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Yo, vine creciendo y me forjé

cual mi generacion distinta a la de ayer.

()

Soy como quisieron ser pero tratando de ser yo,
ni menos mal, pero en verdad ni menos bien.
No ha sido fcil tener

una opinion que haga valer

i vocacion, mi libertad para escoger.

()

Yo, yo solo tengo la razon

de quien quisiera ser mejor de lo que ayer.
)

Sufre conmigo el error que cometeré

goza también lo que de bien

se ha de lograr sin pretender.

Sube conmigo a encontrar el escalén

que evocaré para llegar

a ese lugar que un dia sone.

PABLO MILANES, NO HA SIDO FACIL, 1984



UNIVERSITAT ROVIRA I VIRGILI

CYNARA CARDUNCULUS AS AN ALTERNATIVE CROP FOR BIODIESEL PRODUCTION.
Jorgelina Cecilia Pasqualino

ISBN: 978-84-690-8290-4 / D.L: T. 1750-2007



UNIVERSITAT ROVIRA I VIRGILI
CYNARA CARDUNCULUS AS AN ALTERNATIVE CROP FOR BIODIESEL PRODUCTION.
Jorgelina Cecilia Pasqualino

ISBN:

978-84-690-8290-4 / D.L: T. 1750-2007

AGRADECIMIENTOS

Me gustarfa empezar este trabajo con unas palabras de agradecimiento a todas aquellas

personas que de alguna manera me ayudaron a alcanzar este momento.

Sé que esta es la parte de la tesis que mas gente leera, y probablemente la tnica que lean

algunos de ustedes, y por tanto espero no olvidarme de nadie.

En primer lugar quiero agradecer al Doctor Joan Salvadé, porque no solo fue el director
este trabajo sino que ademas me brindé su apoyo durante estos 4 afios, dedicando ideas,
tiempo y paciencia, que no es poco. Porque no solo me ensefié el camino a seguir sino que
también me dej6é experimentar por mi cuenta, aunque me equivocara. Porque no solo ha
estado pendiente de mi trabajo sino también de mi vida, mi futuro, mi familia, y hacer de

ese modo que mi estadia aca sea mucho mas facil. Por confiar en mi. Gracias Joan.

También quisiera agradecer a los miembros del tribunal de tesis, por evaluar este trabajo.
Gracias Dr. Manuel Bao Iglesias, Dr. Domingo Cantero Moreno, Dr. José Antonio Reina
Lozano, Dra. Paloma Manzanares Secades, Dr. Daniel Montané i Calaf, Dra. Mercedes

Ballesteros Perdices y Dra. Marta Giamberini.

El grupo de investigaciéon Biopolimeros Vegetales, merece un doble agradecimiento, como
grupo de trabajo y como grupo de aventuras. En cuanto al trabajo, quiero agradecerles por
el apoyo en el laboratorio, por compartir el material y el tiempo que pasamos en él, por los
comentarios aportados en los ensayos de las presentaciones, las criticas, las ideas, las
sugerencias, y en definitiva por hacer el trabajo mas ameno. En cuanto a las aventuras,
quiero agradecetles por las reuniones gastronémicas que hemos compartido en estos afos,
los pica-picas, paellas, cabritos, calcotadas y demas experimentos culinarios, a veces
también acompafiados de un paseo. Gracias a los profesores del grupo, Joan Salvado,
Daniel Montané, Ricard Garcia, Xavier Farriol, Francesc Ferrando y Marta Giamberini, y a
los becarios, Nour Edine, Freddy, Camilo, Debora, I, José Antonio, Vanessa, Luizildo,
Carles, Dawit, Baltazar y Pepa. Y también sumo a este agradecimiento a quienes han dejado
el grupo en este tiempo, Vanessa, Guillermo, Lourdes, Xiao, Daiyong, Cati, Modest, Anna,

con quienes he compartido parte de este tiempo y de quienes espero no olvidar a nadie.



UNIVERSITAT ROVIRA I VIRGILI
CYNARA CARDUNCULUS AS AN ALTERNATIVE CROP FOR BIODIESEL PRODUCTION.
Jorgelina Cecilia Pasqualino

ISBN:

978-84-690-8290-4 / D.L: T. 1750-2007

También quiero agradecer a Vero y Pili, que aunque han estado poco tiempo en el grupo

también me han ayudado bastante en estos ultimos meses.

Dentro del grupo de investigacion, hay alguien que me ha ayudado mas de lo que puede
pedirse, y por eso quiero dedicarle a Pepa un parrafo aparte, porque sin ella no sé qué
hubiera hecho para terminar este trabajo. Por que nos ha ayudado a todos, con los pedidos,
la organizaciéon y el orden del laboratorio, los turnos en los equipos, etc. Porque juntas
hemos aprendido a desarmar, limpiar, reparar y rearmar los cromatografos, porque me ha
pinchado cientos de muestras y me ha ayudado en tantos otros experimentos. Gracias
Pepa. Porque ademas de todo esto te ha quedado tiempo para abrirme las puertas de tu
casa y tu familia, para compartir paseos, comidas, partidos de futbol, cumpleafios, cafés,
charlas, y muchos momentos en los que has sido como una madre, una hermana, pero
sobretodo una buena amiga. Porque Elbereth, Elrond y Santi también forman parte de esta

gran familia. Gracias Pepa.

Quisiera agradecer también a la Universitat Rovira i Virgili, en particular al Departament
d’Enginyeria Quimica, que me ha dado la oportunidad de realizar mi tesis doctoral dentro
de sus instalaciones y su programa de doctorado. Dentro del departamento, quisiera
agradecer en particular a los doctores lIoanis Katakis y Azael Fabregat, por ser los primeros
contactos que tuve con esta universidad, y por darme la oportunidad de obtener una beca
de doctorado. También quisiera agradecer a Sam, Raquel, Nuria y Dolors por la paciencia y

ayuda en el papeleo académico y legal.

También quisiera agradecer a la Generalitat de Catalunya y la Ageéncia de Gestié d'Ajuts
Universitaris i de Recerca, por la beca de doctorado (beca IGSOC 2002-2004 y beca FI-
IQUC 2004-2000), y el apoyo econémico (Project 2001 SGR 00323). Agradezco ademas a
la Estacion Depuradora de Aguas Residuales de Tarragona, a las empresas BIONET
Europa S.L. y Stocks del Vallés — BDP, a la Asociacié Catalana del Biodiesel y al Institut
Catala de la Energia.

Dentro del programa de doctorado, Graduated Studies in Chemical and Process
Engineering, quisiera agradecer a mis compaferos a lo largo de estos afios, quienes por
provenir de todos los rincones del planeta, me han dado la oportunidad unica de conocer
otras culturas, costumbres, religiones e idiomas. Gracias a esos compafieros que me han
ensefado a ser mas tolerante con lo diferente y a descubrir que en verdad no somos tan

diferentes como parece. Gracias a esos compaferos que han hecho que no me sienta tan

11



UNIVERSITAT ROVIRA I VIRGILI
CYNARA CARDUNCULUS AS AN ALTERNATIVE CROP FOR BIODIESEL PRODUCTION.
Jorgelina Cecilia Pasqualino

ISBN:

978-84-690-8290-4 / D.L: T. 1750-2007

lejos de casa ni me sienta sola nunca. Gracias a esos amigos que han compartido esos
momentos en los que uno necesita a alguien a su lado. Gracias a esos amigos que han
compartido mis cumpleafios y con quienes he brindado en Navidad y en Afio Nuevo.
Gracias a los amigos de la hora del almuerzo y del café, y a los del cine en casa, las
reuniones, las noches de Trivial, el cine, los viajes, y una infinidad de momentos
compartidos. Gracias a los amigos con los que ademas de los afios pasados espero
compartir mas momentos en el futuro. No puedo nombratlos a todos porque seguramente
me olvidaria de muchos, pero hay algunos a quienes quisiera nombrar. Gracias Deby por
los ya casi 10 afios de amistad, por el pasado, el presente y el futuro que espero sigamos
compartiendo, por estar siempre ahi, por los viajes, congresos, el proyecto final, los afios de
convivencia, gracias por tu amistad. Gracias Luizildo, compafnero de viajes, conciertos,
navidades, nevadas, hospitales, por ser el vecino, el amigo y el hijo mimado. Gracias
Carmelo por ser un gran amigo, compafiero de aventuras, y también hijo consentido.
Gracias Marfa Eugenia y Pedro, Alicia, José Antonio, Tere y Dieguito, Marelys, Diego y
Ana Mercedes, Catrles, Pepa, Freddy, Alexandre, Isabela, Alfredo, Camilo, Irama, Maretva,
Laura, Vivi, Saravana, Carlos, Guillermo, Lult, Yuvisa, Paola, Alejandra, Iosvani, Anna,
Flor y todos los que forman parte de la gran familia becaria. y que me han hecho mas

felices estos afios.

Porque para llegar hasta acd han pasado muchas cosas, quisiera agradecer a mis
compaferos de estudios previos al doctorado, y actuales amigos. Gracias a Vale por ser mi
primer compafiera de banco en el colegio, porque nos conocemos desde los 6 afos y
mantenemos el contacto, porque tu familia es como si fuera la mifa, por los mails, los
encuentros en Buenos Aires, la ayuda en el tramite de la VISA, gracias amiguita. Gracias a
las “tochas”, Vero, Lule, Vale, Ailin y Vane, por animarse a ser mis primeras alumnas de
quimica, fisica y matematica, porque crecimos juntas, por todos los secretos compartidos,
los momentos vividos y los reencuentros. Gracias a Deby, Lucre y Mariana, compafieras de
aventuras, tantos afios en la universidad, tantas horas estudiando juntas, compafieras de
proyecto final, pero sobretodo grandes amigas. Gracias a los compafieros de estudios, de
congresos, de recibédromo, de afos de amistad y momentos compartidos, Laura, Sol,
Silvana, Gustavo, Hernan, Ezequiel, Agus, Natalia, Adrian, Lili, y Marfa. Gracias Laura,

Silvana y Gustavo por los reencuentros a este lado del charco.

Quiero recordar también a mis profesores de la Universidad Nacional de Mar del Plata, en

particular a Patricia Haure, gracias a quien estableci el contacto con esta universidad.

111



UNIVERSITAT ROVIRA I VIRGILI

CYNARA CARDUNCULUS AS AN ALTERNATIVE CROP FOR BIODIESEL PRODUCTION.
Jorgelina Cecilia Pasqualino

ISBN: 978-84-690-8290-4 / D.L: T. 1750-2007

Gracias ademas a Norma Marcovich, Mirta Aranguren, Claudia Bidabehere, Rosa Fenoglio,

por las cartas de recomendacién y los consejos.

Claudia y Pablo también merecen un parrafo aparte, porque no solo compartimos estudios
y amistad, durante muchos afios, sino porque han confiado en mf al elegirme madrina de su
pequefia Ludmila, mi Lumi. Los considero como si fueran de mi familia, y sé que ustedes a

mi también. Los quiero mucho, y son de las personas que mas extrano al estar aca.

A mi familia decirle gracias no serfa suficiente, para agradecerles todo el apoyo que me han
dado a lo largo de toda mi vida, porque sin ustedes no habria podido llegar a ser quien soy.
Gracias a mis padres Blanca y Jorge y mi hermano Pablo, por estar siempre ahi, por el
carifio incondicional, por el apoyo, los consejos, el amor y sobretodo por que he sido feliz
en mi vida y esos se los debo a ustedes. Gracias a mis abuelos, mis t{os, primos, y mi
sobrinita Vicky, la mimada de la familia. Gracias también a mis padres por animarse a

cruzar el charco y venir a mi defensa de tesis.
Gracias a mis princesitas Lumi y Vicky, por hacerse querer tanto y por ser tan lindas.

Las ultimas palabras se las quiero dedicar a Henry, mi amor, mi compafiero. Gracias por
estos cuatro afios juntos, por estar a mi lado en todo momento, por aguantarme, por
apoyarme, por quererme, por hacerme feliz. Por haber ido a Argentina y llevarme a
conocer Colombia. Por cuidarme tanto. Por que quiero pasar a tu lado el resto de mi vida.

Gracias Hen.

I\Y



UNIVERSITAT ROVIRA I VIRGILI
CYNARA CARDUNCULUS AS AN ALTERNATIVE CROP FOR BIODIESEL PRODUCTION.
Jorgelina Cecilia Pasqualino

ISBN:

978-84-690-8290-4 / D.L: T. 1750-2007

SUMMARY

Biodiesel is a renewable fuel obtained from vegetable oils or animal fats. Its properties are
similar to that of fossil diesel fuel, allowing its use for diesel engines, both pure and in
mixtures with fossil diesel fuel. Biodiesel is obtained from the transesterification reaction,
where the triglycerides contained in the oil or fat react with a short chain alcohol in
presence of a catalyst. The products of the reaction are biodiesel and glycerol, obtained in
two separated phases. The alcohols used in the reaction are usually methanol and ethanol.
Alkaline catalysts, usually NaOH and KOH are the most commonly used, though
alcoxides, inorganic acids and lipases. Traditional raw materials for biodiesel production are
the oils of rapeseed, sunflower, soybean and palm. However, some alternative raw materials

such as animal fats and recycled oils, are also used.

This thesis is focused on the use of Cynara cardunculus oil. Cynara cardunculus, also known as
wild cardoon or Castilian cardoon, is a non-domesticated robust perennial plant, from the
family of artichoke. It is well adapted to the Mediterranean weather. The maximum
production reaches 30-35 tons/ha per year, with about 2 tons of seeds. The seeds contain
up to 25 % oil, with a similar composition to sunflower oil. Thus, Cynara cardunculus
cultivation may represent an alternative for abandoned cropland and a good candidate as

renewable energy source and biodiesel production.

The present work is divided into three main parts:

> A general introduction

> The production of biodiesel from unrefined Cynara cardunculus oil

> The characterisation of the mixtures of biodiesel with fossil diesel fuel

> The biodegradability behaviour of biodiesel and its mixtures with fossil derived fuels

In the first part, the need of renewable energies, biofuels and specially biodiesel’s use, was
explained. The history of diesel motors and biodiesel was detailed, together with the actual
situation, a comparison to conventional fossil diesel fuel and the main production

characteristics.
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In the second part, the reaction conditions where optimised for the transesterification of
unrefined Cynara cardunculus oil. The best operation conditions where obtained for the
reaction at 60°C using methanol in a molar ratio of 6:1 with respect to oil, and 1% NaOH

as catalyst.

The product obtained was characterised, determining the variations in viscosity and the
content in methyl esters, glycerol, mono glycerides, diglycerides and triglycerides. The acid
value of the original oil (11.8 mgKOH/g) was higher than the values recommended for
alkaline transesterification (1-2 mgKOH/g), though for some reaction conditions the
results were acceptable. However, most of the conditions experimented resulted in the
formation of soaps and gels, and in some cases the ester and glycerol phases were not
clearly separated. This results reflect the need of a preesterification step in order to reduce

the acid value of the oil.

The preesterification step was optimised using different reaction temperatures, catalyst and
methanol concentrations and reaction times. The best results were obtained for the
reactions conducted at 60°C, using a 6:1 methanol to oil molar ratio and 0.5% sulphuric

acid as catalyst.

Finally, the oil was pre-treated using the best conditions for the preesterification, reducing
the acid value to less than 1mgKKOH/g. An additional degumming step was used in order

to remove the phospholipids present in the oil.

The transesterification of the pre-treated oil was optimised and the results were compared
to the previous ones without the use of pre-treatment. The ester yield increased with the
pre-treatment and the ester and glycerol phases were clearly separated in most of the cases,

showing the advantages of the degumming and preesterification steps.

The third part of the work was the characterisation of the mixtures of biodiesel and diesel
fuel using standard specifications for diesel fuel. European specific normatives for both
biodiesel (EN 14214) and fossil diesel fuel (EN 590) are detailed, together with their
requirements and test methods. Mixtures of both fuel at different proportions, were
analysed according to EN 590. All the analytical procedures were compared for diesel fuel
and biodiesel. For some of the properties correlations for the mixtures were determined. In
some cases experiments were needed to determine the behaviour of the mixtures. There

are some properties of the mixtures than can limit the amount of biodiesel allowed in the
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mixture in order to satisfy the specifications for diesel fuel, such as density, viscosity,
distillation, oxidative stability and cold weather properties. It was detected the need of
specific analytical methods and requirements for the determination of the oxidative stability

and the cetane index of the mixtures.

The fourth part of the work was developed by analysing the biodegradability of mixtures of
biodiesel and fossil derived fuels, such as crude oil diesel fuel and gasoline. The CO,
evolution test was used to analyse the biodegradation behaviour of the mixtures. In all the
cases cometabolic biodegradation was observed demonstrating that biodiesel enhances the
degradation of the three fossil derived fuels analysed. The physical properties of the

mixtures were also analysed.
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RESUMEN

El biodiesel es un combustible de origen renovable que se obtiene a partir de aceites
vegetales y grasas animales. Sus propiedades son similares a las del gasoil, por lo que puede
utilizarse como combustible en motores diesel, tanto en estado puro como en mezclas con
gasoil. El biodiesel se obtiene mediante la reacciéon de transesterificacion, en la que los
triglicéridos que componen los aceites y grasas, reaccionan con un alcohol de cadena corta,
en presencia de un catalizador. Como resultado de la reacciéon se obtienen dos fases
liquidas, biodiesel en la fase superior y glicerol en la fase inferior. Los alcoholes utilizados
en la reaccién son generalmente metanol y etanol. Los catalizadores mas utilizados son los
hidréxidos de sodio y de potasio, aunque también se ha investigado el uso de metéxidos,
acidos inorganicos y lipasas. Los aceites mas utilizados en la produccion de biodiesel son
los de soja, colza, girasol y palma, aunque existen numerosas alternativas como los aceites

de fritura reciclados, las grasas animales, etc.

En este trabajo se utilizé el aceite de Cynara cardunculus, una planta de origen silvestre, de
la familia de la alcachofa, también conocida como cardo silvestre o cardo de Castilla. Esta
planta se encuentra perfectamente adaptada al clima mediterraneo, soportando condiciones
extremas de temperatura y humedad. Su cultivo puede alcanzar una produccion de 30-35
toneladas por hectarea al afio, de las cuales se obtienen 2 toneladas de semilla. Dicha
semilla puede llegar a contener hasta un 25 % de aceite, el cual presenta una composicion
similar al aceite de girasol. De este modo, el Cynara cardunculus puede representar un
cultivo alternativo para la produccién de biodiesel, pudiéndose cultivar en tierras

abandonadas o no aptas para otro tipo de cultivos.

El presente trabajo se encuentra dividido en cuatro partes principales:

> Una introduccién general

> Elestudio de la produccion de biodiesel a partir de aceite crudo de Cynara cardunculus
> La caracterizacion de las mezclas de biodiesel con gasoil comercial

> El estudio de la biodegradacion de mezclas de biodiesel con algunos combustibles de

origen fosil

IX
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En al primera parte de este trabajo se explica la necesidad de la utilizaciéon de energias
renovables, de los biocombustibles en particular y entre ellos el biodiesel. Se detalla ademas
la historia del desarrollo de los motores diesel, 1a historia del biodiesel, su situacion actual,
su comparacion con el gasoil convencional y las caracteristicas principales de su

produccion.

En la segunda parte, se optimizaron las condiciones de reaccion para la transesterificacion
de aceite de Cynara cardunculus sin refinar. Las mejores condiciones de operacion se
obtuvieron para la reaccion realizada a 60°C, utilizando metanol en una relacién molar de

0:1 con respecto al aceite, y un 1% de NaOH como catalizador (% en peso de aceite).

El producto obtenido fue caracterizado, determinando los cambios en la viscosidad, y el
contenido en metilésteres, monoglicéridos, diglicéridos, triglicéridos y glicerol. El indice de
acidez del aceite original resulté ser de 11.8 mgKOH/g, un valor bastante mayor a lo
recomendado patra la transesterificacion mediante catalisis alcalina (1-2 mgKOH/g). A
pesar de que los resultados fueron aceptables para algunas condiciones de reaccion, para la
mayoria de las condiciones experimentadas la reaccion condujo a la formacién de gel y
jabon, dificultando la separacion de las fases de glicerol y metilésteres. Estos resultados
reflejan la necesidad de realizar una etapa de preesterificacion de los acidos grasos libres, de

modo de reducir el indice de acidez.

La etapa de preesterificacion fue optimizada utilizando diferentes temperaturas y tiempos
finales de reaccion, ademas de variar las concentraciones de catalizador (acido sulfurico) y
metanol. Las mejores condiciones de operaciéon se obtuvieron para la reaccion realizada a
60°C, utilizando metanol en una relacién molar de 6:1 con respecto al aceite, y un 0.5% de

H,SO, como catalizador (% en peso de aceite).

Finalmente, el aceite fue pre-tratado bajo las condiciones 6ptimas de preesterificacion,
reduciendo su indice de acidez a valores infetiores a 1mgKKOH/g. Se realizé ademas una

etapa previa de degomado del aceite para eliminar los fosfolipidos presentes.

La reaccion de transesterificacion del aceite pre-tratado fue optimizada y los resultados
comparados con los de la reaccién del aceite crudo. El contenido en metilésteres fue
superior al utilizar aceite pre-tratado, y las fases de metilésteres y glicerol se separaron con
facilidad en la mayoria de los casos, demostrando la utilidad de las etapas de degomado y

preesterificacion.
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La tercera parte de este trabajo consiste en la caracterizacion de las mezclas de biodiesel
con gasoil comercial. Actualmente existe en Europa una normativa especifica para el
biodiesel (EN 14214) y otra especifica para el gasoil (EN 590), detallindose en ambas los
requerimientos y los métodos de ensayo para diferentes propiedades. Sin embargo, las
mezclas de ambos combustibles deben cumplir con la normativa vigente para el gasoil, a
pesar de que en algunos casos el biodiesel no cumple con la misma. Para determinar el
comportamiento de las mezclas, se prepararon mezclas de ambos combustibles en
diferentes proporciones y se analizaron sus propiedades basandose en la normativa europea
vigente para el gasoil (EN 590). Para cada una de las propiedades especificadas se realizo la
evaluacion del comportamiento de las mezclas, explicando los métodos de analisis y la
importancia de cada propiedad. Para algunas propiedades fue necesaria la realizaciéon de
experimentos (densidad, viscosidad, destilacién, indice de cetano, punto de inflamacion,
punto de obstruccién de filtro frio, estabilidad a la oxidacion). Las restantes propiedades
fueron evaluadas mediante balances de materia. Ademas, se determinaron las correlaciones
apropiadas para calcular las propiedades de las mezclas conociendo las propiedades de los
componentes puros y el porcentaje de biodiesel en la mezcla. Dichas correlaciones
permiten ademads, determinar si todas las proporciones de mezcla cumpliran la normativa
establecida para el gasoil, o si existe un maximo de biodiesel en la mezcla a partir del cual
dicha mezcla dejara de cumplir la normativa. Se determiné que algunas propiedades (la
densidad, la viscosidad, la destilacion, la estabilidad a la oxidacion, el punto de obstruccion
de filtro frio, el contenido de agua y el contenido de cenizas) pueden limitar la cantidad de
biodiesel permitida en la mezcla para que esta cumpla con la normativa vigente para el
gasoil. En algunos casos el no cumplimiento de la normativa implica la diferencia en los
limites requeridos para el gasoil (EN 590) y para el biodiesel (EN 14214), sin que esto
represente un problema en el funcionamiento de la mezcla en el motor. En estos casos, se
debe establecer una normativa especifica para las mezclas que se ajuste a sus caracteristicas.
En otros casos, los métodos estandar aplicados al gasoil resultaron poco precisos o
incorrectos al aplicarlos al biodiesel y a las mezclas. Esto se puede solucionar mediante el
desarrollo de métodos de analisis especificos para las mezclas. Otras propiedades, como la
estabilidad a la oxidacién y el punto de obstrucciéon de filtro frio, pueden representar
inconvenientes reales en el funcionamiento de las mezclas en el motor y por tanto son las

que determinan el maximo de biodiesel permitido en la mezcla.

La cuarta parte de este trabajo consistié en el analisis de la evoluciéon de la biodegradacion

de las mezclas de biodiesel con combustibles de origen fésil (petréleo crudo, gasoil y

X1
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gasolina). Se realizaron mezclas de biodiesel con dichos combustibles en diferentes
proporciones, determinando en cada caso las propiedades fisicas de las mezclas (densidad y
viscosidad). La biodegradacion se determiné mediante el método de evolucion de CO,. En
todos los casos, los efectos sinérgicos fueron positivos indicando la presencia de
cometabolismo. Se demostré por tanto, que el biodiesel incrementa la biodegradabilidad
de los tres combustibles fésiles examinados, permitiendo de este modo su utilizaciéon en la
el tratamiento de derrames de los mismos. Se proponen ademads algunas posibilidades de

utilizacion.
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1. INTRODUCTION

1.1. GENERAL BACKGROUND

1.1.1. ENVIRONMENTAL ISSUES

During the generation, transport and consumption of conventional forms of energy, the
environment is affected in several ways, including the emissions of greenhouse gases and
other contaminants. This is the origin of mayor environmental problems like the climate
change and the acid rain. Some solutions to this problem are the treatment of combustion
gases, the stimulation of energy efficient technologies, and a major use of renewable forms

of energy (United Nations, 1997).

According to the Kyoto Protocol, the emissions of greenhouse gases should be reduced by
at least 5 % taking 1990 levels as reference, during the period 2008-2012 (United Nations,
1997). To meet this goal, the European Union (EU) has agreed to attain by 2010 a
minimum penetration of 12 % of renewable energy sources, being biomass the main
contribution with 7 % of the total consumption (Ewuropean Commission, 1997). This includes
the use of solid, liquid or gaseous forms of biomass. In the case of liquid biomass (or
biofuels), the objectives of the EU for 2020 include increasing their consumption with a

target of 20 % for all fuel substitutes (Exrgpean Commission, 2000).

1.1.2. THE PEAK OIL

During the last years, the price of petroleum has been climbing while the global energy
demand is rising 1-2 % each year. New exploitation discoveries require every time more
investment, being also more difficult to exploit and less prolific. The world is nowadays
consuming two barrels of petroleum for every one found. The moment when petroleum
consume will be higher than the petroleum available is usually known as the peak oil, and it
has been estimated that it will occur at any time between 2007 and 2030. However, there is

no agreement on actual available resources and reserves (M. Marzo, 2006).
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1.1.3. RENEWABLE ENERGY FOR THE TRANSPORT SECTOR

At present, petroleum and its derivatives represent almost 35 % of the total primary energy
supply in the world. From them, almost 60 % is employed in the transport sector. On the
other hand, renewable energies still represent a small proportion when compared to fossil
tuels use (M. Margo, 2006). Many alternative forms of renewable energy, such as wind,
solar and geothermal, are acquiring importance in the gradual replacement of fossil fuels.
Nevertheless, these forms of energy are useful for electricity generation, but present
technology is not practical for their use in transportation. Some alternatives such as the use
of compressed natural gas (CNG) or hydrogen powered fuel cells, are being considered as
possible solutions for the transportation sector. Though CNG is being used in several
countries with low prices and clean burning, it is still a fossil fuel and is suffering price
increases and production decreases as well as petroleum is. In addition, it requires
expensive equipments and vehicle modifications. On the other hand, the technology for
hydrogen production and distribution is still under development and will take more time to

be available for transport use (Pabl, 2005).

In the meantime, liquid biofuels from renewable sources are acquiring importance as they
can be used without the need of engine modifications and can represent an alternative to at
least a portion of the petroleum fuels market (Pah/, 2005). There are different types of
biofuels, from which the most important are bioethanol (which is used to partially or totally

replace gasoline), and biodiesel.

This thesis is focused on biodiesel, a clean renewable fuel, obtained from organic

feedstocks as vegetable oils or animal fats.

Biodiesel (fatty acid alkyl esters) is produced through the transesterification of the oil or fat,
with a short chain alcohol in the presence of a catalyst (usually NaOH or KOH). The
physico-chemical properties of biodiesel are similar to those of fossil diesel fuel (Table 1.1),
so it can be used to partially or totally replace diesel for the use in compression ignition
engines. Biodiesel has many environmental advantages as it considerably reduces emissions

of contaminants, it is readily biodegradable and non-toxic.
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Table 1.1. Comparison of some physico-chemical properties of vegetable oils, biodiesel

and fossil diesel fuel.

Property Vegetable Oil Biodiesel Diesel
Density (Kg/m’) 916-924 880 835
Viscosity (cp-20°C) 65.8-77.8 7.5-8.0 5.1
Viscosity (cp-50°C) 25.7-34.9 3.8-4.2 2.6
Cetane Number 33-51 45-56 > 45
Carbon residue % 0.25-0.42 0.02-0.05 0.15
Sulphur % 0.0001-0.01 0.002-0.01 0.29

* Source: Biofuels — European Commission

1.1.4. BIODIESEL HISTORY

Rudolf Diesel was born in Paris in 1858, though his family had a German origin. During
the Franco-Prussian War he went to study in Augsburg, Germany, where he assisted to a
technical school and to a mechanical engineering program. Then he studied
thermodynamics at the Munich Institute of Technology where he began to develop his idea
on a heat engine, that would not need a spark plug to create combustion. The main source of
industrial power at that time was the steam engine, but it was extremely expensive and had
less than a 10 % efficiency. While he worked for several companies and acquired practical
mechanical experience, he began experiments with his engines. In 1892 he published a
paper called “Theory and Construction of a Rational Heat Engine to Replace the Steam Engine and
Contemporary Combustion Engine” where he described his invention as a “compression
ignition engine”. This engine could burn virtually any fuel as it was ignited not by a spark
but by the extremely high temperature caused by the high compression of the air before
the injection of fuel into the cylinder (Pahl, 2005).

The first prototype was presented in 1893 in Augsburg and was initially fuelled by kerosene
and gasoline, though it did not generate enough power. He continued refining the model
and trying different fuels, such as lighting gas and heavy oils. He patented the third
prototype and four of his engines were shown at the Munich Power and Machinery
Exhibition in 1898. A smaller version of Diesel’s engine was shown at the Paris Exhibition

in 1900, and this was the first time it run on peanut oil (Pab/, 2005).
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Figure 1.1. Diesel’s engine prototype

In the following years, Diesel continued testing vegetable oils to power his engine. As his
desire was to create an engine that could be operated almost anywhere on almost any fuel,

he focused on the use of renewable fuels such as castor oil, palm oil, lard and other seed

oils (Pahl, 2005).

Because of their size and weight, the first diesel engines were mostly used in factories,
electrical generation plants, and ships. Automotive industry started using diesel engines
after 1924, with the development of smaller, lighter engines with self contained direct
injection pumps. The original Diesel’s idea to use his engines with a variety of fuels, was
displaced after his death in 1913, by the use of cheap and plentiful petroleum based
kerosene. The diesel fuel as it is known today was developed in the twentieth century as
diesel engines came into wider use. The number of diesel engines that were manufactured

to run on diesel fuel grew exponentially (Pah/, 2005).

Experiments with vegetable oils continued from 1920 to 1940 in the European nations that
had tropical colonies. Alkyl esters use in diesel engines was first reported in a Belgian
patent on the use of palm oil ethyl esters, in 1937. Vegetable oils were used as emergency
fuels in South American and Asian countries, during World War II, but their use was

interrupted after the war, as cheap petroleum based fuels were available again (Pah/, 2005).
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For many years the availability of inexpensive petroleum fuels provided little incentives for
experimenting with alternative, renewable fuels for diesel engines. However since the oil

crisis in 1970’s research interest has expanded in the area of alternative fuels (Canakci,

2001).

Research on vegetable oils use for diesel engines, started again after the 1970’s energy crisis
and was mainly conducted in Austria, South Africa and the United States (Pab/, 2005).
Different types of oils such as palm, soybean, sunflower, peanut and olive oils were used
for diesel engines. However vegetable oils present different fuel properties when compared
to diesel fuel, as they have higher density, viscosity and flash point, and lower cetane
number and heating values. The direct use of vegetable oils presented engine problems
after long time use due to the oil characteristics and cold weather conditions. They present
injection problems, poor fuel atomization, incomplete combustion, deposits formation,
carbonization of injector tips, ring sticking, lubricating oil dilution and degradation
(Srivastava, 2000). Thus, in 1973, professors Manfred Worgetter and Josef Pernkopf from
BLT in Wieselburg and professors Martin Mittelbach and Hans Junek from the University
of Graz, focused their research in adapting the oils to the diesel engines. They found the
transesterification reaction to be useful for the modification of vegetable oils, obtaining
fatty acid alkyl esters (later known as biodiesel) and glycerol. They also patented the first
method to produce cheap biodiesel with a low-temperature and low-pressure process. They
constructed the first biodiesel pilot plant, that produced around 500 tons rapeseed oil
biodiesel annually, and developed the first biodiesel standard (ON C 1190). Professor
Mittelbach was also the first to use biodiesel in his own car (Pahl, 2005).

1.1.5. CURRENT BIODIESEL STATUS

Biodiesel industry is beginning to experience a dramatic growth in many parts of the world.
While fossil fuels were formed over millions of years, biodiesel can be locally created in just

a few months from renewable sources (Pahl, 2005).

Nowadays, more than 25 countries are using biodiesel pure or in mixtures with diesel. It is
usually obtained from soybean, rapeseed or sunflower oils, but some alternative feedstocks
are coconut, palm, algae, animal fats and recycled frying used oils. In Europe, the main

biodiesel producers are Germany, France, Italy, Austria and Denmark (Table 1.2)
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Table 1.2. Biodiesel production in Europe during 2005, and estimate production for 2006

Country 2005 biodiesel production | Estimate production for
(in thousands of tons) | 2006 (in thousands of tons)
Germany 1669 2681
France 492 775
Italy 396 857
Czech Republic 133 203
Poland 100 150
Austria 85 134
Slovakia 78 89
Spain 73 224
Denmark 71 81
UK 51 445
Slovenia 8 17
Others 28 671
Total 3184 6069

* 2005 production has increased by 65% when compared to 2004 production
* Source: European Biodiesel Board

The production of biodiesel in Spain has increased in the last years with some plants

already working in Montmel6, Reus and Alava (18000, 50000 and 55000 tons/year

respectively), and some other plants in project. There are also several fuel stations

providing mixtures of biodiesel and diesel, in Catalunya and Aragon.

Figurel.2. Biodiesel dispenser in a Shell fuel station in Tarragona, Spain.
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Biodiesel is receiving increased attention as an alternative, non-toxic, biodegradable and
renewable diesel fuel. It has a higher cetane number than diesel fuel, no aromatic
compounds, almost no sulphur and contains 10-11 % oxygen by weight, thus reducing
emissions of carbon monoxide, hydrocarbon and particulate matter (Canakei, 2007) . For
up to twenty years, biodiesel has been in commercial use in many countries, including

Austria, Czech Republic, Germany, France, Italy, Spain and USA (Mittelbach, 2004).

1.1.6. BIODIESEL PRODUCTION

Biodiesel is obtained from organic feedstocks such as vegetable oils or animal fats. It is
mainly produced through the transesterification of the oil or fat, with a short chain alcohol

in the presence of a catalyst.

Oils and fats are composed primarily by triglycerides, that consist of a glycerine backbone
with fatty acid radicals attached in place of the hydroxyls. Transesterification is a reaction
between the triglycerides and short chain alcohols, that gives free glycerol and the fatty acid

esters of the respective alcohol, known as biodiesel.

In the transesterification reaction (figures 1.3 and 1.4), one mole of triglyceride reacts with
three moles of alcohol to form one mole of glycerol and three moles of the respective fatty
acid alkyl esters, in a sequence of three reversible reactions where the triglycerides are
converted to diglycerides, monoglycerides and finally glycerol. The yield of the reaction is
improved by adding an excess of alcohol and a catalyst. As glycerol and the esters are

hardly miscible, they form two phases that can be separated (Mittelbach, 2004).

H,C-OCOR" ROCOR' H,C-OH
| catalyst + l
HC-OCOR" + 3ROH =2 ROCOR" + HC-OH
| + l
H,C-OCOR™ ROCOR™ H,C-OH
Triglyceride Alcohol Alkyl esters Glycerol

Figure 1.3. Overall transesterification reaction
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H,C-OCOR' H,C-OH
Hé -OCOR" + CH,0OH é H,C-OCOR"' + Hé —OCOR"
ks
Hz(lj —-OCOR™ Hz(lj -OCOR™
Triglyceride Methanol Methyl ester Diglyceride
H,C-OH H,C-OH
Hé —OCOR" + CH,0OH é H,C-OCOR" + H(lj - OH
ky
Hz(lj -OCOR™ Hz(lj -OCOR™
Diglyceride Methanol Methyl ester Monoglyceride
H,C-OH H,C-OH
H(lj —OH + CH,0OH é H,C-OCOR™"™ + H(lj - OH
kg
Hz(lj -OCOR™ Hz(lj —OH
Monoglyceride Methanol Methyl ester Glycerol

Figure 1.4. Transesterification reaction steps

The transesterification reaction depends mainly on the nature and concentration of catalyst,
the molar ratio of alcohol to oil, the temperature, pressure and reaction time, and the

content of water and free fatty acids (FFA) (Sendzikiene, 2004).

Traditional raw materials for biodiesel production are the oils of rapeseed, sunflower,
soybean and palm, as these crops have the highest current worldwide production. The
choice of raw material in a specific region mainly depends on the respective climatic

conditions (Mittelbach, 2004). As the main drawback of biodiesel is price, different raw

10
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materials have to be tested in order to reduce production costs and reach final product
prices that can compete with fossil diesel fuel. Lower cost feedstocks, such as high FFA
oils, are needed (Canakei, 2007). Some alternative edible oils that are being tested are
Brassica carinata (Ethiopian mustard) and Cynara cardunculus in the Mediterranean countries,
Camelina sativa (gold of pleasure) and Linum usitatissimum (linseed) in Central Europe, Cyperus
esculentus (tigernut) in Africa, Elaeis guineensis (palm kernel) and Cocos nucifera (coconut) in
South Asia and Brassica nigra and Sinapis alba (mustard oils) in USA. Some non-edible oils
are also good candidates for biodiesel production as they contain substances which make
them unsuitable for human consumption but considerably cheaper than edible oils. Some
examples are Ricinus communis (castor oil) in Brazil, Jatropha curcas (physic nut) in Nicaragua
and some oils of Indian origin like Shorea robusta (sal), Madbuca latifolia (mahua), Antelaea
azadirachta (neem) and Pongamia glabra (karanja) oils. Animal fats and recycled oils are also
popular raw materials for biodiesel production as they are inexpensive and represent an

additional benefit for the environment with the use of waste material (Mittelbach, 2004).

There are different types of catalysts employed in the transesterification reaction, which are

mainly divided into alkaline, acid and enzymatic catalysts.

Alkaline catalysts, such as NaOH and KOH are the most commonly used for biodiesel
production. Figure 1.5 explains the alkaline catalysed transesterification reaction
mechanism for triglycerides. Mono and diglycerides react by the same mechanism
(Schuchardt, 1998). When compared with acid or other type of catalysts, basic ones show a
high conversion under mild conditions and in short reaction times. In addition, they are
less corrosive to industrial equipment and require smaller volumes of alcohol, thus
reducing reactor sizes. Alkaline metal alkoxides are the most active catalysts as they give
high yields in short times but they require the absence of water. Alkaline hydroxides are less

active but cheaper, though they are the most widely used in industrial processes (Ma, 1999).

Acid catalysts also give high yields, but the reaction is slow and requires higher
temperatures. Figure 1.6 explains the acid catalysed transesterification mechanism
(Schuchardt, 1998). The most common acids used are phosphoric, hydrochloric, sulfonic and
sulfuric acids. Acid catalysts are recommended for oils having a high FFA content, as they
also catalyse the esterification reaction of the FFA. They are also employed in pre-
treatment steps, to esterify the FFA prior to basic catalysed reaction. Nevertheless acid

catalysis is also affected by the presence of water, that inhibits the reaction.

11
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