (ARB), "hojiblanca" (HOJ) and 
"picual" (PIC). 
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In addition, eleven vegetable oils samples were used: two 
sunflowers oils (SUN), one high-oleic sunflower oil (OSUN), two corn oils 
(COR), one sesame oil (SES), three soya oils (SOY), and two vegetable 
seeds oils (SEE), where the label did not specified what kind of seeds were 
used. 

 

Fig. 1. Calibration Building Blocks with the percentage of each 
kind of olive oil and each vegetable oil in the blends for the 
training set (Note: acronym VRG includes the three 
categories, extra virgin (EVOO), virgin (VOO) and olive oil 
(OO), which is a blend of virgin and refined olive oil.). 

 

All the vegetable oils samples were purchased in Spain and France 
and were stored in dark bottles, at −4 ºC until their analysis. A pure 
sample of each edible vegetable oil was also analyzed. Seventy-eight 
blend samples were prepared by mixing one olive oil with one vegetable 
oil in different percentages obtaining five different levels of concentration 
from 10 to 90% (w/w).  
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The prepared blends were used as calibration or prediction 
samples, as needed and they covered all the possible combinations of 
vegetable oils with the different categories and varieties of olive oils. The 
Calibration Building Block, for the training set of samples, is shown in Fig. 1. 
This methodology of preparation was followed in order to cover all the 
possibilities of blending and to avoid any lack of information. Table 1 
shows, more specifically, the composition of each blend which were used 
as calibration set. 

 For analysis, olive oil was dissolved in chloroform (99%, reagent 
grade) to a final concentration of 0.2% (w/w). The diluted olive oil sample 
was directly injected into the system, without any preliminary chemical 
derivatization or purification step prior to chromatographic analysis. 

 

2.2. Chromatographic conditions 

All separations were performed with a VARIAN GC 3800 gas 
chromatograph (PA, USA) equipped with a split/splitless injector coupled 
to a VARIAN 4000 ion trap mass spectrometer (PA, USA) equipped with 
an electron impact source. A split injection with a ratio of 1:50 was used. 
The samples were introduced using a robotized autosampler module 
(Combipal, CTC ANALYTICS, Switzerland). Scan control, data 
acquisition, and processing were performed by a MS Workstation 
software (VARIAN, PA, USA) data system. The sample volume injected 
was 2 µL.  

A capillary column coated with 65% diphenyl-35% dimethyl 
polysiloxane stationary phase (Restek Rtx-65TG; 30 m × 0.32 mm i.d. × 0.1  
µm; maximum temperature 370 ºC; Restek Corp., Bellefonte, PA, USA) 
was used. 
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Table 1. Percentage of the olive oil and vegetable oil in the oil blend samples for 
the calibration set. 
 
Sample Composition Sample Composition 

1 POO 10% + SUN 90% 32 ARB 90%+ SEE 10% 

2 POO 50% + SUN 50% 33 HOJ 30%+ SEE 70% 

3 POO 90% + SUN 10% 34 HOJ 70%+ SEE 30% 

4 EVOO 30%+ SUN 70% 35 PIC 10% + SEE 90% 

5 ARB 50%+ SUN 50% 36 PIC 50%+ SEE 50% 

6 ARB 90%+ SUN 10% 37 PIC 90%+ SEE 10% 

7 HOJ 30%+ SUN 70% 38 POO 10% + SES 90% 

8 HOJ 70%+ SUN 30% 39 POO 50% + SES 50% 

9 PIC 10% + SUN 90% 40 POO 90% + SES 10% 

10 PIC 50%+ SUN 50% 41 EVOO 30%+ SES 70% 

11 PIC 90%+ SUN 10% 42 VOO 70%+ SES 30% 

12 EVOO 70%+ SUN 30% 43 ARB 10% + SES 90% 

13 POO 30% + COR 70% 44 ARB 50%+ SES 50% 

14 POO 70% + COR 30% 45 ARB 90%+ SES 10% 

15 EVOO 10%+ COR 90% 46 HOJ 30%+ SES 70% 

16 VOO 50%+ COR 50% 47 HOJ 70%+ SES 30% 

17 EVOO 90%+ COR 10% 48 PIC 10% + SES 90% 

18 ARB 30%+ COR 70% 49 PIC 50%+ SES 50% 

19 ARB 70%+ COR 30% 50 PIC 90%+ SES 10% 

20 HOJ 10% + COR 90% 51 POO 30% + SOY 70% 

21 HOJ 50%+ COR 50% 52 POO 70% + SOY 30% 

22 HOJ 90%+ COR 10% 53 EVOO 10%+ SOY 90% 

23 PIC 30%+ COR 70% 54 VOO 50%+ SOY 50% 

24 PIC 70%+ COR 30% 55 EVOO 90%+ SOY 10% 

25 POO 10% + SEE 90% 56 ARB 30%+ SOY 70% 

26 POO 50% + SEE 50% 57 ARB 70%+ SOY 30% 

27 POO90% + SEE 10% 58 HOJ 10% + SOY 90% 

28 VOO 30%+ SEE 70% 59 HOJ 50%+ SOY 50% 

29 EVOO 70%+ SEE 30% 60 HOJ 90%+ SOY 10% 

30 ARB 10% + SEE 90% 61 PIC 30%+ SOY 70% 

31 ARB 50%+ SEE 50% 62 PIC 70%+ SOY 30% 
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The GC oven temperature was programmed from 315 to 350 ºC at 1 
ºC/min. The injection port was held isothermally at 370 ºC. Helium 
(99.995%) was used as the carrier gas and its flow rate was 1.5 mL/min. 
The mass spectrometric conditions were as follows. The ion source 
temperature was held at 250 ºC during the GC/MS runs [23].  

The transfer-line temperature was maintained at 350 ºC 
throughout the analyses. The electron energy was 70 eV and the emission 
current 10 µA. Chromatograms were recorded in full-scan mode. Average 
spectra were acquired in the m/z range of 200–1000 m/z and were 
recorded at a scan speed of 1.20 s. Scan control, data acquisition, and 
processing were performed by a MS Workstation software (VARIAN, PA, 
USA) data system. 

 

2.3. Chemometrics 

The analytical data were arranged in two matrixes to perform the 
statistical analysis. The calibration data set (62 samples) was made of as 
many rows as samples analysed and as many columns (1724 elements) as 
the entire chromatogram data points recorded during the acquisition time. 
Obviously, the signal maxima are the heights from the different 
chromatographic peaks. The validation set was composed of 16 samples.  

All chemometric treatments were performed by using the PLS 
Toolbox (Eigenvector Research Inc., Wenatchee, WA), for Matlab® 
software (Mathworks Inc., Natick, MA, USA). 

2.3.1. Pre-processing of the data 

Preprocessing is, in general, the ensemble of mathematical 
treatments performed on the data before the model building step. Aim of 
preprocessing is to make the data suitable for statistical analysis, by 
removing the extraneous sources of variation (variance) which are not 
related to the information sought. These sources of variance can increase 
the difficulty in modeling. Interfering variance appears in almost all real 
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data because of systematic errors present in experiments. This unwanted 
variance will require the model to work harder to isolate the variance of 
interest from the interfering one. Because of this the whole data set of 
samples was preprocessed before building any model [24]. 

First of all, a baseline correction algorithm (Penalized Asymmetric 
Least Squares) was applied for automatically removing baseline 
contributions from the data. It subtracts a baseline from a chromatogram 
(or a signal in general) using an iterative asymmetric least squares 
procedure. Points with residuals <0 are up-weighted at each iteration of 
the least squares fitting. This results in a robust "non-negative" residual fit 
when residuals of significant amplitude (e.g. signals on a background) are 
present [25]. Secondly, after baseline correction, peak shifting was 
corrected with interval correlation optimized shifting, icoshift [26],which 
splits the chromatogram into intervals and "coshifts" each vector to get the 
maximum correlation toward a target signal in that interval (when no 
reference chromatogram is available, average or maximum signals can be 
used).  

Finally, the chromatograms were mean centered by subtracting 
from each signal the mean chromatogram, in order to remove the 
variability related to this overall offset term. 

2.3.2. Soft Independent Modeling of Class Analogies (SIMCA) 

Firstly, a class-modeling approach using SIMCA was applied to 
identify the nature of blending. In class-modeling, a separate model space 
is built for each of the investigated categories: samples falling within the 
model space are accepted by that category, while samples falling outside 
are considered as outliers for the specific class [27]. In particular, SIMCA 
describes the similarities among the samples of a category using a 
principal component approach, so that the distance from the class models 
is a combination of the distance within the PC space (T2 or leverage) and 
the residuals (Q). Accordingly, class space is defined by imposing a 
threshold to this distance value: samples for which the distance to the 
model is less than the threshold are accepted, while others are rejected as 
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outliers. The optimal number of PC for each category has to be optimized 
during the calibration phase. In this study, a separate model for each 
category of blend (different categories and varieties of olive oils with 
SUN, COR, SEE, SES and SOY) was built. 

2.3.3. Partial Least Square (PLS)  

Once the nature of blending was established by SIMCA 
classification, quantification of the percentage of OO was carried out by 
building separate calibration models for each kind of blending. PLS was 
used to build the regression models relating the chromatographic profiles 
to the quantity of OO. PLS is a well-known bilinear multivariate method 
for building regression models when the number of variables exceeds the 
number of samples and/or when the variables themselves are highly 
correlated. PLS modeling includes the dependent and independent 
variables in the data compression and decomposition operations, i.e. both 
y and x data are actively used in the data analysis. In particular, data 
points are projected onto a subspace whose axes have maximum 
covariance with the dependent vector. The optimum dimensionality of 
this subspace, i.e. the optimum number of latent vectors used to describe 
the data should be selected during the training phase: choice of the proper 
dimensionality is crucial as including too few components can result in 
poor modeling ability while overfitting can occur when too many latent 
vectors are retained. Because the model has to be used for the prediction 
of new samples, all possible sources of variation that can be encountered 
later should be included in the training set. Usually, a second independent 
set of samples (validation or test set) has to be used to check the 
generalization ability of the optimized model and to compute an error 
score for prediction.  

In order to predict the percentage of the different OOs in the 
blends with other vegetable oils, a specific PLS model was prepared for 
each class of vegetable oil. Due to the limited amount of training samples, 
the optimal complexity of the PLS models was chosen on the basis of the 
minimum error in leave-one-out cross validation, a procedure where each 
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sample is in turn removed from the calibration set, the model is 
constructed using the remaining n−1 samples and used to predict the y 
value for the sample left out. This process is repeated n times, until each 
one of n calibration samples has been left out once. In a successive stage, a 
PLS model for all the blends together was built for the sake of comparison. 
In this case, selection of the optimal complexity was made based on a 
seven-fold cross-validation procedure: training data were divided into 7 
cancellation groups and in turn each of them was used as internal 
validation set. All models were also externally validated with a set of 16 
samples which were not used to build the calibration model. 

2.3.4. Variable selection: genetic algorithm (GA) 

The selection of variables for multivariate calibration can be 
considered an optimization problem. GA is an optimization method based 
on the principles of genetics and natural selection in the theory of 
evolution. The algorithm starts with a randomly selected population. Each 
individual of the population, represented by a chromosome of binary 
values, represents a subset of descriptors. The number of the genes at each 
chromosome is equal to the number of the descriptors. A gene is given the 
value of one, if its corresponding descriptor is included in the subset; 
otherwise, it is given the value of zero. Each chromosome is evaluated for 
its performance through an objective function called fitness function. A 
high fitness value of a chromosome corresponds to a higher chance to be 
selected for the next generation. Then the genetic information is 
exchanged between chromosomes by crossover and perturbed by 
mutation. The result is a new generation with better fitness. This process 
is repeated until the stopping criterion is reached [28]. 

GA–PLS is a sophisticated hybrid approach that combines GA as a 
powerful multivariate variable selection with PLS as calibration method 
[29]. In GA–PLS, the chromosome is corresponding to a set of variables, to 
be used as inputs for the PLS regression model. The coupling of GA with 
PLS has been successfully applied to many spectral data sets and have 
been shown to provide better results than full-spectrum approaches [30]. 
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GA–PLS analysis has been carried out using Leardi's Genetic Algorithm 
Toolbox freely available on Internet [31]. The GA–PLS approach was 
adopted both for the vegetable oil-specific calibration and for building a 
regression model for all the blends together. 

 

3. Results and discussion 
Fig. 2 shows the baseline corrected chromatograms of the whole 

data set before and after icoshift. By inspecting the figure, one can see the 
large difference between the two plots and how the peak shifting was 
perfectly corrected with this algorithm. In a first stage, icoshift was 
applied separately to the different kinds of blends and successively to the 
whole data set with all the samples of blends together.  

 

 

Fig. 2. GC–MS chromatograms of vegetable oil blends samples (all type of 
oils analyzed in the study) before peak shifting pretreatment (iCoshift) (a) 
and after (b). 
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The first 500 data points of each chromatogram were eliminated 
due to the lack of information. As described in the previous section, 
identification and quantification of the oil blends was carried out in two 
successive stages: at first, a classification approach was used to identify 
the vegetable oil used for blending and then separate calibration models 
were built for each of the different blends. In particular, classification of 
the oil samples according to vegetable oil used for blending was carried 
out using a modeling approach based on the SIMCA algorithm. 
Accordingly, 5 independent models, one for each of the investigated 
categories (OO blending with SUN, COR, SEE, SES and SOY) were built 
on mean centered data. Leave-one-out cross-validation was used to assess 
the model complexity and 2 principal components were selected for all the 
category models, corresponding to an explained variance of more than 
94.5% for each class. 

It must be stressed that none of the training samples was identified 
as outlying for all the category models. Moreover, all samples are nearest 
to their respective class, so there was no misclassification either in 
modeling or in cross-validation. When considering the other figures of 
merit, it was observed that sensitivity (percentage of samples from the 
modeled category that are accepted by the class model) and the specificity 
(the percentage of samples from other categories which are rejected by the 
class model) [27] were both 100% for all the five classes.  
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Fig. 3. SIMCA modeling. Projection of the samples (cross-
validation results) onto the T2/Q model space of soybean 
category. 

 

These results can be observed in Fig. 3, where the projection of the 
samples onto the model of soybean category (chosen as example) is 
reported. It can be observed that all the samples belonging to the modeled 
class (in this case, soybean) lie within the model space delimited by the 
threshold, while all the samples from other origins are recognized as 
outlier by the category model, so that sensitivity and specificity are 100%, 
as already mentioned. 

The next step, in order to quantify the percentage of OO in the 
blends, was to build separate multivariate calibration models by the PLS 
algorithm, using the chromatographic data of the training set in order to 
observe how each class behaved.  
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Fig. 4. Predicted percentage of olive oil in the different vegetable oil blends (a) 
olive oil–sunflower olive oil, (b) olive oil–corn oil, (c) olive oil–seed oil, (d) olive 
oil–sesame oil and (e) olive oil–soya oil. See Fig. 1 for more detail of composition. 
See Table 1 for the calibration parameters of the models. 

 

Because of this, a specific PLS model was prepared for each kind of 
blend of vegetable oil (olive oil–sunflower olive oil, olive oil–corn oil, 
olive oil–seed oil, olive oil–sesame oil and olive oil–soya oil). The 
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performance of models was evaluated in terms of the root mean squared 
error of calibration/prediction (RMSEC/P) and of the determination 
coefficient R2. Leave-one-out cross validation was used to choose the 
optimal model complexity. 

Fig. 4 shows the plot of predicted versus actual concentrations of 
olive oil in the vegetable oil blends. Mean centering chromatographic 
pretreatment was used in all the calibration models. These models were 
built previously for each vegetable oil blend in order to see the behaviour 
of each model by itself. Table 2 shows the statistical results obtained for 
the calibration step, including statistical parameters such us PLS factors, 
RMSECV and R2.  

Table 2. Calibration parameters and statistical data of the PLS calibration 
models for the individual classes. 
 

 LVs R2 RMSEC RMSECV CV Bias 

OO-SUN 6 0.999478 0.00641991 0.0895547 -0.0149237 

OO-COR 2 0.955166 0.0573394 0.0960388 0.00643143 

OO-SEE 6 0.999075 0.00892755 0.0625305 -0.00335554 

OO-SES 6 0.998651 0.0107803 0.103153 -0.00644528 

OO-SOY 2 0.980184 0.0381209 0.0529116 0.00185313 

 

As it is shown, the correlation coefficients of actual versus 
predicted concentrations resulting from multivariate calibration models 
for the different oils were between 0.95 and 0.99. The model of the blend 
of olive oil and sunflower oil had the highest R2 (0.9995) and all of them 
have a RMSECV < 0.1; the model of olive oil and corn oil had the lowest 
R2 (0.9552). According to these criteria all types of vegetable oils could be 
quantified with excellent results. The optimum number of factors was 
selected in order to avoid overfitting when using PLS.  

In order to evaluate the performances of the proposed approach, 
involving a first classification of unknown samples and later the 
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application of the PLS model built on the samples of the nearest class, a 
further external validation stage was carried out. For this purpose, 16 test 
samples consisting in blends of olive oil with 4 of the 5 analyzed vegetable 
oils (sunflower, corn, seeds and soybean) in different proportions, were 
processed by SIMCA and PLS. SIMCA model was able to correct assign all 
the validation samples to the class corresponding to their true origin. 
Then, for each sample, the PLS model corresponding to its predicted 
category was used for quantification and an RMSEP lower than 0.1 was 
obtained, thus confirming the validity of the proposed approach also for 
external samples. 

However, there can be cases -for instance when blends are 
produced mixing EVO with more than one kind of other vegetable oils, or 
when an oil from a category not considered in this study is used – where a 
sample is recognized as outlier by all the class models in the preliminary 
SIMCA step. In those cases, none of the individual PLS models could be 
perfectly suitable for quantifying the blending ratio, or in general 
assessing EVO purity. 

To overcome these drawbacks, based on the promising results of 
the modeling performed on each category separately, in a further stage 
the possibility of building an overall model, able to quantify the 
percentage of EVO in the samples, irrespectively of the kind of oil used for 
blending, was studied. Accordingly, a calibration set was built on all the 
62 training samples and therefore including a wider variability (four 
categories of olive oil, EVOO, VO, OO and pomace, from three varieties of 
olive fruit, arbequina, picual and hojiblanca and five different vegetable 
oils sunflower, corn, seed, sesame and soya oil). The calibration set for the 
quantification of OO was constituted of 62 samples, including mixtures 
containing 10%, 30%, 50%, 70% and 90% of olive oil in the different 
vegetable oils tested. The optimal complexity of the model was assessed 
by sevenfold cross-validation. Successively, in order to evaluate the 
predictive ability of the model on unknown samples, it was applied to an 
external test set composed of 16 samples which were notemployed in the 
calibration phase. This validation data set was also baseline corrected and 
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aligned. Validation results were evaluated in terms of root-mean-squared 
error of prediction (RMSEP) and R2. 

 

Fig. 5. PLS model using all the blends of oils together as well as 
external validation (●, training set; ▼, validation set). (a) All the 
chromatographic data were used to build the model. (b) Variable 
selection was applied with genetic algorithm. 

In order to check whether it was possible to obtain accurate result 
with a reduced set of variables, a GA–PLS was adopted on the same set of 
samples. As the number of original variables (i.e. all the data points in the 
chromatogram) exceeded 1000, GA was applied in two stages in order to 
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avoid overfitting, at first considering the mean of 5 adjacent points and 
then on the intervals selected in the previous stage. Eventually, 18 
variables were selected as input for the final PLS model (in this case 
autoscaling was chosen as pretreatment). 

Fig. 5 compares the PLS model without variable reduction (a) with 
the GA–PLS model (b), where the genetic algorithms approach was used 
to reduce the big amount of variables. The results obtained in terms of 
calibration and prediction abilities for both models are summarized in 
Table 3. As it is shown, reduction in the number of variables does not lead 
to a significant worsening of the modeling and predictive ability. 
Alternatively, on one hand the complexity of the models in terms of the 
number of latent variables remains the same (2 LVs), on the other, the 
error in modeling and cross-validation is significantly lowered (0.1046 and 
0.1139, respectively, with GAPLS versus 0.1562 and 0.1642 without 
variable reduction), while the RMSE in prediction is only slightly worse 
(0.1737 versus 0.1675).  

Table 3. Calibration and prediction parameters of the PLS model for all the olive 
oil and vegetable oil blends.  
 

 LVs R2 RMSEC RMSECV RMSEP CV Bias PredBias 

PLS 2 0.695 0.1562 0.1642 0.1675 0.0014 -0.0114 
GA-
PLS 2 0.863 0.1046 0.1139 0.1737 0.0012 -0.0129 

 

As a result, variable reduction results in a model having a lower 
complexity in terms of retained experimental variables and comparable 
predictive ability.  

In conclusion the high temperature gas chromatographic proposed 
method and the chemometric class-modeling techniques such SIMCA and 
quantification techniques PLS and GA–PLS with feature selection, appear 
to be appropriate tools to verify the percentage of olive oil in blends with 
vegetable oils and could become an important instrument to verify the 
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labeling compliance and for quality control in the detection of 
adulterations. Indeed, the reliability of the proposed qualification model is 
very high as the kind of vegetable oils used for blending was correctly 
identified for all samples. Moreover, reliable quantification models were 
built for each of the different kinds of blending. Lastly, when the 
possibility of quantifying the purity of oil samples irrespectively of the 
adulterating vegetable oil, promising results were obtained by applying 
PLS (on the entire chromatogram or with GA variable selection) to the 
whole data set without preliminary classification of the oils. Thus, this 
study is especially interesting since olive oils are frequently adulterated 
with other vegetable oils. 
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6. Discusión 
 
Para finalizar, destacar, que gracias a los resultados obtenidos se ha 
conseguido la última parte de la hipótesis planteada inicialmente, donde 
se pretendía proponer un método que fuera capaz de cuantificar el aceite 
de oliva cuando se encuentra mezclado con otros aceite vegetales, para 
así, conseguir controlar el cumplimiento de los requisitos especificados en 
el Reglamento de Ejecución (UE) Nº 29/2012.  

Como en el capítulo anterior, se pone otra vez en evidencia, los buenos 
resultados en  el uso de los cromatogramas completos de triglicéridos 
como huellas dactilares, en este caso de cada una de las mezclas; las cuales 
han permitido el establecimiento de modelos de cuantificación mediante 
herramientas quimiométricas.  

Para confirmar este modo de trabajo, en este capítulo se ha puesto 
también de manifiesto que no hay una mejora sustancial de los resultados 
si se hace una reducción de variables en los cromatogramas, aunque sí es 
cierto que la complejidad de los modelos disminuye, haciéndolos más 
manejables.  

Por último, para tener en cuenta la variabilidad de aceites y/o mezclas 
que se pueden encontrar en el mercado, los modelos de cuantificación que 
se han establecido, contemplan todos los aceites vegetales en su conjunto, 
no encontrando en bibliografía resultados similares.  
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Comunicaciones a Congresos derivadas de este capítulo 
 
 
♦ C. Ruiz Samblás, F. Marini, L. Cuadros Rodríguez, A. González 

Casado. Cromatografía y quimiometría de mezclas de aceite de oliva y otros 
aceites vegetales. IV Workshop de Quimiometría para Jóvenes 
Investigadores. Comunicación oral.  
 

♦ C. Ruiz Samblás, F. Marini, L. Cuadros Rodríguez, A. González 
Casado. Application of genetic algorithms in variable selection for PLS 
quantification of olive oil in blends with vegetable oils. XIII Chemometrics 
in Analytical Chemistry. (CAC, 2012). Poster.  
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Conclusiones finales 
 

En este capítulo ω se exponen las conclusiones derivadas de las aplicaciones 
presentadas en la Tesis Doctoral. Las conclusiones específicas de cada 
objetivo se han establecido en los correspondientes artículos científicos y en 
un breve apartado de discusión al final de cada uno de los capítulos: 

I. Se ha desarrollado e implementado un procedimiento analítico para la 
extracción de grasa/aceite en productos alimenticios mediante 
extracción con líquidos presurizados, el cual puede ser utilizado por 
laboratorios de análisis de rutina para cuantificar el extracto graso en 
alimentos.  

I.a.  Se ha verificado y validado el extractor con líquidos 
presurizados, atendiendo a los requerimientos específicos. 

I.b.  Los parámetros implicados en el proceso de extracción fueron 
optimizados mediante diseño de experimentos. 

I.c.  El procedimiento se ha validado mediante la elaboración de 
un material de referencia "casero".  

I.d.  Se ha llevado a cabo la estimación de la incertidumbre de 
todos los componentes implicados en el proceso.  

 
II. Se ha efectuado una revisión bibliográfica sobre la determinación de 

triglicéridos mediante cromatografía de gases a alta temperatura 
(HTGC) en alimentos y aceites vegetales. 

II.a.  El desarrollo de la cromatografía de gases a alta temperatura 
ha estado muy ligado a lo largo de los años a la evolución de 
las fases estacionarias en las columnas cromatográficas. Este 
desarrollo ha favorecido el uso de la cromatografía de gases 
frente a la cromatografía líquida en el análisis de TAGs, 
proporcionando resultados satisfactorios.  

 
III. Se ha desarrollado una metodología de identificación de triglicéridos 

en aceite de oliva mediante HTGC-MS, en modo de "monitorización 
con un único ión" (SIM).  
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III.a. Se ha observado que los iones [M−OCOR]+, [RCO+128]+ and 
[RCO+74]+, son útiles para la identificación de TAGs que 
contengan grupos de ácidos grasos saturados, 
monoinsaturados y diinsaturados. Sin embargo no es un 
método apropiado para TAGs con ácidos grasos con más de 
dos insaturaciones.  

III.b. Este método de asignación de picos está especialmente 
indicado para condiciones con mucho ruido de fondo o 
sangrado de columna, ya que sólo detecta iones con un m/z 
característico.  

 
IV. Se ha propuesto un nuevo método sencillo y fácil de aplicar para la 

cuantificación de TAGs en aceite de oliva utilizando HTGC-MS.  
IV.a.   Para la cuantificación se utilizó un patrón multianalito, el cual 

estaba formado por todos los analitos en concentración 
similar a la que se encuentran en el aceite de oliva. Los 
factores de calibración establecidos de cada uno de los 
analitos en dicho patrón han sido posteriormente utilizados 
para la cuantificación en las muestras.  

IV.b.  A partir del contenido en TAGs en el aceite de oliva, se ha 
propuesto una metodología sencilla para el cálculo de ácidos 
grasos, alternativa a la derivatización previa y GC. Esta 
aproximación fue validada, con resultados apropiados, 
utilizando diferentes aceites de oliva cuya composición en 
ácidos grasos era previamente conocida como materiales de 
referencia.   

 
V. Mediante el uso de las huellas dactilares cromatográficas de TAGs se 

han obtenido resultados satisfactorios de agrupación y clasificación de 
aceite de oliva atendiendo a variedades  de aceite de oliva virgen extra 
y categorías, lo que demuestra la singularidad del aceite de oliva 
atendiendo a su perfil cromatográfico.  

V.a.   Se suprime la necesidad de procedimientos tradicionales de 
calibración-cuantificación para obtener estos modelos.  
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V.b.  Se aplicaron técnicas de preprocesado de los cromatogramas 
(corrección de línea base, alineamiento de picos, centrado en 
la media) para obtener resultados coherentes.  

V.c. Para la elaboración de los modelos, se han utilizado técnicas 
quimiométricas de análisis exploratorio de datos, PCA y de 
reconocimiento de pautas, análisis de agrupamientos y PLS-
DA. 

 
VI. Aplicando huellas dactilares de espectrometría de masas, de 

compuestos volátiles en el aceite de oliva virgen extra, obtenidas 
mediante PTR-MS, se ha desarrollado un modelo de clasificación 
atendiendo a la variedad del fruto.  

VI.a.  No es necesaria una identificación de los compuestos volátiles 
y únicamente fue necesario aplicar un autoescalado como 
preprocesado previo a la construcción de los modelos. 

VI.b. El modelo fue validado mediante un conjunto de muestras 
externas que no se había utilizado para la construcción del 
mismo. 

VI.c. La metodología propuesta puede ser utilizada con garantía 
como técnica de "screening" que permite una detección rápida 
y sensible  de volátiles para autentificar aceite de oliva virgen 
extra.  

 
VII. Se ha llevado a cabo una revisión bibliográfica, sobre el uso conjunto, 

de cromatografía y quimiometría para el análisis de TAGs en grasas y 
aceites. 
VII.a.   Atendiendo a los resultados encontrados, se observa que esta 

combinación es usada para caracterizar y autentificar, esto es, 
caracterización de tipos, variedades y/o orígenes geográficos, 
detección de adulteraciones, etc., de grasas comestibles y 
aceites. 

VII.b. La metodología más extendida requiere la transformación de 
las señales cromatográficas en datos composicionales, y sólo 
algunas excepciones son encontradas donde se usa el 
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cromatograma completo ("huellas dactilares"). En el primer 
caso, en esa transformación puede perderse algún tipo de 
información característica a cada muestra.   

VII.c.  De acuerdo a la bibliografía encontrada, a pesar de que la 
quimiometría es una herramienta ya bien establecida, es 
común encontrar estudios en los que se hace un mal uso de la 
terminología, ya que es frecuente aplicar técnicas 
exploratorias como clasificatorias.  

 
VIII. Se ha desarrollado un procedimiento para la identificación y 

cuantificación de aceite de oliva, cuando este se encuentra mezclado 
con otros aceites vegetales (girasol, maíz, soja, semillas, sésamo y soja). 
Los buenos resultados demuestran que es apropiado para verificados 
de etiquetado, control de calidad y detección de fraudes. 
VIII.a.  Se hace atendiendo a la determinación de TAGs mediante 

HTGC-MS y con el preprocesado comentado anteriormente; 
se ha encontrado una mayor dificultad a la hora de la 
alineación de los cromatogramas, debido a la gran variedad 
de todos los aceites vegetales usados. 

VIII.b.  Se prepararon mezclas mediante la mezcla de aceite de oliva 
y aceite vegetal a diferentes porcentajes (10-90% en aceite de 
oliva), favoreciendo las combinaciones que cubrieran el 
mayor rango de información posible.  

VIII.c.  Una técnica de modelado de clases previa como SIMCA, nos 
permite identificar primeramente el aceite vegetal usado en 
cada mezcla.  

VIII.d.  El modelo de cuantificación, PLS, fue validado mediante un 
conjunto de muestras externo que no fueron utilizados en la 
construcción del modelo. 

VIII.e. El uso de algoritmos genéticos para la reducción de variables 
utilizadas en el modelo de cuantificación, GA-PLS, 
proporcionó un modelo con el mismo número de variables 
latentes y una habilidad predictiva comparable. Sin embargo 
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los errores en calibración y validación cruzada fueron un 
poco menores. 

 
IX. Por último, el aceite de oliva es un producto muy valioso en el 

mercado, por su valor añadido, ya que presenta características que lo 
diferencian del resto de aceites vegetales, tanto composicionales como 
nutricionales. Por esto, está sujeto a modificaciones y alteraciones para 
obtener así mayores beneficios. Por tanto es necesario protegerlo y 
buscar metodologías que nos permitan autentificarlo y cuantificarlo 
para proporcionar así un mayor control del mismo. 
 
 

Principales Aportaciones 

Las principales contribuciones de esta Tesis Doctoral, atendiendo a las 
aportaciones de interés para la comunidad científica se exponen a 
continuación. 

☺ Un procedimiento analítico alternativo de extracción, con disolventes 
presurizados, de grasa y/o aceite en alimentos que contiene aceite de 
oliva en su composición. 
 

☺ Un método analítico sencillo de cromatografía de gases a alta 
temperatura acoplada a espectrometría de masas para identificar y 
caracterizar el perfil de triglicéridos de aceites vegetales.  
 

☺ Un modelo de caracterización de variedades y categorías de aceite de 
oliva mediante el uso de perfiles cromatográficos de triglicéridos y 
herramientas quimiométricas. 
 

☺ Un modelo de caracterización de variedades de aceite de oliva virgen 
extra mediante el perfil de volátiles y herramientas quimiométricas. 
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☺ Un modelo de cuantificación del porcentaje de aceite de oliva en 
mezclas con otros aceites vegetales mediante el uso de perfiles 
cromatográficos de triglicéridos y herramientas quimiométricas. 

 

Unificando todas las aportaciones expuestas anteriormente junto con las 
conclusiones, se podría decir que la conclusión más importante del trabajo 
presentado aquí es que: 

  el análisis de huellas dactilares cromatográficas de triglicéridos, junto con el uso 
de herramientas quimiométricas permite el desarrollo de modelos multivariantes 
apropiados para la detección, discriminación, clasificación y cuantificación del 
aceite de oliva.  

 

Valoración personal 

La cromatografía de gases a alta temperatura comenzó con el desarrollo de las 
columnas capilares alrededor de los años ochenta y se podría decir que la 
quimiometría alrededor de los setenta. Hoy en día las dos ramas han estado 
dando resultados muy novedosos.  
Esta tesis pretende ser una contribución a la maduración de estos campos en 
conjunto. Los resultados expuestos a lo largo de los capítulos han demostrado 
que este binomio, cromatografía-quimiometría, es capaz de dar buenos 
resultados, que son fáciles en uso e interpretación, para desarrollar métodos 
de caracterización, clasificación y cuantificación de aceite de oliva. Tales 
métodos además reducen el coste y el uso de adicionales químicos 
proporcionando estimaciones más precisas y robustas.  

Bien es cierto, que el desarrollo de estos métodos requiere la adquisición de 
habilidades analíticas y competencias matemático-estadísticas e 
instrumentales. Sin embargo, una vez adquiridas, permiten un campo muy 
amplio de aplicación y desarrollo.  
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Un aspecto importante a resaltar, a lo largo de la Tesis, es el uso de las huellas 
dactilares (cromatogramas completos, o espectros de masas en el caso de los 
volátiles) en lugar de perfiles de áreas/alturas de pico o de concentración. Sin 
embargo, para esto es crucial un buen preprocesado (corrección de la línea 
base, alineamiento de picos, etc.) de los cromatogramas, previo a la 
construcción de los modelos, para así obtener resultados verdaderos, fiables y 
óptimos para cada situación. 

Atendiendo al aprendizaje adquirido, aparte del trabajo específico en cada 
caso, subrayar la importancia de la realización de las revisiones bibliográficas 
(reviews), tanto de las aplicaciones de cromatografía de gases a alta 
temperatura en el análisis de TAGs, como el uso de la cromatografía junto con 
la quimiometría para el análisis de estos; ambos han servido para 
proporcionar una visión general y formación amplia de cómo ha ido 
evolucionando el tema, que hay hecho hasta el momento, y que se puede 
aportar a la comunidad científica.  

Conjuntamente, los procedimientos de trabajo que se han presentado tanto en 
el capítulo I, sobre el uso del extractor con disolventes líquidos presurizados, 
y en el capítulo II, sobre el uso de cromatógrafo de gases y espectrómetro de 
masas, han favorecido también este aprendizaje. La realización y puesta a 
punto de estos procedimientos, tanto de verificación, como de mantenimiento 
del equipo, confiere una mayor fiabilidad a los resultados obtenidos, así como 
favorece el aprendizaje previo del usuario, antes del análisis de las muestras 
correspondientes en cada caso.  

Por otro lado, mencionar que algunos de los resultados más fructíferos de 
esta Tesis, (capítulo III y IV) resultan de colaboraciones con Institutos y 
Universidades de prestigio como el "RIKILT-Institute of Food Safety" en 
Wageningen (Holanda) y "La Sapienza" en Roma (Italia). Estos trabajos co-
disciplinares aportan la oportunidad de intercambiar cocimientos y aprender 
nuevas formas de trabajo que facilitan el enriquecimiento personal y 
profesional del doctorando, así como el desarrollo científico.  
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Por último, haciendo referencia a las competencias básicas que se 
mencionaron en el capítulo α y que , según el Real Decreto 99/2011, como 
mínimo deben adquirirse en los estudios de doctorado, se podría concluir que 
éstas se han alcanzado con éxito. Así: 

- Se ha demostrado la capacidad y competencia para desarrollar una 
investigación sistemática sobre una nueva metodología 
cromatográfica de análisis de triglicéridos en aceite de oliva, así como 
de extracción de grasa en alimentos, estableciendo sus antecedentes y 
desarrollando nuevos métodos para mejorar sus posibilidades y 
aplicaciones. 

- Con la propuesta de utilización de herramientas quimiométricas para 
el desarrollo de modelos de optimización, autentificación y 
cuantificación, se ha puesto de manifiesto la capacidad de realizar un 
análisis crítico y evaluación de los nuevos conocimientos para 
formular nuevas propuestas que den solución a problemas en el 
campo de estudio.  

- Además, con la divulgación científica expuesta a lo largo de la Tesis, 
mediante diversas comunicaciones a congresos y artículos científicos, 
se ha puesto de manifiesto la capacidad de exponer e informar a la 
comunidad científica de las aportaciones realizadas.  

Atendiendo a las capacidades y destrezas personales, que se establecen en el 
artículo 6 del citado Real Decreto, la adquisición de las competencias 
anteriores, conlleva la adquisición de algunas de estas capacidades. 
Asimismo, la realización de los estudios dentro de un grupo de investigación 
favorece tanto el trabajo en equipo y como de forma autónoma, y las estancias 
realizadas han contribuido al aprendizaje en un contexto internacional y 
multidisciplinar.  
Por último la defensa pública, ante un tribunal especializado en el campo de 
estudio, favorecerá a desarrollar la crítica y defensa intelectual de soluciones 
por parte de la doctoranda.  
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Perspectivas Futuras 

El trabajo presentado aquí hace referencia a estudios que, aunque si bien es 
cierto que se han obtenido los resultados propuestos inicialmente,  aún 
algunos aspectos podrían ser considerados en mayor detalle. Así a 
continuación, se hacen algunas sugerencias con respecto a posibles 
investigaciones futuras. 

Se han propuesto metodologías de trabajo, pero es necesario  que estas  sean 
de aplicación y útiles a otros usuarios. Por ejemplo, sin duda, se han 
desarrollado modelos de cuantificación de aceite de oliva mezclado con otros 
aceites vegetales, pero queda la posibilidad de aplicarlos a mezclas reales de 
aceites  encontradas en el mercado o a alimentos que contengan mezclas de 
aceite de oliva con aceites vegetales y extraídas mediante el método 
propuesto en el capítulo I, lo cual podría formar parte  de un trabajo 
posterior. 

Por otro lado, futuras colaboraciones con RIKILT-Institute of FoodSafety,  están 
previstas para el análisis de aceite de palma, el cual ya se comenzó a estudiar, 
durante la estancia realizada, su perfil de volátiles y ácidos grasos y queda 
pendiente el análisis de TAGs mediante el método cromatográfico propuesto 
en esta Tesis y el desarrollo de modelos quimiométricos que permitan 
autentificar sus orígenes geográficos.  

También aparece la posibilidad de agregar datos cromatográficos y de 
espectros de masas, para obtener así conjuntos de datos a 3-vías que podrían 
ser trabajados mediante quimiometría. Algunos de estos estudios se probaron 
ya durante la estancia realizada en "La Sapienza" junto al Dr. Federico Marini.  

Por último, la realización de una formación Post-Doctoral, podría ser la 
continuación perfecta para seguir aprendiendo y experimentando.  
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¿Cuál eres tú? 
 
Una hija se lamentaba con el papa por las dificultades experimentadas en la vida. 
Estaba cansada de luchar. Se daba cuenta de que, una vez resuelto el problema, se 
presentaba rápidamente otro. 
El padre, chef de profesión, decidió llevarla a la cocina: lleno tres ollas de agua y las 
puso a calentar. Al poco tiempo el agua de las tres ollas empezó a hervir. 
En la primera olla depositó zanahorias, en la segunda huevos y en la tercera granos de 
café. La hija, impaciente, se preguntaba qué estaba haciendo. Después de veinte 
minutos el padre apagó el fuego y tomando las zanahorias, las arregló en una bandeja, 
los huevos los depositó en un plato y el café en una taza. 
Después se dirigió a la hija y le dijo: "¿Qué ves?", "Zanahorias, huevos y café", fue la 
respuesta inmediata. El padre la invitó a acercarse y le dijo que tocara las zanahorias, 
haciéndole notar que estaban blandas; después le pidió que tomara un huevo y lo 
rompiera, haciéndole notar que una vez retirada la cáscara, el huevo era duro. Y 
finalmente le pidió que saboreara el café, ella sonrío mientras sentía su aroma 
delicioso. La hija le preguntó: "¿qué significado tiene todo esto?" 
El padre le explicó que los tres elementos habían afrontado la misma adversidad, el 
agua hirviendo, pero cada uno lo había sumido de forma diversa. 
La zanahoria era fuerte y dura pero al contacto con el agua se había ablandado y se 
había vuelto frágil; el huevo era frágil, y su cáscara servía para proteger el líquido que 
tenía en su interior. Una vez expuesto al agua caliente, en su interior se había hecho 
sólido y duro; y los granos de café, al contacto con el agua caliente, habían cambiado el 
color del agua.  
"¿Cuál es tu manera de asumir la adversidad?" –preguntó el padre a la hija. "¿Eres 
una zanahoria, un huevo o un grano de café?". 
 
¿Eres como una zanahoria que parece fuerte, pero cuando la adversidad y el dolor 
tocan a la puerta te vuelves débil y pierdes tu fuerza?  
¿Eres como un huevo que al comienzo tienen el corazón suave y adaptable, pero 
después frente a un problema te vuelves dura y rígida?  
¿O eres como un grano de café que cambia el color del agua caliente, el elemento que 
le produce dolor?  
Es justamente cuando el agua llega a su punto de ebullición que el café produce su 
transformación. Si eres como el café, cuando la adversidad te pone a prueba, tú 
reaccionas bien y sacas la mejor ventaja de la situación.  

Anónimo 
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