UNIVERSIDAD DE CÓRDOBA

ESCUELA POLITÉCNICA SUPERIOR
DEPARTAMENTO DE QUÍMICA FÍSICA Y TERMODINÁMICA APLICADA
ÁREA DE MÁQUINAS Y MOTORES TÉRMICOS

ULTRASOUND-ASSISTED BIODIESEL
PRODUCTION
PRODUCCIÓN DE BIODIÉSEL ASISTIDA POR
ULTRASONIDOS
PhD Thesis/Tesis Doctoral
Author/Autor:
Javier Sáez Bastante
Supervisors/Directoras:
María del Pilar Dorado Pérez
Sara Pinzi
April/Abril 2015

TITULO: Ultrasound-assisted biodiesel production. Producción de biodiésel
asistida por ultrasonidos

AUTOR: Javier Sáez Bastante
© Edita: Servicio de Publicaciones de la Universidad de Córdoba. 2015
Campus de Rabanales
Ctra. Nacional IV, Km. 396 A
14071 Córdoba
www.uco.es/publicaciones
publicaciones@uco.es

TÍTULO DE LA TESIS: Ultrasound-assisted biodiesel production/Producción de
biodiésel asistida por ultrasonidos

DOCTORANDO/A: Javier Sáez Bastante

INFORME RAZONADO DEL/DE LOS DIRECTOR/ES DE LA TESIS
(se hará mención a la evolución y desarrollo de la tesis, así como a trabajos y publicaciones derivados de la misma).

La tesis que aquí se presenta trata sobre la mejora del proceso productivo de la
fabricación del biodiésel, mediante el uso de ultrasonidos como energía auxiliar, con el
objetivo de reducir costes. Siguiendo este mismo objetivo, la tesis se ha completado
con la inclusión de nuevas materias prima, como Camelina sativa y Sinapis alba y su
uso potencial para producir biodiésel. En todos los casos, la tesis ha supuesto un
avance significativo en el campo del biodiésel. Prueba de ello son las 4 publicaciones
en revistas de impacto del primer cuartil de la base de datos ISI Thomsom Reuters,
junto a las que actualmente están en vías de publicación y en proceso de escritura (45 adicionales), aportaciones a congresos nacionales e internacionales, etc.
El doctorando ha mostrado una alta capacidad analítica, deductiva, de buen manejo y
buen hacer en el trabajo de laboratorio (para lo que se ha requerido realizar convenios
con otros grupos de investigación de ésta y otras universidades). Ha mostrado buena
adaptabilidad para el trabajo en grupo, así como muy alta disposición a aprender
nuevas técnicas e ingenio para aplicarlas.
Su carácter responsable, su alta implicación con el trabajo y su ilusión por la
investigación han propiciado que se hayan sentado los pilares de una investigación
prolífica y de alto interés que continuará al finalizar la tesis doctoral. El doctorando, sin
duda, ha cubierto los objetivos planteados al inicio de la tesis e incluso los ha
superado por sus aportaciones personales valiosísimas.
Por todo ello, se autoriza la presentación de la tesis doctoral.

Córdoba, 18 de marzo de 2015

Firma del los director/es

Fdo.: Sara Pinzi

Fdo.: María del Pilar Dorado Pérez

Acknowledgements/Agradecimientos

ACKNOWLEDGEMENTS/AGRADECIMIENTOS
La presente tesis doctoral se debe al esfuerzo personal y profesional de muchas personas a las
que estoy muy agradecido y sin las cuales nunca se podría haber llevado a cabo este trabajo
que me ha hecho crecer tanto en lo personal como en lo profesional.
En primer lugar, quiero agradecer profundamente a mis padres el enorme esfuerzo y la
dedicación que han tenido hacia mi persona durante toda mi vida. A través de su ejemplo he
aprendido a dirigirme en la vida y a esforzarme para ser cada día mejor. De mi madre aprendí
el valor de la constancia y del trabajo diario, su tesón y su buen hacer siempre han sido un
ejemplo para mí. De mi padre aprendí a no rendirme, a sacar fuerzas de flaqueza y mantener la
calma en los momentos más difíciles. Es por ello que los quiero más que a nada en el mundo,
un beso para los dos.
En especial, quiero agradecer sinceramente a mis directoras de tesis, Sara Pinzi y Pilar Dorado,
su constante apoyo y estímulo para conseguir este doctorado. Sin duda, a la persona que más
le debo en este sentido es a Sara que me ha apoyado en todo momento. Me ha enseñado a
investigar, me ha ayudado, me ha comprendido, me ha animado cuando las cosas no salían y
siempre confió en mis capacidades hasta cuando no había motivos para ello. Por esto y mucho
más: Grazie mile, bella. Espero que sigamos trabajando juntos mucho tiempo. A Pilar le
agradezco su comprensión, su amabilidad, su confianza, nunca una palabra más alta que otra y
la atención que siempre ha tenido hacia mí. Sin duda ha sacado lo mejor que tenía, muchas
gracias Jefa.
Un agradecimiento especial también va a para mis compañeros del grupo BIOSAHE. Especial
mención merece David; buen compañero, siempre dispuesto a ayudar, siempre amable.
Gracias de corazón. También están Miguel, Isa, Iosvani, Marta, Kika, Azahara, María Dolores y
Pepe con los que también he compartido buenos momentos y los que nos quedan por
compartir que seguro serán muy buenos. Un recuerdo para ellos también.
No podían faltar mis compañeros de café matutino/comidas, es decir, Francisco, Félix,
Manuela, el recién incorporado Pepelu, Paco, Inés, Fermando y Manuel con los que también
he vivido momentos agradables y de risas que siempre hacen falta en el trabajo, un abrazo
muy fuerte. No me quiero olvidar a Paquito y a Antonio que me han hecho más llevadera la
redacción de la tesis con los cachondeos y las risas en la sala de becarios. Un saludo para los
dos.
Quiero agradecer a Ramón y Javi Jiménez su colaboración en los trabajos que hemos hecho
juntos y su buena disposición a ayudarme. Habrá más oportunidades de seguir trabajando, sin
dudas. Muchas gracias.
También va un sincero agradecimiento para Lola Luque, Feli y para todo el grupo de
investigación FQ-227. Me han brindado la oportunidad de trabajar con ellos contribuyendo a
mi formación como doctorando poniendo a mi disposición todo lo necesario. Han sido muy
amables conmigo y he recibido su apoyo siempre que lo he solicitado. De corazón, gracias.

Acknowledgements/Agradecimientos

No me puedo olvidar tampoco ni del Profesor Luis López-Bellido ni de Puri pertenecientes al
grupo de investigación de Cultivos Herbáceos que me han ayudado de manera incalculable con
parte del contenido de esta tesis doctoral. Por su trabajo, atención y amabilidad, muchas
gracias.
No pueden faltar tampoco un recuerdo a mis amigos (ellos ya saben quienes son) por haber
aguantado mis rollos todos estos cuatro años que no han sido pocos, y a Auxi que me ha
ayudado y apoyado siempre que lo he necesitado. Un fuerte abrazo.
Por último ( y no menos importante), quiero mentar una frase que escuché hace tiempo, cuya
autoría desconozco pero que merece un hueco en este apartado de agradecimientos. Dice lo
siguiente: "La ciencia es como el sexo, a veces no tiene una aplicación directa pero no por ello
vamos a dejar de practicarla". Desde luego lo ha clavado. Solamente espero que mi
"investigación" en el resto de mi vida sea abundante y fructífera. ;)

Contents

CONTENTS
ABSTRACT ..................................................................................................................................... 1
RESUMEN ...................................................................................................................................... 2

CHAPTER 1: INTRODUCTION...........................................................................................3
1.1 GENERAL CONSIDERATIONS.................................................................................................5
1.1.1 Biofuels and biodiesel .................................................................................... 5
1.1.2 Historical developments of biodiesel ............................................................ 6
1.1.3 Chemical principles of transesterification ..................................................... 8
1.1.3.1 Transesterification reaction.............................................................. 8
1.1.3.2 Competitive reactions ...................................................................... 8
1.1.3.3 Alcohols commonly used in biodiesel production............................ 9
1.1.3.4 Catalysts commonly used in biodiesel production ......................... 10
1.1.3.5 Biodiesel production process ......................................................... 11
1.2 ANNUAL BIODIESEL PRODUCTION ........................................................................... 12
1.2.1 Biodiesel production in the world ............................................................... 12
1.2.2 Biodiesel production in Europe.................................................................... 15
1.2.3 Biodiesel production in Spain ...................................................................... 16
1.2.4 Biodiesel production in Andalusia ............................................................... 16
1.3 INTERNATIONAL BIODIESEL REGULATION............................................................... 17
1.3.1 Historical development of regulatory standards for biodiesel .................... 17
1.3.2 American standards ..................................................................................... 18
1.3.3 European standards ..................................................................................... 19
1.3.4 Biodiesel standards in other countries ........................................................ 20
1.4 OILSEED CROPS AS RAW MATERIALS ................................................................. 25
1.4.1 Rapeseed...................................................................................................... 25
1.4.2 Soybean........................................................................................................ 27
1.4.3 Coconut ........................................................................................................ 28
1.4.4 Palm................... .......................................................................................... 29
1.4.5 Camelina sativa ............................................................................................ 29
1.4.6 Castor.................. ......................................................................................... 30
1.4.7 Sinapis alba .................................................................................................. 31
1.5
1.6
1.7
1.8

NEW TECHNOLOGIES FOR BIODIESEL PRODUCTION ............................................... 31
THESIS STRUCTURE ................................................................................................... 33
OBJECTIVES ............................................................................................................... 34
REFERENCES .............................................................................................................. 35

i

Contents

CHAPTER 2 : ULTRASOUND-ASSISTED BIODIESEL SYNTHESIS.
BACKGROUND AND CURRENT TRENDS .......................................................... 43
2.1 ABSTRACT ................................................................................................................. 45
2.2 INTRODUCTION ........................................................................................................ 46
2.2.1 Mass transfer handicap ............................................................................... 46
2.2.2 Advanced technologies in biodiesel production .......................................... 46
2.3 ULTRASOUND-ASSISTED BIODIESEL SYNTHESIS ...................................................... 49
2.3.1 Definition and uses of ultrasound................................................................ 49
2.3.2 Ultrasound-assisted transesterification reactions ....................................... 53
2.3.2.1 Organic reactions assisted by ultrasound....................................... 53
2.3.2.2 Ultrasonic experimental devices for BD production ...................... 53
2.4 EFFECT OF ULTRASOUND ON CATALYSIS ................................................................. 57
2.4.1 Homogeneous catalysis ............................................................................... 57
2.4.2 Heterogeneous catalysis .............................................................................. 60
2.4.3 Enzymatic catalysis ...................................................................................... 69
2.5 COMBINATION OF ULTRASOUND WITH OTHER TECHNOLOGIES ........................... 73
2.5.1 Ultrasound combined with microwaves ...................................................... 73
2.5.2 Ultrasound combined with co-solvents ....................................................... 73
2.6 KINETIC AND ENERGY CONSUMPTION STUDIES ..................................................... 74
2.6.1 Kinetic investigations ................................................................................... 74
2.6.2 Energy consumption studies ........................................................................ 75
2.7 EFFECT OF ULTRASOUND ON REACTION PARAMETERS.......................................... 76
2.7.1 Effect of ultrasound on alcohol-to-oil molar ratio ....................................... 76
2.7.2 Effect of ultrasound on the amount of catalyst ........................................... 76
2.7.3 Effect of ultrasound on reaction time.......................................................... 78
2.7.4 Effect of ultrasound on temperature........................................................... 79
2.8 CONCLUSIONS........................................................................................................... 79
2.9 REFERENCES .............................................................................................................. 80

ii

Contents

CHAPTER 3: ULTRASOUND-ASSISTED BIODIESEL SYNTHESIS OF
EDIBLE VEGETABLE OILS........................................................................................93
3.1 INFLUENCE OF VEGETABLE OIL FATTY ACID COMPOSITION ON ULTRASOUNDASSISTED SYNTHESIS OF BIODIESEL ................................................................................. 95
3.1.1 Abstract ........................................................................................................ 95
3.1.2 Introduction ................................................................................................. 96
3.1.2.1 Raw materials ................................................................................. 97
3.1.3 Materials and methods ................................................................................ 99
3.1.3.1 Vegetable oils ................................................................................. 99
3.1.3.2 Reagents, apparatus and instruments............................................ 99
3.1.3.3 Software for statistical analysis .................................................... 102
3.1.4 Results and discussion ............................................................................... 102
3.1.4.1 Characterization of the raw material ........................................... 102
3.1.4.2 First experimental design: screening step .................................... 103
3.1.4.3 Second experimental design: Response surface methodology
step..... ........................................................................................................ 109
3.1.4.4 Kinetics studies ............................................................................. 115
3.1.5 Conclusions ................................................................................................ 120
3.2 BIODIESEL SYNTHESIS FROM SATURATED AND UNSATURATED OILS ASSISTED BY
THE COMBINATION OF ULTRASOUND AND AGITATION .............................................. 121
3.2.1 Abstract ...................................................................................................... 121
3.2.2 Introduction ............................................................................................... 122
3.2.3 Materials and methods .............................................................................. 123
3.2.3.1 Vegetable oils ............................................................................... 123
3.2.3.2 Reagents, apparatus and instruments.......................................... 123
3.2.3.3 Software for statistical analysis .................................................... 123
3.2.4 Results and discussion ............................................................................... 123
3.2.4.1 Design of experiments .................................................................. 123
3.2.5 Conclusions ................................................................................................ 143
3.2.6 Acknowledgements.................................................................................... 144
3.3 REFERENCES ............................................................................................................ 144

iii

Contents

CHAPTER 4: ULTRASOUND-ASSISTED BIODIESEL SYNTHESIS OF NONEDIBLE VEGETABLE OILS AND ENERGYSTUDIES........................................149
4.1 ULTRASOUND-ASSISTED BIODIESEL PRODUCTION FROM Camelina sativa OIL .. 151
4.1.1 Abstract ...................................................................................................... 151
4.1.2 Introduction ............................................................................................... 152
4.1.3 Materials and methods .............................................................................. 154
4.1.3.1 Camelina sativa oils ...................................................................... 154
4.1.3.2 Reagents ....................................................................................... 154
4.1.3.3 Devices used in transesterification processes .............................. 154
4.1.3.4 Equipment for energy consumption studies ................................ 155
4.1.3.5 Instrument employed for chromatographic analysis ................... 155
4.1.3.6 Analysis conducted to oil and biodiesel samples according to
European and American international standards ...................................... 155
4.1.3.7 Characterization of Camelina sativa oils ...................................... 155
4.1.3.8 Biodiesel production. Experimental procedure............................ 155
4.1.3.9 Power measurements................................................................... 156
4.1.3.10 Response surface methodology and desirability function
approach.....................................................................................................156
4.1.3.11 Statistical treatment ................................................................... 157
4.1.4 Results and discussion ............................................................................... 157
4.1.5 Conclusions ................................................................................................ 175
4.1.6 Acknowledgements.................................................................................... 175
4.2 SYNTHESIS OF BIODIESEL FROM CASTOR OIL: SILENT VERSUS SONICATED
METHYLATION AND ENERGY STUDIES .......................................................................... 176
4.2.1 Abstract ...................................................................................................... 176
4.2.2 Introduction ............................................................................................... 177
4.2.3 Materials and methods .............................................................................. 178
4.2.3.1 Raw material and reagents ........................................................... 178
4.2.3.2 Apparatus ..................................................................................... 178
4.2.3.3 Oil and biodiesel characterization analyses ................................. 178
4.2.3.4 Fatty acid determination .............................................................. 178
4.2.3.5 Conventional transesterification .................................................. 178
4.2.3.6 Ultrasound-assisted transesterification ....................................... 178
4.2.3.7 Response surface methodology and statistical treatment........... 179
4.2.4 Results and discussion ............................................................................... 179
4.2.5 Conclusions ................................................................................................ 187
4.2.6 Acknowledgements.................................................................................... 188
4.3 REFERENCES ............................................................................................................ 188

iv

Contents

CHAPTER 5: EVALUATION OF Sinapis alba AS FEEDSTOCK FOR
BIODIESEL PRODUCTION IN MEDITERRANEAN CLIMATE.....................193
5.1 ABSTRACT ............................................................................................................... 195
5.2 INTRODUCTION ...................................................................................................... 196
5.3 MATERIALS AND METHODS.......... .........................................................................197
5.3.1 Experiment location ................................................................................... 198
5.3.2 Crop management ..................................................................................... 198
5.3.3 Harvesting, measurements and calculations ............................................. 199
5.3.4 Oil extraction process ................................................................................ 199
5.3.5 Characterization of fatty acid composition................................................ 199
5.3.6 Transesterification reactions ..................................................................... 199
5.3.7 Analysis performed to oil and biodiesel samples ...................................... 200
5.3.8 Biodiesel properties predictions ................................................................ 201
5.4 RESULTS AND DISCUSSION ..................................................................................... 202
5.4.1 Design of experiments ............................................................................... 202
5.4.2 Climate conditions ..................................................................................... 204
5.4.3 Effects of year, plant density and nitrogen fertilizer dose on grain yield,
growth components and harvest index ................................................................ 205
5.4.4 Effect of plant density and nitrogen fertilizer doses on total oil
production............................................................................................................208
5.4.5 Effect of plant density and nitrogen fertilizer doses on fatty acid
composition .......................................................................................................... 209
5.4.6 Prediction of biodiesel properties by using mathematical models ........... 212
5.4.7 Effect of fatty acid composition variation on Sinapis alba oil biodiesel
properties ............................................................................................................. 215
5.4.8 Preliminary study of Sinapis alba oil ultrasound assisted
transesterification.................................................................................................215
5.5 CONCLUSIONS......................................................................................................... 217
5.6 ACKNOWLEDGEMENTS .......................................................................................... 217
5.7 REFERENCES ............................................................................................................ 217

v

Contents

CONCLUSIONS AND FUTURE RESEARCH LINES ................................................... 221
SUPPLEMENTARY DATA................................................................................................. 227
REFERENCES ........................................................................................................................ 233
APPENDIXES ........................................................................................................................ 257
Appendix 1 ............................................................................................................................ 259
Appendix 2 ............................................................................................................................ 263
Appendix 3 ............................................................................................................................ 267
Appendix 4 ............................................................................................................................ 271

vi

List of tables

LIST OF TABLES
Chapter 1
Table 1.1 World biodiesel production data by raw materials, in million t
Table 1.2 Biodiesel production of European Union in recent years
Table 1.3 Biodiesel production in the European Union by countries
Table 1.4 European and USA biodiesel standards and American and European diesel
fuel standard
Table 1.5 Japanese biodiesel specifications
Table 1.6 Brazilian biodiesel standard for castor oil biodiesel
Table 1.7 Fatty acid composition of different raw materials

14
15

16
24
25
26

Chapter 2
Table 2.1 Maximum FFA content for one-step alkali-catalyzed transesterification
Table 2.2 Advantages and disadvantages of advanced technologies for biodiesel
production
Table 2.3 Range frequencies of ultrasound and applications
Table 2.4 State of the art of homogeneous sonicated transesterification with
ultrasonic baths
Table 2.5 State of the art of homogeneous sonicated transesterifications with
ultrasonic probes and horns
Table 2.6 State of the art of sonicated transesterifications through sonochemical
reactors
Table 2.7 State of the art of heterogeneous sonicated transesterification
Table 2.8 State of the art of enzymatic sonicated transesterifications
Table 2.9 State of the art of the combination of ultrasound and microwave in
biodiesel synthesis
Table 2.10 State of the art of combination of ultrasound and co-solvents in biodiesel
synthesis
Table 2.11 Conventional homogeneous transesterification
Table 2.12 Conventional heterogeneous transesterification

47
50
51
61
64
68
70
72
73
74
77
77

Chapter 3
Table 3.1 Raw materials fatty acid composition
Table 3.2 Physical and chemical properties of the different raw materials
Table 3.3 Design of experiments
Table 3.4 Design of experiments I
Table 3.5 FAME, MG, DG and TG content in BD samples (DOE I) expressed as weight
percentage

vii

102
103
103
104
105

List of tables

Table 3.6 Effects of each reaction parameter on the response variables for rapeseed
oil BD (DOE I)
Table 3.7 Effects of each reaction parameter on the response variables for soybean oil
BD (DOE I)
Table 3.8 Effects of each reaction parameter on the response variables for coconut oil
BD (DOE I)
Table 3.9 Effects of each reaction parameter on response variables for palm oil
BD (DOE I)
Table 3.10 Qualitative effects of the reaction parameters on the response variables
for all oils (DOE I)
Table 3.11 Optimized reaction parameters for rapeseed, soybean, coconut and palm
oils BD during the screening step
Table 3.12 Design of experiments II
Table 3.13 FAME, MG, DG and TG content in BD samples (DOE II) expressed as weight
percentage
Table 3.14 Effects of each reaction parameter on response variables for rapeseed oil
BD (DOE II)
Table 3.15 Effects of each reaction parameter on response variables for soybean oil
BD (DOE II)
Table 3.16 Effects of each reaction parameter on response variables for coconut oil
BD (DOE II)
Table 3.17 Effects of each reaction parameter on response variables for palm oil BD
(DOE II)
Table 3.18 Qualitative effects of the reaction parameters on the response variables
for all oils (DOE II)
Table 3.19 Desirability study of response surface
Table 3.20 Optimized reaction parameters for rapeseed, soybean, coconut and palm
oils BD (DOE II)
Table 3.21 Physical and chemical properties of optimized BD for each raw material
(DOE II), according to European standard for biodiesel EN 14214
Table 3.22 US cycles and catalyst concentration for both designs of experiments
Table 3.23 Design of experiments
Table 3.24 FAME, MG, DG and TG content (expressed as weight percent) in biodiesel
samples (DOE I)
Table 3.25 Effects of each reaction parameter on the response variable for rapeseed
BD (DOE I). A: MG; B: DG; C: TG and D: FAME
Table 3.26 Effects of each reaction parameter on the response variable for soybean
BD (DOE I). A: MG; B: DG; C: TG and D: FAME
Table 3.27 Effects of each reaction parameter on the response variable for coconut
BD (DOE I). A: MG + DG + TG and B: FAME
Table 3.28 Effects of each reaction parameter on the response variable for palm BD
(DOE I). A: MG; B: DG; C: TG and D: FAME
Table 3.29 Optimization steps of BD production (DOE I)
Table 3.30 FAME, MG, DG and TG content (expressed as weight percent) in biodiesel
samples (DOE II)
viii

106
106
106
107
108
109
109
110
111
111
112
112
112
113
114
115
124
125
126
127
127
127
128
128
133

List of tables

Table 3.31 Effects of the reaction parameters on the response variables for rapeseed
oil BD (DOE II). A: MG; B: DG; C: TG and D: FAME
Table 3.32 Effects of the reaction parameters on the response variables for soybean
oil BD (DOE II). A: MG; B: DG; C: TG and D: FAME
Table 3.33 Effects of the reaction parameters on the response variables for coconut
oil BD (DOE II). A: MG+DG+TG and B: FAME
Table 3.34 Effects of the reaction parameters on the response variables for palm BD
(DOE II). A: MG; B: DG; C: TG and D: FAME
Table 3.35 Optimization steps of biodiesel production (DOE II)
Table 3.36 Main chemical and physical properties of the biodiesel produced under the
optima working conditions of each design of experiments
Table 3.37 Single factor ANOVA analysis for each reaction parameter between DOE I
and DOE II
Table 3.38 Predictive equations for each response variable as a function of reaction
parameters in both DOE

134
134
134
135
135
138
140
142

Chapter 4
Table 4.1 Fatty acid composition and some physical and chemical properties of
Camelina sativa oil
Table 4.2 Reaction parameters, chemical and physical properties for conventional
transesterification
Table 4.3 Catalyst concentration and US cycles for the three DOE
Table 4.4 Summary of the three DOE
Table 4.5 FAME yields (DOE I
Table 4.6 FAME, MG, DG and TG content as weight percent in Camelina sativa oil
biodiesel samples (DOE II &II)
Table 4.7 Effects of reaction parameters on response variables for Camelina sativa oil
biodiesel
Table 4.8 Optimization steps of Camelina sativa oil biodiesel production
Table 4.9 Desirability study of response surface for DOE II DOE III
Table 4.10 Optimized reaction parameters for Camelina sativa oil biodiesel
(DOE II & DOE III)
Table 4.11 Several chemical and physical properties of optimal Camelina sativa oil
biodiesel values for DOE II and III according EN 14214 and ASTM standards
Table 4.12 Power and energy consumption required for each device employed in
Camelina sativa oil biodiesel production
Table 4.13 Fatty acid composition and several properties of castor oil
Table 4.14 Summary of the design of experiments (DOE)
Table 4.15 First design of experiments and subsequent COME yield
Table 4.16 Effects of each reaction parameter on COME conversions and optimal
values (DOE I)
Table 4.17 Second design of experiments
Table 4.18 Effects of reaction parameters on COME conversions and optimal values
after optimization study (DOE II)
ix

158
159
160
162
162
163
164
166
167
167
168
172
179
180
181
181
183
183

List of tables

Table 4.19 Physical and chemical properties for optimal sonicated and conventional
castor oil biodiesel
Table 4.20 Qualitative effects of sonicated castor oil biodiesel production in both DOE
Table 4.21 Power and energy consumption of optimal sonicated castor oil BD as
compared to conventional transesterification

185
185
187

Chapter 5
Table 5.1 Design of experiments
Table 5.2 Anova study of the influence of year, plant density and nitrogen fertilizer
doses on grain yield, growth components and harvest index of Sinapis alba
considering the study of both seasons under rainfed Mediterranean conditions
Table 5.3 Effect of year, plant density and nitrogen fertilizer doses on grain yield, yield
components and harvest index of Sinapis alba considering the study of both seasons
under rainfed Mediterranean conditions
Table 5.4 Analysis of variance of total oil production
Table 5.5 Average fatty acid composition under different growth conditions according
to DOE
Table 5.6 Analysis of variance for each fatty acid
Table 5.7 Predicted physical and chemical values for Sinapis alba oil biodiesel
according average fatty acid composition (adapted from Pinzi)
Table 5.8 Sinapis alba oil characterization

x

203

207

208
209
210
210
213
216

List of figures

LIST OF FIGURES
Chapter 1
Figure 1.1 Types of biofuels according to raw materials origin
Figure 1.2 Transesterification reaction
Figure 1.3 Soap formation
Figure 1.4 Hydrolysis reaction
Figure 1.5 Transesterification process
Figure 1.6 Scheme of biodiesel industrial production
Figure 1.7 World biodiesel production 1991-2011
Figure 1.8 World biodiesel production in recent years

6
8
9
9
11
12
13
14

Chapter 2
Figure 2.1 New trends in biodiesel production
Figure 2.2 Scheme of cavitation phenomenon
Figure 2.3 Picture of a transesterification reaction into an ultrasonic bath
Figure 2.4 Ultrasonic probe
Figure 2.5 Scheme of a possible configuration of biodiesel continuous production in a
sonochemical reactor

48
52
55
56
57

Chapter 3
Figure 3.1 Rape plant. Rapeseed
Figure 3.2 Soybean plant. Soybean seed
Figure 3.3 Coconut tree. Coconut fruit
Figure 3.4 Palm tree. Palm fruit
Figure 3.5 Set up of the experiments
Figure 3.6 Response surfaces for optimization of the different BD (DOE II)
Figure 3.7 Fame yields and glycerides concentrations for unsaturated oils as a function
of US cycle
Figure 3.8 Fame yields and glycerides concentrations for saturated oils as a function of
US cycle
Figure 3.9 Scheme of both design of experiments
Figure 3.10 Contours of estimated response surfaces (DOE I)
Figure 3.11 Response surfaces for rapeseed oil and soybean oil biodiesel (DOE I)
Figure 3.12 Contours of estimated response surfaces (DOE II)
Figure 3.13 Response surfaces for rapeseed oil and soybean oil biodiesel (DOE II)

97
98
98
99
101
117
118
119
124
130
134
137
139

Chapter 4
Figure 4.1 Camelina sativa plant and Camelina sativa seeds

xi

153

List of figures

Figure 4.2 Reaction designs in the three DOE. DOE I: simple sonication; DOE II:
sonication and stirring at room temperature; DOE III: sonication and stirring at 50 °C
Figure 4.3 Ultrasonic probe
Figure 4.4 Response surfaces and contour line plots for DOE II
Figure 4.5 Response surfaces and contour line plots for DOE III
Figure 4.6 Power consumption of the probe registered by Fluke
435 three phase power quality analyzer during sonication cycles
Figure 4.7 a)Specific Consumption values. b) Energy Use Index values for both
Camelina sativa oil biodiesel. CT: conventional transesterification; DOE II: sonication
and stirring at room temperature; DOE III: sonication and stirring at 50 °C
Figure 4.8 Castor plant and castor beans
Figure 4.9 Main effects of reaction parameters on COME conversions (DOE II)
Figure 4.10 Power and energy consumption considering ultrasonic probe (a)
and heater-stirrer (b)
Figure 4.11 a) Specific Consumption, SC (g/Wh); b) Energy Use Index, EUI.
ST: sonicated transesterification; CT: conventional transesterification

161
164
170
171
172

174
177
184
186
187

Chapter 5
Figure 5.1 Scheme of the process
Figure 5.2 Location of the experiments in Rabanales Campus
Figure 5.3 Experimental device for sonication transesterification. a) Top view of the
batch reactor with the reaction mixture. b) Experimental set-up
Figure 5.4 Scheme of the spatial distribution of the plantation
Figure 5.5 Monthly and annual rainfall and maximum and minimum temperatures
during the experiments
Figure 5.6 Interactive effect of year and plan density on the branches/plant for Sinapis
alba during two seasons of the experiment; a and b represent 95% of confidence
level (P ≤ 0.05) after comparison of means between same and different years,
respectively
Figure 5.7 Interactive effect of year and nitrogen fertilizer dose on the weight of 1000
grains of Sinapis alba during two seasons of the experiment. Different letters
represent significant differences at 95% confidence level (P ≤ 0.05) according to low
significant difference
Figure 5.8 Interactive effect of plant density and nitrogen fertilizer dose on harvest
index of Sinapis alba during two seasons of the experiment. Different letters
represent significant differences at 95% (P ≤ 0.05) according to low significant
difference
Figure 5.9 Effect of plant density on fatty linoleic acid concentration. Different letters
represent significant differences at 95% (P ≤ 0.05) according to low significant
difference
Figure 5.10 Effect of plant density and nitrogen fertilizer dose on linolenic acid
content
Figure 5.11 Kinetic study for sonicated transesterification

xii

198
199
201
202
204

205

206

206

211
211
216

Abbreviations, acronyms and symbols

ABBREVIATIONS, ACRONYMS AND SYMBOLS
A: Amplitude of ultrasound
ABNT : Associação Brasileira de Normas Técnicas (Brazilian Association of Technical Standards)
AC: Amount of Catalyst
ANOVA: Analysis Of Variance
ANN: Artificial Neural Networking
APV: Average Power Value
ASTM: American Society for Testing and Materials
BD: Biodiesel
C8:0: Methyl laureate
C10:0: Methyl decanoate
C12:0: Methyl dodecanoate
C14:0: Methyl miristate
C16:0: Methyl palmitate
C18:0: Methyl stearate
C18:1: Methyl oleate
C18:1-OH: Methyl ricinoleate
C18:2: Methyl linoleate
C18:3: Methyl linolenate
C20:0: Methyl Arachidate
C20:1: Methyl eicosenoate
C22:0: Methyl behenate
C22:1: Methyl erucate
C24:1: Methyl nervonate
CCD: Central Composite Design
CCRD: Central Composite Rotatable Design
CFPP: Cold Filter Plugging Point
CEN: Comité Europeo de Normalización/Comité Européen de Normalisation/European

Committe for Standardization
COME: Castor Oil Methyl Esters
CN: Cetane Number
CP: Cloud Point
CT: Conventional Transesterification
xiii

Abbreviations, acronyms and symbols

DC: Duty Cycle
DF: Degrees of Freedom
DG: DiGlycerides
DIN: Deutsches Institut für Normung (German Institute for Standardization)
DOE: Design Of Experiments
DMC: DiMethyl Carbonate
DU: DiUnsaturated methyl esters
DUFA: Diunsaturated Fatty Acids
di (Yi): Desirability function
EC: European Commission
EN: Europea Norma (European standard)
EU: European Union
EUI: Energy Use Index
Eq.: Equation
F: F-value
F: Frequency of ultrasound
FA: Fatty Acid/Fatty acids
FAEE: Fatty Acid Ethyl Esters
FAME: Fatty Acid Methyl Esters
FFA: Free Fatty Acids
FFD: Full Factorial Design
FID: Flame Ionization Detector
FP: Flash Point
GC: Gas chromatography
GLY: Glycerol
HCV: High calorific value
HI: Harvest Index
HPLC: High Resolution liquid chromatography
HPU: High Power Ultrasonic
ISO: International Standard Organization
IV: Iodine Value
JIS: Japanese Industrial Standards
LC: Length of Chain
LEC: Linolenic Ester Content
LSCF: Long Chain Saturated Factor
xiv

Abbreviations, acronyms and symbols

LCV: Low calorific value
MAPV: Maximum Power Value
MG: MonoGlycerides
MIPV: Minimum Power Value
MR: alcohol-to oil Molar Ratio
MS: Mass Spectrometry
MS: Mean Square
MTBE: Methyl tert-butyl eter
MU: MonoUnsaturated methyl esters
MUD: MonoUnsaturation Degree
MUFA: MonoUnsaturated Fatty Acids
MW: Microwave
n•Cn: where n is the number of atoms of C of each fatty acid and Cn is the % w/w of each
methyl ester comprising the fatty acid
OC: Oxygen Content
OFR: Oscillatory Flow Reactor
ÖNORM: Österreichische Normen (Austrian Standards Institute)
OS: Oxidation Stability
P: Power
PUD: PolyUnsaturation degree
PUFA: PolyUnsaturated Fatty Acids
RF: Radiofrequency
RI: Refractive Index
RSM: Response Surface Methodology
R2: Coefficient of determination
rms: root mean square
rpm: revolutions per minute
SC: Specific Consumption
SEC: Size Exclusion Chromatography
SS: Sum of Squares
ST: Sonicated Transesterification
SUBC: SubCritical Conditions
SUPC: SuperCritical Conditions
T: Temperature
TG: TriGlycerides
xv

Abbreviations, acronyms and symbols

THF: Tretrahydrofuran
TUD: Total Unsaturation Degree
TU: TriUnsaturated methyl esters
TUD: Total Unsaturation Degree
TUFA: TriUnsaturated Fatty Acids
UC (US cycle/s): Ultrasonic Cycle/s
UNE: Una Norma Española (Spanish norm)
UP: Ultrasonic Power
US: Ultrasound
USA: United States of America
USDA: United States Departament of Agriculture
µ: Kinematic viscosity
ρ: Density

xvi

Abstract

ABSTRACT
The continuous increase of fossil fuel prices has raised interest in searching for new forms of
energy to power internal combustion engines. Among the most promising options is biodiesel.
According to ASTM (American Society for Testing and Materials Standard) specifications,
biodiesel is described as monoalkyl esters of long chain fatty acids derived from renewable
lipids such as vegetable oils or animal fats used in ignition engines. The process leading to
biodiesel is called transesterification and involves the reaction between two immiscible phases
(triglycerides and short-chain alcohol). Transesterification requires both heating and vigorous
stirring to provide sufficient mass transfer to achieve significant conversions that meet
international biodiesel quality standards. This thesis focuses on assessing an alternative energy
for biodiesel production, namely ultrasound than enhances mass transfer without the need of
heating and stirring. It has been widely shown that the use of ultrasound implies energy and
reaction parameters savings, i.e. reaction time and amount of catalyst.
In the first chapter of this thesis, an assessment of global biodiesel production is performed
with emphasis on the European, Spanish and Andalusian context, along with a description of
the regulations governing biodiesel worldwide, with mention of the most important features.
In the second chapter, a review about new technologies to enhance mass transfer, thus
biodiesel production, is performed, evaluating both the advantages and disadvantages of each
one with a particular emphasis on ultrasound.
The third and fourth sections of this thesis assess ultrasound-assisted biodiesel synthesis by an
ultrasonic probe in batch mode at a fixed frequency, with both edible and non-edible oils.
Optimization of the conventional parameters of transesterification reaction (methanol-to-oil
molar ratio and amount of catalyst) and physical characteristics of ultrasound (duty cycle and
amplitude) is performed., Response surface method provides the optimum values of fatty acid
methyl ester and glyceride concentration.
In chapter 5, a two consecutive year agronomic study of the species Sinapis alba as futurible
raw material for biodiesel production is performed. Two parameters are evaluated, namely
nitrogen fertilizer dose and plant density. In addition, studies of conventional and sonicated
transesterification are conducted to assess the convenience of using the crop as biodiesel raw
material.
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Resumen

RESUMEN
El continuo incremento en los precios de los combustibles fósiles ha suscitado el interés de
investigar nuevas formas de energía para alimentar los motores de combustión interna. Una
de las opciones más prometedoras es el biodiésel, que según la especificaciones ASTM
(American Society for Testing and Material Standard) se describe como ésteres monoalquílicos
de ácidos grasos de cadena larga derivados de lípidos renovables tales como aceites vegetales
o grasas de animales que se emplean en motores de ignición. El proceso que da lugar al
biodiésel se denomina reacción de transesterificación e implica la reacción entre dos fases
inmiscibles (los triglicéridos y un alcohol de cadena corta). Este fenómeno es altamente
dependiente de una adecuada transferencia de masa, lo que hace que se requiera
calentamiento y agitación vigorosa, con tiempos de reacción relativamente altos, para llegar a
conversiones que cumplan con las especificaciones que se recogen en los estándares
internacionales de calidad del biodiésel. La presente tesis doctoral se centra en evaluar una
energía alternativa que garantiza una transferencia de masa apropiada para la producción del
biodiésel: los ultrasonidos. Se ha demostrado que el uso de los ultrasonidos supone un ahorro
en energía y en parámetros de reacción como la duración y la cantidad de catalizador.
En el primer capítulo de la tesis se realiza una evaluación sobre la producción mundial de
biodiésel, haciendo un mayor énfasis en los contextos europeo, español y andaluz, además de
una descripción de las normativas que regulan el biodiésel a nivel mundial, incidiendo en las
características más importantes. En el segundo capítulo se realiza una revisión sobre nuevas
tecnologías que mejoran la transferencia de masa, empleadas en la producción de biodiésel,
evaluando tanto las ventajas como los inconvenientes de cada una de ellas, realizando un
mayor hincapié en los ultrasonidos. El tercer y cuarto capítulos se centran en la producción de
biodiésel asistida por ultrasonidos mediante una sonda ultrasónica en modo “batch” o lote, a
una frecuencia fija, tanto de aceites comestibles como no comestibles, optimizando tanto los
parámetros clásicos de la reacción de transesterificación (relación molar metanol:aceite y
cantidad de catalizador) como las características físicas de los ultrasonidos (ciclo útil y
amplitud). Mediante el método de superficie de respuesta se optimizan las concentraciones de
los ésteres metílicos de ácidos grasos y de glicéridos. En el capítulo 5 se realiza un estudio
agronómico de la especie Sinapis alba como futurible material de partida para la producción
de biodiésel, evaluando dos parámetros: la dosis de nitrógeno fertilizante y la densidad de
planta en un ensayo en campo de dos años consecutivos. Además, se incluyen estudios previos
de transesterificación, tanto convencional como sonicada, para estudiar la conveniencia del
empleo de dicho cultivo.
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1.1 GENERAL CONSIDERATIONS
1.1.1 Biofuels and biodiesel
One of the most important concerns of the modern society is its dependence on fossil fuels
and the continued growth of pollution derived from their use, that is becoming a health
problem. Moreover, it is well known that fossil oils constitute a finite resource [1]. One
possible alternative to petroleum as a source of energy could be provided by biofuels.
Biofuels are organic combustibles derived from biomass and can be of solid, liquid or gaseous
nature. The main uses of biofuels are: combustion to produce heat for district heating,
industrial processes or electricity generation, and heat engines carburetion in both combustion
internal engines [2]. Biofuels for internal combustion engines can be divided into two basic
groups. One of them comprises bioalcohols from the alcoholic fermentation of sugars-rich
vegetable crops or agricultural/industrial/urban residues. The other group consists on either
transformed or not bio-oils derived from oilseed plant species. The advantage of these types of
fuels is based on their origin. As forage plant material needed to extract carbon dioxide during
the plant groth, it will be later released into the atmosphere when the biofuel is burnt.
Therefore, its use as fuel does not involve a net increase of carbon dioxide into the
atmosphere, thus helping to minimize the effect of greenhouse gases [3, 4].
Nowadys, there is a controversy in setting the different generations of biofuels. According to
some authors, there are three different generations of biofuels [5-7]. The difference between
generations depend on the type of raw material, namely first, second and third generation and
considering the potential competition with human feeding. First generation comprises edible
crops like rape, wheat, canola, soy, coconut, palm, corn, etc. used for both biodiesel (BD) and
bioethanol production. The second one is related to feedstocks that do not compete directly
with human consumption. Second generation biofuels may comprise lignocellulosic materials
for the production of bio-alcohols, non-edible oils and grease, including waste animal fats and
frying oils, which are discarded by their organoleptic characteristics, and oils from some plant
species that are not used for human consumption, i.e. Jatropha curcas, Sinapis alba, Pongamia
pinnata. The third generation of biofuels is exclusively dedicated to microalgae and some
species of oleaginous microbes [5, 7]. However, other authors do not adhere to this
classification, as a generation should be linked to significant changes in production technology,
regardless the edibility of the oil or the origin of the raw material. Figure 1.1 ranks an
alternative biofuel classification atending only to biomass origin, without distinguishing
between generations.
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BIOFUELS

EDIBLE CROPS
•Bioethanol or butanol by
fermentation of starch
(from wheat, barley, corn,
potato) or sugars
(from sugarcane, sugar
beet, etc.)
•Biodiesel by transesterification of
oilseed crops (rape, soy, sunflower,
palm, coconut, etc.)

NON-EDIBLE RAW MATERIALS
•Firewood, woodchips, pellets,
animal waste,forest and crop
residues, landfill gas
•Bioethanol and biodiesel
produced from
conventional technologies
but based on starch, oil and non-edible
oilseed crops such as Jatropha curcas,
Sinapis alba, Pongamia pinnata, and
used cooking oil, animal fats, etc.

MICROORGANISMS
•Bioethanol from
microalgae and seaweeds
•Hydrogen from green
microalgae and microbes
•Microdiesel from bacteria
genetically transformed that
use sugars or cellulosic material
to produce fatty acid ethyl
esters

•Bioethanol, biobutanol,
syndiesel produced from
lignocellulosic materials
(straw, wood, and
grass)

Figure 1.1 Types of biofuels according to raw materials origin. Adapted from Dragone et al. [5]

A potential advantage of non-edible biofuels is the capacity to valourize perennial plants. But
the use of perennial plants has also disadvantages in terms of flexibility from the point of view
of land use, since they are a less easily reversible option compared to annual crops if land has
to be reverted quickly to food production. In this sense, oleaginous microorganims can
accumulate oil through their metabolic pathways, recent research shows that microbial oil
may be an alternative route for BD production [8].

1.1.2 Historical developments of biodiesel
The idea of using vegetable oils as fuel appeared more than one hundred years ago. As Knothe
[9] points out in a review on the historical development of biofuel production, Rudolf Diesel
conducted engine tests using peanut oil at the show in Paris 1900. Such a demonstration was
held under the auspices of the French government, which was interested in their African
colonies becoming self-sufficient in fuel consumption. However, as petroleum-based fuels
soon became available in large quantities at comparatively low cost, the interest in vegetable
oils diminished.
However, some inherent chemical nature of the properties vegetable oils, mainly their low
volatility and high viscosity, leaded to a number of technical drawbacks which limited the use
of such oils directly in diesel engines, especially those with direct injection. The high viscosity
of the oil (of the order of ten times, or more, higher than that of conventional diesel fuel)
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hinders the process of atomization of the jet. The high end point of the distillation curve,
coupled with poor fuel atomization, leading to incomplete evaporation and mixing processes
and poor combustion (formation of particles and carbonaceous deposits) [10, 11]. Due to the
high temperatures reached in the combustion chamber, the oil can undergo thermal
decomposition upon combustion, which also contributes to the formation of deposits on
injectors, combustion chamber, pistons and valves. The extremely high flash point of vegetable
oils and their tendency to thermal or oxidative polymerization aggravate the situation, leading
to the formation of deposits on the injector nozzles, a gradual dilution and degradation of the
lubricating oil, and the sticking of piston rings [12]. As a consequence, long-term operation on
neat plant oils or on mixtures of plant oils and fossil diesel fuel inevitably results in engine
breakdown [13]. These problems can be solved by either adapting the engine to the fuel or by
adapting the fuel to the engine. In addition, the crankcase oil can pass unburned diluting the
lubricating oil and deteriorating. To overcome the above difficulties, alternative solutions have
been proposed, i.e. preheating the oil [14], the use of oil mixed in very low proportions with
petroleum diesel fuel [15], the introduction of modifications in conventional engines, building
engines specifically designed to operate with vegetable oils and processing of the oil [16].
Since the use of mixtures of vegetable oil and diesel fuel in modern engines can present similar
difficulties as those reported for pure oils, the recommendation is based on the transformation
of the oil, so a fuel with properties similar to conventional diesel fuel is obtained. Alternatives
to transform the oil include thermal decomposition or pyrolysis oil [17] the preparation of
microemulsions [18] and transformation of triglycerides in BD through transesterification
reaction [19]. The oleochemical route proposed in the last alternative is the most expeditious
for fuel and is now called BD pathway.
The term BD is restricted exclusively to mixtures of monoalkyl esters of fatty acids (FA) derived
from renewable lipid as oils and fats of vegetable or animal origin [10]. The first report of the
use of monoalkyl esters of FA as fuel appears in Belgium in 1937 [20]. In this patent, the
collection and use of ethyl esters of palm oil was included. In 1980, two patents, a Brazilian
and a German, contemplating the use of methyl esters as fuel were recorded. Despite the
alcohol industry of bioethanol as fuel had its origins in the American continent (Brazil and
USA), the BD industry was initially developed in Europe. Austria was the pioneer in BD
production and the development of quality standards. The first plant for the industrial
production of BD was built in 1991 in the city of Aschach an der Donau (Austria), using
rapeseed oil as raw material and in that same year the Austrian Standards Institute published
the first quality standard for fatty acid methyl esters (FAME).
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With regard to new materials, the current
current trend is the search for renewable sources of
different triglycerides to traditional vegetable oils, such as non-edible
non edible vegetable oils, waste
cooking oil, animal
al fats and oil from microalgae [6, 21]. Today, BD is commercialized in many
countries, including

Argentina, Austria, Brazil, Czech Republic, Germany, France, Italy,

Slovakia, Spain and USA forr up to 20 years [10]. BD is either used in pure form or as a blend
with fossil diesel fuel, which is stable at any concentration.

1.1.3 Chemical principles of transesterification
1.1.3.1 Transesterification reaction
In a transesterification or alcoholysis reaction one mol of triglyceride reacts with three moles
of alcohol to form one mol of glycerol and three moles of the respective FA alkyl esters [22].
The process is a sequence of three reversible reactions in which the triglycerides
triglyceride molecule is
converted step by step into diglycerides,
diglyceride monoglycerides and glycerol [23].. In each step one
mol of alcohol is consumed and one mole of ester is liberated, as can be seen in Figure 1.2,
1
which depicts the scheme for transesterification. In order to shift the equilibrium to the right,
alcohol is added in an excess over the stoichiometric amount in most commercial BD
production plants.

Figure 1.2 Transesterification reaction

1.1.3.2 Competitive reactions
It is common for oils and fats to contain small amounts of water and free fatty acids (FFA).
When an alkali catalyst is present, the FFA react to form soap. Excessive soap in the products
can inhibit later processing of BD, including glycerol separation and water washing [24]. Figure
1.3 shows a common reaction between oleic acid and
and potassium hydroxide to produce soap.
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Figure 1.3 Soap formation

Water in the oil or fat can also be a problem. When water is present, particularly at high
temperatures, it can hydrolyze triglycerides to diglycerides and form FFA. Figure 1.4 shows a
typical hydrolysis reaction [24].

Figure 1.4 Hydrolysis reaction

1.1.3.3 Alcohols commonly used in biodiesel production
The most commonly primary alcohol used in BD production is methanol, although other
alcohols, such as ethanol and isopropanol can be also used [24]. A key quality factor to choose
the primary alcohol is the water content. Water interferes with transesterification reactions
when using alkaline catalyst and can result in poor yields of BD, besides high levels of soap, FFA
and triglycerides. Unfortunately, lower alcohols are hygroscopic and may absorb water from
the air. Once transesterification is finished, methanol is considerably easier to recover than
ethanol, as the latter forms an azeotrope with water so it is expensive to purify. If water is not
removed it will interfere with transesterification reaction [10]. Methanol can be recycled
easier because it does not form an azeotrope. For this reason, as quality requirements, the
alcohol needs to be undenatured and anhydrous. Since chemical grade ethanol is typically
denatured with poisonous material to prevent its intake, to find undenatured ethanol is
difficult [24]. Nevertheless, ethanol has positive characteristics for BD production as it can be
considered a green reactant [24, 25]. In fact, bioethanol production through the fermentation
of biomass or other renewable raw materials makes bioethanol a more sustainable reactant
than methanol which is nowadays synthesized from fossil fuels [26].
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Other advantage that brings methanolysis compared to transesterification with higher alcohols
is the fact that the two main products, glycerol and FAME, are hardly miscible, thus producing
separate phases (an upper ester phase and a lower glycerol phase). The former process makes
easy to remove glycerol from the reaction mixture and enables high conversion. Ester yields
can even be increased (minimizing the excess of methanol) carrying out the methanolysis in
two or three steps. In this case, only a portion of the total alcohol volume required is added in
each step and the glycerol phase produced is removed after each step is completed [22, 24].
Reactivity of ethanol compared to methanol is a very controversial question and provided
reactivity depends on many factors, generalities cannot be established. Some authors state
that ethanol is less reactive than methanol, leading to lower yields [27]. In fact, ethoxide ions
are more nucleophile than methoxide ions, but they have lower mobility due to their carbon
chain length. However, the higher solvency of ethanol implies the formation of emulsions
linked to the properties of ethanol that may complicate mass transfers [28].

1.1.3.4 Catalysts commonly used in biodiesel production
The catalyst may either be homogeneous or heterogeneous (including enzymes). Concerning
homogeneous catalyst, the most commonly used catalysts to convert triglycerides into BD are
alkaline sodium hydroxide and potassium hydroxide [24]. Basic catalysts are highly hygroscopic
and form chemical water when dissolved in the reactant alcohol. They also absorb water from
the air during storage. If excessive amount of water is absorbed by the catalyst, it will perform
poorly and BD may not meet the European standard in terms of total glycerol. Alkaline
catalysts give good performance when raw materials with high quality (FFA <1 % w/w and
moisture <0.5 % w/w) are used [29]. Acid catalysts can also be used for transesterification,
though they are generally considered too slow for industrial processing [24] and commonly
used for the esterification of FFA, when the amount of FFA is high [24, 30]. The acid catalyst is
mixed with methanol and then this mixture is added to the FFA or a feedstock that contains
high levels of FFA; the acids will need neutralization when this process is completed, but this
can be done as basic catalyst is added to convert any remaining triglycerides [24].
BD synthesis with heterogeneous catalysts involves the use of insoluble compounds in either
methanol or ethanol reducing the problems arising from the employment of homogeneous
catalysts, as contamination and washing steps. This could lead to a reduction of both
environmental and economic costs [31]. These catalysts comprise a large number of
compounds of different chemical nature such as alkaline earth oxides, alkali doped materials,
transition metal oxides, hydrotalcites, mesoporous silicas, heteropolyacids, acidic polymers
and resins, waste carbon-derived solid acids, miscellaneous solid acids, etc. [32].
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The interest of lipases as enzymatic catalysts for the production of alkyl FA esters is growing in
the last years. The advantages of using lipases to produce BD are, between others, the
following: i) transesterification and esterification can be catalyzed by lipase simultaneously at
low temperature (35-50
50 °C); ii) during the transesterification reaction there is no risk of soap
formation, simplifying the separation
separatio and purification of BD and glycerol;; thus, lipases are not
corrosive to the production plant; iii) the immobilized lipases may simply be separated and
reused with a high catalytic activity [33]. The enzymes commercially used in the production of
BD are extracted from different species as Pseudomonas fluorescens, Pseudomonas cepacia,
Candida antarctica, Rhizomucor miehei, Thermomyces lanuginose and many others [34].

1.1.3.5 Biodiesel production process
BD production involves not
ot only the transesterification reaction; to implement a production
plant, there are otherr steps,
steps which must be considered. The oil is usually extracted with
organic
rganic solvents such as hexane, removed by pressing or recycled from used frying oil.
oil Once
crude oil arrives at the plant,, a filtration step to remove any suspended
pended solid that may remain
from previous steps is usually carried out. Then, transesterification takes
take place into the
reactor. After transesterification,
transesterification various purification stages will be necessary before the
biofuel is suitable for its use. Figure 1.5 summarizes a transesterification process with
methanol including the possible sources of contamination and by-products.

Figure 1.5 Transesterification process. Source: [35]

The first of those steps is to separate glycerol from BD, by means of a stage of decantation in
which glycerol is placed at the bottom
b
of the reactor, due to its higher density with respect to
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BD. Next, unreacted alcohol and catalyst residues might be removed from BD and maybe
recycled for further reactions.
reactions For this reason, washing and distillation steps are introduced.
These steps are followed by a drying step and later can be stored for its use either straight or
blended with conventional diesel.
diesel Figure 1.6 shows a scheme of the overall process of BD
production.

Figure 1.6 Scheme of biodiesel industrial production.
production Source: [35]]

1.2 ANNUAL BIODIESEL
IESEL PRODUCTION
1.2.1 Biodiesel production in the world
Pioneering work in Europe and South Africa by researchers such as Martin Mittelbach in the
early 1990s led to the
he development of the first BD industrial production plant in Austria in
1991. American industry was coming on more slowly due to lower prices for petroleum diesel
fuel. "Pacific Biodiesel" became one of the first BD plants in the USA in 1996, establishing a BD
production operation to recycle used cooking oil into BD on the island Maui in Hawaii.
Hawa The BD
industry became
ecame a household name in the USA after the terrorist attacks of 9 September,
2001, resulting in historically high oil prices and an increased awareness of energy security. In
2005, worldwide BD production reached around 1 million
m
gallons,
ons, with most fuel being
produced in the European Union (EU),
(
although BD projects worldwide have been increasing
due to rising crude oil prices and concerns over global warming [36].
As can be seen in Figure 1.7, reliable data of BD production has not been documented until the
early 90´s (in gallons). However,
owever, the significant production increase came in the mid-2000s
mid
as
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can be observed in both Figure 1.7 and 1.8 (in t). Both figures show that global BD production
has always been increasing. It is important to mention that BD is becoming a significant fuel in
the model of renewable energy production and consumption that each country is carrying out
in order to be as independent as possible from fossil oil.
With regard to raw materials that have been mostly used in BD production, rapeseed, soybean
and palm oils are the preferred ones. In this way, according to predictions of Oil World
Information Service about increasing global production and consumption of BD in 2014,
reports include that one-third of the nearly 30 million t of BD production comes from palm oil,
thus becoming the main raw material used, followed by soybean and rapeseed oils [37].
The EU is the world top importer of palm oil for BD. Table 1.1 shows global BD production
worldwide in the last seven years. In 2013, EU reached a record of 6.9 million t of palm oil, of
which 3.7 million were derived to energy production, including BD (2.5 million). The data
provided by the Oil World Information Service report, confirmed that the main target of palm
oil entering the EU is energy. Oil World Information Service estimated around 9.6 million t of
palm oil used for BD consumption in 2014 worldwide, offering the outstanding case of
Indonesia, which can go from 1.2 to 3.8 million t [37].

Figure 1.7 World biodiesel production 1991-2011. Source: [38-40]
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Figure 1.8 World biodiesel production in recent years. Source: [37]

Table 1.1 World biodiesel production data by raw materials, in million t. Source: [37]

PRODUCER COUNTRIES
Ranking
Raw material

YEAR
2014* 2013 2012 2011

WORLD BIODIESEL PRODUCTION

29.12 27.06 24.19 22.31 18.37 16.20 14.18

World soybean oil biodiesel production

2010 2009 2008

7.29

7.00

6.83

7.37

5.34

4.38

4.53

1°

USA

2.27

2.50

1.83

1.88

0.52

0.96

1.62

2°

Brazil

2.16

1.89

1.8

1.91

1.74

1.10

0.85

3°

Argentina

2.05

2.00

2.46

2.43

1.82

1.18

0.71

4°

EU

0.40

0.27

0.44

0.84

0.97

0.85

1.14

6.41

6.23

6.25

6.23

6.34

5.71

4.98

World rapeseed oil biodiesel production
1°

EU

5.76

5.64

5.64

5.64

6.07

5.42

4.70

2°

USA

0.33

0.29

0.36

0.38

0.11

0.15

0.18

9.56

8.59

6.82

5.12

3.99

3.37

2.28

World palm oil biodiesel production
1°

Indonesia

3.80

2.63

1.99

1.38

0.68

0.40

0.32

2°

EU

2.28

2.51

1.93

1.42

1.45

1.54

0.94

3°

Tailand

1.00

0.95

0.92

0.79

0.65

0.57

0.40

4°

Malaysia

0.63

0.47

0.25

0.17

0.19

0.24

0.20

5°

Colombia

0.54

0.50

0.49

0.44

0.34

0.17

0.04

6°

Singapore

0.42

0.41

0.55

0.34

0.12

0.05

0.00

World sunflower oil biodiesel production

0.18

0.19

0.18

0.15

0.14

0.20

0.13

World grease oil biodiesel production

2.17

1.94

1.52

1.43

0.98

1.03

0.87

Other raw materials

3.52

3.16

2.61

2.03

1.55

1.51

1.33

*Forecast
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According to Table 1.1, the second commodity most used for BD production, soybean oil,
reaches 7.3 million t in 2014, USA being the leading manufacturer (2.3 million tons), followed
by Brazil (2.2 million) and Argentina (2 million). Third preferred raw material is rapeseed oil,
showing a production of 6.4 million t in 2014. World Oil Information Service considered that
used cooking oils have also become an important raw material, with a projected 2.3 million
tons of BD production. Oil World Information Service also quantified 30.85 million t of
vegetable oils and fats consumption, of which 17.8 million were for food uses and 9 million to
produce BD.

1.2.2 Biodiesel production in Europe
1.2.2.1 Production capacity
The EU is the world largest BD producer. BD is also the most important biofuel in the EU since
the 1990s and, on volume basis, represents about 70% of the total transport biofuels market.
The rapid expansion was driven by increasing crude oil prices, the Blair House Agreement and
resulting provisions on the production of oilseeds under Common Agricultural Policy set-aside
programs and generous tax incentives (mainly in Germany and France). Those situations made
European BD production rose until 2011. Moreover, biofuel goals in EU set out in Directive
2003/30/EC (indicative goals) and in the RED 2009/28/EC (mandatory goals) further pushed
the use of BD. Also, as can be seen in Table 1.2, the years of rapid expansion of EU BD
production capacity seems to be over. From 2006 to 2009, it followed a comparatively small
increase in 2011 of six percent. For 2012, capacity is assumed to contract by 0.5%, driven by
reductions in France and Germany. Capacity remained constant in 2013 and 2014 [41]. The
waning interest in investing in BD capacity is a result of difficult market conditions. From 2008
onwards, comparatively low crude oil prices, high vegetable oil prices, increasing imports and
the financial crisis resulted in reduced or negative production margins. As a result, production
dropped from 52% in 2007 to around 45% in 2011.
Table 1.2 Biodiesel production of European Union in recent years [41]

BIODIESEL (Million liters)
YEAR
Beginning stocks
Production
Imports
Exports
Consumption
Ending stocks

2006
0
5410
70
0
5480
0

2007
0
6670
1060
0
7730
0

2008
0
9550
2020
70
10400
1100

2009
1100
9860
2190
75
12270
805

e: estimated; f: forecast; r: revised
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2010
805
10710
2400
115
13270
530

r

2011
530
10920
3005
95
13920
440

e

2012
440
9665
3215
110
12330
880

f

2013
880
10280
1700
200
11870
790

f

2014
790
10280
1800
200
12000
670
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1.2.2.2 Production per country
In contrast to previous expectations, EU peaked in 2011 and BD domestic production does not
seem to be benefiting from increased use mandates. Spain, France and Italy report significantly
lower production in 2012 and 2013 than previously expected. Only Poland showed an increase
in BD production for 2012, ranking the fourth position. Expected lower imports due to
antidumping duties for BD from Argentina and Indonesia in 2013 and 2014 should stimulate
domestic production. Germany, France and Benelux remain the major producing countries
within the EU. Table 1.3 shows European BD production by country.

Table 1.3 Biodiesel production in the European Union by countries. Source: [41]

EU BIODIESEL PRODUCTION PER COUNTRIES (Million liters)
YEAR
Germany
France
Benelux
Poland
Italy
Spain
Others

2006
2730
650
50
100
680
140
1060

2007
3280
1090
290
60
530
170
1250

2008
3250
2000
430
310
760
280
2520

r

2009
2600
2610
840
420
900
700
1790

2010
2880
2270
910
430
830
1370
2020

r

2011
3400
2060
950
410
700
740
2660

e

2012
3180
2040
1000
670
570
510
1695

f

2013
3180
2040
1050
720
570
400
2320

f

2014
3180
2040
1090
740
570
400
2260

e: estimated; f: forecast; r: revised

1.2.3 Biodiesel production in Spain
Although BD production in Spain has been increasing, the imports of BD from others countries
like Argentina or Indonesia consist have had a significant impact on local. Research undertaken
by the European Commission (EC) revealed that Argentinean and Indonesian BD producers
were practicing dumping in the EU market, with a negative effect on the financial and
operating results of European producers [42]. However, as mentioned above, in November
2013, EU started charging dumping duties on imports of BD from Argentina and Indonesia,
consisting of an average additional duty of 24.6% to BD from Argentina and 18.9% to that of
Indonesia. In May 2014, EU assigned to the Spanish factories a share of European quota for BD
production in the European Community; the total amount allocated is 3173600 t per year to be
distributed in 23 plants. So, from May 5, 2014 until May 4, 2016 (expandable for two extra
years) the operators may acquire BD plants with a rated fee to comply with BD targets
imposed by the Spanish Government [43].

1.2.4 Biodiesel production in Andalusia
Nowadays, Andalusia has been granted with the highest share allocated for BD production for
the coming next two years, that is a share of 33% followed by Valencia, with 23% and Galicia,
with 11%. The autonomous community of Andalusia has 4 BD plants, representing one-third of
16
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the Spanish allocation. This will provide competitive benefits for Andalusian factories, thus
ensuring direct employment of about 135 people. The current plants are "BioOils" (500000 t)
and "Biosur" (240000 t), both in Palos de la Frontera (Huelva); "Abengoa Bioenergy" (200000 t)
in San Roque (Cádiz); and "Albabio" in Nijar (Almería) which has a share allocated of 9000 t.

1.3 INTERNATIONAL BIODIESEL REGULATION
1.3.1 Historical development of regulatory standards for biodiesel
The continued global growth of BD production made necessary the standardization in BD
quality. The introduction of a new product in the market implies the identification and
overcoming of technique, economic, social and legislative barriers. It is important to
implement rules or standards to define the quality of the product according to its use. The
development of quality rules must be the result of exchange of information, discussion and
consensus between the actors involved in the production and distribution. Standards are of
importance for producers, suppliers and consumers of BD. Authorities need approved
standards for the evaluation of safety risks and environmental pollution. Standards are
necessary for approvals of vehicles operated with BD and are, therefore, a prerequisite for the
market introduction and commercialization of BD. BD quality forces the inclusion of its physical
and chemical properties into the requirements of the adequate standard. Quality standards of
BD are continuously updated, due to the evolution of compression ignition engines, ever
stricter emission standards, reevaluation of the eligibility of feedstocks used for BD production,
etc.
The BD specifications can have a direct influence on the selection of raw materials and
production technologies. Development of BD standards started in the 1990s, to support the
increasing use of alkyl esters-based BD and its blends as automotive fuels. Austria was the
pioneer in the development of quality standards. Austrian Standards Institute published the
first quality standard for FAME from rapeseed oil (ÖNORM C1190) and its subsequent
amendment ÖNORM C1191 (1996) [44]. This standard did not allow either diesel fuel-biodiesel
blends or using sunflower oil as feedstock.
In Germany, a pre-standard norm was developed and published in 1992 (DIN V 51606 for
FAME, vegetable oils and animal fats). Nevertheless, until 1997 DIN E 51605 for rapeseed
methyl esters and vegetable oil methyl esters was set. Limits for the density, kinematic
viscosity and cold filter plugging point were also established. A mandate was given to CEN
(European Committee for Standardization) by the EC to develop standards for BD as well as the
necessary standards concerning the methods applied [45]. In Europe, EN 14214 BD standard
(based on former DIN 51606) enter into force in October 2003. Previously, in November 2001,
17

Chapter 1: Introduction

the EC released a draft proposal for a Directive of the European Parliament and of the Council
on the promotion of the use of biofuels for transport [46]. The objective was to provide the
Community with a framework that would foster the use of biofuels for transport within the EU.
The proposal lays down an obligation on Member States to ensure that from 2005 a minimum
share of transport fuel sold on their territory should be biofuels, while the Member States
were free to decide how to best meet this aim. A minimum share of 2% was proposed by 2005,
which shall be increased by 0.75% per year up to 5.75% for 2010. ASTM International (formerly
American Society for Testing and Materials) adopted a provisional specification PS121 for BD in
1999. The first ASTM standard (ASTM D6751) was adopted in 2002.
The USA and European standards have international significance; they are usually the starting
point for BD specifications developed in other countries. In this sense, two major specifications
establish the quality requirements for alkyl ester-based BD, which are the ASTM D6751 in USA
and the EN 14214 in Europe. BD specifications and test methods according to latest updates of
ASTM D6751 and EN 14214 are compared with those of petroleum diesel in Table 1.4.

1.3.2 American standards
In June 1994, a Task Force was formed within the American Society for Testing and Materials
(ASTM) to begin the development of a standard for BD. The first step undertaken by the Task
Force was the determination of the philosophy for the standard. Various options were
considered, from adding a section to the existing ASTM petrodiesel standard (ASTM D975), to
the development of a standard for a blend of BD with petrodiesel, or even a stand-alone
standard. The following was agreed upon by Biodiesel Task Force and subsequently by the
membership of ASTM in the mid 1990s:
1. To develop a stand-alone specification for straight BD, B100.
2. To work closely and cooperatively with petroleum, engine manufacturing and BD interests.
3. To base the development of the standard on the end-product physical and chemical
attributes needed for satisfactory operation, not on the source of BD or the manufacturing
process. This is the same philosophy used for the development of the USA petrodiesel
specification, ASTM D 975.
4. To begin with existing D975 petrodiesel specifications, removing items not applicable to BD.
5. To extend it to new characteristics being considered for D975 updates.
6. To extend it to address BD specific properties needed for satisfactory engine operation.
Subsequent to the introduction of ASTM D 6751 in 2002, an additional change was approved in
2003 to account for the upcoming EPA regulation requiring 15 ppm maximum sulfur level.
Finally, ASTM D6751-03 standard specification for BD fuel blend stock for distillate fuels was
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approved. This norm defines BD as “mono-alkyl esters of long chain fatty acids derived from
vegetable oils and animal fats”. The type of alcohol used is not specified. Thus, mono-alkyl
esters could be produced with any alcohol (methanol, ethanol, etc.) as long as it meets the
detailed requirements outlined in the fuel specifications. By requiring that the fuel be monoalkyl esters of long chain FA, other components, with the exception of additives, would
inherently be excluded. Since 2012, the ASTM D6751 standard defines two grades of BD: grade
2-B (identical to BD defined by earlier versions of the standard) and grade 1-B with tighter
controls on monoglycerides and cold soak filterability. Two automotive standards for
biodiesel/diesel fuel blends have also been published by ASTM:
•

The ASTM standard specification for diesel oil, ASTM D975, modified in 2008 to allow
up to 5% BD to be blended into the fuel.

•

ASTM D7467 is a specification for BD blends from 6% BD (B6) to 20% (B20).

1.3.3 European standards
The European standard EN 14214 is adopted by all 31 member states involved in CEN: Austria,
Belgium, Bulgaria, Croatia, Cyprus, Czech Republic, Denmark, Estonia, Finland, France,
Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, the
Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden,
Switzerland and United Kingdom [10]. The European BD specification is even more restrictive
and is applied only to mono-alkyl esters made with methanol (FAME) [47]. The addition of
components that are not FAME (other than additives) is not allowed. In Europe, EN 14214
establishes specifications for FAME used as fuel for diesel engines. European standard could be
used unblended in a diesel engine (if the engine has been adapted to operate on B100) or
blended with diesel fuel to produce a blend in accordance with EN 590, the European diesel
fuel specification. EN 14214:2012 introduced a number of changes including an expansion of
the scope to cover heating oil applications and updates to cover blends up to B10. An
additional set of climatic classes based on monoglycerides content was also established.
Biodiesel/diesel fuel blends are covered by EN 590. EN 590:2004 allowed blends up to 5% of
FAME in diesel fuel, while EN 590:2009 increased the allowable FAME content to 7%. The
actual EN 590:2013 standard does not limit the blending ratio of the paraffinic bio-component
in diesel fuels. Consequently, these products obtained by the catalytic hydrogenation of

19

Chapter 1: Introduction

vegetable oils can be blended into gasoil by up to 10 % or even more to meet the above EU
requirements with respect to the utilization of renewable fuels [48].

1.3.4 Biodiesel standards in other countries
Although most widely used regulations are European and American, there are countries that
have also developed specific rules taking into account their particular situation. In this regard,
Japan, Brazil, South Africa and Australia are among the countries that have their own
standards.

Japan
Japanese standard (JIS K 2390) specifies FAME used by blending into the diesel fuel in the
range not exceeding 5 % in mass fraction. As shown in Table 1.5 [49], the quality parameters
established by the Japanese standard are the same as those established by the European
Standard EN 14214. In fact, some quality parameters of the Japanese standard are referred to
the European norm.

Brazil
Resolution ANP n° 42/04 was issued in 2004, by the Agência Nacional do Petróleo, to regulate
BD specifications. The initial priority set by the program was to start blending, in 2005, 2% BD
with automotive diesel fuel, making it mandatory nationwide in 2008 and increasing it to 5 %
in 2013. The most outstanding feature of the Brazilian regulation is the mention to a particular
raw material, castor oil. As depicted in Table 1.6 [50], in 2006 four rules were developed to
describe how to determine the content of ester, glycerides, glycerol and alcohol (methanol or
ethanol) in castor oil BD samples. Castor oil BD has a specific regulation because Brazil is the
third largest producer behind China and India.

Other countries
South Africa, India and Australia have also their own regulations, although they are not as
internationally known as the previously described [49]. In this way, South Africa developed
SANS 1935 automotive BD fuel norm, while India published IS 15607 BD (B100) and Australia,
fuel standard determination, developed in 2003. Other recommendations for BD are reflected
in the “Biodiesel Guidelines”, adopted by automobile and engine manufacturers, from North
and South America, Europe and Asia [51].
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Table 1.4 European and USA biodiesel standards and European and USA diesel fuel standards

ASTM D975-08a
American standard

Property

USA biodiesel standard
ASTM D6751-12
2-B

1-B

European diesel fuel standard
EN 590:2004

European biodiesel standard
EN 14214:2012

Standard test

Flash point (°C)

No 1D: >38
No 2D: >52

D93

>93

D93

Water & sediment (% vol)

<0.05

D2709

<0.050

D2709

>55

EN 22719

>101

EN ISO 2719

Water (mg/kg)

<200

EN ISO 12937

<500

EN ISO 12937

Total contamination (mg/kg)

<24

EN 12662

<24

EN 12662

90%:
1D <288
2D 282-338

D86

90%: <360

D1160

65%: >250
85%: <350

EN ISO 3405

1D 1.3-2.4
2D 1.9-4.1

D445

1.9-6.0

D445

2.0-4.5

EN ISO 3104

3.5-5.0

EN ISO 3104

Density (kg/m )

820-845

EN ISO 3675
EN ISO 12185

860-900

EN ISO 3675
EN ISO 12185

Ester content (% w/w)

5% vol. max
FAME

EN 14078

96.5

EN 14103

≤0.01

EN ISO 6245
<0.02

ISO 3987

Distillation temperature in
% vol recovered (°C)
2

Kinematic viscosity (mm /s)
3

Ash (% w/w)

0.01

D482

Sulfated Ash (% w/w)

<0.020

D874

Sulfur (mg/kg)

1D and 2D:
S15 <15 mg/kg
S500 <0.05%
S5000 <0.50%

D5453 D2622
2
D129

Two grades:
S15 <15 ppm
S500 <0.05%

D5453

Two grades:
<50
<10

EN ISO 14596
EN ISO 8754
EN ISO 24269

<10

EN ISO 20846
EN ISO 20884
EN ISO 13032

Copper strip corrosion

<No 3

D130

<No 3

D130

<class 1

EN ISO 2160

<class 1

EN ISO 2160

Cetane number

>40

D613

>47

D613

>51.0

EN ISO 5165

>51.0

EN ISO 5165

>46.0

EN ISO 4264

Cetane index

Table 1.4 European and USA biodiesel standards and European and USA diesel fuel standards (continuation)
Locación &
Cloud point
Report
D2500
sea son
dependant

EN 23015

Location &
season
dependant

EN 23015

Locación &
sea son
dependant

EN 116

Location &
season
dependant

EN 116

<0.30

EN ISO 10370
<0.50

EN 14104

≥6

EN 14112

Iodine value (g I2/100g)

≤120

EN 14111
EN 16300

Linolenic acid methyl ester
(% w/w)

≤12

EN 14103

Polyunstatured methyl esters
(% w/w)

≤1

EN 15779

≤0.20
(methanol)

EN 14110

≤ MG 0.8
≤ DG 0.20
≤ TG 0.20

EN 14105

CFPP
Carbon residue on 10%
distillation residue (% w/w)
Acid number (mg KOH/g)

1D: <0.15
2D: <0.35

D524

5

<0.050

D4530

<0.50

D664
EN ISO 12205

Oxidation stability (h)

Alcohol control
(% w/w)

Monoglycerides, diglycerides
& triglycerides (% w/w)

≤0.20
(methanol)

EN14110

≥130°C flash
point min

D93

MG ≤0.40

D6584

Table 1.4 European and USA biodiesel standards and European and USA diesel fuel standards (continuation)
Group I metals (Na + K)
(mg/kg)

≤5

EN 14538

5.0 mg/kg

EN 14108
EN 14109
EN 14538

Group II metals (Ca + Mg)
(mg/kg)

≤5

EN 14538

5.0 mg/kg

EN 14538

Free glycerol (% w/w)

≤0.02

D6584

0.02% wt

EN 14105
EN 14106

Total glycerol (% w/w)

≤0.24

D6584

0.25% wt

EN 14105

Phosphorous≤ (% w/w)

≤0.001

D4951

4.0 mg/kg

EN 14107
prEN 16294

Lubricity

≤520 µm

D6079

Conductivity

≥25 pS/m

D2624 D4308

Cold soak filtration time (CSFT)

≤460 µm
≤360 s

4

≤200 s

D7501

ISO 12156-1
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These guidelines bear some resemblance to EN 14214 but there are some notorious
differences including the following:
•

The limitation of blends to 5% BD with diesel fuel (B5) maximum.

•

An increase oxidation stability of B100 to 10 h. Moreover, the guidelines suggest to
introduce an oxidation stability requirement for blends that limits the increase in TAN
to less than 0.12 mg KOH/g.

•

The reduction of sulfated ash limit from 0.02% to 0.005% w/w, introducing an ash limit
of 0.001% w/w.

•

The introduction of a ferrous corrosion limit.

•

The introduction of free water and sediment limits.

•

The suggestion to remove the limits for kinematic viscosity, iodine number and flash
point.

•

The proposition to label any pump dispensing blends of diesel fuel with BD (including
B5 or less).
Table 1.5 Japanese biodiesel specifications

Properties
Ester content
Density (15 °C)
Kinematic viscosity (40 °C)
Flash point
Sulfur content
10% residual carbon
Cetane number
Sulfuric acid
Moisture
Solid impurities
Copper plate corrosion (50 °C, 3h)
Acid value
Iodine value
Linolenic acid ethylic ester
Methanol content
Monoglycerides
Diglycerides
Triglycerides
Free glycerol
Total glycerol
Metals (Nark)
Metals (Cam)
Phosphorous

Limit
mass fraction (%)
g/mL
2
mm /s
°C
ppm
mass fraction (%)
mass fraction (%)
ppm
ppm
Mikohn/g
gal/100g
mass fraction (%)
mass fraction (%)
mass fraction (%)
mass fraction (%)
mass fraction (%)
mass fraction (%)
mass fraction (%)
ppm
ppm
ppm

JIS: Japanese Industrial standards

24

≥ 96.5
0.86-0.90
3.5-5.0
≥ 120
≤10
≤0.3
≥ 51
≤0.02
≤500
≤24
≤1
≤0.5
≤120
≤12
≤0.20
≤0.80
≤0.20
≤0.20
≤0.02
≤0.25
≤5
≤5
≤10

Specifications
Standard method
EN 14103
JIS K 2249
JIS K 2283
JIS K 2265
JIS K 2541-1,-2,-6 or-7
JIS K 2270
JIS K 2280
JIS K 2272
JIS K 2275
EN 12662
JIS K 2513
JIS K 2501, JIS K 0070
JIS K 0070
EN 14103
JIS K 2536, EN 14110
EN 14105
EN 14105
EN 14105
EN 14105 or EN 14106
EN 14105
EN 14108 and EN 14109
preen 14538
EN 14107
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Table 1.6 Brazilian biodiesel standard for castor oil biodiesel

Standard

Description

ABNT1 NBR 15324:2006

Determination of free glycerol in castor oil biodiesel
by gas chromatography.
Determination of monoglycerides, diglycerides and
total ester content of castor oil biodiesel by gas
chromatography.
Determination of methanol or/and ethanol
concentration in fatty acid ester by gas
chromatography.
Determination of total glycerol and triglyceride
content in castor oil biodiesel.

ABNT NBR 15342:2006
ABNT NBR 15343:2006
ABNT NBR 15344:2006

ABNT: Brazilian acronym of Brazilian Association of Technical Standards

1.4 OILSEED CROPS AS RAW MATERIALS
There is ample evidence that the FA composition determines BD properties, so it is particularly
interesting to evaluate different raw materials with very different fatty composition [52]. Table
1.7 shows different FA composition for different oils. There is no oil with the ideal composition
to provide BD with optimal properties. A high content of unsaturated FA (especially
monounsaturated) improves properties such as kinematic viscosity, density and cold flow
properties [53-56]. However, other properties worsen, such as oxidation stability, cetane
number and calorific value [57]. Moreover, the average length of the hydrocarbon chain also
influences BD properties. With increasing chain length increases the calorific value and cetane
number, although other properties are negatively affected as the oxygen content, kinematic
viscosity, density and cold properties mentioned above [23].
The suitable FA composition of raw material should adopt a compromise situation depending
on geographical and storage characteristics, etc. As an example, in tropical or temperate
zones, cold weather properties may be less stringent, so other properties such as High Calorific
Value may be improved [58, 59]. Next, a brief description of the raw materials used in this PhD
thesis is provided.

1.4.1 Rapeseed
The Brassica genus consists of approximately 100 species, including species Brassica napus L.,
commonly known as oilseed rape, rapeseed or canola. It is thought to have originated from a
cross where the maternal donor was closely related to two diploid species, Brassica oleracea
and Brassica rapa.
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Table 1.7 Fatty acid composition of different raw materials
RAW MATERIALS
C8:0 C10:0 C12:0
C14:0
C16:0
Rapeseed oil

0

0

0

0

3.87

2.12

C18:1 C18:2
C18:3
EDIBLE OILSEED CROPS
66.73 17.19
10.09

Soybean oil
Coconut oil

0
9.50
0

0
8.00
0

0
41.00
0.50

0.05
18.00
1.50

11.05
9.00
45.50

3.87
3.80
4.00

25.85
7.50
38.00

52.83
2.70
10.00

6.55
0.50
0.50

0

0.20

0

0.20

0

0

0

[60]

0
0

0
0

0
0

0
0

0
0

0
0

0
0

[60]
[60]

0

0

0

0.08

8.03

3.26

29.27

59.32

0

Corn oil
Rice bran oil

0

0

0

0.50-2

10-12

2-4.50

25-26

59-62

1

0
0

0
0

0
0

0
0

0
0

0
0

0
0

[61]
[13]

0

0

0

0.50

2-17

2-3

0

1

0

0

0.50

0

0

[13]

Castor oil
Camelina sativa oil
Sinapis alba oil
Karanja oil
Tobacco seed oil

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0.01
0
0
0
0

1.64
5.40
1.50
4-14
11.00

1.85
2.60
0.90
3-11
3.50

Jatropha curcas oil

0

0

0

0

12.70

7.90

82.88
0
0
0
0
0

0
0.25
0.60
2.00
0
0

0
16.80
6.60
0
0
0

0
1.40
0.60
2-6
0
0

0
2.90
55.20
0
0
0

0
0
0.10
1-3
0
0

0
0
0.60
0
0
0

[62]
[63]
[64]
[65]
[66]
[67]

Nahor oil

0

0

0

0

15.00

0

0

2.00

0

0.50

0

0

0

[65]

Used olive oil
Used frying oil*

0
0

0
0

0
0.50

0
1-3

12.65
13-25

2.32
5-12

0
0

0
0

0
1.00

0
0

0
0.50

0
0

0
0

[22]
[68]

Palm oil
Sunflower oil

C18:0

9-44 26-35
1
NON-EDIBLE OILSEED CROPS
5.06
6.42
0.30
14.30 14.30
38.40
12
12.30
8.90
44-71 11-18
3.00
14.50 69.50
1.00
41.48

35.20

0.30

12.00 53.00
17.00
WASTE COOKING OILS
79.10
5.10
0
43-52 7-22
0.50-3

C18:1-OH

C20:0

C20:1

C22:0

C22:1

C24:0

C24:1

Ref.

0

0

0

0

0

0

0

[60]

C8:0: Caprylic acid ; C10:0: Capric acid ; C12:0: Lauric acid ; C14:0: Myristic acid ; C16:0: Palmitic acid ; C18:1: Oleic acid C18:2: Linoleic acid; C18:3: Linolenic acid
C18:1-OH: Ricinoleic acid; C20:0: Eicosanoic acid; C20:1: Eicosenoic acid; C22:0: Behenic acid; C22:1: Erucic acid; C24:1: Nervonic acid
Ref: References
* No origin reported
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It is a member of the Cruciferae family reaching up to 2 m in height and produces a small
round seed, black, brown or yellow color, high oil content herb (40-45% oil) [69]. There are two
types of rape, winter and spring, which are differentiated by their vernalization requirements.
The rape plant forms a rosette during its growing period. This species produces ramifications
of first and second order. The fruit is a siliqua of about 5 to 10 cm long. Rapeseed oil with low
erucic acid is used as edible oil for salads, cooking and to make margarine. Oils with high erucic
acid content are used as synthetic lubricants and plastics [70]. Extraction flour from meal has a
high protein content (36-37%) of high nutritional value, used as a protein supplement. Another
use of rapeseed oil is the BD production, which is known as rapeseed oil methyl esters. One of
the most important factor in the development of the cultivation of rapeseed, in addition to
increasing yields, is the quality of oil and flour extraction. Other varieties of rapeseed oil have a
high erucic acid (50-55%) [70], which is not desirable from a nutritional standpoint. Through
breeding, erucic level may be lowered to almost zero. On the other hand, the extraction meal
contains large amounts of glucosinolates also considered anti-nutritional compounds. The
term “canola” refers to those varieties that meet specific standards on the
level of erucic acid and glucosinolates. The word canola is derived from Canadian oil, low acid
and was registered in Canada in 1970. The canola name is now used for three species: Brassica
napus also known as Argentinean variety, Brassica rapa also known as Polish variety and
Brassica juncea or mustard [71, 72].

1.4.2 Soybean
Glycine max (Soybean) is an annual herbaceous plant in the Fabaceae (legume or bean family)
that originated in Southeastern Asia (including China, Japan and Korea) that was domesticated
more than 3.000 years ago for its edible seeds and young pods. It is now the world most
important legume crop and the sixth of all cultivated crops in terms of total harvest. It is also
the most widely produced oilseed, grown in diverse climates worldwide. Nowadays, it is also a
major crop throughout much of North America, South America and Asia. USA has become the
world greatest producer, providing approximately 32% of the world production [73]. It is a cool
season legume that can be grown densely hairy on leaves and stem, can grow to nearly 2 m
tall, although commercial varieties are more typically 0.3 to 0.9 m. Leaves are compound, with
3 leaflets. The inconspicuous, stalkless are borne singly or in small clusters in the axils (where
leaf meets stem). The fruit is a broad, hairy, flattened legume or pod, around 10 cm long,
yellow to brown when fully mature and dried. Pods typically contain up to four beans, which
vary in size and color depending on cultivar (colors range from white to reddish to black) [73].
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Soybean oil is widely used for cooking as well as in cosmetic and industrial products (paints,
soaps, disinfectants and linoleum). It contains a high level of oleic FA, low level of saturated FA
and medium polyunsaturated FA content (24%), which also makes soybean oil a good source
for edible uses [74]. Soybean oil is also increasingly used as biofuel. For many years, it has
been the most used raw material for BD production, recently displaced by palm [37].

1.4.3 Coconut
The coconut palm belongs to the Arecaceae family, whose scientific name is Cocos nucifera
and commonly known as coconut. It is a tropical tree species extending over large uniform
areas, but it is now mainly grown and harvested by small farmers. It is probably native to the
Pacific Islands and it is mainly cultivated throughout the tropics [75].
It is a monoecious palm single trunk, 10-20 m high and 50 cm thick at the base and tapering
towards the top. At the apex presents a group of leaves that protect the only growing point or
terminal bud that owns the plant. Variations in the availability of water induce changes in
trunk diameter. Height growth depends on ecological conditions, age of the plant and the type
of coconut. Its fruit is a drupe, covered with fibers, 20-30 cm long oval shaped and can weigh
up to 2.5 kg. It consists of a yellow, tough, fibrous outer shell (exocarp) of four or five cm thick
shaped nut strongly adhered to the hairs; a thin intermediate layer (mesocarp) and a harder
(endocarp) that has three holes in a triangular arrangement coming, located at the apex, two
closed and the other facing the embryo radicle [76].
From its natural habitat on the shoreline of uninhabited oceanic islands to inland locations on
the fringes of deserts and the foothills of mountain ranges, it can provide every necessity for
survival of castaways, subsistence consumption, local markets and international trade.
It is well known that it is one of the plants with more applications and one of the most
exploited for man. Its use encompasses such important sectors as agriculture, livestock,
agriculture, construction, food and medicine. Coconut flour is a by-product of oil extraction
used as feed for livestock; other waste products from the oil extraction mixed with other
ingredients serves as organic fertilizer. The outer shell is hard and used in furniture assembly.
Fresh consumption is an important energy source for human body, but also the pulp provides a
leading role in pastries manufacture. Coconut water is used as a refreshing beverage and as an
ingredient in stews, ice cream and fish dishes. The palm is the terminal bud of the coconut and
contains 3% starch and 5% sugar. In medicine, it has many applications among which are
antiseptic, astringent, bactericidal, diuretic and remedies for asthma, bronchitis, bruises,
constipation, dysentery, cough, fever, flu, etc. In industry the kernel is used as raw material for

28

Chapter 1: Introduction

the oil extraction. It can be used in the manufacture of soaps, cosmetics and shampoos and
biofuels like BD [77].

1.4.4 Palm
Elaeis guineensis is native to West Africa, but now it is cultivated in many tropical regions.
Nowadays, largest producing countries are Indonesia and Malaysia, representing 87% of world
exports. It is a crop, grown and harvested over large uniform areas (3.000 to 5.000 ha) around
a central oil mill to allow rapid industrial handling after harvesting. Palm trees can also be
observed in village gardens, where they provide oil for local consumption, but in that case both
yield and oil quality are much lower [75]. The tree requires a deep soil, a relatively stable high
temperature and continuous moisture throughout the year. Soil fertility is less important than
physical soil properties.
Dry periods of more than 2-3 months do not specifically damage vegetative growth, but affect
seriously the production and quality of the fruit bunches. Oil palm yield is not only determined
by vegetative growth and production, but also by the way pests and diseases can be controlled
or eradicated. Because industrial oil palm plantations need the clearance of large areas, they
often require the expropriation of land and the cutting of extensive forest areas. Hence, the
development of such plantations is usually associated with land tenure conflicts and problems
of local land ownership, on one hand and ecological problems, viz. biodiversity loss, on the
other [75, 78].
It is the most versatile oil from the industrial point of view. It is widely used ranging from food
to cosmetics industry. Their presence is usual in creams and toppings, spreads (cocoa and
margarine), snacks and pastries (biscuits, toast or bakery products) [79]. In cleaning is a key
part of the formula of soap and detergents to be present in their surfactants Due to its
smoothness, is an excellent base for many cosmetics and body creams.
Palm oil is one of many plant derivatives that can be transformed into biofuels together with
vegetable aforementioned oils from food sources, such as soybean, canola, corn, sugarcane
and sunflower. It is expected to double oil demand by 2030 and triple by 2050. Oil palm is the
most productive in the world oilseed plant, which makes it more interesting for the production
of BD; its production is higher than crops like soybean and rapeseed.

1.4.5 Camelina sativa
Commonly known as gold-of-pleasure, it is an herbaceous annual or winter seasonal with a
taproot. Plants typically reach heights between 30 and 90 cm. Leaves are not lobed and are
withered at flowering; stems are alternate, lance-shaped, lacking a petiole and usually
clasping. They are typically 2 to 8 cm long and 2 to 10 mm wide and may be smooth or have a
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few, primarily forked hairs [80]. Stems are single, typically branched above and become woody
as they mature. Stems may be smooth or may be sparsely hairy. Flowers are small and pale
yellow or greenish-yellow in colour. The four petals are spatulate, 4 to 5 mm in length, the four
sepals are erect and the six stamens are in three pairs of unequal length. Inflorescences are
racemes with the flowers in terminal clusters and lack bracts. The pear-shaped silicles are
smooth and leathery, 7 to 9 mm long and superficially resemble the bolls of flax. Seeds are
small, pale yellow-brown, generally two to three mm long and are rough, having a deeply
ridged; seeds typically contain from 38 to 43% oil and 27 to 32% protein [81].
Its cultivation is being investigated due to exceptionally high levels (up to 45%) of ω-3 FA,
which is uncommon in vegetable sources. Over 50% of the FA obtained by cold pressing are
polyunsaturated [64]. The resulting oil is also rich in natural antioxidants such as tocopherols,
which makes it very stable and highly resistant to oxidation and rancidity. The content of
vitamin E in Camelina sativa oil is about 110 mg/100 g, its seed containing between 33 and
42% oil. The oil also has a unique pattern of FA, characterized by a content of 30-40%
linolenic acid (C18: 3), 15% eicosenoic acid (C20:1) and less than 4% of erucic acid (C22:1)
[82], suggesting its application in paints and coatings as desiccant oil, similar to linseed oil.
The flour extraction has a glucosinolates content between 17 and 67 mmol/g.

1.4.6 Castor
According to the available literature, castor (Ricinus communis L.) is an indigenous plant native
to Eastern Africa and most probably originated in Ethiopia. The average yield of rainfed castor
varies from 200 to 500 kg per hectare, that of the mixed crop from 100 to 200 kg and that of
the irrigated crop from 500 to 800 kg [83]. It is generally grown for its oleaginous seeds. Castor
is an ideal candidate for production of high value industrial oil because of the very high oil
content (48-60%) of the seed [83].
Castor seeds are not suitable for human consumption due to very deadly protein called a
lectin. Ricin is found in the meal or cake after the oil has been extracted. When a gram of ricin
is compared with equivalent weights of other toxic substances, it turns out to be one of our
deadliest natural poisons [84].
It is an important feedstock for the chemical industry because it is the only commercial source
of ricinoleic acid, a hydroxy FA, which comprises about 90% of the oil. Due to the ricinoleic
acid, castor oil and its derivatives are of great versatility being used in synthesis routes for a
large number of products and are increasing rapidly. In some places of the world it is used like
an ornamental due to their vibrant leaf and floral coloration. Castor oil is being used widely for
different purposes, i.e. as lubricant, in the manufacture of soaps, transparent paper, printing30
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inks, varnishes, linoleum and plasticizers [83]. It is also used for medicinal and lighting
purposes. The cake is used as manure, while plant stalks Is used as fuel or as thatching material
or for preparing paper-pulp. In the silk-producing areas, leaves are fed to the silkworms.
Currently, castor oil is starting being used as feedstock for biofuels production like BD, being
Brazil one of the most important producers including specific regulations for BD from this
feedstock [50, 85].

1.4.7 Sinapis alba
Sinapis Alba or white mustard is native to the Mediterranean region although today it is widely
distributed in Europe, North Africa and West Asia. It is considered a weed as an indicator of
abandonment of agricultural land in the Iberian Peninsula. It grows on fields and waste areas,
on calcareous soils. White mustard is an annual plant, with an erect stem and numerous
branches springing from the main stem. Leaves are alternately arranged, petiolate and
serrated, with short, white bristles along the veins. Flowers are pale yellow, forming a shape of
a cross and flowering occurs from June to August [86].
White mustard seeds are globular, dark reddish-brown considered being analgesic,
carminative, expectorant and stimulant. Traditionally, they have been applied in cases of
digestive complaints. An infusion of the seeds is useful in treatment of chronic bronchitis,
rheumatism, muscular and skeletal pains (it stimulates circulation in the pain area). Externally
it is usually made into mustard plasters, poultices or added to the bath water. It can also be
used for skin eruptions and mustard tea is used for fevers and colds. The seed contains
substances that can irritate the skin and mucous membranes and contains proteins, fatty oil,
sinalbin, p-hydroxybenzyl, isothiocyanate, etc [86].
Currently, Sinapis alba oil is being investigated as a viable raw material for BD production [87],
because it contains high erucic acid content (more than 50% on average) and therefore is not
suitable for human consumption. Otherwise, the continuous intake entails risks to human
health and may lead to possible cardiovascular risks [87, 88].

1.5

NEW TECHNOLOGIES FOR BIODIESEL PRODUCTION

As said in recent sections, the growing BD production has made the scientific community and
private sector to seek new ways of producing this biofuel more efficiently and economically.
That is the reason why BD synthesis has undergone numerous technological developments. All
of them are intended to make the reaction to proceed faster, with the lowest amount of
catalyst and avoiding significant energy consumption. In BD production, vigorous mixing is
required to create an effective contact between the vegetable oil/animal fat and alcohol,
especially at the beginning of the reaction. On the other hand, conventional transesterification
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involves reaction heating until temperatures around 40-65 °C, while stirring the reaction
mixture in order to reach the maximum contact between oil and alcohol [89, 90]. New
technologies in BD production involve the use of different devices in order to optimize both
the reaction parameters and energy consumption. In this regard, it is possible to make the
following classification attending to the innovation introduced with respect to the
conventional process.
A group of these technologies involve the use of auxiliary energy to reaction mixture in
replacement of heating. In this group, the use of ultrasound, microwaves and radio
frequencies are used [91-95]. The main objective is to supply to the reaction mixture a type of
energy that allows more effective contact between reactants. The use of these technologies
has expanded greatly in the last decade, according to the number of published manuscripts.
Another way of improving the transesterification process involves the use of solvents in order
to reduce the value of some physical properties (mainly viscosity) of the oil. This is the case of
the use of co-solvents. Thus, compounds like hexane, tetrahydrofuran, diethyl ether, dibutyl
ether, tert-butyl methyl ether, diisopropyl ether, etc. are usually added to reaction mixture
[96-98]. It has been shown that the use of such solvents improves the process in terms of
conversion of the interplay. However, the use of new substances can make the process even
more expensive. Another chemical modification is performing transesterification reaction
under supercritical and subcritical conditions [99, 100]. In this case, there are some benefits
like rate enhancement, increased yield and improved purity. Nevertheless, the synthesis of BD
by supercritical reaction has some drawbacks, such as high cost of the equipment and highenergy consumption due to high temperature and pressure conditions, which are not viable
for large-scale industrial applications [101, 102].
Finally, there are other less common technological devices such as oscillatory flow reactors. In
this case, the flow through the reactor is composed of a net flow, characterized by a constant
over the time rate and a low Reynolds number flow, on which an oscillatory flow is
superimposed, velocity following a sinusoidal law over time. These kinds of devices need
further development to be implemented at industrial scale.
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1.6 THESIS STRUCTURE
This PhD thesis is structured as follows:
The PhD thesis starts with the Introduction section (Chapter1), where the main facts
and figures related to biodiesel production is stated. The raw materials used in this
thesis are also introduced.
In Chapter 2, a review of ultrasound-assisted biodiesel production at laboratory scale,
showing a viable industrial projection is carried out. The advantages and disadvantages
of other technologies in biodiesel production are also discussed.
In Chapter 3, ultrasound-assisted biodiesel synthesis of vegetable oils, as raw materials
with prominent role in global biodiesel production, is carried out. A relationship
between the chemical composition of oils and physical characteristics of ultrasound
standing out is also established. Biodiesel is also analyzed following the EN 14214
standard to check its potential use in compression ignition engines.
In Chapter 4, experimental results from the previous chapter are used to optimize the
process with low cost oils. Camelina sativa oil and castor oil are tested to provide
biodiesel by using the same ultrasonic probe. A comparative energy study between
conventional transesterification and ultrasound-assisted reaction is included in this
work.
In Chapter 5, an agronomical study of Sinapis alba production under different nitrogen
fertilization tests is carried out. The relationship between the different agronomical
growing conditions of the oilseed plant and the fatty acid composition of the
subsequent oil is stated. Fatty acid composition is used to predict physical and
chemical properties of biodiesel using statistical models developed in the literature
[23]. Finally, sonicated transesterifications of Sinapis alba using different frequency
transducers is conducted.
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1.7 OBJECTIVES
The objective of this thesis is to assist in the reduction of the cost of biodiesel processing. The
objective means the use of an efficient process that implies the reduction of reaction
parameters, the selection of the raw material and the enhancement of the technology. This
objective may be stated in the following bullets:
To evaluate several technologies in biodiesel production, other than conventional
transesterification, establishing advantages and disadvantages of each one of them
and highlighting the possible implementation on an industrial scale.
To establish the effect of fatty acid composition of feedstock on sonicated biodiesel
production.
To evaluate the suitability of ultrasound-assisted biodiesel production of raw materials
widely used all over the world.
To evaluate the advisability of sonicated transesterification of non-edible oils in order
to assess their applicability in biodiesel production.
To assess the impact of the physical characteristics of ultrasound on biodiesel
production.
To carry out comparative energy consumption studies of different transesterification
reactions, conventional versus sonicated.
To establish the effect of plant density and nitrogen fertilizer dose on fatty acid
composition of Sinapis alba oil.
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2.1

ABSTRACT

Nowadays, biodiesel (BD) production is following different pathways with respect to
conventional synthesis methods that involve heating and stirring the reaction mixture. In the
last decade, different technologies based on various novel configurations have been developed
to achieve a more intimate contact between the two immiscible phases that form the reaction
system (triglycerides and short-chain alcohol).
Known technologies include the use of supercritical and subcritical conditions (SUPC and
SUBC), the addition of solvents to the reaction medium and reactors that employ different
technologies from heating and stirring the reaction mixture as imply the conventional method.
There are also technologies based on the use of alternative energies in replacement to the
thermal energy supplied during conventional transesterification. Some of them are ultrasound
(US), microwaves (MW) and radiofrequency (RF).
Probably, the best suitable method to large-scale production is provided by the use of US. The
variability and availability of US devices on the market has meant that many researchers have
focused their attention on this kind of energy. Ultrasonic baths, ultrasonic probes and
ultrasonic reactors are the main ultrasonic devices to synthesize BD. The use of these kinds of
devices has led to a number of improvements over conventional transesterification: i) in most
cases, it is possible to work at room temperature, so no reaction heating is needed, which
means important energy savings; ii) the closer contact between reactants leads to a significant
reduction of both catalyst and alcohol; iii) higher BD yield in less reaction time is reached.
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2.2

INTRODUCTION

2.2.1 Mass transfer handicap
The principal challenge during BD production is to improve the chemical reaction kinetics to
increase yield under mild conditions, thus leading to a more efficient synthesis. For this reason,
the problem to get fixed is to speed up the reaction between two substances of very different
chemical nature, namely short-chain alcohol and triglycerides. Due to the immiscibility
between phases, mass transfer might be especially slow. As a result, BD requires relatively high
amount of reagents, reaction time and temperatures, ranging from 45 to 65 °C, under vigorous
stirring. This aspect is crucial to improve transesterification. In sum, homogenization of the
reaction mixture, that is a chemical o physical treatment by which the composition or
structure of a mixture of substances is made uniform, is needed [1]. Usually, this problem is
solved by heating and stirring the reaction mixture.
In organic synthesis, reagents are heated-stirred using traditional heaters in thermostated
water baths and magnetic stir bars. This is a slow and inefficient method to supply energy to
reaction mixture because heat transfer depends on convection currents and thermal
conductivity of the reaction mixture. Moreover, it generates thermal gradients that could lead
to reactants or products to decompose. This is why, in recent years, different strategies
involving reduction of reaction time, temperature and amount of reagents have been
developed. In sum, the target is to decrease BD cost.
Although raw materials are responsible of around 80% of BD cost, some other factors that can
increase the total cost of the process must be considered. The price of vegetable oil is a
variable factor depending on markets, product demand, and harvesting. However, the
synthesis of the product can be improved and this involves fixing the previously mentioned
mass transfer issue, thus affecting BD cost.
In subsequent sections, the main drawbacks that involve slow mass transfer rates between
two immiscible phases and a brief overview of advanced BD production methods are
described. In addition, a more detailed review on the auxiliary energy employed in this PhD
thesis (ultrasound, US) is also presented.

2.2.2 Advanced technologies in biodiesel production
Late technologies, which are based on improving transport processes, have shown a great
potential to enhance BD synthesis. The advantages of these intensified processes compared to
conventional transesterification are as follows:
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•

The use, in most cases, of milder processing conditions.

•

The reduction of both alcohol-to-oil molar ratio and amount of catalyst.

•

The reduction of both reaction time and reaction temperature.

Figure 2.1 shows a scheme of the objectives and current technology trends in BD production.
Depending on the strategy used, these techniques can be classified under different categories.
As shown, one of them consists in providing the thermal energy by US, MW or RF. The most
extended auxiliary energies developed in the scientific literature are US and MW, commonly
presented under multiple devices and configurations for both continuous and batch
production. The use of both forms of energy involves shortening reaction times, reducing the
amount of catalyst and the possibility of working at room temperature. However, due to the
huge variety of ultrasonic devices, large-scale BD production prefers the use of US instead of
MW.
On the other hand, catalyzed transesterification reactions involve some limitations that have
prompted researchers to seek alternatives to catalysis. The use of catalyst involves two main
drawbacks, namely its price and the associated environmental cost. One alternative to its use,
which has been gaining attention lately, is the application of SUBC and supercritical SUPC
conditions, which does not require the addition of catalyst. However, SUPC transesterification
requires high pressure (45-65 MPa) and temperature (350-400 °C), besides the high cost of the
equipment [2]. This is not acceptable in industry due to high production costs.
Another widely used method to enhance BD production comprises the addition of co-solvents
to reaction mixture. Raw materials with high free fatty acids (FFA) content might induce
unwanted soap formation when alkaline catalysis is used. The maximum allowed FFA content
to carry out an alkali-catalyzed transesterification without risk of side reactions varies
depending on different authors (Table 2.1). The use of co-solvents allows processing raw
material with a high content of FFA.
Table 2.1 Maximum FFA content for one-step alkali-catalyzed transesterification
FFA (% w/w)
Author
Reference
<3
Dorado et al.
[3]
≤2
Ramadhas et al.; Sahoo et al.
[4, 5]
<1
Ma and Hanna; Freedman et al.; Kumar Tiwari et al.
[6-8]
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Figure 2.1 New trends in biodiesel production

Co-solvents are soluble in both alcohol and oil, thus helping to homogenize the resulting
reaction mixture in a single phase. When co-solvents are not used, a pre-treatment
pre
step
(usually acid-catalyzed
catalyzed esterification by the addition of H2SO4) to remove FFA from the
feedstock is required.. Once FFA have been removed from the triglycerides, transesterification
trans
is carried out. In this sense,
sense patented process BIOX converts triglycerides and FFA in BD
following a two-step single-phase
phase continuous process at atmospheric pressure and near-room
near
temperature, in less than 90 minutes [9]. The most commonly used solvents are organic
substances like hexane, tetrahydrofuran (THF) or methyl tert-butyl
tert butyl ether (MTBE).
(MTBE) Another
widely used option is the combination of co-solvents
solvents with technology based on SUPC, so cosolvents can reduce the high pressure and temperature requirements that make the process
untenable from energy consumption standpoint.
Another alternative is provided by the use of oscillatory flow reactors (OFR),
(OFR) consisting of
tubes containing equally spaced orifice plate baffles. The mechanism improves
mproves mass transfer
and involves the application of an oscillatory motion inside the tubes [10
10]. Unlike other
reactors, the mixing degree is independent of flow,
flow creating flow patterns conducive to
efficient heat and mass transfer.
transfer There are also other reactors in which the energy power
supply is based on the hydrodynamic
rodynamic cavitation phenomenon [11],, consisting on vaporization,
bubble generation and implosion in a flowing liquid as a result of a decrease and subsequent
increase of pressure. The process of bubble generation, and the subsequent growth and
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collapse of the cavitation bubbles, results in very high energy density, temperature and
pressure at the surface of the bubbles for a very short period of time. Conditions in the
collapsing cavity can reach 5000 ⁰C in only nanoseconds. This amount of energy generated in
such a short period of time induces effective collisions between the reactants in a greater
extent than those produced by heating and stirring [12]. Eventually, there are other reactors
like microtube reactors [13], slit channel reactors [14], fixed-bed bioreactors [15], pulsed loop
reactors [16], microchannel reactors, rotating/spinning tube reactors, membrane reactors,
static mixers and centrifugal contactors [17].
Table 2.2 summarizes the advantages and disadvantages of current advanced technologies for
BD production. These devices show different degree of implementation, from lab-scale, to
pilot plant or already marketed by companies. As can be observed, targets encompass a
greater efficiency in the transesterification process, through both the reduction in
concentration of undesirable compounds, such as glycerides and the optimization of reaction
parameters, thus reducing the energy consumption. The influence on the price of the raw
material has not been considered, as it is dependent on hardly uncontrollable variables.

2.3

ULTRASOUND-ASSISTED BIODIESEL SYNTHESIS

2.3.1 Definition and uses of ultrasound
US is an acoustic wave with a frequency greater than the upper limit of human hearing (about
20.000 Hz) that is generated by a local variation of density or pressure of a continuous
medium, which is transmitted from one place to another through any substance possessing
elastic properties [1]. Each molecule transmits the vibration to its neighbor, causing a chain
movement before returning to approximately its original position. Particularly in liquids and
gases, particle oscillation takes place in the direction of the wave producing longitudinal waves
[18]. Table 2.3 shows range of US frequencies as a function of US uses. US represents a useful
tool to mix liquids that tend to separate. Ultrasonic waves cause intense mixing at micro-levels
and improve mass transfer greatly, so reaction can proceed at a much faster rate compared to
conventional reaction [19-21]. Otherwise, Sonochemistry is a branch of chemistry related with
chemical engineering, halfway between the analytical and physical chemistry. The applications
of this science are very extensive, from the synthesis of new chemical compounds to analytical
experimentation [22]. In the last two decades, the most significant advances in ultrasonic
technology have followed two pathways [23]. The first one has been focused on medical
applications, which includes the uses of focused US in cancer treatment and the manipulation
of living cells in acoustic fields.
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Table 2.2 Advantages and disadvantages of advanced technologies for biodiesel production
TECHNOLOGY
ADVANTEGES
DISADVANTAGES
- Significant reduction in reaction time, amount of catalyst and molar ratio are
achieved.
- It does not allow the use of raw materials with high content
- It allows working at room temperature.
of FFA, unless a pre-treatment of the raw material is used.
ULTRASOUND (US)
- The cost and maintenance of US equipment may be
- It allows both continuous and batch process.
expensive.
- There are many kind of available devices and it is used for large-scale
production.
- Significant reduction of reaction time, amount of catalyst and molar ratio are - Difficult adaptation to large-scale production.
MICROWAVES (MW)
achieved.
- It does not allow the use of raw materials with high content
- Very affordable and cheap devices.
of FFA, unless a pre-treatment is used.
- Difficult adaptation to large-scale production.
- Environmentally friendly.
SUBCRITICAL (SUBC) AND
- No need for catalyst.
- High energy consumption.
SUPERCRITICAL (SUPC)
- Allow the use of raw materials with high content of FFA without previous
- Expensive technology.
CONDITIONS
acid esterification.
- Non significant reduction in molar ratio is achieved.
- Allow the use of raw materials with high content of FFA without a previous
acid esterification.
- The use of co-solvents means additional cost.
- It is easily combined with other technologies such as SUPC fluids, MW and
- The use of organic compounds make the process
CO-SOLVENTS
US.
environmentally unfriendly.
- No need for catalyst.
- Significant reduction of molar ratio has not been reached.
- Industrial implementation is already underway. Currently, there is company
with a patent based on co-solvents (BIOX process) in Canada.
REACTIVE DISTILLATION
- It combines chemical reaction and product separation in only one unit
- It does not allow working at room temperature
Clear advantages and disadvantages cannot be stated. The industrial implementation of each device depends on the cost and adaptability at
ADVANCED REACTORS
large-scale production. Many of them are already marketed (hydrodynamic cavitational reactors, spinning tube in tube reactors and centrifugal
contactors).
FFA: free fatty acids; MW: microwaves; US: ultrasound
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Table 2.3 Range frequencies of ultrasound and applications.
FREQUENCY RANGE
APPLICATIONS
2-10 MHz (high frequency)

Diagnostic US and medical imaging

20-100 kHz (low frequency)
16-18 kHz

Conventional US used in cleaning and Sonochemistry
Human hearing

The second pathway involves scaling up promising laboratory trials involving environmental
protection and process technology to achieve industrial scale implementation. Nowadays,
researchers are working to open up new areas of applications of US. Chemical effects
produced by US have great importance in chemical reactions [24], the most important are:
•

Acceleration of reaction rates.

•

Avoidance of purification of reagents and solvent.

•

Replacement of the role of phase transfer catalyst.

•

Use of less hazardous reagents and milder conditions.

•

Change of reaction products (ultrasonic switching).

In this way, US has several applications in different fields like medicine, industry, chemistry etc.
[25]. In the chemical manufactory, for instance, US has become an important emulsifying of
cosmetics and foods, welding plastics, cutting alloys and large-scale cleaning. Additionally,
ultrasound is considered a clean energy source because of its ability to accelerate chemical
reactions decreasing the amount of reagents, i.e. catalyst [26]. In this way, US can be of great
importance to make biorefineries competitive, according Luo et al. [27]: i) efficient method to
degrade organic matter by fractionating and extracting, with the assistance of solvents, for
further processing; ii) improving conversion methods of bio-feeds into chemical products via
selective catalysis reactions.
In BD field, high-power ultrasonic (HPU) transducers with extensive radiators have been
introduced. HPU comprises a variety of transducer types adapted to different specific uses in
fluids and multi-phase media; the introduction of these transducers has significantly
contributed to the development at semi-industrial and industrial level of a number of
processes [28]. Currently, there are several companies that sell this kind of equipment for BD
production at pilot and large-scale under both batch and continuous modes [29, 30].
The main effect of sonication into liquid systems is the phenomenon of cavitation. It comprises
the formation and growth of empty cavities (bubbles) in a liquid by high forces and the
immediate implosion of them [31]. Cavitation takes place when a liquid is subjected to rapid
changes of pressure, causing the formation of cavities in the lower pressure regions of the
liquid. The implosion of cavities establishes an unusual environment for chemical reactions.
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The gases inside the cavity are compressed, generating intense heat that raises the
temperature of the liquid immediately surrounding the cavity and creates a local hot spot [18].
There are four kinds of cavitation, namely acoustic, hydrodynamic, optic and particle cavitation
[32]. Only acoustic and hydrodynamic cavitations are able to induce chemical or physical
changes. Acoustic cavitation can produce small droplets and large interfacial areas, if the
ultrasonic device is placed near the liquid-liquid interface in a two phase reaction system [33].
The application of US into a liquid produces high pressure (500-2000 atm) and temperature
(more than 5000 K) and an immense heating and cooling rate (it has been estimated to be in
the region of billion °C/s) [34]. These high temperature and pressure created within a
collapsing cavitation bubble allow the formation of free radicals and other species that could
induce or accelerate chemical reactions [18]. Figure 2.2 shows a scheme of the cavitation
phenomenon.

Figure 2.2 Scheme of cavitation phenomenon

Heterogeneous liquid-liquid systems are very usual in chemistry. In this sense,
transesterification is a chemical reaction between two immiscible phases: a hydrophobic phase
(triglycerides) and a polar phase (short chain alcohol). As previously mentioned, mass transfer
into both phases is a critical aspect to achieve high ester conversion. Furthermore, dispersion
of a phase as small droplets into another, under ultrasound assistance, until the initial
heterogeneous liquid-liquid system is made uniform, which is known as emulsification or
homogenization, is a well-studied phenomenon in the industrial field. Ultrasonic processors
are used as homogenizers, to reduce droplets in a liquid to improve uniformity and stability
[1]. These particles (disperse phase) can be either solids or liquids. Moreover, acoustic
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cavitation could help to generate small droplets and large interfacial areas, if the ultrasonic
device is placed near the liquid-liquid interface in a two-phase reaction system, i.e.
transesterification of triglycerides [33].

2.3.2 Ultrasound-assisted transesterification reactions
2.3.2.1 Organic reactions assisted by ultrasound
The use of US has led to a reduction of the use of reagents that are not friendly to the
environment according with the principles of “green chemistry”. A large number of organic
reactions can be conducted leading to higher conversion and shorter reaction time, thus
improving reaction conditions, i.e. reaction temperature and amount of catalyst [35]. Examples
of improvement with respect conventional methods are Friedel-Crafts alkylations and FriedelCrafts acylations, both preceded by electrophilic aromatic substitution, Diels-Alder
cycloaddition between a conjugated diene and a dienophile and Aldol reaction that implies a
powerful way to form carbon-carbon bonds in organic chemistry. Sridharan et al. carried out
ultrasound-assisted acylation reactions of aromatics and plyaromatic compounds using ferric
sulphate as catalyst at room temperature [36]. Higher yield under lower reaction time were
reached compared to the conventional reaction. Under irradiation conditions, reactions were
completed in only 35-40 min, more than ten times below the conventional process. US has also
been used in organic reactions similar to transesterification reaction, reaching higher yields
and decreasing both the reaction time and amount of catalyst. A clear example is the
esterification of palmitic acid (usual fatty acid in oilseed crops) to produce vitamin D. The ester
yield was 8%, while reaction time was reduced from 36 to 2 h and 99% concentrated sulfuric
acid was replaced by 95% [33]. Considering these satisfactory results, the scientific community
started assessing the feasibility of US-assisted transesterification reaction in the last decade.
The following section provides a discussion of the different experimental devices used in USassisted BD production.

2.3.2.2 Ultrasonic experimental devices for BD production
Piezoelectricity is a phenomenon presented by some solid materials in response to mechanical
stress, which changes the electric polarization of the material causing the appearance of an
electric field. This phenomenon can occur backwards. This is the physical principle of ultrasonic
transducer; mechanical impulses generated by the application of an electric field produce
acoustic waves and subsequently cavitation take place. A piezoelectric transducer is a device
that converts electrical impulses in mechanical vibrations. The active material is basically the
heart of the transducer; this piece causes the conversion of the electrical energy into acoustic
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energy and vice versa. It is made of polarized material (some parts of the molecule are
positively charged, while another parts are negatively charged). Many crystalline substances
have piezoelectric properties, but only some of them are used on industrial scale, like quartz,
Rochelle salt, barium titanate, ammonium dihydrogen phosphate, among others. Based in this
active material, US devices can be classified in three kinds of experimental equipment:
•

Ultrasonic baths

•

Ultrasonic probes and horns

•

Sonochemical reactors

Ultrasonic baths
This is the most economic and available ultrasonic equipment. It consists in a steel tank with
transducers bonded to base. Frequency and power of ultrasonic baths depend on the type and
number of transducers. Ultrasonic baths transforms low frequency alternative current into
high frequency sound via piezoelectric transducers. An ultrasonic cleaner device uses usually
frequencies from 20 to 400 kHz and it is usually employed to clean jewelry, optical lenses,
watches, surgical instruments, etc. In chemical laboratories, it is commonly used for both
cleaning and assisting chemical reactions. First sonicated transesterifications took place in
ultrasonic baths [37], due to the following advantages: the ultrasonic bath is very versatile (it
may conduct many reactions), it is the most widely and affordable source of ultrasonic power
at laboratory scale, it is not expensive (for small equipment) and no difficult adaptation of
chemical apparatus is required. Figure 2.3 shows a picture of a transesterification reaction held
into an ultrasonic bath.
Ultrasonic baths do not allow regulation of amplitude or duty cycle, so these parameters could
not be optimized. Although ultrasonic baths significantly reduce reaction time, some
disadvantages make their use inadvisable: 1) the reaction mixture does not receive a direct
sonication. In this way, the amount of energy that reaches the vessel is not very large (5
W/cm2); this aspect limits the capability of this device. Moreover, it is uncertain whether the
energy is equally distributed along the volume of reaction [1]. 2) Temperature control is
generally poor, unless the bath has a non-frequent temperature regulator. 3) Most baths
cannot control the generated power. Ultrasonic baths do not allow regulation of amplitude or
duty cycle, so these parameters could not be optimized.
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Figure 2.3 Picture of a transesterification reaction into an ultrasonic bath

Although ultrasonic baths significantly reduce reaction time, some disadvantages make their
use inadvisable: 1) the reaction mixture does not receive a direct sonication. In this way, the
amount of energy that reaches the vessel is not very large (5 W/cm2); this aspect limits the
capability of this device. Moreover, it is uncertain whether the energy is equally distributed
along the volume of reaction [1]. 2) Temperature control is generally poor, unless the
ultrasonic bath has a non-frequent temperature regulator. 3) Most baths cannot control the
generated power.

Ultrasonic probes and horns
Many of the previous disadvantages can be avoided by direct sonication of the reaction
mixture. In this sense, ultrasonic probes can be introduced inside the reaction mixture [38].
Thus, cavitation phenomenon takes place in a more efficient way, so the mixture between the
two phases will be more intense, increasing the opportunities of effective collision between
reactants. Figure 2.4a shows a scheme of an ultrasonic probe. As shown in Figure 2.4a, the US
probe requires an ultrasonic generator, a piezoelectric transducer and a probe, which can be
introduced into the vessel in which the reaction takes place. Figure 2.4b shows the immersion
of the probe into the vessel where the reaction is held. US power is controllable, normally the
maximum power value reaching up to several hundred of W/cm2 [1].
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a) Components of an ultrasonic probe. Source: [39]

b) Picture of a probe inside the reaction mixture
Figure 2.4 Ultrasonic probe

Ultrasonic probes also offer the possibility of tuning the physical characteristics of US, namely
frequency, amplitude, duty cycle and US power. Recent studies achieved high conversion in
only few minutes [40, 41].
Ultrasonic reactors
In the last years, the interest in large-scale US-assisted BD production has significantly
increased [42]. Reactors based on the use of multiple transducers irradiating identical or
different frequencies seems to be a feasible approach for industrial application [43]. The use of
multiple transducers also involves lower intensities; therefore, the problems due to cavitation
and erosion are reduced [28]. BD production inside a reactor working at large scale requires
more complex experimental devices and new parameters to be optimized. Moreover, using
ultrasonic reactors, tests with similar conditions to industry to determine the reliability of the
US-assisted transesterification may take place. Basically, chemical reactors allow working
following two models:
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1. Continuous flow reactors, where the reactants and products continuously go in and out in
the reactor. This working mode is known as plug flow, in which the velocity of all components
equalizes to that of the incoming flow. Also, due to the velocity profile, elements in the fluid
travelling through the reactor have the same residence time.
2. Batch mode, where the reactor shows no reactive inflow or outflow of product while the
reaction takes place. It may simply be a tank, with or without a stirrer; besides, a preset time is
set for the reaction, until the liquid system constitutes a homogeneous emulsion. In batch
reactors, reactants are initially charged into the reactor, the reaction starts and continues to
completion [44]. Figure 2.5 shows a frequent scheme of BD synthesis into a sonochemical
reactor.

Figure 2.5 Scheme of a possible configuration of biodiesel continuous production in a sonochemical
reactor. Source: [45]

2.4

EFFECT OF ULTRASOUND ON CATALYSIS

2.4.1. Homogeneous catalysis
The majority of US-based transesterification studies are focused on homogeneous
transesterification, under ultrasonic baths, probes and sonochemical reactors. First studies
were carried out in 2003. Stavarache et al. [37] conducted different transesterification
reactions with vegetable oils and methanol, using NaOH as catalyst. The experimental set up
was an ultrasonic bath at two different frequencies (28 and 40 kHz) and it was compared to
conventional transesterification (stirring at 1800 rpm at room temperature). Results showed
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that after 10 min reaction, sonicated samples reached conversions above 90% using a catalyst
concentration of 1-1.5% w/w. This work optimized frequency (US physical parameter) for the
first time, along with other parameters of the transesterification (amount of catalyst and
reaction time). These results opened a wide field of research in the US-assisted BD synthesis.
There are two main conclusions: 1) considering a fixed reaction time, FAME yield increases
when transesterification is aided by US. After 10 minutes of reaction time, FAME conversions
were almost double in the reaction sonicated at 40 kHz and more than double in the reaction
sonicated at 28 kHz with respect to conventional transesterification. 2) The use of US allows
reducing the amount of catalyst. For a catalyst concentration of 0.5% w/w, the sonicated
reaction reached conversions of 98% w/w, while non-sonicated reaction only achieved a
conversion of 80% w/w. Several works followed this research showing similar results at a
frequency of 40 kHz, the reduction of the reaction time was much more effective than at
frequencies of 28 kHz [46-48]. Moreover, others alcohols have been studied. Georgianni et al.
[49] tested both methanol and ethanol in sonicated transesterification. Maximum yield was
achieved by the use of methanol, as in conventional transesterification. Table 2.4 summarizes
the experimental work done with homogeneous catalyzed transesterification held in ultrasonic
baths. It is noteworthy that all experiments were performed under low frequency (20-40 kHz)
and temperatures below 40 °C, many of them conducted at room temperature. These first
works were focused on the optimization of BD reaction parameters, i.e. molar ratio, amount of
catalyst, temperature and reaction time, without optimizing any US physical characteristic.
The first works focused on the optimization of US parameters were held by means of
ultrasonic probes or horns where the device allow tuning some physical characteristics of US,
as frequency, duty cycle and amplitude. Thus, Singh et al. [41] carried out the
transesterification of soybean oil by varying the US amplitude and energy input. It was found
that an increase of amplitude means a decrease in reaction time. As shown in Table 2.5, for an
amplitude value of 100%, FAME conversion reached 99% in just 5 min. In addition, Ji et al. [50]
carried out the transesterification of coconut oil at different duty cycles and energy input
values, 6:1 molar ratio and 30 minutes of reaction time. Results show that the higher the duty
cycle and US power the higher the conversion. These first studies concluded that an increase
of US physical characteristics such as amplitude, duty cycle and US power implies an increase
in FAME yields. Singh et al. [41] observed high decrease in reaction time achieving conversions
never previously reached in such a short reaction time. As well, Kumar et al. [51] carried out
the transesterification of coconut oil reaching a maximum yield of 98% using an amplitude of
60% and 0.3 cycles per second. Under these conditions, reaction temperatures were
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considerably high (72 and 89°C, respectively) due to the high melting point of coconut oil that
requires preheating before transesterification. Temperature is a very complicated factor to
control in experiments with probes, especially if the reaction mixture is heated after being
sonicated [40]. Mahamuni et al. [52] were the only researchers that have used frequencies
above 40 kHz to sonicate the reaction mixture. In their design of experiments (DOE) the
frequency was optimized ranging from 323 to 1300 kHz, being 581 kHz the optimum value.
Multiple experiment designs with US probes have been conducted, ranging from one variable
at time experiments (OVAT) to optimization desings (response surface methodology, RSM and
artificial neural networks, ANN). Some authors compared these methodologies [53]. ANN
model showed higher prediction capability than RSM method.
Table 2.5 summarizes all experiments performed with ultrasonic probes using homogeneous
catalysis, including experimental conditions, optimized parameters and maximum ester yield.
The minimum reaction times were five [41], seven [51] and eight minutes [54], that means a
significant reduction of time with respect to both conventional transesterification and
ultrasonic baths. Also, ultrasonic probes allow to study the influence of US on BD properties.
Thus, Sajjari et al. [55] studied the influence of US-assisted transesterification on several BD
physicochemical properties and results were compared to those of traditionally stirred
reaction. Different combinations of operational variables were used for alkali-catalyzed
transesterification of palm oil. Results showed that US-assisted transesterification could
improve some properties, like kinematic viscosity (around 0.12 mm2/s lower than conventional
method) and density (around 0.3 kg/m3 lower). Cold flow properties and pour point were also
improved, although cloud point did not show any significant reduction. Flash point was slightly
lower than that achieved by conventional transesterification.
The influence of vegetable oil chemical composition on US-assisted transesterification, by
selecting oils with a wide range of fatty acids (FA) (unsaturation degree and chain length) was
also evaluated. In this sense, Sáez-Bastante et al. [40] showed that oils with long hydrocarbon
chain FA (rapeseed, soybean and palm oils) provides significant higher yields than short
hydrocarbon chain FA (coconut oil).
Reyman et al. [56] monitored the US-assisted conversion of triglycerides to fatty acid methyl
esters (FAME) by controlling the ratio of infrared peak intensities at 1437 and 1464 cm-1. The
proposed infrared method turned out to be inexpensive and independent of the type of oil,
avoiding chromatographic analysis.
Ultrasonic probes show limitations to simulate large-scale conditions in both batch and
continuous modes, that can be solved by using ultrasonic reactors. According to this strategy,
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Stavarache et al. [57] designed an ultrasonic reactor for continuous transesterification of
vegetable oils. They found that the highest conversion was achieved when short residence
time was selected. This was the first time US-assisted BD synthesis was performed under
continuous

mode.

Table

2.6

summarizes

studies

about

homogeneous

catalyzed

transesterification carried out in ultrasonic reactor. Than et al. [58] conducted sonicated
transesterification with canola oil into a small-scale reactor, including methanol recycling,
which involves a significant reagent savings. An efficient process was reported, conversions
above 99% was achieved although high residence times were needed; the optimum time was
about 50 minutes, 30 minutes more than the optimum achieved by Stavarache et al. [57].
Mahamuni et al. [59] applied the Taguchi method using high US frequencies and evaluated the
influence of each parameter on BD synthesis. It was observed that catalyst loading is the most
influential parameter, with a 42.56% contribution toward variation in BD yield, followed by US
power with 39.95% and methanol-to-oil molar ratio with 11.40%.
The influence of frequency on BD conversion was also evaluated through sonochemical
reactors. Mahamuni et al. [52] used a multifrequency reactor to optimize the US-frequency
value in the range 323-1300 kHz; the optimal value was 581 kHz. Manickam et al. [60] assessed
a triple frequency operation (28-40-70 kHz) and compared it to double or single frequency
operations. Under similar operating conditions (3:1 alcohol-to-oil molar ratio, 30 min reaction
time at 60 °C), the maximum yield was found for triple frequency operation (93% w/w). As
shown in Table 2.6, yields are above 90%, which means an insufficient result provided that BD
quality standards (EN 14214 and ASTM D6751) set a minimum conversion of 96.5% w/w. only
Than et al. study [58] were able to achieve this value.

2.4.2. Heterogeneous catalysis
When the catalyst is in a different phase from the reactants, ultrasonic dispersion increases
the surface area available to them. In essence, cavitation increases the efficiency of catalyst, so
higher conversions can be achieved when lower amount of catalyst is used, compared to
traditional transesterification. The only few studies of US-assisted heterogeneous
transesterification that have been carried out have shown that it needs longer reaction time
than US-assisted homogeneous transesterification, regardless of the selected US-device (Table
2.7).
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Table 2.4 State of the art of homogeneous sonicated transesterification with ultrasonic baths
Raw material

Catalyst

Alcohol
used

Ultrasound
device

28-40 kHz / 400 W

OVAT

AC, F & RT

98%

Frequency/Power

DOE/ Data
Processing

Optimized
parameters

Ester yield

Neat vegetable
oils at room
temperature

Alkaline (NaOH)

Methanol

Ultrasonic
cleaner

Neat vegetable
oils at 36 ± 2 °C

Alkaline
(NaOH, KOH)

Methanol
Ethanol
n-Propanol

Ultrasonic
cleaner

28-40 kHz/ 720 W

OVAT

AC , F & RT

96-98%

Methanol

Ultrasonic
cleaner

40 kHz/ 840 W

OVAT

-

≥99%

Commercial
edible oils:
corn, grape seed,
canola,
palm,sesame and
synthetic oil

Alkaline
(NaOH, KOH)

Sunflower seed
oil

Alkaline (NaOH)

Methanol
Ethanol

Ultrasonicator

24 kHz/ 200 W

OVAT

AC & RT

96% (methyl esters)
90% (ethyl esters)

Cottonseed oil

Alkaline (NaOH)

Methanol
Ethanol

Ultrasonicator

24 kHz/ 200 W

OVAT

AC & RT

95% (methyl esters)
98% (ethyl esters)

Rapeseed oil

Alkaline (NaOH)

Methanol

Ultrasonicator

24 kHz/ 200 W

OVAT

AC & RT

96%

Soybean oil
at 29 °C

Alkaline (NaOH)

Methanol

Ultrasonic
bath

40 kHz / 4870
2
W/m

RSM

MR,AC, & RT

NA

Soybean oil
at 29 °C

Alkaline (NaOH)

Ethanol

Ultrasonic
bath

40 kHz / 4870
2
W/m

RSM

MR,AC, & RT

91,8%

Optimal values
MR: 6:1
AC: 0.5%
FA: 40 kHz
RT: 20 min
MR: 6:1
AC: 0.5%
FA: 40 kHz
RT: 20 min

-

AC: 1.5%
RT: 40-60 min
(methyl esters)
AC: 2%
RT: 60 min
(ethyl esters)
AC: 2%
RT: 20 min
AC: 2%
RT: 40 min
AC: 1.5-2%
RT: 40-60 min
MR: 9:1
AC: 0,2%
RT: 30 min
MR: 10.2:1
AC: 0,35%
RT: 30 min

Reference

[37]

[46]

[47]

[49]

[61]

[62]
[63]

[64]

Table 2.4 State of the art of homogeneous sonicated transesterification with ultrasonic baths (continuation)
Oreochromis
niloticus oil
at 30 °C

Acid (H2SO4)

Methanol

Ultrasonic
bath

Ultrasonic
water bath

Seed cakes oil

Alkaline (NaOH)

Methanol

Triolein at
25 °C

Alkaline
(NaOH, KOH)

Ethanol

Triolein at room
temperature

Alkaline (KOH)

Methanol

Palm fatty acid
distillate

Acid (H2SO4)

Rice bran oil
Jatropha curcas
oil

Oleic acid

Sunflower oil

40 kHz/ 60 W

CENTRAL
COMPOSITE
FACTORIAL
PLANNING
/RSM

MR, AC & RT

98,2%

MR: 9:1
AC: 2%
RT: 90 min
MR: 6:1
AC: 0,5%
FA: 40 kHz
RT: 20 min
MR: 6:1
AC: 1%
RT: less than
20 min
MR: 6:1
AC: 1%
RT: 30 min
MR: 7:1
AC: 5%
T : 40 °C

[65]

35 kHz

OVAT

MR, AC , FA & RT

NA

40 KHz/1200 W

OVAT

MR, AC & RT

≥ 97%

Ultrasonic
cleaner

40 kHz/ 1200 W

OVAT

MR, AC, & RT

≥ 98%

Methanol

Ultrasonic
transducer

22 kHz /120 kW

OVAT

MR, AC, & T

≥95%

Acid (H2SO4)

Methanol

Ultrasonic
cleaner

35 kHz /500 W

OVAT

MR, AC, F & RT

-

Alkaline (NaOH)

Methanol

Ultrasonic
cleaner

30 kHz

OVAT

MR, AC, & RT

93%

MR: 9:1
AC: 1%
TR: 30 min

[71]

Acid (H2SO4)

Ethanol
1-propanol
2-propanol
1-butanol
2-butanol

≥ 90% (only for FAEE)

MR: 3:1
AC: 5%
TR: 2 h
T : 60 °C

[72]

88%

MR:7.5:1
AC: 0.7%
RT: 60 min
T: 32.2 °C

[73]

Alkaline (KOH)

Methanol

Ultrasonic
cleaner

Ultrasonic
cleaner

Ultrasonic
cleaner

40 kHz/700 W

OVAT

40 kHz

FULL FACTORIAL
DESIGN/RSM

MR, AC, RT & T

MR, AC, RT & T

[66]

[67]

[68]

[69]
[70]

Table 2.4 Homogeneous sonicated transesterifications with ultrasonic baths (continuation)
Sunflower oil

Alkaline (KOH)

Methanol

Ultrasonic
bath

40 kHz

RSM/ ANN

MR & T

Jatropha curcas oil

Acid (H2SO4

Methanol

Ultrasonic
bath

35 kHz/35 W

Box–Behnken
Experimental
Design

MR, AC & T

Tryglicerides

Alkaline (KOH)

Methanol

Ultrasound
cleaner

40 kHz /1200 W

OVAT

MR, AC & RT

Sunflower oil

Alkaline (KOH)

Methanol

Coffee ground oil

Acid (H2SO4)

Ethanol

Ultrasound
cleaner
Ultrasound
cleaner

Palm oil

Acid (H2SO4)

Methanol

Ultrasound
cleaner

Camelina sativa oil

Alkaline (KOH)

Methanol

Ultrasonic
bath

40 kHz
40 kHz/100 W

MR: 7.5:1
T: 30.6 °C
MR: 7:1
FAME< 96.5%
AC: 6 %,
T: 70 °C
Kinetic investigations
MR: 6:1, AC: 1 %,
RT: 25 min
89.9%

Kinetic modeling
ANOVA

FAME: 96.5%

40 kHz

OVAT

MR, AC,T & RT

Study of reduction
of FFA
FAME: 96.3%

40 kHz

OA25 matrix

MR, AC,T & RT

FAME: 98.6%

[74]
[75]

[76]
[77]
[78]

MR: 7.5:1
AC: 0.7%
RT: 300 min
T: 50 °C
MR: 8:1
AC: 0.7%
RT: 50 min
T: 50 °C

MR: alcohol-to-oil molar ratio; AC: amount of catalyst (% w/w); RT: reaction time; T: temperature; F: frequency of ultrasound; DC: duty cycle; A: amplitude of ultrasound; UP: ultrasonic power;
CCD: central composite design; OVAT: one variable at time; ANN: artificial neural network; RSM: response surface methodology NA: not available

[79]

[80]

Table 2.5 State of the art of homogeneous sonicated transesterifications with ultrasonic probes and horns
Raw
Material

Type of
transesterification

Alcohol used

Ultrasound
device

Frequency/
Power

DOE / Data
Processing

Optimized
parameters

Ester yield

Optimal values

Reference

Rapeseed
oil at 45 °C

Alkaline( NaOH)

Methanol

Sonotrode

20% power
(4 W)

OVAT

AC & RT

80%

AC : 0.5%
RT: 20 min.

[81]

Soybean oil

Alkaline (KOH)

Methanol

Horn (15 min)

20 kHz/ 145 W

OVAT

MR, AC & T

99.4%

Soybean oil

Alkaline (KOH)

Methanol

Sonotrode
(pulse 100%)

24 kHz/ 400 W

RSM

RT, T,
A & input
energy

99%

Soybean oil

Alkaline (KOH)

Methanol

Sonotrode

19.7 kHz

Orthogonality
experiments

MR, T, DC &
UP

100%

Beef tallow

Alkaline (KOH)

Methanol

Probe
( pulse 100%)

24 kHz/ 400 W

OVAT

NA

OVAT

WCO: 96.8%
Sunflower
oil: 94.32%
Soybean oil:
97.65%

Waste
cooking oil
Sunflower
oil
Soybean oil

Coconut oil

Alkaline (KOH)

Alkaline (KOH)

Methanol

Ethanol

Ultrasonic
homogeinizer

Ultrasonic
probe

24 kHz

24 kHz/200 W

OVAT

AC & RT

MR, AC, RT,
T, A & DC

≥98%

MR: 6:1
AC : 0.5%
T: 40 °C
RT: 15 min/
5 min
T: 72 °C/ 89 °C
A: 25%/ 100%
Input energy:
151975 J/
131177 J
MR: 6:1
T: 45°C
DC: 100%
UP: 100 W

[82]

[41]

[50]

[83]
MR: 6:1
AC: 0.75%
RT: 30 min.
T: 30°C
MR: 6:1
AC: 0.75%
RT: 7 min.
T: 72 °C/ 89 °C
A: 60%
DC: 0.3 cycles
per second

[84]

[51]

Table 2.5 State of the art of homogeneous sonicated transesterifications with ultrasonic probes and horns (continuation)
Soybean oil
at 40°C

Alkaline (NaOH)

Methanol

Horn

20 kHz/2200 W

OVAT

A

95%

Crude
cottonseed
oil

Alkaline (NaOH)

Methanol

Ultrasonic
reactor

4 MHz/ 600 W

CCDR/RSM

MR, AC, &
RT

98%

20 kHz/ 600 W
1 min ultrasonic
mixing and
2 min. closed
microwave
irradiation

OVAT

MR, AC, & T

97.7%

OVAT/ANOVA

RT

NA

Soybean oil

Alkaline (NaOH)

Methanol

Sonicator

Refined
soybean oil
at 60 °C

Alkaline (NaOH)

Methanol

Two
sonotrodes

Canola oil
Soybean oil
Corn oil at
55 °C

Alkaline (KOH)

Methanol

Probe
(Amplitude:
124 nm)

150-750 W

OVAT

RT & UP

Canola oil:
97.4%
Soybean oil
and Corn
oil:
95%

MR, AC, RT

>95%

MR, AC, RT,
T, UP & VR

Soybean oil

Alkaline (KOH)

Ethanol

Horn

20 kHz / 750 W

Full Factorial
Design
3
(2 factor
levels)

Waste
cooking oil

Alkaline (NaOH)

Methanol

Horn

20 kHz / 500 W

OVAT

Canola
waste
cooking oil

Alkaline (NaOH)

Methanol

Sonic
dismembrator

20 kHz/500 W

OVAT

Amplitude
120 μmpp in
the pulse mode
MR: 6.2:1
AC: 1%
RT: 8 min.
MR: 6:1
AC: 1%
T: 333 K

[85]
[54]

[86]

[87]

RT: 30 min.
UP: 450 W

[88]

[89]

[90]

Kinetic investigations

[39]

Table 2.5 State of the art of homogeneous sonicated transesterifications with ultrasonic probes and horns (continuation)
Waste
vegetable oil

Alkaline
NaOH

MeOH
EtOH
MeOH-EtOH
mixtures

Soybean oil

H2SO4
KOH

WCO

Ultrasonicator

25 kHz
1000 W

Methanol

Ultrasonic
processor

Alkaline
KOH

Methyl acetate

Tung, canola
and palm oils

Alkaline
KOH

Soybean oil

MR: 9:1
AC: 1 %
RT: 1–2 min
UP: 75–150 W
MR: 9:1,
AC: 1 %
T: 60 ° C
UP: 200 W
MR: 12:1,
AC: 1 %,
T: 40 °C,
A: 60%

OVAT

MR, AC, RT,
UP, & RV

FAME &
FAEE > 96

24 kHz/400 W

Experimental
design

MR, AC, T &
UP

FAME: 93.2

Ultrasonic
horn

22 kHz/750 W

OVAT

MR, AC, T &
A

FAME> 90%

Methanol

Ultrasonic
probe

20 kHz/270 W

OVAT

Acid
H2SO4

Methanol

Ultrasonic
processor

20 kHz

OVAT

MR, RT & T

Kinetic investigations

[95]

Sunflower oil

Alkaline
NaOH

Methanol

Ultrasonic
processor

24 kHz/103 W

OVAT

RT

(FAME: 96-98% for 4 and 10
min respectively)

[56]

Waste oil

Alkaline (KOH)

Methanol

24 kHz/400 W

CCD/RSM

Waste cooking
oil

Alkaline (KOH)

Methanol

25 kHz-30 kHz

OVAT

Waste cooking
oil

Alkaline (KOH)

Methanol

Ultrasonic
probe

32-40 kHz

OVAT

MR, AC &
RT

Soybean oil

Alkaline (KOH)

Methanol

Ultrasonic
probe

20 kHz/600 W

OVAT

MR, AC &
Flow rate

Ultrasonic
probe
Ultrasonic
probe

FAME:
98.33%

Probe
dimensions
MR, AC &
RT

Optimization of probe
dimensions (63 and 110 mm)
FAME:
MR: 4.5:1,
95.2%
AC: 0.5 %
MR: 6:1
FAME>
AC: 1 %
95%
RT: 45 min
MR: 10:1,
FAME:
AC: 1.8 %
96.1%
Flow rate:
200 mL/min

[91]

[92]

[93]

[94]

[96]
[97]
[98]

[99]

Table 2.5 State of the art of homogeneous sonicated transesterifications with ultrasonic probes and horns (continuation)
Jatropha
curcas oil

Acid/Basic
Chlorosulfonic acid
(KOH)

Rapeseed oil
Soybean oil
Coconut oil
Palm oil

Alkaline (KOH)

Rapeseed oil
Soybean oil
Coconut oil
Palm oil

Methanol

Ultrasonic
probe

20 kHz/125 W

Box–Behnken
Experimental
Design

MR, AC
&T

FAME: 93%
FAME:
95.03%
94.66%
81.37%
93.08%
FAME>
96.5
(rapessed
and
soybean)
FAME<
96.5
(coconut
and palm)
FAME
≥99%

Methanol

Ultrasonic
probe

20 kHz/450 W

RSM

MR, AC,
DC & A

Alkaline (KOH)

Methanol

Ultrasonic
probe

20 kHz/450 W

RSM

AC & UC

Camelina
sativa oil

Alkaline (KOH)

Methanol

Ultrasonic
probe

20 kHz/450 W

RSM

AC & UC

Castor oil

Alkaline (KOH)

Methanol

Ultrasonic
probe

20 kHz/450 W

RSM

MR, AC,
DC, A & UC

FAME
86.57%

Muskmelon oil

Two-steps
(Acid with H2SO4
and Alkaline with
KOH)

Methanol

Ultrasonic
processor

400 W

RSM & ANN

MR, AC,
RT & T

FAME
> 90%

Palm oil

Alkaline (KOH)

Methanol

Ultrasonic
processor

20 kHz

CCD

MR

FAME:
93.84%

MR: 20:1,
AC: 8.5 %
RT: 4 h
T: 333 k

[100]

MR: 5:1,
AC: 1-1.2 %,
DC: 70%,
A:50%

[40]

AC: 1.2
UC: 3

[101]

AC: 1.2
UC: 3
MR: 4.87:1
AC: 1.4 %,
DC: 70%
A: 40%
UC: 3
ANN model
has a greater
capability
than RSM to
predict target
values
MR: 6:1

[45]

[102]

[53]

[55]

MR: alcohol-to-oil-molar ratio; AC: amount of catalyst (% w/w); RT: reaction time; T: temperature; FA: frequency of ultrasound; DC: duty cycle; A: amplitude of ultrasound; UC: ultrasonic cycle
UP: ultrasonic power; RSM: response surface methodology; CCRD: central composite rotatable design;; CCD: central composite design; ANOVA: analysis of variance ANN: artificial neural network;
NA: not available

Table 2.6 State of the art of sonicated transesterifications through sonochemical reactors
Type of
transesterification

Alcohol
used

Ultrasonic
device

Frequency/
Power

DOE/
Data
Processing

Optimized
parameters

Ester
yield

Optimal
values

Reference

Alkaline (KOH)

Methanol

Small scale
reactor
(800 mL)

20 kHz1 kW
of power

OVAT

MR, AC & RT

FAME
99%

MR: 5:1 6:1
AC: 0.7%
RT: 50 min.

[58]

Alkaline (KOH)

Methanol

Reactor with
ultrasonic
transducer

45 kHz

OVAT

MR,RET, & RV

FAME
≥ 90%

Frying oil

Alkaline (KOH)

Methanol

Ultrasonic
reactor

20 kHz

OVAT

MR, T, AC
& UP

FAME
≥ 90%

Cooking oil at
20-25 ° C

Alkaline (KOH)

Methanol

Ultrasonic
reactor

20 kHz

OVAT

RM, AC and
flow inside
reactor

FAME
93.8%

Soybean oil
Flow: 55 L/
min. at 45 ° C

Alkaline
+
(CH3-O Na )

Methanol

Reactor flow
injection (three
transducers)

21 kHz/600 W

OVAT

-

NA

323 kHz, 581
kHz, 611 kHz
& 1300 kHz/
13 to 223 W

OVAT

MR , AC, F, UP
& RT

Raw material
Canola oil (54
L) at room
temperature
Palm oil
heated to
50 ° C

MR: 6:1 ;7:1
RET: 6, 8
& 12 min
MR: 6:1,
T: 45 ° C
AC: 1%
UP: 200 W
MR: 4:1
AC: 1%
Flow: 0.5 L/min
-

Soybean oil

Alkaline (KOH)

Methanol

Multifrequency
ultrasonic
reactor

Soyben oil
at 26 °C

Alkaline (KOH)

Methanol

Ultrasonic
reactor

Tuneable
frequency

TAGUCHI
METHOD/
ANOVA

MR , AC, F &
UP

Palm oil

Alkaline (KOH)

Methanol

Ultrasonic reactor
flow cell

combination of
28–40–70 kHz

OVAT

MR , AC & RT

FAME:
93%

MR: 6:1,
AC: 0.75%
RT: ≤ 30 min
FA: 581 kHz
UP: 143 W
MR: 6:1,
AC: 0.5%
FA: 611 kHz
UP: 139 W
MR: 3:1,
AC: 1%, RT: 15 min

Mixed crude
palm oil

Two-steps
(acid with H2SO4
and alkaline
with KOH)

Methanol

Ultrasonic
reactor

18 kHz

RSM

CH3 OH (vol)
KOH (g/L of oil)

FAME:
99.98%

CH3 OH (vol): 17.1
KOH (g/L of oil): 8

NA

FAME
≥ 92.5%

MR: alcohol-to-oil molar ratio; AC: amount of catalyst (%w/w); RT: reaction time; T: temperature; RET: residence time; RV: replacement volume; F: frequency of ultrasound; DC: duty cycle;
UP: ultrasonic power; A: amplitude of ultrasound; OVAT: one variable at time; RSM: response surface methodology; ANOVA: analysis of variance; NA: not available

[57]

[103]

[104]

[105]

[52]

[59]

[60]

[106]

Chapter 2: Ultrasound-assisted biodiesel synthesis. Background and current trends

The quality of the US-assisted heterogeneously catalyzed BD was evaluated and compared to
BD produced using conventional transesterification. Salamatinia et al. [107] found good
compliance with the available BD standards, besides less FFA and residual amount of catalyst
remaining in the fuel. Moreover, Hindryawati et al. [108] found a catalyst that was tolerant to
high FFA and water content, at 6% and 8%, respectively. Waste marine sponge is a renewable
heterogeneous catalyst that can be reused several cycles. The use of US provided this result in
less than one hour. Badday et al. [109, 110] used heteropolyacids as heterogeneous catalyst
under sonication conditions, revealing an appreciable contribution of homogeneous reaction.
These compounds allow using raw materials with high content of FFA and moisture contents of
1%. Furthermore, ANN was applied to predict BD yield under certain conditions involving US
parameters like amplitude. Although in most cases, predicted values were higher than
experimental

results.

FAME

yields

achieved

from

US-assisted

heterogeneous

transesterification are generally lower than those from homogeneous one. The only study that
depicts a considerably high conversion (98% w/w) after a short reaction time (15 min) was
provided by Kumar et al. [111]. In this study authors optimized both reaction time and catalyst
calcination (Na/SiO2) temperature, reaching an optimum value of 600°C.

2.4.3. Enzymatic catalysis
Transesterification reaction aided by enzymes is a clean but expensive alternative. Many
studies of BD synthesis with immobilized lipases have been conducted [112-115]. Yu et al.
[116] carried out an US-assisted enzymatic transesterification using Novozym 435 (Candida
Antarctica lipase immobilized on polyacrylic resin). The achieved FAME yield was 96% w/w in
four hours. No evidence was found that sonication decreased catalytic activity of the enzyme;
on the contrary, the reaction is carried out in less time than following the conventional way.
Kumar et al. [117] tested another US-assisted enzymatic transesterification (using a lipase
from Chromobacterium viscosum) using Jatropha curcas as raw material. FAME yield was 84.5
% w/w in 30 minutes of reaction, 0.7 cycles per second of pulse and 50 % of amplitude. It has
been demonstrated that the application of US to the reaction mixture influences the catalytic
efficiency of the enzyme, although optimal yields are not reached in short periods of time.
Sonicated enzymatic catalysis applied to BD synthesis is still at its earliest stages, so further
studies are required. Table 2.8 shows the state of the art of enzymatic sonicated
transesterification.
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Table 2.7 State of the art of heterogeneous sonicated transesterification
Raw Material

Palm oil

Jatropha curcas
oil

Catalyst

SrO & BaO

Na/SiO2

Alcohol
used

Methanol

Methanol

Ultrasonic device

Ultrasonic procesor

Ultrasonic probe

Frequency/
Power

20 kHz /200 W
and 20 min
stirring
(2500 rpm)

24 kHz/200 W

DOE/ Data
Processing

RSM /ANOVA

OVAT

Optimized
parameters

MR, AC, RT
&A

MR, AC, RT, A,
DC &
Catalyst
calcination
temperature

Ester yield

Optimal values

Reference

SrO: 91.13%
BaO: 95.17%

SrO
MR: 9:1
AC: 3%
RT: 50 min
A: 70%
BaO
MR: 9:1
AC: 3%
RT: 60 min
A: 80%

[118]

MR: 9:1
AC: 3%
RT: 15 min
A: 50%
DC: 0.7 cycles per
second

[111]

T: 5 h

[119]

98.53%.

Soybean used
frying oil

(Mg MCM-41,
Mg-Al
Hydrotalcite,
+
and K
impregnated
zirconia)

Methanol

Ultrasonicator
(horn)

24 kHz /
200 W (70%)

OVAT

Mg MCM-41:
89%
Mg-Al
Hydrotalcite:
97%
+
K impregnated
zirconia
10 K: 70%
20 K: 83%

Nannochloropsis
algae oil

SrO

Methanol

Sonicator (horn)

20 kHz

OVAT

90%

Soybean oil

CaO

Methanol

Ultrasonic bath

35 kHz/35 W

Box-Behnken
Experimental
Design

MR, AC & T

FAME< 96.5%

[120]
MR: 10:1,
AC: 6 %,
T: 62 °C

[121]

Table 2.7 State of the art of heterogeneous sonicated transesterification (continuation)
Palm oil

SrO

Methanol

Ultrasonic
processor

20 kHz/200 W

OVAT

Waste cooking oil

Na-silica
Waste sponge

Methanol

Ultrasonic bath

42 kHz/40 W

OVAT

MR, AC & RT

Soybean oil

KF/c
ɤ-Al2O3

Methanol

Ultrasonic horn

20 kHz

OVAT

MR, AC,
RT & T

Waste cooking oil

K3PO4

Methanol

Ultrasonic horn

20 kHz/375 W

OVAT

MR, AC & T

Vegetable oils

SrO

Methanol

Ultrasonic reactor

20 kHz/200 W

RSM

UP &
ultrasonic
pulse

OVAT

TPA loadings
(15%, 20%,
25% w/w)
& RT

Jatropha curcas
oil

Jatropha curcas
oil

Acid
Tungstophosp
horic acid
(H3PW12O40)
supported on
activated
carbon
Acid
Tungstophosp
horic acid
(H3PW12O40)
supported on
activated
carbon,
gammaalumina and
Cs-doped
catalyst

Methanol

Methanol

Ultrasonic Probe

Ultrasonic Probe

20 kHz/400 W

20 kHz/400 W

CCD /ANN

MR, AC, RT
&A

Comparison of biodiesel properties
under ultrasonic application versus
conventional method
MR: 9:1,
FAME: 98.4%
AC: 3 %,
RT: 30 min
MR: 12:1,
AC: 2 %,
FAME: 95%
RT: 40 min
T: 50 °C
MR: 6:1,
FAME: 92%
AC: 3 %,
T: 50 °C
UP: 130 W
Kinetic
Ultrasonic pulse:
investigations
9 s on, 2 s off

[107]

[108]

[122]

[123]

[124]

FAME: 88.37%

At TPA loading of
20%, w/w
MR: 20:1,
AC: 4 %,
RT: 40 min,
UP: 75%

[109]

FAME: 91.34%

TPA20-AC
MR: 25:1,
AC: 4.23 %,
RT: 38 min,
A: 73%

[110]

MR: alcohol-to-oil molar ratio ; AC: amount of catalyst ( % w/w); RT: reaction time; F: frequency of ultrasound; DC: duty cycle; A: amplitude of ultrasound; UP: ultrasonic power;
CCD: central composite design; ANN: artificial neural networking; ; RSM: response surface methodology; ANOVA: analysis of variance

Table 2.8 State of the art of enzymatic sonicated transesterifications
Raw material

Catalyst

Alcohol

Soybean oil

Novozym 435

Methanol

Jatropha curcas
oil

Lipase
(Chromobacteri
um viscosum)

Methanol

Waste cooking
oil and dimethyl
carbonate (DMC)

Novozym 435

Ultrasonic device

Probe UIV
(ultrasonic
irradiation with
vibration)

Ultrasonic probe

Frequency/
Power

DOE/ Data
Processing

Optimized
parameters

Ester
yield

20 kHz/ 200
W and 20
min stirring
(2500 rpm)

OVAT

It worked
under
optimum
conditions for
maximum
enzymatic
efficiency

FAME:
96% (4 h)

24 kHz/
200 W

OVAT

MR, AC, RT, A
& DC

FAME:
84.5±
0.5%

OVAT

AC, RT, T,
DMC to oil
molar ratio,
speed
agitation &
reusability of
enzyme

Optimal values
MR: 6:1
AC: 6%
T: 40 °C
UP: 50%
vibration: 50 rpm
water content: 0.5%,
tert-amyl alcohol/oil
volume ratio: 1:1
methanol/oil
MR: 4:1
AC: 5%
RT: 30 min
A: 50%
DC: 0.7 cycles per
second

Refernce

[116]

[117]

FAME:
86.61

AC: 10%
RT: 4 h
T: 60 °C
DMC molar ratio: 6:1
speed agitation:
100 rpm

[125]

Propyl
oleate:
94.86%

MR: 3:1
AC: 5%
RT: 50 min
T: 40-45 °C

[126]

Methanol

Ultrasonic
water bath

25kHz/
200 W

1-propanol

Ultrasonic
water bath

28kHz/
100 W

OVAT

MR, AC, RT
&T

MR, AC, T, A
& water
concentration

FAEE:
86.5%
57%

A: 40%
T: 60°C
RT: 4 h

[127]

AC, RT

FAME:
96%

AC: 400/800 units
RT: 7.5 h

[128]

High acid value
waste oil

Novozym 435

Soybean oil

Lipozyme RM
IM
Novozym 435

Ethanol

Ultrasonic
water bath

37 kHz

Plackett and
Burman
experimental
design and
CCDR

Nagchampa oil

Candida
antarctica

Methanol

Ultrasonic probe

20 kHz/
220 W

OVAT

MR: alcohol-to-oil molar ratio; AC: amount of catalyst (% w/w); RT: reaction time; T: temperature; A: amplitude of ultrasound; DC: duty cycle; DMC: dimethyl carbonate

2.5

COMBINATION OF ULTRASOUND WITH OTHER TECHNOLOGIES

2.5.1. Ultrasound combined with microwaves
Although the fundamentals and mechanisms of MW-assisted reactions are not yet completely
defined, most experts agree that is a very promising area to explore [31]. Combined MW
irradiation with ultrasound application might be an interesting innovation, especially in
heterogeneous catalysis [129]. The combination of US and MW technologies in BD synthesis
has been recently used. Table 2.9 summarizes the state of the art in this field.
Table 2.9 State of the art of the combination of ultrasound and microwave in biodiesel synthesis
Raw material

Operating
mode

Conditions

DOE

Optimal values

Ester yield

Reference

Nagchampa
oil

Sequential
combination

Homogeneous
catalysis
(KOH)

OVAT

MR: 6:1; RT: 6 min

>90%

[130]

Waste
vegetable oil

Simultaneous
combination

Homogeneous
catalysis
(NaOH)

OVAT

98%

[131]

Used
vegetable oil

Simultaneous
combination

Heterogeneous
catalysis
(SrO)

OVAT

93.5%

[132]

MR: 6:1; AC: 0.75%
RT: 2 min; P: 200
W (100/100
MW/US)
MR: 6:1; AC: 0.75%
RT: 2 min; P: 200
W (100/100
MW/US)

MR: molar ratio; A: amount of catalyst (% w/w); RT: reaction time; P: power; OVAT: one variable at time

Martínez-Guerra et al. [131] have found a positive effect when MW irradiation and US are
applied simultaneously in the reaction mixture. FAME yields were higher for the simultaneous
MW/US irradiation (98%) when compared to single MW irradiation (87.1%) or single US
application (89.8%) for homogeneous alkali-catalyzed reaction. This trend is kept for
heterogeneous alkali-catalyzed reaction [132] showing that this option could be a viable
alternative to produce BD. Potential technical difficulties that might arise involve designing a
large scale-reactor in which both kind of energies could be applied simultaneously under a
competitive cost.

2.5.2. Ultrasound combined with co-solvents
The use of US with the addition of co-solvent to the reaction mixture allows a reduction of
alcohol-to-oil molar ratio and reaction time, while increasing FAME yield compared to
conventional transesterification. Ehimen et al. [133] found that BD derived from microalgae oil
using mechanically agitated in-situ reaction with co-solvents shows significantly lower yields
than those provided by US-assisted reaction. For equal values of methanol-to-oil molar ratio,
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reaction time decreases six hours when the sonication is applied. Moreover, FAME average
yields are 20% higher. Table 2.10 shows the state of the art of US-co-solvents combination.

Table 2.10 State of the art of combination of ultrasound and co-solvents in biodiesel synthesis
Raw material
Microalgae
biomass
Crude palm oil

Ultrasonic
device
Ultrasonicator
24 kHz/200 W
Ultrasonic
cleaner
47 kHz/350 W

Marine
macroalgae
Enteromorpha
compressa

Ultrasonic
cleaner
40kHz/1200 W

Castor oil

Ultrasonic bath
60 Hz/133 W

Co-solvents
n-Pentane
diethyl ether
Petroleum ether
Ethyl methyl
ketone
THF
Benzene
Hexane
Chloroform
Petroleum ether
Dichloromethane
Hexane

DOE

Catalyst and
alcohol used

Ester
yield
FAME
≥90%

OVAT

H2SO4/Methanol

OVAT

KOH/Methanol

FAME:
60-75%

[134]

OVAT

KOH, NaOH, HCl,
H2SO4/Methanol

FAME:
98.8 for
THF and
H2SO4

[135]

CCD

Alkaline (KOH)

NA

[136]

Reference
[133]

CCD: central composite design; OVAT: one variable at time; THF: tetrahydrofuran; NA: not available

In addition, the combination of US and SPC technology has been tested. Gobikrishnan et al.
[137] carried out the transesterification of soybean oil into an ultrasonic bath under
supercritical conditions of 1300-1500 psi and 250-280 °C (according with supercritical
conditions of methanol). Central composite design (CCD) was used to evaluate the influence of
temperature, reaction time and methanol-to oil molar ratio on FAME yield. The highest FAME
yield achieved was 84.2% w/w at 265.7 °C and alcohol-to oil molar ratio 44.7:1 in 8.8 min at
1500 psi.

2.6

KINETIC AND ENERGY CONSUMPTION STUDIES

2.6.1. Kinetic investigations
Kinetic mechanisms of reaction provide important information on how and where to act to
accelerate a reaction as much as possible. As already mentioned, using US as auxiliary energy
to assist transesterification reaction shorten reaction times significantly. Kinetic investigations
seek for the use of minimum amount of reaction parameters, an adequate reactor design and
energy savings while achieving the highest FAME yields.
To gain knowledge about US-assisted transesterification, some authors have conducted kinetic
studies under different conditions. In conventional transesterification, the temperature is
often an important parameter affecting BD yield. In this regard, Grant et al. [39] carried out
kinetic studies of alkaline homogeneous transesterification at 20 kHz under direct sonication.
Results showed that reaction temperature has no significant effect on the transesterification
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reaction under direct sonication. The main difference is in the reaction orders at different
temperatures. The reaction follows second and first order reaction kinetics with respect to oil
and methanol respectively at 35 °C and second and zero order to higher temperatures (45, 55,
and 65 °C).
Moreover, Parkar et al. [95] conducted soybean oil transesterification with an ultrasonic
probe. As revealed by simulation of the process, physical effects of cavitation are more
pronounced at low temperatures. Two results deserve to be highlighted: i) occurrence of
reactions at temperatures of 15 °C; ii) high conversion of triglycerides at low alcohol-to-oil
molar ratios.
Choudhury et al. [75] carried out kinetic studies with Jatropha curcas oil and sulfuric acid as
catalyst. Results showed that the only positive effect of sonication is the induction of an
intense micromixing, so bubble size does not cause any significant effect in kinetic terms.
Additionally, Choudhury et al. [100] used chlorosulfonic acid as catalyst and also compared the
values of activation energy for chlorosulfonic acid catalyzed BD synthesis with the activation
energy observed with sulfuric acid catalyzed BD synthesis. In the case of chlorosulfonic acid
catalyst, the activation energies were three times lower than those of sulfuric acid catalyzed
BD synthesis. This fact must be a consequence of the difference in the mechanism of
transesterification reaction when either sulfuric acid or chlorosulfonic acid catalyst is used.
Moreover, Choudhury et al. [121] also studied the kinetics of the heterogeneous catalyzed
transesterification of soybean oil with CaO. In this case, any effect on cavitation bubble size
was found; US simply provide the necessary convection that the mixture is effective as found
in homogeneous catalysis. Suganya et al. [135] carried out in situ transesterification of E.
compressa oil, finding a first-order reaction kinetics. Finally, the only heterogeneous catalyzed
kinetic study were carried out by Salamatinia et al. [124] using SrO. Results revealed that
transesterification followed a second-order reaction kinetics.
In the future, further kinetic studies must be made to assess each US device individually and
establish the influence of physical characteristics of US, i.e. frequency, duty cycle and
amplitude under each type of catalysis (homogeneous, heterogeneous and enzymatic).

2.6.2. Energy consumption studies
As mentioned above, US-assisted BD synthesis is employed in order to save time, reagents and
energy. In this way, comparative energy consumption studies become a useful tool to quantify
the amount of saved energy. Thus, Sáez-Bastante et al. [45, 102] measured the energy
consumption demanded by both an ultrasonic device (probe) and heater-stirrer normally used
in conventional transesterification by means of a power quality analyzer. Results showed that
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the power required by the probe (average 75 W) was lower that requested by the heaterstirrer (average 105 W). Taking into account that reaction time in sonicated reaction is
significantly lower than that of conventional transesterification, energy saving is guaranteed. In
the future, energy studies should be a key tool to assess both improvements and benefits
related to specific US devices.

2.7

EFFECT OF ULTRASOUND ON REACTION PARAMETERS

As mentioned in the introduction section, it is of special importance to act over the
transesterification parameters to optimize, as much as possible, the experimental conditions
that influence BD prize. Thus, to highlight the contribution of US when assisting the
transesterification reaction, the effects of its use on each reaction parameter are detailed
below.

2.7.1. Effect of ultrasound on alcohol-to-oil molar ratio
One of the main objectives in BD production is to optimize the amount of alcohol used in
transesterification to save reagents and subsequently reduce the final cost. Table 2.11 and
2.12 summarize the alcohol-to-oil molar ratios used on conventional BD synthesis. In USassisted homogeneous alkaline transesterifications, the most common value of alcohol-to-oil
molar ratio is equal or below 6:1, the maximum value being 10.2:1. Considering Table 2.11,
higher molar ratio values are used in conventional transesterification; the most common value
is 9:1, although maximum value of 30:1 has been reported.
In the case of heterogeneous transesterification, the alcohol requirement follows the same
trend. Generally, alcohol-to oil molar ratios required by heterogeneous catalysis are higher
than those required by homogeneous one. According to Table 2.12, the optimal molar ratio
values for conventional transesterification are 12:1-15:1 or even higher, while under
sonication conditions the average molar ratio was 9:1 (Table 2.8) which means a moderate
reduction.

2.7.2. Effect of ultrasound on the amount of catalyst
Generally, the use of US means a decrease in the amount of used catalyst, which depends on
the type of selected catalysis. In homogeneous catalysis, optimal values are in the range from
0.5 to 6% w/w, although in most cases 1% is the preferred value. US-assisted
transesterification provides a moderate reduction of the amount of catalyst, as the most
widely optimal value is in the range of 0.5-1.5% w/w. An additional advantage of the use of US
consists in the increase of conversion yield for the same amount of catalyst, as shown in Tables
2.4-2.6 and 2.11. Heterogeneous catalysis presents a similar behavior, showing low to
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Table 2.11 Conventional homogeneous transesterification
Raw material

Alcohol used

Catalyst

Waste cooking oil
Waste cooking oil
Rapeseed oil
Sunflower oil

Methanol
Methanol
Methanol
Methanol

Used frying oil

Methanol

Soybean oil
Soybean oil
Soybean oil
Corn oil
Canola oil
Cottonseed oil

n-butanol
Methanol
Methanol
Methanol
Methanol
Methanol

H2SO4
KOH
KOH
NaOH
NaOH
KOH
CH3ONa
H2SO4
H2SO4
H2SO4
KOH
KOH
NaOH

Alcohol-to-oil
molar ratio
20:1
9:1
6:1
6:1
7.5:1
6:1
30:1
9:1
9:1
9:1
6:1

Amount of catalyst
(% w/w)
4
6
1
1
1.1
1.5
1.3
3
1
0.5
2
1
0.75

Reaction
time
10 hours
2 hours
2 hours
2 hours

Temperature
(°C)
95
87
65
60

Stirring
(rpm)

80 min

70

[142]

60 min
50 hours
3 hours
60 min
60 min
90 min

120
65
100
80
60
65

[143]
[144]
[145]
[146]
[146]
[147]

Reference

600
600

[138]
[139]
[140]
[141]

Table 2.12 Conventional heterogeneous transesterification
Alcohol-to-oil
molar ratio

Amount of catalyst
(% w/w)

Reaction time (h)

Temperature (°C)

Reference

20:1

5

1

120

[148]

12:1

3

1.5

65

[149]

12:1

3

3

75

[149]

15:1
6:1
15:1

6.5
10
2.5

7
8
8

65
70
65

[150]
[151]
[152]

Mg–Al hydrotalcits

15:1

7.5

9

65

[153]

Methanol

KOH/NaX zeolite

10:1

3

8

65

[154]

Methanol
Methanol
Methanol

CaO
KF/ Al2O3
KNO3/ Al2O3

12:1
12:1
12:1

8
4
6

3
3
6

65
65
70

[155]
[156]
[157]

Raw material

Alcohol used

Catalyst

Soybean oil

Methanol

Soybean oil

Methanol

Soybean oil

Ethanol

Soybean oil
Soybean oil
Soybean oil

Methanol
Methanol
Methanol

S–ZrO2 sulfated
zirconia
(Calcium ethoxide)
Ca(OCH2CH3)2
(Calcium ethoxide)
Ca(OCH2CH3)2
KNO3/Al2O3
Eu2O3/Al2O3
KI/Al2O3

Soybean oil

Methanol

Soybean oil
Soybean oil
Palm oil
Jatropha curcas oil
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moderate reduction of catalyst when US is used compared to traditional transesterification, as
may be seen from Tables 2.7 and 2.12.

2.7.3. Effect of ultrasound on reaction time
Reaction time is probably the parameter that has experienced more improvements due to US
application as an alternative source of energy. Conventional transesterification requires
considerably high reaction times (sometimes in the order of hours); the use of US has provided
lower reaction times, in many cases in the order of minutes. As previously mentioned, a key
factor that increases reaction times is the poor mass transfer between two immiscible phases
(oil and short-chain alcohol). In many studies, it has been found that under sonication
conditions the mixture between oil and methanol can be most effectively homogenized.
Consequently reagents depict a larger contact surface and the reaction may occur in shorter
times. Taking into account data collected from previous sections, the next conclusions may be
withdrawn:
i) Considering homogeneous catalysis, conventional transesterification provides reaction
times ranging from one to ten hours, depending on the raw material and experimental
conditions, as shown in Table 2.11. Considering Tables 2.4-2.6, US-assisted homogeneous
transesterification provides reaction times in order of minutes. The maximum reaction times
are around 40-60 min and the most outstanding data was reported by Choudhury et al. [100]
(four hours).
ii) Generally, heterogenous-catalyzed transesterification requires longer reaction times than
homogeneous one [158]. This trend is kept under US application. Considering Table 2.12, and
reference [159] reaction times for conventional reaction are in the range of 1-22 h, being nine
hours the most frequent value. In the case of US-assisted reaction, the operation range occurs
in around one hour or less.
iii) US-assisted enzymatic transesterification is not widely extended but a comparison with the
equivalent conventional method is also assessed. Conventional transesterification requires
long reaction time ranging from a few hours to days to reach high conversion [160, 161]. For
ultrasonic conditions, reactions times of 0.5-7.5 hours have been reported (Table 2.12). It is
remarkable that the use of US under equal conditions means significant savings in reaction
time, this is the case of nagchampa oil transesterification conducted by Jadhav et al. [128]
where the assistance of sonication reduced the reaction time from 20 to 7.5 h. However, to
withdraw reliable conclusions, further studies on US-enzymatic BD production are needed.
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2.7.4. Effect of ultrasound on temperature
In the conventional transesterification the reaction mixture is heated to an optimal
temperature ranging from room temperature to 60 °C, depending on the alcohol used [3, 162].
US-assisted transesterification allows conducting reaction at room temperature or significantly
lower average values than 60 °C. Temperature positively influences BD yield, up to the boiling
point of the alcohol, if other parameters are kept unchanged [163]. However, an increase of
the temperature involves an energy cost that must be minimized. Cavitation phenomenon
provides temperature increments in the reaction mixture of almost 20 °C [40, 101], thus
preventing heating the reaction system. This advantage may not be valid when working with
raw materials with high content of saturated FA, such as coconut and palm oil that can be solid
at room temperature. In this case, pre-heating is required.

2.8

CONCLUSIONS

In the present work, a review of the ultrasonic devices used to assist transesterification has
been conducted. After analyzing all the information, the following conclusions can be stated:
i) Basic research of US-assisted BD production has demonstrated that the application of US
to transesterification induces a more efficient mixing of the reactants compared to
conventional methods that imply stirring and heating. The closer contact between the
reactants decreases the required quantity of reactants. Alcohol to-oil molar ratio values
under sonication conditions are closer to the stoichiometric value.
ii) US-assisted transesterification provides similar or higher yields of BD under a shortened
reaction time compared to conventional procedures. Ultrasonic devices can process oil
into BD in few minutes even at room temperature, which means significant savings in
terms of energy consumption.
iv) Kinetic investigations and energy consumption studies can be helpful in both
configuration and design of ultrasonic equipment.
v) Although there are many US-based systems that allow different working configurations,
benefits differ. Ultrasonic baths devices can be used at lab-scale but do not have an
adequate projection at large-scale. Generally, ultrasonic probes do not allow an
effective temperature control during the reaction. However, they allow both direct
sonication and simple experimental set-up. Sonochemical reactors offer more adequate
industrial configurations, but further information of large-scale conditions must be
investigated before their implementation. Moreover, the combination of ultrasonic
79
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technology with other technologies is a field to explore yet, though synergy in the case
of MW has been demonstrated.
vi) The use of US technology has been positioned in the market as a viable alternative in BD
production, not only for the improvements introduced in the process but for its current
industrial implementation. Nowadays, there are some sonochemical reactors for largescale BD synthesis.

2.9

REFERENCES

[1] M.D. LUQUE DE CASTRO, F. PRIEGO CAPOTE. Analytical applications of ultrasound. Elsevier
Science Publishing Company; Amsterdam (2007).
[2] W.L. CAO, H.W. HAN, J.C. ZHANG. Preparation of biodiesel from soybean oil using
supercritical methanol and co-solvent. Fuel, 84 (2005) 347-351.
[3] M.P. DORADO, E. BALLESTEROS, J.A. DE ALMEIDA, C. SCHELLERT, H.P. LOHRLEIN, R.
KRAUSE. An alkali-catalyzed transesterification process for high free fatty acid waste oils.
Transactions of the Asae, 45 (2002) 525-529.
[4] A.S. RAMADHAS, S. JAYARAJ, C. MURALEEDHARAN. Biodiesel production from high FFA
rubber seed oil. Fuel, 84 (2005) 335-340.
[5] P.K. SAHOO, L.M. DAS, M.K.G. BABU, S.N. NAIK. Biodiesel development from high acid value
polanga seed oil and performance evaluation in a CI engine. Fuel, 86 (2007) 448-454.
[6] F.R. MA, M.A. HANNA. Biodiesel production: a review. Bioresource Technology, 70 (1999)
1-15.
[7] B. FREEDMAN, E.H. PRYDE, T.L. MOUNTS. Variables affecting the yields of fatty esters from
transesterified vegetable-oils. Journal of the American Oil Chemists Society, 60 (1983) 737-737.
[8] A.K. TIWARI, A. KUMAR, H. RAHEMAN. Biodiesel production from jatropha (Jatropha
curcas) with high free fatty acids: An optimized process. Biomass & Bioenergy, 31 (2007) 569575.
[9] M.P. DORADO, J.M. ARNAL, J. GÓMEZ, A. GIL, F.J. LÓPEZ. The effect of a waste vegetable oil
blend with diesel fuel on engine performance. Transactions of the Asae, 45 (2002) 519-523.
[10] A.P. HARVEY, M.R. MACKLEY, T. SELIGER. Process intensification of biodiesel production
using a continuous oscillatory flow reactor. Journal of Chemical Technology and Biotechnology,
78 (2003) 338-341.
[11] G.L. MADDIKERI, P.R. GOGATE, A.B. PANDIT. Intensified synthesis of biodiesel using
hydrodynamic cavitation reactors based on the interesterification of waste cooking oil. Fuel,
137 (2014) 285-292.
80

Chapter 2: Ultrasound-assisted biodiesel synthesis. Background and current trends

[12] A. PAL, A. VERMA, S.S. KACHHWAHA, S. MAJI. Biodiesel production through hydrodynamic
cavitation and performance testing. Renewable Energy, 35 (2010) 619-624.
[13] C. DA SILVA, F. DE CASTILHOS, J.V. OLIVEIRA, L.C. FILHO. Continuous production of
soybean biodiesel with compressed ethanol in a microtube reactor. Fuel Processing
Technology, 91 (2010) 1274-1281.
[14] E.E. KALU, K.S. CHEN, T. GEDRIS. Continuous-flow biodiesel production using slit-channel
reactors. Bioresource Technology, 102 (2011) 4456-4461.
[15] T.F. CHAN SALUM, P. VILLENEUVE, B. BAREA, C.I. YAMAMOTO, L.C. COCCO, D.A.
MITCHELL, N. KRIEGER. Synthesis of biodiesel in column fixed-bed bioreactor using the
fermented solid produced by Burkholderia cepacia LTEB11. Process Biochemistry, 45 (2010)
1348-1354.
[16] A.M. SYAM, R. YUNUS, T.I.M. GHAZI, T.S.Y. CHOONG. Synthesis of Jatropha curcas oilbased biodiesel in a pulsed loop reactor. Industrial Crops and Products, 37 (2012) 514-519.
[17] Z. QIU, J. PETERA, L.R. WEATHERLEY. Biodiesel synthesis in an intensified spinning disk
reactor. Chemical Engineering Journal, 210 (2012) 597-609.
[18] K.S. SUSLICK. The chemical effects of ultrasound. Scientific American, 260 (1989) 80-86.
[19] K.S. SUSLICK. Sonochemistry (4th edition). J. Wiley & Sons; New York (1998).
[20] S. TAGLIAPIETRA, E. CALCIO GAUDINO, G. CRAVOTTO. 33 - The use of power ultrasound
for organic synthesis in green chemistry. Power Ultrasonics. Woodhead Publishing; Oxford
(2015).
[21] D.H. BREMNER. Recent advances in organic synthesis utilizing ultrasound. Ultrasonics
Sonochemistry, 1 (1994) S119-S124.
[22] M.A. MARGULIS. Sonochemistry as a new promising area of high energy chemistry. High
Energy Chemistry, 38 (2004) 135-142.
[23] T.J. MASON. Developments in ultrasound. Non-medical. Progress in Biophysics &
Molecular Biology, 93 (2007) 166-175.
[24] K.S. GANDHI, R. KUMAR. Sonochemical reaction-engineering. Sadhana-Academy
Proceedings in Engineering Sciences, 19 (1994) 1055-1076.
[25] T.J. MASON, J.P. LORIMER, Applied sonochemistry: Uses of power ultrasound in chemistry
and processing. Wiley-VCH Verlag GmbH & Co. KgaA (2002).
[26] V.K. AHLUWALIA, M. KIDWAI. New trends in green chemistry (first edition). Springer
(2004).
[27] J. LUO, Z. FANG, R.L. SMITH, JR. Ultrasound-enhanced conversion of biomass to biofuels.
Progress in Energy and Combustion Science, 41 (2014) 56-93.
81

Chapter 2: Ultrasound-assisted biodiesel synthesis. Background and current trends

[28] J.A. GALLEGO-JUÁREZ, G. RODRÍGUEZ, V. ACOSTA, E. RIERA. Power ultrasonic transducers
with extensive radiators for industrial processing. Ultrasonics Sonochemistry, 17 (2010) 953964.
[29]http://www.upcorp.com/ultrasonic_flow-through_reactors.html (viewed February 2015).
[30]http://www.hielscher.com/es/biodiesel_ultrasonic_mixing_reactors.htm (viewed
February 2015).
[31] G. CRAVOTTO, P. CINTAS. Power ultrasound in organic systhesis: moving cavitational
chemistry from academia to innovative and large-scale applications. Chemical Society Reviews,
35 (2006) 180-196.
[32] E.V. ROKHINA, P. LENS, J. VIRKUTYTE. Low-frequency ultrasound in biotechnology: state of
the art. Trends in Biotechnology, 27 (2009) 298-306.
[33] P. WU, Y. YANG, J.A. COLUCCI, E.A. GRULKE. Effect of ultrasonication on droplet size in
biodiesel mixtures. Journal of the American Oil Chemists Society, 84 (2007) 877-884.
[34] E.B. FLINT, K.S. SUSLICK. The temperature of cavitation. Science, 253 (1991) 1397-1399.
[35] T.S. JIN, J.S. ZHANG, A.Q. WANG, T.S. LI. Ultrasound-assisted synthesis of 1,8-dioxooctahydroxanthene derivatives catalyzed by p-dodecylbenzenesulfonic acid in aqueous media.
Ultrasonics Sonochemistry, 13 (2006) 220-224.
[36] A. SRIDHARAN, G. GOPALAKRISHNAN. Ultrasound assisted Friedel-Crafts acylation of
aromatics using ferric sulphate as catalyst. Indian Journal of Chemistry Section B-Organic
Chemistry Including Medicinal Chemistry, 50 (2011) 1192-1195.
[37] C. STAVARACHE, M. VINATORU, R. NISHIMURA, Y. MAEDA. Conversion of vegetable oil to
biodiesel using ultrasonic irradiation. Chemistry Letters, 32 (2003) 716-717.
[38] T.J. MASON. Ultrasound in synthetic organic chemistry. Chemical Society Reviews, 26
(1997) 443-451.
[39] G.E. GRANT, V.G. GUDE. Kinetics of Ultrasonic Transesterification of Waste Cooking Oil.
Environmental Progress & Sustainable Energy, 33 (2014) 1051-1058.
[40] J. SÁEZ-BASTANTE, S. PINZI, G. ARZAMENDI, M.D. LUQUE DE CASTRO, F. PRIEGO-CAPOTE,
M.P. DORADO. Influence of vegetable oil fatty acid composition on ultrasound-assisted
synthesis of biodiesel. Fuel, 125 (2014) 183-191.
[41] A.K. SINGH, S.D. FERNANDO, R. HERNANDEZ. Base-catalyzed fast transesterification of
soybean oil using ultrasonication. Energy & Fuels, 21 (2007) 1161-1164.
[42] F. AVELLANEDA, J. SALVADÓ. Continuous transesterification of biodiesel in a helicoidal
reactor using recycled oil. Fuel Processing Technology, 92 (2011) 83-91.

82

Chapter 2: Ultrasound-assisted biodiesel synthesis. Background and current trends

[43] P.R. GOGATE, A.M. KABADI. A review of applications of cavitation in biochemical
engineering/biotechnology. Biochemical Engineering Journal, 44 (2009) 60-72.
[44] O. LEVENSPIEL. El omnilibro de los reactores químicos. Reverté; Barcelona (1986).
[45] J. SÁEZ-BASTANTE, C. ORTEGA-ROMÁN, S. PINZI, F.R. LARA-RAYA, D.E. LEIVA-CANDIA, M.P.
DORADO. Ultrasound-assisted biodiesel production from Camelina sativa oil. Bioresource
technology, 185 (2015) 116-124.
[46] C. STAVARACHE, M. VINATORU, R. NISHIMURA, Y. MAEDA. Fatty acids methyl esters from
vegetable oil by means of ultrasonic energy. Ultrasonics Sonochemistry, 12 (2005) 367-372.
[47] C. STAVARACHE, M. VINATORU, Y. MAEDA. Ultrasonic versus silent methylation of
vegetable oils. Ultrasonics Sonochemistry, 13 (2006) 401-407.
[48] C. STAVARACHE, M. VINATORU, Y. MAEDA. Aspects of ultrasonically assisted
transesterification of various vegetable oils with methanol. Ultrasonics Sonochemistry, 14
(2007) 380-386.
[49] K.G. GEORGOGIANNI, M.G. KONTOMINAS, P.J. POMONIS, D. AVLONITIS, V. GERGIS.
Conventional and in situ transesterification of sunflower seed oil for the production of
biodiesel. Fuel Processing Technology, 89 (2008) 503-509.
[50] J.B. JI, J.L. WANG, Y.C. LI, Y.L. YU, Z.C. XU. Preparation of biodiesel with the help of
ultrasonic and hydrodynamic cavitation. Ultrasonics, 44 (2006) E411-E414.
[51] D. KUMAR, G. KUMAR, P.C.P. SINGH. Fast, easy ethanolysis of coconut oil for biodiesel
production assisted by ultrasonication. Ultrasonics Sonochemistry, 17 (2010) 555-559.
[52] N.N. MAHAMUNI, Y.G. ADEWUYI. Optimization of the synthesis of biodiesel via
ultrasound-enhanced base-catalyzed transesterification of soybean oil using a multifrequency
ultrasonic reactor. Energy & Fuels, 23 (2009) 2757-2766.
[53] J.P. MARAN, B. PRIYA. Comparison of response surface methodology and artificial neural
network approach towards efficient ultrasound-assisted biodiesel production from muskmelon
oil. Ultrasonics Sonochemistry, 23 (2015) 192-200.
[54] X.H. FAN, F. CHEN, X. WANG. Ultrasound-assisted synthesis of biodiesel from crude
cottonseed oil using response surface methodology. Journal of Oleo Science, 59 (2010) 235241.
[55] B. SAJJADI, A.R.A. AZIZ, S. IBRAHIM. Mechanistic analysis of cavitation assisted
transesterification on biodiesel characteristics. Ultrasonics Sonochemistry, 22 (2015) 463-473.
[56] D. REYMAN, A. SAIZ BERMEJO, I. RAMIREZ UCEDA, M. RODRIGUEZ GAMERO. A new FTIR
method to monitor transesterification in biodiesel production by ultrasonication.
Environmental Chemistry Letters, 12 (2014) 235-240.
83

Chapter 2: Ultrasound-assisted biodiesel synthesis. Background and current trends

[57] C. STAVARACHE, M. VINATORU, Y. MAEDA, H. BANDOW. Ultrasonically driven continuous
process for vegetable oil transesterification. Ultrasonics Sonochemistry, 14 (2007) 413-417.
[58] L.T. THANH, K. OKITSU, Y. SADANAGA, N. TAKENAKA, Y. MAEDA, H. BANDOW. Ultrasoundassisted production of biodiesel fuel from vegetable oils in a small scale circulation process.
Bioresource Technology, 101 (2010) 639-645.
[59] N.N. MAHAMUNI, Y.G. ADEWUYI. Application of taguchi method to investigate the effects
of process parameters on the transesterification of soybean oil using high frequency
ultrasound. Energy & Fuels, 24 (2010) 2120-2126.
[60] S. MANICKAM, V.N.D. ARIGELA, P.R. GOGATE. Intensification of synthesis of biodiesel from
palm oil using multiple frequency ultrasonic flow cell. Fuel Processing Technology, 128 (2014)
388-393.
[61] K.G. GEORGOGIANNI, A.G. KONTOMINAS, P.J. POMONIS, D. AVLONITIS, V. GERGIS.
Alkaline conventional and in situ transesterification of cottonseed oil for the production of
biodiesel. Energy & Fuels, 22 (2008) 2110-2115.
[62] K.G. GEORGOGIANNI, A.K. KATSOULIDIS, P.J. POMONIS, G. MANOS, M.G. KONTOMINAS.
Transesterification of rapeseed oil for the production of biodiesel using homogeneous and
heterogeneous catalysis. Fuel Processing Technology, 90 (2009) 1016-1022.
[63] F.F.P. SANTOS, S. RODRIGUES, F.A.N. FERNANDES. Optimization of the production of
biodiesel from soybean oil by ultrasound assisted methanolysis. Fuel Processing Technology,
90 (2009) 312-316.
[64] F.F.P. SANTOS, L. MATOS, S. RODRIGUES, F.A.N. FERNANDES. Optimization of the
production of methyl esters from soybean waste oil applying ultrasound technology. Energy &
Fuels, 23 (2009) 4116-4120.
[65] F.F.P. SANTOS, J.Q. MALVEIRA, M.G.A. CRUZ, F.A.N. FERNANDES. Production of biodiesel
by ultrasound assisted esterification of Oreochromis niloticus oil. Fuel, 89 (2010) 275-279.
[66] N.G. SIATIS, A.C. KIMBARIS, C.S. PAPPAS, P.A. TARANTILIS, M.G. POLISSIOU. Improvement
of biodiesel production based on the application of ultrasound: Monitoring of the procedure
by FTIR spectroscopy. Journal of the American Oil Chemists Society, 83 (2006) 53-57.
[67] H.D. HANH, N.T. DONG, K. OKITSU, Y. MAEDA, R. NISHIMURA. Effects of molar ratio,
catalyst concentration and temperature on transesterification of triolein with ethanol under
ultrasonic irradiation. Journal of the Japan Petroleum Institute, 50 (2007) 195-199.
[68] H.D. HANH, N.T. DONG, C. STARVARACHE, K. OKITSU, Y. MAEDA, R. NISHIMURA.
Methanolysis of triolein by low frequency ultrasonic irradiation. Energy Conversion and
Management, 49 (2008) 276-280.
84

Chapter 2: Ultrasound-assisted biodiesel synthesis. Background and current trends

[69] V.G. DESHMANE, P.R. GOGATE, A.B. PANDIT. Ultrasound-assisted synthesis of biodiesel
from palm fatty acid distillate. Industrial & Engineering Chemistry Research, 48 (2009) 79237927.
[70] L. YUSTIANINGSIH, S. ZULLAIKAH, Y.H. JU. Ultrasound assisted in situ production of
biodiesel from rice bran. Journal of the Energy Institute, 82 (2009) 133-137.
[71] AMISH P. VYAS, JASWANT L. VERMA, N. SUBRAHMANYAM. Effects of molar ratio, alkali
catalyst concentration and temperature on transesterification of Jatropha oil with methanol
under ultrasonic irradiation. Advances in Chemical Engineering and Science, 1 (2011) 45-50.
[72] H.D. HANH, T.D. NGUYEN, K. OKITSU, R. NISHIMURA, Y. MAEDA. Biodiesel production by
esterification of oleic acid with short-chain alcohols under ultrasonic irradiation condition.
Renewable Energy, 34 (2009) 780-783.
[73] J.M. AVRAMOVIĆ, O.S. STAMENKOVIĆ, Z.B. TODOROVIĆ, M.L. LAZIĆ, V.B. VELJKOVIĆ. The
optimization of the ultrasound-assisted base-catalyzed sunflower oil methanolysis by a full
factorial design. Fuel Processing Technology, 91 (2010) 1551-1557.
[74] K.M. RAJKOVIĆ, J.M. AVRAMOVIĆ, P.S. MILIĆ, O.S. STAMENKOVIĆ, V.B. VELJKOVIĆ.
Optimization of ultrasound-assisted base-catalyzed methanolysis of sunflower oil using
response surface and artifical neural network methodologies. Chemical Engineering Journal,
215 (2013) 82-89.
[75] H.A. CHOUDHURY, R.S. MALANI, V.S. MOHOLKAR. Acid catalyzed biodiesel synthesis from
Jatropha oil: Mechanistic aspects of ultrasonic intensification. Chemical Engineering Journal,
231 (2013) 262-272.
[76] L.T. THANH, K. OKITSU, Y. MAEDA, H. BANDOW. Ultrasound assisted production of fatty
acid methyl esters from transesterification of triglycerides with methanol in the presence of
KOH catalyst: Optimization, mechanism and kinetics. Ultrasonics Sonochemistry, 21 (2014)
467-471.
[77] J.M. AVRAMOVIĆ, O.S. STAMENKOVIĆ, Z.B. TODOROVIĆ, M.L. LAZIĆ, V.B. VELJKOVIĆ.
Empirical modeling of ultrasound-assisted base-catalyzed sunflower oil methanolysis kinetics.
Chemical Industry & Chemical Engineering Quarterly, 18 (2012) 115-127.
[78] M.V.P. ROCHA, L.J.B.L. DE MATOS, L.P.D. LIMA, P.M.D.S. FIGUEIREDO, I.L. LUCENA, F.A.N.
FERNANDES, L.R.B. GONÇALVES. Ultrasound-assisted production of biodiesel and ethanol from
spent coffee grounds. Bioresource Technology, 167 (2014) 343-348.
[79] A. HAYYAN, M.A. HASHIM, M.E.S. MIRGHANI, M. HAYYAN, I.M. ALNASHEF. Treatment of
industrial low grade palm oil via esterification reaction using sonoreactor. Journal of Industrial
and Engineering Chemistry, 20 (2014) 2066-2070.
85

Chapter 2: Ultrasound-assisted biodiesel synthesis. Background and current trends

[80] X.U. XUAN, Y.C. LEUNG. Orthogonal array design for biodiesel production optimization using ultrasonic-assisted transesterification of Camelina sativa L. Crantz oil. World Renewable
Energy Congress. Linköping (Sweden). (2011) 79-86.
[81] J. LIFKA, B. ONDRUSCHKA. Influence of mass transfer on the production of biodiesel.
Chemical Engineering & Technology, 27 (2004) 1156-1159.
[82] J.A. COLUCCI, E.E. BORRERO, F. ALAPE. Biodiesel from an alkaline transesterification
reaction of soybean oil using ultrasonic mixing. Journal of the American Oil Chemists Society,
82 (2005) 525-530.
[83] L.S.G. TEIXEIRA, J.C.R. ASSIS, D.R. MENDONCA, I.T.V. SANTOS, P.R.B. GUIMARAES, L.A.M.
PONTES, J.S.R. TEIXEIRA. Comparison between conventional and ultrasonic preparation of beef
tallow biodiesel. Fuel Processing Technology, 90 (2009) 1164-1166.
[84] O. BABAJIDE, L. PETRIK, B. AMIGUN, F. AMEER. Low-cost feedstock conversion to biodiesel
via ultrasound technology. Energies, 3 (2010) 1691-1703.
[85] P. CHAND, V.R. CHINTAREDDY, J.G. VERKADE, D. GREWELL. Enhancing biodiesel
production from soybean oil using ultrasonics. Energy & Fuels, 24 (2010) 2010-2015.
[86] M.C. HSIAO, C.C. LIN, Y.H. CHANG, L.C. CHEN. Ultrasonic mixing and closed microwave
irradiation-assisted transesterification of soybean oil. Fuel, 89 (2010) 3618-3622.
[87] G. RIVA, G. TOSCANO, E.F. PEDRETTI, D. DUCA. Refined soybean oil transesterification
enhanced by sonication. Biomass & Bioenergy, 35 (2011) 2867-2873.
[88] S.B. LEE, J.D. LEE, I.K. HONG. Ultrasonic energy effect on vegetable oil based biodiesel
synthetic process. Journal of Industrial and Engineering Chemistry, 17 (2011) 138-143.
[89] J.Q.A. BRITO, C.S. SILVA, J.S. ALMEIDA, M.G.A. KORN, M. KORN, L.S.G. TEIXEIRA.
Ultrasound-assisted synthesis of ethyl esters from soybean oil via homogeneous catalysis. Fuel
Processing Technology, 95 (2012) 33-36.
[90] V.G. GUDE, G.E. GRANT. Biodiesel from waste cooking oils via direct sonication. Applied
Energy, 109 (2013) 135-144.
[91] E. MARTÍNEZ-GUERRA, V.G. GUDE. Transesterification of waste vegetable oil under pulse
sonication using ethanol, methanol and ethanol-methanol mixtures. Waste management (New
York, N.Y.), 34 (2014) 2611-2620.
[92] W. GUO, H. LI, G. JI, G. ZHANG. Ultrasound-assisted production of biodiesel from soybean
oil using Bronsted acidic ionic liquid as catalyst. Bioresource Technology, 125 (2012) 332-334.
[93] G.L. MADDIKERI, A.B. PANDIT, P.R. GOGATE. Ultrasound assisted interesterification of
waste cooking oil and methyl acetate for biodiesel and triacetin production. Fuel Processing
Technology, 116 (2013) 241-249.
86

Chapter 2: Ultrasound-assisted biodiesel synthesis. Background and current trends

[94] M. DO-VAN, Y.-H. CHEN, C.-C. CHANG, C.-Y. CHANG, M. CHAU-VAN, H. HOANG-DUC.
Parameter evaluation of biodiesel production from unblended and blended Tung oils via
ultrasound-assisted process. Journal of the Taiwan Institute of Chemical Engineers, 43 (2012)
368-373.
[95] P.A. PARKAR, H.A. CHOUDHARY, V.S. MOHOLKAR. Mechanistic and kinetic investigations
in ultrasound assisted acid catalyzed biodiesel synthesis. Chemical Engineering Journal, 187
(2012) 248-260.
[96] B. MOSTAFAEI, B. GHOBADIAN, M. BARZEGAR, A. BANAKAR. Optimization of ultrasonic
reactor geometry for biodiesel production using response surface methodology. Journal of
Agricultural Science and Technology, 15 (2013) 697-708.
[97] A. PAL, S.S. KACHHWAHAB. Biodiesel production of waste cooking oil through ultrasound
cavitation. International Journal of Engineering Research and Technology, 6 (2013) 291-306.
[98] A. PAL, S.S. KACHHWAHA. Waste cooking oil: a promising feedstock for biodiesel
production through power ultrasound and hydrodynamic cavitation. Journal of Scientific &
Industrial Research, 72 (2013) 387-392.
[99] X. YIN, Q. YOU, H. MA, C. DAI, H. ZHANG, K. LI, Y. LI. Biodiesel production from soybean oil
deodorizer

distillate

enhanced

by

counter-current

pulsed

ultrasound.

Ultrasonics

Sonochemistry, 23 (2015) 53-58.
[100] H.A. CHOUDHURY, P. SRIVASTAVA, V.S. MOHOLKAR. Single-step ultrasonic synthesis of
biodiesel from crude Jatropha curcas oil. AIChE Journal (2014).
[101] J. SÁEZ-BASTANTE, S. PINZI, I. REYERO, F. PRIEGO-CAPOTE, M.D. LUQUE DE CASTRO, M.P.
DORADO. Biodiesel synthesis from saturated and unsaturated oils assisted by the combination
of ultrasound, agitation and heating. Fuel, 131 (2014) 6-16.
[102] J. SÁEZ-BASTANTE, S. PINZI, F.J. JIMÉNEZ-ROMERO, M.D. LUQUE DE CASTRO, F. PRIEGOCAPOTE, M.P. DORADO. Synthesis of biodiesel from castor oil: silent versus sonicated
methylation and energy studies. Energy Conversion and Management, 96 (2015) 561-567.
[103] S.M. HINGU, P.R. GOGATE, V.K. RATHOD. Synthesis of biodiesel from waste cooking oil
using sonochemical reactors. Ultrasonics Sonochemistry, 17 (2010) 827-832.
[104] L. THANH, K. OKITSU, Y. SADANAGA, N. TAKENAKA, Y. MAEDA, H. BANDOW. A two-step
continuous ultrasound assisted production of biodiesel fuel from waste cooking oils: A
practical and economical approach to produce high quality biodiesel fuel. Bioresource
Technology, 101 (2010) 5394-5401.

87

Chapter 2: Ultrasound-assisted biodiesel synthesis. Background and current trends

[105] P. CINTAS, S. MANTEGNA, E.C. GAUDINO, G. CRAVOTTO. A new pilot flow reactor for
high-intensity ultrasound irradiation. Application to the synthesis of biodiesel. Ultrasonics
Sonochemistry, 17 (2010) 985-989.
[106] K. SOMNUK, P. SMITHMAITRIE, G. PRATEEPCHAIKUL. Two-stage continuous process of
methyl ester from high free fatty acid mixed crude palm oil using static mixer coupled with
high-intensity of ultrasound. Energy Conversion and Management, 75 (2013) 302-310.
[107] B. SALAMATINIA, A.Z. ABDULLAH, S. BHATIA. Quality evaluation of biodiesel produced
through ultrasound-assisted heterogeneous catalytic system. Fuel Processing Technology, 97
(2012) 1-8.
[108] N. HINDRYAWATI, G.P. MANIAM. Novel utilization of waste marine sponge
(Demospongiae) as a catalyst in ultrasound-assisted transesterification of waste cooking oil.
Ultrasonics Sonochemistry, 22 (2015) 454-462.
[109] A.S. BADDAY, A.Z. ABDULLAH, K.-T. LEE. Transesterification of crude Jatropha oil by
activated carbon-supported heteropolyacid catalyst in an ultrasound-assisted reactor system.
Renewable Energy, 62 (2014) 10-17.
[110] A.S. BADDAY, A.Z. ABDULLAH, K.-T. LEE. Artificial neural network approach for modeling
of ultrasound-assisted transesterification process of crude Jatropha oil catalyzed by
heteropolyacid based catalyst. Chemical Engineering and Processing, 75 (2014) 31-37.
[111] D. KUMAR, G. KUMAR, POONAM, C.P. SINGH. Ultrasonic-assisted transesterification of
Jatropha curcas oil using solid catalyst, Na/SiO2. Ultrasonics Sonochemistry, 17 (2010) 839-844.
[112] W. DU, Y.Y. XU, D.H. LIU, J. ZENG. Comparative study on lipase-catalyzed transformation
of soybean oil for biodiesel production with different acyl acceptors. Journal of Molecular
Catalysis B-Enzymatic, 30 (2004) 125-129.
[113] Y. SHIMADA, Y. WATANABE, T. SAMUKAWA, A. SUGIHARA, H. NODA, H. FUKUDA, Y.
TOMINAGA. Conversion of vegetable oil to biodiesel using immobilized Candida antarctica
lipase. Journal of the American Oil Chemists Society, 76 (1999) 789-793.
[114] Y. WATANABE, Y. SHIMADA, A. SUGIHARA, Y. TOMINAGA. Conversion of degummed
soybean oil to biodiesel fuel with immobilized Candida antarctica lipase. Journal of Molecular
Catalysis B-Enzymatic, 17 (2002) 151-155.
[115] D. WEI, Y.Y. XU, Z. JING, D.H. LIU. Novozyrn 435-catalysed transesterification of crude
soya bean oils for biodiesel production in a solvent-free medium. Biotechnology and Applied
Biochemistry, 40 (2004) 187-190.

88

Chapter 2: Ultrasound-assisted biodiesel synthesis. Background and current trends

[116] D.H. YU, L. TIAN, H. WU, S. WANG, Y. WANG, D.X. MA, X.X. FANG. Ultrasonic irradiation
with vibration for biodiesel production from soybean oil by Novozym 435. Process
Biochemistry, 45 (2010) 519-525.
[117] G. KUMAR, D. KUMAR, POONAM, R. JOHARI, C.P. SINGH. Enzymatic transesterification of
Jatropha curcas oil assisted by ultrasonication. Ultrasonics Sonochemistry, 18 (2011) 923-927.
[118] B. SALAMATINIA, H. MOOTABADI, S. BHATIA, A.Z. ABDULLAH. Optimization of ultrasonicassisted heterogeneous biodiesel production from palm oil: A response surface methodology
approach. Fuel Processing Technology, 91 (2010) 441-448.
[119] K.G. GEORGOGIANNI, A.P. KATSOULIDIS, P.J. POMONIS, M.G. KONTOMINAS.
Transesterification of soybean frying oil to biodiesel using heterogeneous catalysts. Fuel
Processing Technology, 90 (2009) 671-676.
[120] M. KOBERG, M. COHEN, A. BEN-AMOTZ, A. GEDANKEN. Biodiesel production directly
from the microalgae biomass of Nannochloropsis by microwave and ultrasound radiation.
Bioresource Technology, 102 (2011) 4265-4269.
[121] H.A. CHOUDHURY, S. CHAKMA, V.S. MOHOLKAR. Mechanistic insight into sonochemical
biodiesel synthesis using heterogeneous base catalyst. Ultrasonics Sonochemistry, 21 (2014)
169-181.
[122] H. SHAHRAKI, M.H. ENTEZARI, E.K. GOHARSHADI. Sono-synthesis of biodiesel from
soybean oil by KF/gamma-Al2O3 as a nano-solid-base catalyst. Ultrasonics Sonochemistry, 23
(2015) 266-274.
[123] D.D. PUKALE, G.L. MADDIKERI, P.R. GOGATE, A.B. PANDIT, A.P. PRATAP. Ultrasound
assisted transesterification of waste cooking oil using heterogeneous solid catalyst. Ultrasonics
Sonochemistry, 22 (2015) 278-286.
[124] B. SALAMATINIA, H. MOOTABADI, I. HASHEMIZADEH, A.Z. ABDULLAH. Intensification of
biodiesel production from vegetable oils using ultrasonic-assisted process: Optimization and
kinetic. Chemical Engineering and Processing: Process Intensification, 73 (2013) 135-143.
[125] N. GHARAT, V.K. RATHOD. Ultrasound assisted enzyme catalyzed transesterification of
waste cooking oil with dimethyl carbonate. Ultrasonics Sonochemistry, 20 (2013) 900-905.
[126] J.-X. WANG, Q.-D. HUANG, F.-H. HUANG, J.-W. WANG, Q.-J. HUANG. Lipase-catalyzed
production of biodiesel from high acid value waste oil with ultrasonic assistant. Sheng wu gong
cheng xue bao = Chinese journal of biotechnology, 23 (2007) 1121-1128.
[127]

http://www.oilworld.biz/app.php?ista=0a0e7303d37d176cd9ccb2b2050af918.(viewed

March 2015)

89

Chapter 2: Ultrasound-assisted biodiesel synthesis. Background and current trends

[128] S.H. JADHAV, P.R. GOGATE. Ultrasound assisted enzymatic conversion of non edible oil to
methyl esters. Ultrasonics Sonochemistry, 21 (2014) 1374-1381.
[129] G. CRAVOTTO, P. CINTAS. The combined use of microwaves and ultrasound: Improved
tools in process chemistry and organic synthesis. Chemistry-a European Journal, 13 (2007)
1903-1909.
[130] V.L. GOLE, P.R. GOGATE. Intensification of synthesis of biodiesel from non-edible oil
using sequential combination of microwave and ultrasound. Fuel Processing Technology, 106
(2013) 62-69.
[131] E. MARTÍNEZ-GUERRA, V.G. GUDE. Synergistic effect of simultaneous microwave and
ultrasound irradiations on transesterification of waste vegetable oil. Fuel, 137 (2014) 100-108.
[132] E. MARTÍNEZ-GUERRA, V.G. GUDE. Transesterification of used vegetable oil catalyzed by
barium oxide under simultaneous microwave and ultrasound irradiations. Energy Conversion
and Management, 88 (2014) 633-640.
[133] E.A. EHIMEN, Z. SUN, G.C. CARRINGTON. Use of Ultrasound and Co-Solvents to Improve
the In-Situ Transesterification of Microalgae Biomass. Procedia Environmental Sciences, 15
(2012) 47-55.
[134] P.L. BOEY, S. GANESAN, G.P. MANIAM, D.M.H. ALI. Ultrasound aided in situ
transesterification of crude palm oil adsorbed on spent bleaching clay. Energy Conversion and
Management, 52 (2011) 2081-2084.
[135] T. SUGANYA, R. KASIRAJAN, S. RENGANATHAN. Ultrasound-enhanced rapid in situ
transesterification of marine macroalgae Enteromorpha compressa for biodiesel production.
Bioresource Technology, 156 (2014) 283-290.
[136] N.K. ATTIA, A.G. GADALLA, N.N. IBIARI, R. EL-ARABY, G.I. EL-DIWANI. Studying the
ultrasonic assisted transesterification of castor oil by using factorial design for optimization of
biodiesel production. Afinidad, 71 (2014) 146-151.
[137] S. GOBIKRISHNAN, J.-H. PARK, S.-H. PARK, N. INDRAWAN, S.F. RAHMAN, D.-H. PARK.
Sonication-assisted production of biodiesel using soybean oil and supercritical methanol.
Bioprocess and Biosystems Engineering, 36 (2013) 705-712.
[138] Y. WANG, S.Y. OU, P.Z. LIU, F. XUE, S.Z. TANG. Comparison of two different processes to
synthesize biodiesel by waste cooking oil. Journal of Molecular Catalysis a-Chemical, 252
(2006) 107-112.
[139] A. DEMIRBAS. Biodiesel from waste cooking oil via base-catalytic and supercritical
methanol transesterification. Energy Conversion and Management, 50 (2009) 923-927.

90

Chapter 2: Ultrasound-assisted biodiesel synthesis. Background and current trends

[140] U. RASHID, F. ANWAR. Production of biodiesel through optimized alkaline-catalyzed
transesterification of rapeseed oil. Fuel, 87 (2008) 265-273.
[141] U. RASHID, F. ANWAR, B.R. MOSER, S. ASHRAF. Production of sunflower oil methyl esters
by optimized alkali-catalyzed methanolysis. Biomass & Bioenergy, 32 (2008) 1202-1205.
[142] D.Y.C. LEUNG, Y. GUO. Transesterification of neat and used frying oil: Optimization for
biodiesel production. Fuel Processing Technology, 87 (2006) 883-890.
[143] B.D. WAHLEN, B.M. BARNEY, L.C. SEEFELDT. Synthesis of biodiesel from mixed feedstocks
and longer chain alcohols using an acid-catalyzed method. Energy & Fuels, 22 (2008) 42234228.
[144] K. NARASIMHARAO, A. LEE, K. WILSON. Catalysts in production of biodiesel: A review.
Journal of Biobased Materials and Bioenergy, 1 (2007) 19-30.
[145] M.J. GOFF, N.S. BAUER, S. LOPES, W.R. SUTTERLIN, G.J. SUPPES. Acid-catalyzed
alcoholysis of soybean oil. Journal of the American Oil Chemists Society, 81 (2004) 415-420.
[146] P.D. PATIL, S.G. DENG. Optimization of biodiesel production from edible and non-edible
vegetable oils. Fuel, 88 (2009) 1302-1306.
[147] U. RASHID, F. ANWAR, G. KNOTHE. Evaluation of biodiesel obtained from cottonseed oil.
Fuel Processing Technology, 90 (2009) 1157-1163.
[148] C.M. GARCÍA, S. TEIXEIRA, L.L. MARCINIUK, U. SCHUCHARDT. Transesterfication of
soybean oil catalyzed by sulfated ziconia. Bioresource Technology, 99 (2008) 6608-6613.
[149] X.J. LIU, X.L. PIAO, Y.J. WANG, S.F. ZHU. Calcium ethoxide as a solid base catalyst for the
transesterification of soybean oil to biodiesel. Energy & Fuels, 22 (2008) 1313-1317.
[150] W.L. XIE, H. PENG, L.G. CHEN. Transesterification of soybean oil catalyzed by potassium
loaded on alumina as a solid-base catalyst. Applied Catalysis a-General, 300 (2006) 67-74.
[151] LI XU, LU GUANZHONG, GUO YANGLONG, GUO YUN, WANG YANQIN, ZHANG ZHIGANG,
LIU XIAOHUI, W. YUNSONG. A novel solid super base of Eu2O3/Al2O3 and its catalytic
performance for the transesterification of soybean oil to biodiesel. Catal Commun, 8 (2007)
1969–1972.
[152] W.L. XIE, H.T. LI. Alumina-supported potassium iodide as a heterogeneous catalyst for
biodiesel production from soybean oil. Journal of Molecular Catalysis a-Chemical, 255 (2006) 19.
[153] W.L. XIE, H. PENG, L.G. CHEN. Calcined Mg-Al hydrotalcites as solid base catalysts for
methanolysis of soybean oil. Journal of Molecular Catalysis a-Chemical, 246 (2006) 24-32.
[154] W.L. XIE, X.M. HUANG, H.T. LI. Soybean oil methyl esters preparation using NaX zeolites
loaded with KOH as a heterogeneous catalyst. Bioresource Technology, 98 (2007) 936-939.
91

Chapter 2: Ultrasound-assisted biodiesel synthesis. Background and current trends

[155] X.J. LIU, H.Y. HE, Y.J. WANG, S.L. ZHU, X.L. PIAO. Transesterification of soybean oil to
biodiesel using CaO as a solid base catalyst. Fuel, 87 (2008) 216-221.
[156] X. BO, G.M. XIAO, L.F. CUI, R.P. WEI, L.J. GAO. Transesterification of palm oil with
methanol to biodiesel over a KF/Al2O3 heterogeneous base catalyst. Energy & Fuels, 21 (2007)
3109-3112.
[157] A.P. VYAS, N. SUBRAHMANYAM, P.A. PATEL. Production of biodiesel through
transesterification of Jatropha oil using KNO3/Al2O3 solid catalyst. Fuel, 88 (2009) 625-628.
[158] S. SEMWAL, A.K. ARORA, R.P. BADONI, D.K. TULI. Biodiesel production using
heterogeneous catalysts. Bioresource Technology, 102 (2011) 2151-2161.
[159] M. DI SERIO, R. TESSER, L. CASALE, A. D'ANGELO, M. TRIFUOGGI, E. SANTACESARIA.
Heterogeneous Catalysis in Biodiesel Production: The Influence of Leaching. Topics in Catalysis,
53 (2010) 811-819.
[160] L. FJERBAEK, K.V. CHRISTENSEN, B. NORDDAHL. A Review of the Current State of
Biodiesel Production Using Enzymatic Transesterification. Biotechnology and Bioengineering,
102 (2009) 1298-1315.
[161] A. GOG, M. ROMAN, M. TOSA, C. PAIZS, F.D. IRIMIE. Biodiesel production using
enzymatic transesterification - Current state and perspectives. Renewable Energy, 39 (2012)
10-16.
[162] M.P. DORADO, E. BALLESTEROS, F.J. LÓPEZ, M. MITTELBACH. Optimization of alkalicatalyzed transesterification of Brassica carinata oil for biodiesel production. Energy & Fuels,
18 (2004) 77-83.
[163] V.B. VELJKOVIĆ, J.M. AVRAMOVIĆ, O.S. STAMENKOVIĆ. Biodiesel production by
ultrasound-assisted transesterification: State of the art and the perspectives. Renewable and
Sustainable Energy Reviews, 16 (2012) 1193-1209.

92

Chapter 3: Ultrasound-assisted biodiesel synthesis of edible vegetable oils

CHAPTER 3
ULTRASOUND-ASSISTED BIODIESEL
SYNTHESIS OF EDIBLE VEGETABLE
OILS

93

Chapter 3: Ultrasound-assisted biodiesel synthesis of edible vegetable oils

94

Chapter 3: Ultrasound-assisted biodiesel synthesis of edible vegetable oils

3.1

INFLUENCE OF VEGETABLE OIL FATTY ACID COMPOSITION ON

ULTRASOUND-ASSISTED SYNTHESIS OF BIODIESEL
3.1.1 Abstract
Ultrasound (US) is considered as one of the most attractive energies to assist biodiesel (BD)
synthesis in order to reduce the reaction time while saving energy. In the present study, four
oils showing a wide range of fatty acid (FA) composition have been transesterified using US as
auxiliary energy. Samples include unsaturated FA (rapeseed and soybean oils) and saturated
FA (coconut and palm oils). Transesterification reactions were conducted in batch and an US
probe -working under a fixed frequency of 20 kHz- was used to facilitate the overall process.
According to the design of experiments (DOE), variable duty cycle and amplitude, besides
different concentrations of basic catalyst (KOH) and methanol-to-oil molar ratio were studied.
The optimal fatty acid methyl esters (FAME) values were 95.03% for rapeseed BD, 94.66% for
soybean BD, 81.37% for coconut BD and 93.08% for palm BD. A response surface methodology
(RSM) was applied to determine the reaction parameters with a significant impact on response
variables. Results showed that the length of chain and FA unsaturation degree have a
significant effect on US-assisted transesterification. In this sense, oils with higher unsaturation
degree and long hydrocarbon chains provide higher FAME yields and lower glyceride
concentrations than those with saturated FA and short hydrocarbon chains.

HIGHLIGHTS:
•

The use of ultrasound reduces the transesterification reaction time.

•

Lengths of chain and unsaturation degree have a special relevance on ultrasound
assisted fatty acid conversion.

•

RSM provides the optimal values of the reaction parameters to maximize FAME yield
and minimize glyceride concentration.

•

Unsaturated oils reach higher FAME yield than saturated ones, under US-assisted
transesterification.
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3.1.2 Introduction
Although petrodiesel is economically more competitive than BD, the production cost of the
latter can be reduced by working more effectively while optimizing the synthesis process. For
this reason, in recent years, to accelerate the reaction different alternative energies have been
studied. As explained in Chapter 2, US is one of the preferred energies in this field. The
variability and versatility of US devices available in the market allow carrying out different
DOE.
Several studies describe the synthesis of US-assisted BD [1-3]. In most cases, BD production
has been assisted by simple devices such as ultrasonic baths, designed for cleaning and
degassing, that do not allow direct sonication of the reaction medium and have an
irreproducible behavior [4-6]. Ultrasonic probes and ultrasonic reactors allow direct sonication
to the reaction medium, and the evaluation of the effect of the physical characteristics of US
(i.e. duty cycle and amplitude) on the reaction yield. The earliest uses of ultrasonic probes to
assist BD production allowed conversion yields above 96.5%, by working in batch [7-9]. The
subsequent use of ultrasonic reactors made possible to work either in batch or continuous
modes. These devices, similar to those used at industrial scale, are of special interest for
potential scaling at industrial size. The main problem of US-assisted transesterification is that,
in most cases, BD does not meet the standards of quality [1, 10]. To achieve a content of FAME
and glycerides that fulfill the EN 14214 standard, optimization of transesterification
parameters is mandatory. For doing that, statistical methods, which allow the simultaneous
optimization of inter-related variables, should be used. A useful tool for process optimization
consists on RSM, which allows reducing the number of experiments and, consequently, the
final cost. Also, the use of RSM shows the interactions between reaction parameters and
evaluates the significance of them on the response variables, as well as the range within which
the reaction parameters exert a significant impact on response variables [11, 12].
Regarding raw material, there are a great variety of oils and fats that can be used to produce
BD. Oils from oleaginous plants are widely used with this aim. Provided that FA composition
influences BD optimization, properties and engine performance [13, 14], the main objectives
of the present study were a) to optimize the US-assisted synthesis of BD from different raw
materials (selected oils were from rapeseed, soybean, coconut and palm) showing a wide
range of FA composition; and b) to study the influence of the chemical composition of the oil
on the US-assisted transesterification. To study the effect of several factors (amount of catalyst
and US cycles) on the FAME yield and glycerides production, a preliminary screening using a
factorial design and a response surface was carried out.
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3.1.2.1 Raw materials
Several studies have shown that the chemical composition of the raw material has a
fundamental impact on the yield of the transesterification reaction and the BD physical,
chemical and combustion properties [15-17]. That is the reason why the use of several raw
materials with different FA composition has been considered in the present study. FAME from
rapeseed oil is composed preferably by monounsaturated FA methyl esters, whereas BD from
soybean oil shows high content of di-unsaturated methyl esters (linolenic acid methyl esters,
C18:2). On the contrary, palm and coconut oils have compositions with higher percentages in
saturated FA. In addition, coconut oil is characterized by a high content of short-carbon-chain
FA (e.g. C12:0 and C14:0).
Rapeseed oil (Brassica napus) was originally chosen for transesterification experiments by BD
pioneers because of its low price as compared to other readily available vegetable oils.
However, it soon became apparent that with its high content of monounsaturated oleic acid
and low levels of both saturated and polyunsaturated acids, this oil is almost the ideal raw
material regarding combustion characteristics, oxidative stability and cold temperature
behavior. Due to its favorable properties, rapeseed oil is still the feedstock of choice in most
European countries, including the world´s largest biofuel producers, Germany and France [18].
Figure 3.1 shows rape plant and rapeseed.

Figure 3.1 Rape plant [19] (left). Rapeseed [20] (right)

Soybean oil (Glycine max) is the most popular BD feedstock in USA, and it is by far the most
frequently produced vegetable oil worldwide, mainly due to the utilization of soybean meal as
a protein fodder. Similar to sunflower oil regarding its FA composition, soybean oil displays
iodine values of 121–143 g I2/100 g. Therefore, EN 14214 excludes pure soybean oil methyl
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esters from serving as a fuel, although this regulation is highly disputed by many experts [21].
Figure 3.2 shows soybean plant and soybean seed.

Figure 3.2 Soybean plant [22] (left). Soybean seed [23] (right)

Coconut oil (Cocos nucifera) is a raw material that has a special boom in tropical climates
where the temperature is warm all year. Its chemical composition makes it inadvisable to
temperate or cold climates because the FA in coconut oil are preferably saturated. In recent
years, there has been an increase of BD plants based on coconut oil, being the islands of the
Pacific Ocean (viz. Solomon Islands, Fiji Islands and Papua New Guinea [24]) examples of recent
implementation of BD plants. Figure 3.3 shows coconut tree and coconut fruit.

Figure 3.3 Coconut tree [25] (left). Coconut fruit [26] (right)

Palm oil (Elaesis guineensis) plays an important role in BD production in South Asia. Various
parts of the palm fruit can be utilized for oil production for human consumption and industrial
applications. The mesocarp of the fruit yields palm oil, which is characterized by high amounts
of medium-chain saturated (palmitic acid) and monounsaturated (oleic acid) FA. The main
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advantages of palm oil are outstandingly high hectare yields and moderate world-market
prices compared to other edible vegetable oils [27]. Figure 3.4 shows palm tree and palm fruit.

Figure 3.4 Palm tree [28] (left). Palm fruit [29] (right)

3.1.3 Materials and methods
3.1.3.1 Vegetable oils
Soybean oil was purchased from Guinama (Alboraya, Valencia, Spain), coconut oil from
Acofarma (Terrassa, Barcelona, Spain), palm oil from Químics Dalmau (Barcelona, Spain) and
rapeseed oil was provided by IFAPA (Instituto de Formación Agraria y Pesquera, Córdoba,
Spain).

3.1.3.2 Reagents, apparatus and instruments
US device
All sonications were performed by a Branson digital ultrasonic sonifier (20 kHz and 450 W)
working in a thermostated water bath. The device allows setting the amplitude of power
supply output voltage in the range from 10%-100% of nominal converter amplitude. Duty cycle
may be either intermittent (pulse duration adjustable from 0.1 seconds to 59.9 seconds) or
continuous processing time. The horn frequency varies from 19.850 to 20.050 kHz.

Reagents for biodiesel production, oils-biodiesel analysis and fatty acid
determination
For BD production, methanol and potassium hydroxide were acquired from Panreac
(Barcelona, Spain). For chromatographic analysis the reagents used were: 1,2,4-butanetriol,
1,2,3- tricaproil glycerol (tricaprine), pyridine, n-heptane, N-methyl-N-(trimethylsilyl)
trifluoroacetamide (MSTFA) and methyl heptadecanoate from Sigma-Aldrich (Steinheim,
Germany). For acid value and peroxide value determination the reagents used were: toluene,
2-propanol, a phenolphthalein solution in ethanol (10 g/L), methanol PA-ACS-ISO and
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potassium hydroxide, glacial acetic acid PA-ACS, water PA-ACS, soluble starch, potassium
iodide, 0.1 N sodium thiosulfate, and trichloromethane stabilized with ethanol; all supplied by
Panreac. For FA determination the reagents employed were: hexane from JT Baker (Center
Valley, Pennsylvania, USA) and sodium methylate from Sigma-Aldrich.

Methods
Analyses performed to characterize vegetable oil and biodiesel samples
Density and kinematic viscosity were monitored according to EN ISO 3675 and EN ISO 3104
protocols, respectively. Flash point was determined by a Seta Flash series 3 plus from
Instrumentación Analítica S.A. (Madrid, Spain) following the standard EN ISO 2719. High
calorific value (HCV) was measured using a calorimeter bomb model IKA C200 from
(Ponteranica, Italy). Analyses were carried out following the ASTM D240 standard. Acid value
and peroxide value were determined according to EN ISO 660 and EN ISO 3960 respectively.
Water content was determined according to EN ISO 12937; the reagents used were: an anodic
solution containing sulfur dioxide, imidazole and potassium iodide with methanol as solvent
and a cathodic solution with a chemical composition non specified by the manufacturer, both
reagents were purchased from Sigma-Aldrich. The device employed was a Karl Fischer
Coulumeter DL32 from Mettler-Toledo (Schawerzenbach, Switzerland). The conversion of oils
to methyl esters was analyzed following the EN 14103 standard and determination of mono-,
di-, triglycerides (MG, DG and TG) and glycerol was performed according to EN 14105 for
rapeseed oil and soybean oil BD. The equipment was a gas chromatograph with flame
ionization detector (GC-FID) model Clarus 500 from Perkin-Elmer (Shelton, Connecticut, USA).
For FAME determination, the selected column was a SGE capillary column, 30 m length, 0.32
mm inner diameter and a 0.25 µm film, the maximum temperature reached was 250 °C. A SGE
capillary column of 12 m length, 0.32 inner diameter and 0.1 µm film was required for MG, DG
and TG and glycerol. The maximum temperature reached in this case was 380 °C. When EN
14105 was used, overlapping of chromatographic peaks between FAME and MG for coconut
and palm BD was found. In these cases, the content in FAME, MG, DG, TG and glycerol was
determined by Size-Exclusion Chromatography (SEC) using a Waters 510 HPLC pump, a
Rheodyne 7725i manual injector and a Waters model 410 differential refractive index (RI)
detector. Analyses were performed with TriSEC® GPC software. The mobile phase was HPLC
grade tetrahydrofuran (THF) at 1 mL/min, purchased from Scharlau (Barcelona, Spain). A
configuration of three in series GPC columns -300 mm x 7.8 mm Styragel HR0.5, HR1 and HR2
columns (Waters) of 5 lm particles single-pore size, protected with a Styragel® 30 x 4.6 guard
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column (Waters)- was used. The volume of injected sample was 20 µL and all the analyses
were carried out at room temperature [30].

Determination of fatty acid composition
Determination of each oil FA composition was carried out according to EN 14103 standard, for
which 0.1 g of oil was weighed in an 8 mL vial to which 5 mL of hexane was added. After
stirring for 30 s in a vortex, 0.5 mL of an aqueous solution of sodium methylate at 30% was
added, then stirred for 3 min, centrifuged and the upper layer separated and subsequently
conducted to the GC-FID for analysis [31].

Biodiesel production
All experiments were carried out in batch by the following procedure: 20 g of each oil were
weighed in a wide-mouth flask and a methanol-potassium hydroxide solution containing the
percentage of reagents programmed for each experiment was added. Each solution was
sonicated for a scheduled time varying for each experiment and at room temperature. The
temperature after each sonication cycle was monitored. At the end of each experiment,
samples were centrifuged for 4 min at 4000 rpm to separate glycerol from FAME; then, the
latter were stored in a refrigerator at 4 °C. Figure 3.5 shows the set up of the experiments.

Figure 3.5 Set up of the experiments
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3.1.3.3 Software for statistical analysis
Statgraphics© Centurion XVI (Statpoint Technologies, Warrenton, Virginia, USA) was used to
build and analyze the response surfaces, allowing to design the multiple response optimization
and plot the responses.

3.1.4 Results and discussion
3.1.4.1 Characterization of the raw material
FA composition of each oil is listed in Table 3.1. Considering the length of hydrocarbon chains
of the oils, rapeseed and soybean oils show an average value above 17 carbons. Palm oil has a
value of 17, while the lowest value is 13 for coconut oil. Regarding the unsaturation degree,
the oils can be classified into two groups: a) oils with high degree of unsaturation (rapeseed
and soybean oils, soybean being more unsaturated than rapeseed), and b) oils with a low
degree of unsaturation (palm and coconut oils). The analyzed physical and chemical properties
of each oil are summarized in Table 3.1.
Table 3.1 Raw materials fatty acid composition
5
6
PROPERTY
RO
SO

7

CO

8

PO

FATTY ACID COMPOSITION (%)
Caprylic (C8:0)
Decanoic (C10:0)
Lauric (C12:0)
Miristic (C14:0)
Palmitic (C16:0)
Stearic (C18:0)
Oleic (C18:1)
Linoleic (C18:2)
Linolenic (C18:3)
Arachidic (C20:0)
Behenic (C22:0)

0
0
0
0
3.87
2.12
66.73
17.19
10.09
0
0

0
0
0
0.05
11.05
3.87
25.85
52.83
6.55
0.20
0.20

9.5
8
41
18
9
3.80
7.50
2.70
0.50
0
0

0
0
0.50
1.50
45.50
4
38
10
0.50
0
0

HYDROCARBON CHAIN PROPERTIES
1,9

LC
2,10
TUD
3
PUD
4
MUD
1

17.92
131.38
64.65
66.73

17.89
151.16
125.31
25.85

2

13.37
14.4
6.9
7.5

17
59.5
21.5
38

3

Length of chain (LC); total unsaturation degree (TUD); polyunsaturation degree
4
5
6
(PUD) and monounsaturation degree (MUD). RO (rapeseed oil); SO (soybean oil);
7
8
CO (coconut oil) and PO (palm oil)
9
LC = Σ(n·Cn)/100, where n is the number of carbon atoms of each fatty acid and Cn is
the weight percentage of each methyl ester in the given fatty acid
10
TUD = (1%MU + 2%DU + 3%TU), where %MU is the weight percentage of
monounsaturated methyl esters, %DU is the weight percentage of diunsaturated
methyl esters and %TU is the weight percentage of triunsaturated methyl esters

Considering the length of hydrocarbon chains of the oils, rapeseed and soybean oils show an
average value above 17 carbons. Palm oil has a value of 17, while the lowest value is 13 for
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coconut oil. Regarding the unsaturation degree, the oils can be classified into two groups: a)
oils with high unsaturation degree (rapeseed and soybean oils, soybean being more
unsaturated than rapeseed), and b) oils with a low unsaturation degree (palm and coconut
oils). The analyzed physical and chemical properties of each oil are summarized in Table 3.2.
Table 3.2 Physical and chemical properties of the different raw materials
PROPERTIES

Rapeseed oil

Soybean oil

Coconut oil

Palm oil

0.96

0.26

0.76

0.33

83.24

96.83

17.31

33.06

606

480

550

314

25.37

28.04

22.26

35.91

917

921

896

866

Acid value
(mg KOH/g)
Peroxide value
(meq de O2/kg)
Water content
(ppm)
Kinematic
2
viscosity (mm /s)
Density
3
(kg/m )

Two experimental designs were applied to each vegetable oil. Methanol/oil molar ratio,
amount of catalyst (KOH), duty cycle and amplitude were the parameters to be optimized; the
responses variables were FAME, MG, DG and TG. The second design was a response surface
that involves amount of catalyst and US cycle. It consisted of sonication cycles with one-min
stop time between consecutive cycles to prevent overheating and malfunction of the probe. It
is worth emphasizing that the probe may not work at temperatures above 45 °C without risk of
malfunction. Table 3.3 summarizes both DOE.
Table 3.3 Design of experiments

EXPERIMENTS

First DOE
1.

Optimized reaction
parameters
Response variables
Total reaction time
1

2.
3.
4.

Methanol-to-oil molar
ratio (MR)
Amount of catalyst (AC)
1
Duty cycle (DC)
Amplitude (A)
MG, DG, TG & FAME
1
DC (70%) : 76 s
1
DC (50%) : 120 s
1
DC (30%) : 200 s

Second DOE
1. Amount of catalyst (AC)
2. Ultrasonic cycle (UC)

MG, DG, TG & FAME
1 UC: 76 s
2 UC: 212 s
3 UC: 348 s

Fraction of each second during which US is applied, expressed as percentage

3.1.4.2 First experimental design: screening step
A half fraction screening design was created and the effects of four experimental parameters
in 11 runs, including three center points per block with three degrees of freedom, were
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studied. The design was used to screen two chemical reaction parameters (methanol-to-oil
molar ratio and catalyst concentration) and two US parameters (duty cycle and amplitude), all
of them with potential influence on transesterification process. The experimental domain was
defined taking into account the results achieved in preliminary studies [11, 32, 33], considering
the defined experimental installation and working conditions. The order of the experiments
was randomized to provide protection against the effect of uncontrolled variables. Four
response variables were analyzed in each experiment, namely the content of FAME (% w/w),
MG (% w/w), DG (% w/w) and TG (% w/w), aimed at maximizing the yield of content of FAME
while minimizing those of glycerides. The conditions of the first experimental design are listed
in Table 3.4. The Derringer and Such desirability function was used to analyze the multiple
response optimization. Results are summarized in Table 3.5. As can be observed, the maximum
FAME yield for each oil corresponds to experiment 11, where the molar ratio methanol-to-oil
was 5:1, 0.8% catalyst, 70% duty cycle and the 60% amplitude.

Table 3.4 Design of experiments I

EXPERIMENT

Methanol-tooil
(molar ratio)

KOH
(% w/w)

Duty cycle
(%)

Amplitude
(%)

1
2
3
4
5
6
7
8
9
10
11

4
5
5
4
4
4.5
4.5
4
5
4.5
5

0.2
0.2
0.2
0.8
0.2
0.5
0.5
0.8
0.8
0.5
0.8

70
70
30
70
30
50
50
30
30
50
70

60
40
60
40
40
50
50
60
40
50
60

Statistical analysis:
An analysis of variance involving MG, DG, TG and FAME yield response variables was carried
out. The results of the statistical analysis are summarized in Tables 3.6 to 3.9. The reaction
temperature was measured after each sonication cycle and in any case the value never
exceeded 43 °C, below the threshold of 45 °C. The impact of reaction parameters on response
variables for each BD is also listed in Tables 3.6 to 3.9. As can be seen, not all the studied
parameters showed the same effect on each response variable.
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Table 3.5 FAME, MG, DG and TG content in BD samples (DOE I) expressed as weight percentage
RAPESEED OIL

1
2
3
4
5
6
7
8
9
10
11

FAME

MG

DG

31.89
8.43
15.49
75.01
16.06
73.44
70.27
75.58
75.91
67.48
79.84

(%w/w)
5.20 13.83
0.64 9.05
1.40 9.66
2.64 5.73
2.55 12.45
1.67 7.93
1.74 5.17
1.70 4.42
1.51 3.29
3.68 6.63
1.62 3.20

SOYBEAN OIL
TG
37.96
80.78
68.92
11.17
60.43
11.85
15.1
9.93
11.82
12.53
7.07

FAME

MG

DG

26.20
22.41
26.46
66.11
28.78
62.09
60.49
75.92
78.35
64.06
79.47

(%w/w)
4.91
12.29
2.07
11.97
4.21
13.78
2.66
4.63
4.96
12.89
3.63
6.37
3.21
6.26
1.98
3.80
1.87
3.29
3.01
5.78
1.34
3.36

COCONUT OIL
TG
38.88
59.01
44.10
7.49
39.99
15.45
17.18
9.48
7.94
14.64
9.41

FAME

MG

38.00
43.96
53.73
68.45
46.86
56.33
61.42
65.08
68.76
60.65
74.92

(%w/w)
6.96
6.85
5.43
4.34
4.32
5.58
4.90
3.98
4.57
5.03
1.77

DG
4.59
5.41
3.00
2.76
4.80
4.93
3.61
2.15
3.74
4.54
2.73

PALM OIL
TG
46.64
39.86
33.23
19.91
40.80
28.61
24.96
21.66
18.8
25.34
16.85

FAME

MG

DG

19.66
23.35
23.12
73.54
24.65
62.78
65.07
75.50
77.29
61.74
79.99

(%w/w)
5.41
20.31
4.71
18.09
5.00
17.82
3.22
6.59
5.78
17.08
5.99
11.01
5.35
10.86
3.01
7.99
2.35
6.15
5.45
11.55
2.15
5.43

TG
54.15
53.40
53.30
11.64
51.51
17.72
16.35
12.52
10.69
18.10
8.91
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Table 3.6 Effects of each reaction parameter on the response variables for rapeseed oil BD (DOE I)

MG
Stnd.
Effect
Estimate
Error
Average
2.21
0.28
Molar ratio
-1.73
0.67
Catalyst
-0.58
0.67
Duty cycle
0.74
0.67
Amplitude
0.65
0.67
2
R = 83.30

DG
FPRatio Value
6.66
0.75
1.20
0.93

Effect
Average
Molar ratio
Catalyst
Duty cycle
Amplitude

0.08
0.45
0.35
0.41

TG
Effect
Average
Molar ratio
Catalyst
Duty cycle
Amplitude

Stnd.
Error
29.78
5.89
12.28
13.81
-52.03
13.81
-3.53
13.81
-10.08
13.81
2
R = 84.83

Estimate

Stnd.
Error
7.40
0.45
-2.79
1.05
-7.07
1.05
0.51
1.05
0.16
1.05
2
R = 94.75

Estimate

FPRatio Value
7.07 0.08
45.32 0.0067
0.24 0.66
0.02 0.89

FAME
FPRatio Value

Effect
Average
Molar ratio
Catalyst
Duty cycle
Amplitude

0.79 0.44
14.18 0.0328
0.07 0.81
0.53 0.52

Stnd.
Error
53.58
5.99
-4.71
14.05
58.62
14.05
3.03
14.05
6.85
14.05
2
R = 85.85

Estimate

FPRatio value
0.11 0.76
17.41 0.0251
0.05 0.84
0.24 0.66

Note: If (P-value) is ≤ 0.05, the reaction parameter is significant at 95% confidence level

Table 3.7 Effects of each reaction parameter on the response variables for soybean oil BD (DOE I)

MG
Stnd.
Effect
Estimate
Error
Average
3.08
0.11
Molar ratio
-1.26
0.25
Catalyst
-2.08
0.25
Duty cycle
-0.51
0.25
Amplitude
0.22
0.25
2
R = 97.55

DG
FPRatio Value

Effect
Average
Molar ratio
Catalyst
Duty cycle
Amplitude

25.17 0.0152
68.81 0.0037
4.16 0.13
0.77 0.44

TG
Stnd.
Effect
Estimate
Error
Average
23.96
2.92
Molar ratio
6.16
6.84
Catalyst
-36.91
6.84
Duty cycle
3.32
6.84
Amplitude
-3.14
6.84
2
R = 91.40

Stnd.
Error
7.67
0.55
-0.30
1.29
-8.96
1.29
-0.38
1.29
0.11
1.29
2
R = 94.26

Estimate

FPRatio Value
0.06 0.83
48.42 0.0061
0.09 0.79
0.01 0.94

FAME
FPRatio Value

Effect
Average
Molar ratio
Catalyst
Duty cycle
Amplitude

0.81 0.43
29.10 0.0125
0.24 0.66
0.21 0.68

Stnd.
Error
53.67
3.05
2.42
7.16
49.0
7.16
-3.83
7.16
3.10
7.16
2
R = 94.13

Estimate

FPRatio value
0.11 0.76
46.82 0.0064
0.29 0.63
0.19 0.69

Note: If (P-value) is ≤ 0.05, the reaction parameter is significant at 95% confidence level

Table 3.8 Effects of each reaction parameter on the response variables for coconut oil BD (DOE I)

MG
Stnd.
Effect
Estimate
Error
Average
4.88
0.13
Molar ratio
-0.24
0.31
Catalyst
-2.22
0.31
Duty cycle
0.40
0.31
Amplitude
-0.48
0.31
2
R = 97.04

DG
FPRatio Value

Effect
Average
Molar ratio
Catalyst
Duty cycle
Amplitude

0.60 0.49
49.78 0.0059
1.65 0.29
2.37 0.22
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Stnd.
Error
3.84
0.24
0.14
0.58
-1.60
0.58
0.45
0.58
-1.06
0.58
2
R = 82.59

Estimate

FP-Value
Ratio
3.84
0.14
-1.60
0.45

0.24
0.58
0.58
0.58
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TG
Stnd.
Effect
Estimate
Error
Average
28.78
1.01
Molar ratio
-5.0
2.36
Catalyst
-20.82
2.36
Duty cycle
2.19
2.36
Amplitude
-0.25
2.36
2
R = 96.66

FAME
FPRatio Value

Effect
Average
Molar ratio
Catalyst
Duty cycle
Amplitude

4.60 0.12
77.68 0.0031
0.86 0.42
0.01 0.92

Stnd.
Error
58.01
0.84
5.74
1.99
23.66
1.99
-2.27
1.99
0.92
1.99
2
R = 98.20

FPRatio value

Estimate

8.34
141.47
1.31
0.22

0.06
0.0013
0.34
0.67

Note: If (P-value) is ≤ 0.05, the reaction parameter is significant at 95% confidence level

Table 3.9 Effects of each reaction parameter on response variables for palm oil BD (DOE I)

MG
Stnd.
Effect
Estimate
Error
Average
4.40
0.43
Molar ratio
-0.80
1.01
Catalyst
-2.54
1.01
Duty cycle
-0.16
1.01
Amplitude
-0.12
1.01
2
R = 70.12

DG
FPRatio Value
0.63
6.33
0.03
0.01

Effect
Average
Molar ratio
Catalyst
Duty cycle
Amplitude

0.49
0.09
0.88
0.91

Stnd.
Error
12.08
0.34
-1.12
0.81
-11.76
0.81
0.35
0.81
0.91
0.81
2
R = 98.65

Estimate

TG
Stnd.
Effect
Estimate
Error
Average
28.03
3.77
Molar ratio
-0.88
8.84
Catalyst
-42.15
8.84
Duty cycle
0.02
8.84
Amplitude
0.41
8.84
2
R = 88.38

FPRatio Value
1.93
213.22
0.18
1.27

0.26
0.0007
0.70
0.34

FAME
FPRatio Value

Effect
Average
Molar ratio
Catalyst
Duty cycle
Amplitude

0.01 0.93
22.76 0.0175
0.00 1.00
0.00 0.97

Stnd.
Error
53.34
3.51
2.60
8.24
53.89
8.24
-1.00
8.24
-0.14
8.24
2
R = 93.48

Estimate

FPRatio value
0.10 0.77
42.81 0.0073
0.01 0.91
0.00 0.99

Note: If (P-value) is ≤ 0.05, the reaction parameter is significant at 95% confidence level

Table 3.10 summarizes the effects of each reaction parameter on response variables. As can be
seen in Table 3.10, the amount of catalyst has a positive effect on FAME and negative effect on
MG, DG and TG, with a significance level above 95% for most response variables, and the four
types of oils. Therefore, the amount of catalyst must be increased in the second DOE for
optimization of US-assisted BD production. Taking into account the no significance of the
change in the values of parameters characteristic of US, the values were selected from the first
experimental design. Consequently, the reaction parameters that negatively affect the three
types of glycerides have a positive influence on FAME conversion.

Desirability study during the screening process:
To evaluate several variables simultaneously in an experimental design, a desirability study
was carried out. Usually, the optimal value of each variable considered separately does not
match the value when these variables are evaluated together. Thus, it becomes necessary to
combine these variables, study the interactions between them and find a target area where all
of them may be optimized.
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Table 3.10 Qualitative effects of the reaction parameters on the response variables
for all oils (DOE I)
FIRST DOE
RAPESEED OIL
SOYBEAN OIL
RANGE
EFFECT
EFFECT
UNSATURATED
OILS
MG DG
TG
FAME
MG DG
TG
FAME
Molar ratio
4-5
+
--+
+
Catalyst
0.2-0.8
----+++
------+++
(KOH % w/w)
Duty cycle (%)
30-70
+
+
+
Amplitude (%)
40-70
+
+
+
+
+
+
COCONUT OIL
PALM OIL
RANGE
EFFECT
EFFECT
SATURATED OILS
MG DG
TG
FAME
MG DG
TG
FAME
Molar ratio
4-5
--+
+
--+
+
Catalyst
0.2-0.8
--+++
--+++
(KOH % w/w)
Duty cycle (%)
30-70
+
+
+
+
+
+
Amplitude (%)
40-70
+
+
Note: (+) means the variable has positive but no significant effect; (-) means the variable has a negative
but no significant effect; (+++) indicates the variable has positive significant effect at 95% confidence
level; (---) indicates the variable has negative significant effect at 95% confidence

One way to do this is through Derringer or desirability functions [34], by which the multicriteria
problem is reduced to a single criterion problem. The method consists of transformation of the
measured property of each response to a dimensionless desirability scale, di, defined as a
partial desirability function; varying from zero (undesirable response) to one (optimal
response). For each response Yi(x), a desirability function di(Yi) assigns values from 0 to 1,
considering di(Yi) = 0 (low response) as the less convenient value of Yi (corresponding to the
lowest FAME yields or the highest values of MG, DG, and TG) and di(Yi) = 1 (corresponding to
the highest FAME yields or the lowest values of MG, DG, and TG) as the most desirable or
ideal response value. Generally, the parameters that positively influence the synthesis of FAME
are negative for the formation of MG, DG and TG. The four reaction parameters were
evaluated through multivariate analysis using the desirability function. Table 3.11 shows the
desirability study for screening process, in which the most important variation was provided by
the amount of catalyst. Results led to only one possibility: to increase the amount of catalyst
setting constant the other parameters. As the values of specific US parameters were not
significant, 70% duty cycle and 50% amplitude were fixed values in the subsequent
experimental design. The molar ratio was set at 5 because this was the optimum value for the
four types of BD.
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Table 3.11 Optimized reaction parameters for rapeseed, soybean,
coconut and palm oils BD during the screening step
Rapeseed biodiesel
Soybean biodiesel
Factor
Optimum
Factor
Optimum
Molar ratio
4.99
Molar ratio
4.99
Catalyst
0.79
Catalyst
0.80
Duty cycle
70
Duty cycle
69.98
Amplitude
40.03
Amplitude
57.66
Coconut biodiesel
Factor
Optimum
Molar ratio
4.99
Catalyst
0.80
Duty cycle
30
Amplitude
60

Palm biodiesel
Factor
Optimum
Molar ratio
4.99
Catalyst
0.80
Duty cycle
70
Amplitude
45.77

3.1.4.3 Second experimental design: Response surface methodology step
Provided that the amount of catalyst was the only parameter with a positive and significant
impact on the four response variables at 95% confidence level, it was included in the second
experimental design, which also included insertion of stop intervals between sonication cycles
(US cycles) as a second parameter. A 3-level response surface DOE was created to study the
effects of two parameters (amount of catalyst and US cycle) in 12 runs, including three center
points per block and six degrees of freedom. The response variables were MG, DG, TG and
FAME, all expressed as % w/w. The conditions of the first experimental design are listed in
Table 3.12. The results of the experiments are listed in Table 3.13. BD samples were analyzed
by the same methods as in the previous experimental design.

Table 3.12 Design of experiments II

EXPERIMENT

KOH (%w/w)

US CYCLES

1
2
3
4
5
6
7
8
9
10
11
12

1
0.8
1.2
1.2
1
1
0.8
1.2
1
1
1
0.8

2
2
2
1
1
2
1
3
2
2
3
3
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Table 3.13 FAME, MG, DG and TG content in BD samples (DOE II) expressed as weight percentage
RAPESEED OIL
SOYBEAN OIL
COCONUT OIL
FAME

MG

DG

88.39
89.17
91.88
93.31
86.77
90.34
90.53
93.71
93.42
91.60
95.03
91.47

(%w/w)
1.14 1.88
0.88 1.42
0.59 0.47
0.60 0.84
1.17 1.88
0.74 1.01
0.55 1.17
0.63 0.72
0.72 1.00
0.83 0.97
0.55 0.61
0.77 1.18

TG
4.27
3.45
1.73
1.92
4.11
2.77
3.32
2.39
2.87
2.43
2.15
3.12

FAME

MG

DG

87.44
79.63
89.11
87.44
94.66
85.51
75.95
86.02
85.41
84.00
94.59
78.84

(%w/w)
0.73 1.39
1.41 3.63
0.65 1.53
0.73 1.39
0.42 0.69
0.80 2.33
1.55 4.69
0.67 2.17
1.00 2.86
0.97 2.47
0.41 0.58
1.01 3.85

TG
5.92
7.36
4.29
5.92
6.03
6.46
9.69
5.53
6.67
5.74
1.27
10.07

FAME

MG

DG

69.78
70.21
74.12
77.29
66.71
73.62
66.32
76.85
72.15
73.62
81.37
73.44

(%w/w)
5.15 2.04
3.89 1.93
5.43 1.90
4.98 2.55
6.34 2.81
5.58 2.31
5.12 2.91
4.47 1.66
5.57 1.85
5.58 2.31
4.11 1.57
4.72 2.44

TG
21.21
22.02
16.47
13.03
22.31
16.42
23.83
15.03
18.32
16.42
10.37
17.44

PALM OIL
FAME

MG

DG

79.76
88.96
90.86
87.12
85.81
82.47
78.37
94.14
79.67
93.08
89.44
77.07

(%w/w)
1.54 4.97
1.32 3.28
1.19 2.89
1.08 3.05
2.27 4.30
2.60 5.31
2.51 5.77
0.64 1.82
1.18 4.29
1.31 1.99
1.62 3.21
3.09 6.28

TG
10.07
5.55
4.65
5.67
6.41
8.67
9.68
3.14
9.55
2.79
5.07
10.00
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Statistical treatment:
The influence of each reaction parameter on response variables considering all types of BD is
presented from Tables 3.14 to 3.17. The qualitative effects of US cycle and amount of catalyst
on the response variables are summarized in Table 3.18. As in the previous experimental
/design, the only reaction parameter that significantly affects FAME yield considering the four
types of BD is the amount of catalyst. Coherently, the effect is positive for FAME conversion
and negative for glycerides synthesis.

Table 3.14 Effects of each reaction parameter on response variables for rapeseed oil BD (DOE II)

MG
Effect
Average
Catalyst
US cycle

DG

Stnd.
FPError Ratio Value
0.87
0.11
-0.13
0.19 0.44 0.53
-0.12
0.19 0.42 0.54
2
R = 84.90

Estimate

Effect

Estimate

Average
Catalyst
US cycle

1.21
-0.58
-0.46

R2= 88.70
FAME

TG
Effect
Average
Catalyst
US cycle

Stnd.
FPError Ratio Value
0.20
0.36 2.55 0.16
0.36 1.61 0.25

Stnd.
FPError Ratio Value
3.08
0.35
-1.28
0.63 4.13 0.088
-0.56
0.63 0.80 0.41
2
R = 90.70

Estimate

Effect
Average
Catalyst
US cycle

Stnd.
FPError Ratio Value
90.64
1.10
2.58
1.96 1.72 0.24
3.20
1.96 2.65 0.15
2
R = 93.70

Estimate

Note: If (P-value) is ≤ 0.05, the reaction parameter is significant at 95% confidence level

Table 3.15 Effects of each reaction parameter on response variables for soybean oil BD (DOE II)

MG
Effect
Average
Catalyst
US cycle

DG

Stnd.
FPError Ratio Value
0.67
0.15
-0.64
0.26 5.98 0.05
-0.20
0.26 0.60 0.47
2
R = 94.60

Estimate

Effect
Average
Catalyst
US cycle

TG
Effect
Average
Catalyst
US cycle

Stnd.
FPError Ratio Value
1.67
0.47
-2.36
0.84 7.83 0.0312
-0.06
0.84 0.00 0.95
2
R = 95.02

Estimate

FAME

Stnd.
FPEstimate
Error Ratio Value
5.47
0.88
-3.80
1.57 5.81 0.05
-1.59
1.57 1.02 0.35
2
R = 87.36

Effect
Average
Catalyst
US cycle

Stnd.
FPError Ratio Value
86.81
1.87
9.38
3.34 7.88 0.0308
0.47
3.34 0.02 0.89
2
R = 89.25

Estimate

Note: If (P-value) is ≤ 0.05, the reaction parameter is significant at 95% confidence level
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Table 3.16 Effects of each reaction parameter on response variables for coconut oil BD (DOE II)

MG
Effect
Average
Catalyst
US cycle

DG

Stnd.
FPError Ratio Value
4.84
0.49
0.38
0.8
0.19 0.68
-1.05
0.88 1.40 0.28
2
R = 79.29

Estimate

Effect
Average
Catalyst
US cycle

TG
Effect
Average
Catalyst
US cycle

Stnd. FPError Ratio Value
1.83
0.17
-0.39
0.30 1.62 0.25
-0.87
0.30 7.98 0.0302
2
R = 80.14

Estimate

FAME

Stnd.
FPEstimate
Error Ratio Value
16.74
1.90
-6.25
3.40 3.38 0.12
-5.44
3.40 2.56 0.16
2
R = 83.25

Effect
Average
Catalyst
US cycle

Stnd.
FPError Ratio Value
74.48
2.38
6.10
4.26 2.05 0.20
7.11
4.26 2.79 0.15
2
R = 88.11

Estimate

Note: If (P-value) is ≤ 0.05, the reaction parameter is significant at 95% confidence level

Table 3.17 Effects of each reaction parameter on response variables for palm oil BD (DOE II)

MG
Effect
Average
Catalyst
US cycle

DG

Stnd.
FPError Ratio Value
1.61
0.30
-1.34
0.53 6.25 0.0465
-0.17
0.53 0.10 0.76
2
R = 92.63

Estimate

Effect
Average
Catalyst
US cycle

TG
Effect
Average
Catalyst
US cycle

Stnd.
FPError Ratio Value
3.89
0.64
-2.52
1.15 4.83 0.07
-0.60
1.15 0.28 0.62
2
R = 93.23

Estimate

FAME

Stnd.
FPEstimate
Error Ratio Value
7.09
1.34
-3.92
2.40 2.67 0.15
-1.18
2.40 0.24 0.64
2
R = 95.63

Effect
Average
Catalyst
US cycle

Stnd.
FPError Ratio Value
85.22
2.83
9.24
5.06 3.33 0.12
3.12
5.06 0.38 0.56
2
R = 97.33

Estimate

Note: If (P-value) is ≤ 0.05, the reaction parameter is significant at 95% confidence level

Table 3.18 Qualitative effects of the reaction parameters on the response variables for all
oils (DOE II)
SECOND DOE
RAPESEED OIL
SOYBEAN OIL
RANGE
EFFECT
EFFECT
UNSATURATED OILS
MG DG
TG
FAME
MG DG
TG
FAME
Catalyst
0.8-1.2
+
--+++
(KOH % w/w)
US cycle
1-3
+
+
COCONUT OIL
PALM OIL
RANGE
EFFECT
EFFECT
SATURATED OILS
MG DG
TG
FAME
MG DG
TG
FAME
Catalyst
0.8-1.2
+
--+++
--+
(KOH % w/w)
US cycle
1-3
--+
+
Note: (+) means the variable has positive but no significant effect; (-) means the variable has a negative
but no significant effect; (+++) indicates the variable has positive significant effect at 95% confidence
level; (---) indicates the variable has negative significant effect at 95% confidence
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Desirability study of response surface:
To analyze the trends of the values of both variables jointly (amount of catalyst and US cycle),
thus helping to establish their optimal values, a second study of desirability was applied. In this
case, the response variables including upper and lower bounds, besides the target, are shown
in Table 3.19. As may be seen, FAME yield must be maximized, while the glycerides
concentrations must be minimized. Table 3.20 shows that the optimum number of US cycles is
three for the four BD. Therefore, an increase US cycles is recommended to achieve higher yield
of FAME. Considering the amount of catalyst, for BD from rapeseed oil and palm oil, the
maximum (1.2%) indicates this variable may also be increased. BD from coconut oil and
soybean oil depict their maxima at 1.13 and 1.06%, respectively, which means this variable
may be optimized. In short: oils showing predominance of unsaturated FA (rapeseed and
soybean) experienced higher conversion yields than those with predominance of saturated FA
(coconut and palm).
Table 3.19 Desirability study of response surface
RAPESEED OIL BIODIESEL
Response
Low
High
FAME (% w/w)
86.77
95.03
MG (% w/w)
0.55
1.17
DG (% w/w)
0.47
1.88
TG (% w/w)
1.73
4.27
SOYBEAN OIL BIODIESEL
Response
Low
High
FAME (% w/w)
75.95
94.66
MG (% w/w)
0.41
1.55
DG (% w/w)
0.58
4.69
TG (% w/w)
1.27
10.07
COCONUT OIL BIODIESEL
Response
Low
High
FAME (% w/w)
66.32
81.37
MG (% w/w)
3.89
6.34
DG (% w/w)
1.57
2.91
TG (% w/w)
10.37
23.83
PALM OIL BIODIESEL
Response
Low
High
FAME (% w/w)
77.07
94.14
MG (% w/w)
0.64
3.09
DG (% w/w)
1.82
6.28
TG (% w/w)
2.79
10.07
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Table 3.20 Optimized reaction parameters for rapeseed,
soybean, coconut and palm oils BD (DOE II)
Rapeseed biodiesel
Soybean biodiesel
Factor
Optimum
Factor
Optimum
Catalyst
1.20
Catalyst
1.06
US cycle
3
US cycle
3
Coconut biodiesel
Factor
Optimum
Catalyst
1.13
US cycle
3

Palm biodiesel
Factor
Optimum
Catalyst
1.20
US cycle
3

Figure 3.6 shows both response surfaces of each BD and the tendency of reaction parameters.
In this case, the maximum of the desirability function is reached by increasing both amount of
catalyst and US cycles. However, the maximum of the desirability value for soybean and palm
oils BD is achieved for amounts of catalyst slightly lower than 1.2% (upper limit of the reaction
parameter); while for US cycles, the maximum of the desirability function for the four types of
biodiesel is three (upper limit of the reaction parameter). This trend shows that it would be
possible, from the statistical point of view, to increase the values of the reaction parameters in
order to achieve a significant increase of FAME yields and a decrease in glycerides
concentration. On the other hand, considering FAME yields and the (%) weight of glycerides,
two groups of oils can be distinguished, in terms of reactivity. Rapeseed, soybean and palm
oils, for which the average length of chain is higher than 17 carbon atoms, exhibit maximum
values of FAME yields above 90%; coconut oil, with length of chain of 13 carbon atoms, hardly
exceeds 80% FAME yield. Therefore, there is a significant effect of chain length on the percent
conversion. In addition to the chemical composition of each BD, its physical and chemical
properties were analyzed. Results in Table 3.21 show that, (i) FAME yields of BD from
rapeseed, soybean and palm oils are above 90%, while coconut oil BD barely reaches 81%; (ii)
BD density, water content and kinematic viscosity of BD meet the European standard for BD,
EN 14214, exception made for palm oil BD viscosity, depicting a value of 5.6 mm/s2 that
exceeds the standard limit; (iii) acid values meet EN 14104 standard, except for soybean oil BD
that exceeds the limit; (iv) in any case glycerides concentration is above the EN 14214
standard.
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Table 3.21 Physical and chemical properties of optimized BD for each raw material (DOE II),
to European standard for biodiesel EN 14214
Rapeseed Soybean Coconut
Property
Standard
oil BD
oil BD
oil BD
0.55
0.42
4.11
MG (%w/w)
EN 14105 Max: 0.8
DG (%w/w)
EN 14105 Max: 0.2
0.61
0.69
1.57
TG (%w/w)
EN 14105 Max: 0.2
2.15
6.03
10.37
GLYCEROL (%w/w)
EN 14105 Max: 0.25
0.66
0.88
0.22
FAME (%w/w)
EN 14103 Min: 96.5
95.03
94.66
81.37
LINOLENIC ESTER
EN 14103 Max: 12
10.48
6.58
CONTENT (%w/w)
ACID VALUE
EN 14104 Max: 0.50
0.41
0.51
0.29
(mg KOH /g)
EN ISO 2719
175.50
169
108
FLASH POINT, FP (°C)
Min: 120
HIGH CALORIFIC VALUE,
ASTM D240
39786.33 39683.66 38064.66
HCV (J/g)
EN ISO 12937
WATER CONTENT (ppm)
303.21
412.20
485.17
Max: 500
KINEMATIC VISCOSITY at
EN ISO 3401
4.62
4.70
3.20
2
40 °C, µ (mm/s )
Max: 3.5;Min: 5
DENSITY at 15 °C,
EN ISO 3675
882
883
874
ρ (kg/m3)
Min: 860; Max:900

according
Palm
oil BD
1.31
1.62
3.21
0.84
93.08
0.43
131.50
38338
463.32
5.63
874

TG concentration is particularly high, indicating that the reaction is not completed and
unreacted oil remains. Although DG concentrations do not meet the EN 14105 standard for
any kind of BD, DG concentration for rapeseed oil and soybean oil BD are significantly lower
than that of coconut oil and palm oil BD. This trend persists for MG concentration, although
this time rapeseed oil and soybean oil BD meet the standard. Regarding glycerol
concentration, only coconut oil BD meets the standard. Finally, FAME yield does not reach the
minimum of 96.5 %, thus indicating the optimal values for each oil have not been reached
using the proposed methodology. Therefore, a viable alternative to be used in diesel engines
would be the use of blends with different proportions of petrodiesel. In this way, it could be
marketed as biofuel, in agreement with European legislation.

3.1.4.4 Kinetics studies
To check whether the application of US cycles increases significantly the yield of FAME while
decreasing proportionally glycerides content, a kinetics study including the optimal amount of
catalyst for each BD was carried out. The main objective of this study was to establish the
convenience of extending the reaction time to reach FAME yields that meet the quality
standards. Figures 3.7 and 3.8 show the evolution of the concentrations of the different
parameters (FAME and glycerides content) as a function of the US cycles used for each BD. In
terms of FAME yield, sonication from four to five cycles does not increase the conversion
significantly. Moreover, the fourth sonication cycle applied to produce soybean oil BD provides
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an FAME value higher than that of the fifth one. As a result, extending the reaction time does
not guarantee better yields of FAME. Although the maximum FAME yield is usually reached
after three, four or five US cycles, depending of the oil, there is not a clear trend. Regarding
glycerides concentration, the minimum amount is observed after four US cycles. MG
concentration and FAME yield meet the standard at the fourth US cycle, exception made with
coconut oil BD. DG and TG concentrations are significantly above the norm for all types of BD,
the minimum values being achieved in the fourth US cycle. Concerning BD from coconut oil,
SEC was not able to provide the concentration of each type of glyceride; therefore, different
types of glycerides have been quantified together. In short, four US cycle provided the best
results.

116

Rapeseed oil biodiesel

Soybean oil biodiesel

Coconut oil biodiesel

Palm oil biodiesel

Figure 3.6 Response surfaces for optimization of the different BD (DOE II)
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3.1.5 Conclusions
The main objective of this study was to establish the influence of the saturation degree and
chain length of different vegetable oils on FAME yield and BD properties when
transesterification is assisted by US. The study was also aimed at evaluating the effect of US on
MG, DG and TG. In terms of conversion to FAME, oils including mainly either unsaturated FA
(rapeseed oil, soybean oil) or saturated ones (palm oil) provide similar yields. Coconut oil (with
short chain length) experienced a particularly low yield, far from that of saturated oils with
longer chains lengths (palm oil). This fact demonstrated the influence of both the unsaturation
degree and the chain length. In this sense, although extensive research is needed, it may be
inferred that the shorter the saturated chain (below 14 atoms of C) the lower the FAME
conversion. Moreover, the surface response study shows no significant differences between
oils due to the effect of reaction parameters on response variables. The effects of duty cycle
and amplitude, and their significance in the response variables have been established. The only
reaction parameter that has a noticeable effect on FAME yield in both experimental designs is
the amount of catalyst. A kinetics study of US-assisted transesterification for each oil
conversion has shown that the increase of reaction cycles up to four significantly improve
FAME conversion while decreasing glycerides content. Beyond that number, the improvement
is not significant. We can conclude from this field trial that US-assisted transesterification will
always shorten the reaction time while providing similar conversions than traditional
transesterification.
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3.2

BIODIESEL SYNTHESIS FROM SATURATED AND UNSATURATED OILS

ASSISTED BY THE COMBINATION OF ULTRASOUND AND AGITATION
3.2.1 Abstract
US-assisted synthesis of BD is a well known process that has been widely used in recent years.
A reduction of the processing time and the amount of required catalyst as well as the
possibility to work at room temperature have been achieved in most cases. Normally, the use
of US replaces the conventional agitation and heating required to establish close contact
between the two immiscible phases involved in this reaction (TG and methanol). However, it
may be not sufficient depending on the type of oil. In the present study, transesterification of
oils with very different FA composition has been conducted by combination of sonication and
agitation cycles either at room temperature or at 50 °C. Application of US was carried out with
an ultrasonic probe at 20 kHz frequency, 70% duty cycle and 50% amplitude. The experimental
designs were planned using the RSM intended to find optimal values allowing a significant
saving in the amount of catalyst and total reaction time required. Thus, oils with high content
of unsaturated FA (e.g. rapeseed and soybean oils) were found to reach BD yields higher than
the minimum value provided by the standard EN 14103 in shorter reaction times (below 15
min) compared to traditional transesterification. On the contrary, oils with high content of
saturated FA (e.g. coconut and palm oils) did not reach the required yield of 96.5 % w/w.
Finally, it may be concluded there is a positive influence of stirring and heating at reaction
temperature between consecutive ultrasonic cycles on FAME yield and properties.

HIGHLIGHTS
•

Ultrasound has become an attractive alternative energy for biodiesel production.

•

Combinations between cycles of sonication and cycles of stirring were carried out.

•

Desirability function shows the optimal values for each reaction parameter.
Unsaturated oils achieved conversions over EN 14013 standard

•

Heating at reaction temperature within sonication cycles shows a positive influence
over FAME yield and properties.
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3.2.2 Introduction
The main factor that contributes to the final price of BD is the raw material [35], the price of
which is variable and depends on the type of oil used and the fluctuations of the market, a
factor that is not easy to control. The reaction parameters that can be optimized to reduce the
final cost of BD are the time of the transesterification reaction, that may involve hours [36],
the contact between the immiscible phases involved in the reaction (that requires continuous
stirring), the amount of reagents and the reaction temperature [37]. The efficiency of mass
transfer between the two immiscible phases (non polar TG and polar methanol) provides the
time required to achieve appropriate yield of the transesterification reaction, thus making of
paramount importance a high contact surface between the two phases. While stirring has
been traditionally used to increase contact between the involved phases, ultrasonic devices
are presently replacing the former by virtue of the cavitation phenomenon. Several features
that make interesting the use of US are its capacity to act synergistically with other forms of
energy in order to promote, accelerate or improve existing processes as well as its ability to
produce different effects in different media [38] . The improvements in BD production due to
US application have promoted research in this field to consolidate this energy as a viable
alternative for BD production. Thereby, multiple experimental designs has been carried out by
combining characteristic parameters of the transesterification reaction (molar ratio, amount of
catalyst, reaction time, temperature and stirring speed) and physical characteristics of US
(frequency, duty cycle and amplitude) [33]. Thus, the main objectives to be achieved with the
use of US for BD production are: 1) shortening of the reaction time, 2) decreasing of the
amount of catalyst and 3) saving energy by reducing heating and stirring. However, as the
ultrasonic probe (working in batch conditions) has limitations of maximum temperature,
sonication duration is limited. This fact may provide incomplete transesterification reactions,
thus providing excessive amount of unreacted glycerides and a difficult glycerol separation.
This problem needs to be fixed to extend the use of US-assisted transesterification. In sum,
previous studies have shown that sonication is not enough to meet FAME yields considering
international standards for BD quality that establish a minimum of 96.5% w/w [39]. Thus, the
main goals of the present research were to evaluate the effect of US on BD production and the
differences, if any, between BD achieved via sonication-assisted transesterification and
sonication plus agitation and heating-assisted transesterification, to help the reaction to
complete. Moreover, in this work, the effect of the raw material chemical composition in US
plus agitation plus heating-assisted transesterification is studied. Considering RSM, the input
parameters are those involved in the reaction (amount of catalyst and reaction time), while
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the response variables are the concentration expressed as percentage weight-in-weight (of oil)
FAME, MG, DG and TG. Four raw materials (rapeseed, soybean, coconut and palm oils) were
selected because they cover a wide range of FA composition.

3.2.3 Materials and methods
3.2.3.1 Vegetable oils
The selected oils were those described in section 3.1.3.1

3.2.3.2 Reagents, apparatus and instruments
The ultrasonic device employed, the reagents for BD production and analysis, the
analyses to characterize vegetable oil and BD samples have been described in section
3.1.3.2.
Heater-stirrer device
An Ovan heater-stirrer model MBG05E (500 W) supplied by Espier Group (Badalona,
Barcelona, Spain) was employed to hold the conventional transesterification.

Biodiesel production
Experiments were carried out in batch by weighing 20 g of oil and adding an appropriate
volume of methanol with the dissolved catalyst. Then, sonication was carried out with the
ultrasound probe in a water bath thermostated at 25 °C. In each stop step, the samples were
taken to the heater-stirrer where the reaction mixture was stirred at room temperature in the
first DOE or it was stirred and heated to 50 °C in the DOE. BD samples were centrifuged for 4
min at 4000 rpm and kept in the refrigerator at 4 ºC for subsequent chromatographic analysis.
Figure 3.9 shows the scheme of both DOE.

3.2.3.3 Software for statistical analysis
Already described in section 3.1.3.3

3.2.4 Results and discussion
3.2.4.1 Design of experiments
The selection of the physical parameters of US was carried out following previous studies [39].
These variables were optimized by a screening study. Thus, the duty cycle and amplitude were
fixed at 70 and 50%, respectively. Two DOE were carried out. In the first design, a set of
experiments involving a variable number of sonication cycles (from one to three) at three
catalyst concentration levels was carried out according to Table 3.22. A stirring cycle of 5 min
at 900 rpm at room temperature was inserted between each sonication cycle. In the second
design, a stirring cycle at 900 rpm was inserted after each sonication cycle while the reaction
mixture was heated to 50 °C for 5 min. Table 3.23 summarizes both DOE. The selected reaction
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parameters were the amount of catalyst and US cycle. The total reaction time involves the
different stages of sonication and agitation at room temperature (DOE I) and the different
stages of sonication and agitation plus heating at 50 °C (DOE II) as explained in Figure 3.9.
Thus, it is possible to evaluate the combined effect of ultrasound with the steps of stirring and
the steps of stirring and heating. Table 3.23 also indicates the total reaction time represented
as a function of US cycles applied in each experiment.

Figure 3.9 Scheme of both design of experiments
Table 3.22 US cycles and catalyst concentration for both designs
of experiments
EXPERIMENT NUMBER
KOH (% w/w)
US CYCLES
1
1
2
2
0.8
2
3
1.2
2
4
1.2
1
5
1
1
6
1
2
7
0.8
1
8
1.2
3
9
1
2
10
1
2
11
1
3
12
0.8
3
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Table 3.23 Design of experiments
DESIGN OF
EXPERIMENTS
Optimized reaction
parameters

Description

Response variables
Fixed parameters

Total reaction time

1

2

AC, UC

AC, UC

The reaction was carried out
by discontinuous sonication,
where in each stop step the
reaction mixture was both
stirred at 900 rpm and heated
at 50 °C.
MG, DG, TG & FAME
MG, DG, TG & FAME
US parameters:
20 kHz, 70% DC & 50% A
1 UC: 1 min 16 s (one single sonication cycle)
2 UC: 7 min 32 s (two sonication cycles and one cycle of stirring
between sonication cycles)
3 UC: 13 min 48 s (three sonication cycles and two cycles of
stirring between sonication cycles)
The reaction was carried out by
discontinuous
sonication,
where in each stop step the
reaction mixture was stirred at
room temperature at 900 rpm.

AC: amount of catalyst; DC: duty cycle; A: amplitude; UC: ultrasonic cycle

3.2.4.1.1 First design of experiments
A 3-level response surface was built to study the effects of two parameters, i.e. the amount of
catalyst and US cycles in 12 runs including 3 center points per block and 6 degrees of freedom.
Four response variables were used: the contents of MG, DG, TG and FAME as weight percent.
The samples were treated and tested as provided in the materials and methods section.

Statistical analysis:
FAME and glycerides contents in the BD samples are summarized in Table 3.24. In the case of
coconut oil BD, glycerides concentration is expressed as the sum of MG, DG and TG, as the
technique used for their determination, SEC does not allow the quantification of each type of
glyceride separately. Results can be divided in two groups as a function of reactivity. Oils with
high proportion of unsaturated FA (rapeseed and soybean) provided higher FAME yields than
those in which predominated saturated FA (coconut and palm); consequently, glycerides
concentrations were higher for saturated oils and lower for unsaturated oils. The statistical
study of the impact of the reaction parameters on the response variables are summarized in
Tables 3.25 to 3.28.
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Table 3.24 FAME, MG, DG and TG content (expressed as weight percent) in biodiesel samples (DOE I)
RAPESEED OIL
SOYBEAN OIL
COCONUT OIL
FAME
1
2
3
4
5
6
7
8
9
10
11
12

TG

FAME

90.28

MG
DG
(%w/w)
0.81 1.12

3.03

90.04
94.46
94.87
86.00
92.89
88.74
97.07
90.71
89.54
95.07
87.41

0.83
0.56
0.49
1.07
1.00
1.10
0.37
0.66
0.58
0.46
1.07

3.38
1.66
2.02
5.88
1.74
4.12
0.87
2.69
2.90
1.98
5.55

1.17
0.76
1.15
1.73
1.02
1.65
0.59
1.66
2.02
0.96
1.15

TG

FAME

94.29

MG
DG
(%w/w)
1.30
2.50

2.03

91.40

92.24
96.77
94.68
93.95
95.94
91.02
97.19
94.34
94.55
94.40
93.14

1.90
1.00
1.10
1.20
1.10
1.50
0.92
1.20
1.10
1.20
0.90

2.45
1.24
1.17
1.34
1.13
2.32
0.86
1.24
1.36
1.17
1.51

86.60
90.20
88.80
88.20
87.60
81.80
94.40
88.30
89.70
92.10
83.60

4.50
1.90
2.20
3.00
2.80
4.40
1.60
2.80
2.90
3.10
2.60

MG+ DG +TG
(%w/w)
8.60
13.40
9.80
11.20
11.80
12.40
18.20
5.60
11.70
10.30
7.90
16.40

Note: FAME: Fatty acid methyl esters; MG: monoglycerides; DG: diglycerides; TG: triglycerides; DOE: design of experiment

PALM OIL
FAME
90.90

MG
DG
(%w/w)
1.30
2.50

4.80

83.80
92.00
92.20
89.20
90.30
84.40
93.80
90.10
90.00
88.60
90.50

1.90
1.00
1.10
1.20
1.10
1.50
0.92
1.20
1.10
1.20
0.90

9.40
4.90
4.30
6.30
5.60
9.40
3.40
5.60
5.70
6.80
5.70

4.50
1.90
2.20
3.00
2.80
4.40
1.60
2.80
2.90
3.10
2.60

TG
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Table 3.25 Effects of each reaction parameter on the response variable for rapeseed
BD (DOE I). A: MG; B: DG; C: TG and D: FAME

A

B

Stnd.
PEffect Estimate
F-Ratio
Error
Value
Average
0.62
0.04
Catalyst -0.41
0.09 19.70 0.1411
US cycle -0.32
0.09 12.00 0.1789
2
R = 99.58

Stnd.
Effect Estimate
F-Ratio
Error
Average
1.84
0.18
Catalyst
-1.49
0.42
12.79
US cycle
0.43
0.42
1.05
2
R = 96.77

C
Effect
Average
Catalyst
US cycle

PValue
0.17
0.49

D

Stnd.
PF-Ratio
Error
Value
2.80
0.11
-3.32
0.24 187.46 0.0464
0.07
0.24
0.08
0.82
2
R = 99.91

Estimate

Effect
Average
Catalyst
US cycle

Stnd.
PF-Ratio
Error
Value
90.13
0.59
9.29
1.35 47.32
0.09
-0.96
1.35
0.51
0.61
2
R = 99.46

Estimate

Note: If (P-value) is ≤ 0.05, the reaction parameter is significant at 95% confidence level

Table 3.26 Effects of each reaction parameter on the response variable for soybean
BD (DOE I). A: MG; B: DG; C: TG and D: FAME

A
Effect
Average
Catalyst
US cycle

B

Stnd.
PF-Ratio
Error
Value
0.55
0.06
-0.12
0.09
2.12
0.20
-0.35
0.09
14.62 0.0087
2
R = 96.14

Estimate

Effect
Average
Catalyst
US cycle

Stnd.
PF-Ratio
Error
Value
0.82
0.16
-0.43
0.25 3.00
0.13
-0.36
0.27 1.86
0.22
2
R = 95.15

Estimate

C

D

Stnd.
PEffect Estimate
F-Ratio
Error
Value
Average
1.38
0.17
Catalyst -0.82
0.25 10.72 0.0169
US cycle -0.43
0.27
2.59
0.16
2
R = 94.12

Effect
Average
Catalyst
US cycle

Stnd.
F-Ratio P-Value
Error
94.79 0.53
3.30
0.81 16.48 0.0067
1.69
0.86 3.85
0.10
2
R = 98.54

Estimate

Note: If (P-value) is ≤ 0.05, the reaction parameter is significant at 95% confidence level

Table 3.27 Effects of each reaction parameter on the response variable for coconut
BD (DOE I). A: MG + DG + TG and B: FAME

A

B

Stnd.
PEffect Estimate
F-Ratio
Error
Value
Average 10.39
0.85
Catalyst -7.13
1.52 21.90 0.0034
US cycle -3.77
1.52
6.11 0.0484
2
R =84.40

Effect
Average
Catalyst
US cycle

Stnd.
F-Ratio P-Value
Error
89.61 0.85
7.13
1.52 21.90 0.0034
3.77
1.52 6.11 0.0484
2
R =84.40

Estimate

Note: If (P-value) is ≤ 0.05, the reaction parameter is significant at 95% confidence level
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Table 3.28 Effects of each reaction parameter on the response variable for palm
BD (DOE I). A: MG; B: DG; C: TG and D: FAME

A
Effect
Average
Catalyst
US cycle

Effect
Average
Catalyst
US cycle

B

Stnd.
PF-Ratio
Error
Value
1.24
0.11
-0.42
0.19
4.85
0.07
-0.26
0.19
1.80
0.23
2
R = 59.26
C
Stnd.
PF-Ratio
Estimate
Error
Value
5.85
0.52
-3.97
0.93 18.21 0.0053
-1.36
0.93
2.16
0.19
2
R = 78.79
Estimate

Effect
Average
Catalyst
US cycle

Effect
Average
Catalyst
US cycle

Stnd.
Error
2.88
0.22
-1.93
0.40
-0.77
0.40
2
R = 82.95
D
Stnd.
Estimate
Error
89.7
0.81
6.43
1.45
2.37
1.45
2
R = 80.28

Estimate

PValue

F-Ratio

23.80 0.0028
3.74
0.10

FPRatio Value
19.81 0.0043
2.68 0.15

Note: If (P-value) is ≤ 0.05, the reaction parameter is significant at 95% confidence level

As expected, both reaction parameters had a positive impact on FAME yield, which means that
an increase in the amount of catalyst and reaction time would increase FAME yield. Table 3.29
summarizes the significance (at 95% confidence level) and the type of effect caused by the
reaction parameters on response variables. As can be seen, both reaction parameters
enhanced the formation of FAME and decreased glycerides concentration. The only exception
occurs for soybean BD which underwent a positive effect for DG and TG by increasing the
duration of the US cycles. Regarding the significance of the reaction parameters, there is not a
clear trend. The only BD for which all parameters are significant at 95% confidence level is that
from coconut oil.
Table 3.29 Optimization steps of BD production (DOE I)
RAPESEED BIODIESEL
Unsaturated
RANGE
EFFECT
oils
MG DG
TG
FAME
Molar ratio
Catalyst
(KOH % w/w)
Duty cycle (%)
Amplitude (%)
US cycle

Saturated
oils
Molar ratio
Catalyst
(KOH % w/w)
Duty cycle (%)
Amplitude (%)
US cycle

5
0.8-1.2
70
50
1-3

-

-

---

+

0.8-1.2

-

70
50
1-3

Not evaluated

FAME

5

70
50
1-3

SOYBEAN BIODIESEL
EFFECT
MG DG TG

FAME

5

+
+
COCONUT BIODIESEL
RANGE
EFFECT
MG DG
TG

0.8-1.2

RANGE

-

-

---

+++

Not evaluated

--PALM BIODIESEL
RANGE
EFFECT
MG DG TG

+

FAME

5
---

+++

0.8-1.2

+++

70
50
1-3

Not evaluated
---
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---

---

+++

Not evaluated
-

-

-

+
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Desirability study of response surface methodology:
As previously mentioned, the RSM is a set of mathematical and statistical tools used to model
and analyze systems involving inter-related variables with the aim of establishing their optimal
values [40]. In this case, the variables of interest (response variables) are the concentration of
FAME, MG, DG and TG. These variables are influenced by the amount of catalyst and the
reaction time (reaction parameters). Due to the especial characteristics of the system, the
response variables have opposite sign in such a way that the concentration of FAME should be
maximized, while those of glycerides should be minimized. Thus, the desirability function
combines multiple responses into one single response and takes values from 0 (one or more
product characteristics are unacceptable) to 1 (all product characteristics are on target) [41].
The inputs are mean response estimates, target value, and upper and lower acceptability
bounds, which, in the case of BD, the upper bound for FAME yield would achieve 96.5 % w/w.
This value is established according to the standard EN 14103. The lowest bounds for glycerides
concentration are 0.2 % w/w for DG and TG and 0.8% w/w for MG, values required by the
standard EN 14105. Figure 3.10 shows the surface contour for each synthesized BD and the
trends of the reaction parameters to achieve maximum desirability. Figure 3.11 depicts the
response surface of desirability of rapeseed oil and soybean oil BD that meet the standard EN
14103 with concentrations of MG, DG and TG lower than 0.8 % w/w, as listed in Table 3.24.
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a) Rapeseed oil biodiesel

b) Soybean oil biodiesel

c) Coconut oil biodiesel

d) Palm oil biodiesel

Figure 3.10 Contours of estimated response surfaces (DOE I)
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a) Rapeseed oil biodiesel

b) Soybean oil biodiesel
Figure 3.11 Response surfaces for rapeseed oil and soybean oil biodiesel (DOE I)

In the case of coconut oil and palm oil BD, none of the values reached 96.5% of FAME yield
required by the standard EN 14103. After statistical analysis, the desirability study provided
optimal values for each reaction parameter. For rapeseed oil, coconut oil and palm oil BD, the
optimum values were 1.2% w/w catalyst and 3 US cycles. It is noteworthy that the optimal
values are the upper bounds of each experimental design; therefore, the working range should
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be expanded to obtain a better response. On the other hand, the optimum concentration of
catalyst for soybean oil BD is 1.10% w/w with 3 US cycles.

3.2.4.1.2 Second design of experiments
As in the previous design of experiments, a 3-level response surface was created to study the
effects of two factors (amount of catalyst and US cycle) in 12 runs, including three center
points per block and 6 degrees of freedom. The response variables were the same used in the
first design, i.e. the concentration of MG, DG, TG and FAME as weight percent. BD samples
were tested as provided in the materials and methods section.

Statistical analysis:
The results of FAME and glycerides contents are listed in Table 3.30. Results of this second
design are similar to those of the first one, while FAME yields are slightly higher for rapeseed
and soybean oils. The highest FAME yields for both designs are the upper bounds of the
experiment that in the first design yielded 97.07 and 97.19% w/w for rapeseed oil and soybean
oil, respectively, and higher than 98% for the second design. These values represent an
increase of 1%, but at expenses of a working temperature of 50 °C, which means a higher
energy consumption and an increase of the final cost of BD, as a result. Glycerides
concentrations are also similar in both experimental designs. Particularly, they were a little
higher in the first design, but in any case, the concentrations of DG and TG meet the
requirements of the EN 14105. Regarding coconut and palm oils, FAME yields are still lower
than those provided by soybean and rapeseed oils, but improved as compared to the first
design results. None of them reached the minimum value of the standard EN 14103, which
requires a 96.5% w/w yield. Regarding statistical analysis of the data, the effects of each
reaction parameter on each response as well as its significance have also been evaluated.
Tables 3.31 to 3.34 list the most significant statistical parameters, while Table 3.35 summarizes
the effects of each reaction parameter on the response variables. It is noticeable that, as in the
first experimental design, both amount of catalyst and US cycles have a positive effect on the
formation of FAME and a negative effect on glycerides formation. The only exception is the
concentration of MG in palm oil BD that has a positive effect. On the other hand, reaction
parameters have on response variables either a significant or non-significant effect.
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Table 3.30 FAME, MG, DG and TG content (expressed as weight percent) in biodiesel samples (DOE II)
RAPESEED OIL
SOYBEAN OIL
COCONUT OIL
FAME
1
2
3
4
5
6
7
8
9
10
11
12

92.70
89.25
97.25
93.94
93.37
93.99
88.93
98.53
93.21
94.66
96.91
92.20

MG
DG
(%w/w)
0.40 0.87
0.51 1.42
0.49 0.71
0.41 0.49
0.49 0.71
0.43 0.76
0.83 1.96
0.34 0.20
0.64 0.69
0.52 0.96
0.50 0.52
0.68 1.19

TG

FAME

2.42
3.33
1.25
1.69
1.37
1.78
4.04
0.29
3.20
1.89
1.07
2.60

93.04
91.79
96.77
94.11
95.76
93.77
90.23
98.10
95.82
95.15
96.09
93.42

MG
(%w/w)
0.65
0.68
0.46
0.52
0.48
0.75
0.70
0.41
0.68
0.63
0.38
0.58

DG

TG

FAME

1.11
1.18
0.53
0.80
0.78
0.69
1.35
0.19
1.03
0.88
0.70
0.92

1.91
2.01
1.10
1.62
1.51
2.51
3.13
0.28
1.94
1.94
1.09
1.89

94.00
92.90
95.50
92.60
92.10
91.30
89.20
95.10
91.50
91.60
93.50
91.30

MG+ DG +TG
(%w/w)
6.00
7.10
4.50
7.40
7.90
8.70
10.80
4.90
8.50
8.40
6.50
8.70

Note: FAME: Fatty acid methyl esters; MG: monoglycerides; DG: diglycerides; TG: triglycerides; DOE: design of experiments

PALM OIL
FAME
91.40
87.10
94.20
93.70
91.50
92.20
85.80
92.10
91.40
92.40
91.20
84.30

MG
DG
(%w/w)
1.10
2.10
1.10
3.40
0.90
1.60
0.90
1.80
1.00
2.30
1.20
2.00
1.30
4.10
0.80
1.60
1.90
1.80
1.70
1.80
1.40
2.00
1.60
3.50

TG
5.20
8.10
3.10
3.30
4.90
4.20
8.40
4.80
4.60
3.90
5.10
9.90
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Table 3.31 Effects of the reaction parameters on the response variables for rapeseed oil BD
(DOE II). A: MG; B: DG; C: TG and D: FAME

A

B

Stnd.
PEffect Estimate
F-Ratio
Error
Value
Average
0.49
0.05
Catalyst -0.25
0.10
5.80 0.0527
US cycle -0.09
0.11
0.70
0.43
2
R = 54.01

Effect
Average
Catalyst
US cycle

Stnd.
PF-Ratio
Error
Value
0.83
0.10
-0.89
0.19 22.81 0.0031
-0.70
0.21 10.90 0.0164
2
R = 87.04

Estimate

C
Effect
Average
Catalyst
US cycle

D

Stnd.
PF-Ratio
Error
Value
1.85
0.25
-2.24
0.49 24.95 0.0025
-0.85
0.51
2.30
0.18
2
R = 83.04

Estimate

Effect
Average
Catalyst
US cycle

Stnd.
PF-Ratio
Error
Value
93.86
0.43
6.11
1.37 19.75 0.0044
4.18
1.58
6.97 0.0385
2
R = 81.78

Estimate

Note: If (P-value) is ≤ 0.05, the reaction parameter is significant at 95% confidence level

Table 3.32 Effects of the reaction parameters on the response variables for soybean oil BD
(DOE II). A: MG; B: DG; C: TG and D: FAME

A
Effect
Average
Catalyst
US cycle

B

Stnd.
PF-Ratio
Error
Value
0.63
0.04
-0.19
0.07
7.34 0.0352
-0.11
0.07
2.46
0.17
2
R = 73.55

Estimate

Effect
Average
Catalyst
US cycle

Stnd.
PF-Ratio
Error
Value
0.90
0.08
-0.64
0.14 20.52 0.0040
-0.37
0.14
6.91 0.0391
2
R = 82.84

Estimate

C
Effect
Average
Catalyst
US cycle

D

Stnd.
PF-Ratio
Error
Value
1.92
0.21
-1.34
0.37 13.02 0.0113
-1.0
0.37
7.21 0.0363
2
R = 78.33

Estimate

Effect
Average
Catalyst
US cycle

Estimate

Stnd.
PF-Ratio
Error
Value

94.74
4.51
0.61
2.50
1.09
2
R = 80.22

17.18 0.0060
5.29 0.0612

Note: If (P-value) is ≤ 0.05, the reaction parameter is significant at 95% confidence level

Table 3.33 Effects of the reaction parameters on the response variables for coconut oil BD
(DOE II). A: MG+DG+TG and B: FAME

A
Effect
Average
Catalyst
US cycle

B

Stnd.
Estimate
F-Ratio P-Value
Error
7.42
0.61
-3.27
1.10
8.83 0.0249
-2.00
1.10
3.31 0.1188
2
R = 68.82

Effect
Average
Catalyst
US cycle

Stnd.
FP-Value
Error Ratio
92.57 0.61
3.26
0.10 8.83 0.0249
2.00
1.10 3.31
0.12
2
R = 68.82

Estimate

Note: If (P-value) is ≤ 0.05, the reaction parameter is significant at 95% confidence level
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Table 3.34 Effects of the reaction parameters on the response variables for palm BD (DOE II).
A: MG; B: DG; C: TG and D: FAME

A

B

Stnd.
PEffect Estimate
F-Ratio
Error
Value
Average
1.35
0.12
Catalyst -0.57
0.23
6.09 0.0486
US cycle
0.36
0.26
1.89
0.22
2
R = 64.30

Stnd.
PEffect Estimate
F-Ratio
Error
Value
Average
2.24
0.25
Catalyst
-1.43
0.48 8.83 0.0249
US cycle
-1.15
0.56 4.29
0.08
2
R = 73.26

C

D

Effect

Stnd.
Error
5.56
0.89
-3.3
1.71
-0.92
1.97
2
R = 48.58

Estimate

Average
Catalyst
US cycle

FRatio

PValue

3.72
0.22

0.10
0.66

Effect
Average
Catalyst
US cycle

Stnd.
F-Ratio
Error
90.49 1.24
5.23
2.37 4.87
1.52
2.73 0.31
2
R = 53.11

PValue

Estimate

0.07
0.06

Note: If (P-value) is ≤ 0.05, the reaction parameter is significant at 95% confidence level

Table 3.35 Optimization steps of biodiesel production (DOE II)
RAPESEED OIL BIODIESEL
Unsaturated
RANGE
EFFECT
oils
MG DG
TG
FAME
Molar ratio
Catalyst
(KOH % w/w)
Duty cycle (%)
Amplitude (%)
US cycle

Saturated
oils
Molar ratio
Catalyst
(KOH % w/w)
Duty cycle (%)
Amplitude (%)
US cycle

5
0.8-1.2
70
50
1-3

5
-

---

---

+++

Not evaluated

--+++
COCONUT OIL BIODIESEL
RANGE
EFFECT
MG DG
TG
FAME
5
0.8-1.2
70
50
1-3

SOYBEAN OIL BIODIESEL
RANGE
EFFECT
MG DG TG FAME

0.8-1.2

---

70
50
1-3

---

---

+++

Not evaluated

----+
PALM OIL BIODIESEL
RANGE
EFFECT
MG DG TG FAME
5

---

+++

0.8-1.2

+

70
50
1-3

Not evaluated
-

---

---

-

+

Not evaluated
+

-

-

+

Note: (+) means that the variable has a positive but non significant effect; (- ) means that the variable has negative
but non significant effect; (+++) indicates that the variable has positive significant at 95% confidence level; (---)
indicates that the variable has negative significant effect at 95% confidence

Desirability study of response surface:
As in the previous experimental design, a RSM study was conducted. The optimum value for
the amount of catalyst is the upper limit of the experiment (1.2% w/w) except for rapeseed oil
BD that is 1.17% w/w. Therefore, the amount of catalyst could be further increased to achieve
higher yields of FAME and lower concentrations of glycerides. Similarly, the number of US
cycles could be increased for all oils, except for palm oil BD, with an optimum number of US
cycles of 2.75. Figure 3.12 shows the surface contour for each synthesized BD in the second
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design. In these graphs, the trends of reaction parameters maximum desirability value can be
observed. As in the previous design of experiment, for rapeseed oil and soybean oil BD, the
response surface shows that the lower bound of yield of FAME is set at 96.5% as fixed in the
EU Standard EN 14103. However, the upper bound for the glycerides contents was set to 0.8 %
w/w because the content of TG exceeded the EU standard limits (EN 14105). The responses for
both BD are schematized in Figure 13. In the case of coconut oil and palm oil BD, any BD
obtained filled the values fixed in the standard EN 14214 for yield of FAME and for glycerides
content. Thus, response surface desirability for both oils is not represented.

Comparison between the properties of the optimal design values for each experiment:
In general, the comparison of both designs shows an increase in FAME yield and a decrease of
glycerides concentrations, especially TG, from the first to the second DOE. Table 3.36 shows
some of the main physical and chemical properties of each BD produced under the optimum
working conditions, in both DOE, compared with the corresponding reference value according
to the EN 14214 standard. As can be also seen in Table 3.36, the optimum of the first DOE for
rapeseed oil and soybean oil BD meets the standard values, except for DG, TG and glycerol
concentrations, while coconut oil and palm oil BD only met the physical properties but none of
the chemical ones. Regarding chemical properties of the optimum BD obtained from the
second DOE, BD from oils with higher content of unsaturated FA (rapeseed and soybean) meet
most of the EN 14214 standard thresholds (only DG and glycerol concentrations are higher
than the upper limits of standard values). However, glycerol values are very close to the
standard set value (0.2 % w/w). In the case of oils with higher content of saturated FA (coconut
and palm) the results are not so good. Although palm oil BD complies for glycerol and MG
concentrations, the remaining parameters are out of the norm by far. Regarding physical
properties, the values are met for all four types of BD, except flash point value for coconut oil
BD. In sum, comparison of the properties of BD from the optimum values of both experimental
designs allows to conclude that first, with regards to the chemical properties, an increase of
yield of FAME and a decrease of glycerides (especially TG) are observed under the optimal
conditions of the second DOE with respect to the first; therefore, heating the sample at 50 °C
between consecutive US cycles is effective for all oils.
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a) Rapeseed oil BD

b) Soybean oil BD

c) Coconut oil BD

d) Palm oil BD

Figure 3.12 Contours of estimated response surfaces (DOE II)
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Table 3.36 Main chemical and physical properties of the biodiesel
conditions of each design of experiments
QUALITY
RAPESEED OIL
SOYBEAN OIL
PARAMETERS
BD
BD
Property
Standard
DOE I
DOE II
DOE I
DOE II
MG
EN 14105
0.37
0.56
0.37
0.68
(% w/w)
Max: 0.8
DG
EN 14105
0.37
0.34
0.20
0.41
(% w/w)
Max: 0.2
TG
EN 14105
0.59
0.20
0.86
0.19
(% w/w)
Max: 0.2
GLY
EN 14105
0.76
0.29
0.77
0.28
Max: 0.25
(% w/w)
FAME
EN 14103
97.07
98.53
97.19
98.10
(% w/w)
Min: 96.5
LEC
EN 14103
9.47
9.05
6.53
6.52
(% w/w)
Max: 12
EN ISO
172
176.3
171
168.4
FP (°C)
2719
Min: 120
ASTM
39456
39221
3997
39437
HCV (J/g)
D240
EN ISO
WC
398
409
403
398
12937
(ppm)
Max: 500
EN ISO
µ
3401
2
4.2
4.3
3.9
4.4
(mm /s)
Max: 3.5;
at 40 ºC
Min: 5
EN ISO
ρ
3675
3
(kg/m )
884
885
884
886
Max: 860;
at 15 ºC
Min: 900

produced under the optima working
COCONUT OIL BD
DOE I

5.60

DOE II

4.90

PALM OIL BD
DOE I

DOE II

0.92

0.30

1.60

0.90

3.40

1.80

-

-

0.20

0.20

94.40

95.10

93.80

94.20

-

-

-

-

112

110

142

138

38214

38021

39174

39015

303

310

350

342

4.8

4.7

4.7

4.8

897

890

890

892

Note: MG: monoglycerides; DG: diglycerides; TG: triglycerides; GLY: glycerol; LEC: linolenic acid ester content;
FAME: Fatty Acid Methyl Esters; FP: flash point; HCV: high calorific value; WC: water content; µ: kinematic viscosity;
ρ: density.

Secondly, it is remarkable that rapeseed and soybean oils are more appropriate to synthesize
BD assisted by US. In both designs of experiments, rapeseed oil and soybean oil BD are close to
meet the standard EN 14214 for glycerides, which is one of the most restrictive and difficult
standard to meet. Finally, palm oil and coconut oil BD would require an alternative DOE to
improve the physical and chemical properties to become viable biofuels. Moreover, an
important result obtained is the reduction of reaction time with respect to the conventional
transesterification. In this study, US-assisted transesterification of oils with high content of
unsaturated oils allows obtaining FAME that meets most of the chemical parameters of the
standard EN 14214 in a shorter time (13 min 48 s) compared to traditional transesterification
reactions, that combine heating and stirring as auxiliary power and generally needing at least
30 min to several hours to achieve the same FAME conversions [42-44]. Accordingly, the
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assistance of US to transesterification of oils with high content of unsaturated FA allows
obtaining BD with high quality in a shorter reaction time than that required for conventional
transesterification.

a) Rapeseed oil BD

b) Soybean oil BD
Figure 3.13 Response surfaces for rapeseed oil and soybean oil biodiesel (DOE II)

Single factor ANOVA analysis between both DOE
In order to clarify if is desirable to heat the reaction mixture at 50 °C in steps where the
conventional transesterification is carried out, a single factor ANOVA analysis between each
type of BD (DOE I and DOE II) were performed. As can be seen in the Table 3.37, it exist
significant differences for coconut oil BD in both FAME conversions and glycerides
concentrations.
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Table 3.37 Single factor ANOVA analysis for each reaction parameter
between DOE I and DOE II
RAPESEED OIL BIODIESEL
ANOVA

FAME

Source of variation
Between groups
Within groups

SS
32.34
221.86

DF
1
22

Total

254.20

23

Source of variation
Between groups
Within groups

SS
0.32
0.97

DF
1
22

Total

1.29

23

MS
32.34
10.08

ANOVA

F
3.21

P-value
0.09

F-critical
4.30

P-value
-02
1.38·10

F-critical
4.30

P-value
0.05

F-critical
4.30

P-value
0.11

F-critical
4.30

FAME
F
0.02

P-value
0.88

F-critical
4.30

MG
F
51.78

P-value
-07
3.20·10

F-critical
4.30

DG
F
57.15

P-value
-07
1.49·10

F-critical
4.30

TG
F
1.04

P-value
0.32

F-critical
4.30

MG
MS
0.32
0.04

ANOVA

F
7.17

DG

Source of variation
Between groups
Within groups

SS
0.84
4.42

DF
1
22

Total

5.26

23

MS
0.84
0.20

ANOVA

F
4.20

TG

Source of variation
Between groups
Within groups

SS
4.94
38.96

DF
1
22

Total

43.90

23

MS
4.94
1.77

F
2.79

SOYBEAN OIL BIODIESEL
ANOVA
Source of variation
Between groups
Within groups
Total
ANOVA
Source of variation
Between groups
Within groups
Total
ANOVA
Source of variation
Between groups
Within groups
Total
ANOVA
Source of variation
Between groups
Within groups
Total

SS
0.10
87.72
87.81
SS
2.34
1.00
3.34
SS
24.28
9.35
33.63
SS
0.40
8.56
8.96

DF
1
2
23
DF
1
2
23
DF
1
2
23
DF
1
2
23

MS
0.10
3.99

MS
2.34
0.05

MS
24.28
0.42

MS
0.40
0.39
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COCONUT OIL BIODIESEL
ANOVA
Source of variation
Between groups
Within groups
Total
ANOVA
Source of variation
Between groups
Within groups
Total

SS
95.60
168.90
264.50
SS
95.60
168.90
264.50

DF
1
22
23
DF
1
22
23

MS
95.60
7.68

FAME
F
12.45

P-value
-03
1.89·10

F-critical
4.30

MG+DG+TG
MS
F
P-value
-03
95.60 12.45 1.89·10
7.68

F-critical
4.30

PALM OIL BIODIESEL
ANOVA

FAME

Source of variation
Between groups
Within groups

SS
5.50
201.03

DF
1
22

Total

203.53

23

MS
5.50
10.05

ANOVA

F
0.55

P-value
0.47

F-critical
4.35

P-value
0.66

F-critical
4.35

P-value
0.17

F-critical
4.35

P-value
0.49

F-critical
4.35

MG

Source of variation
Between groups
Within groups

SS
0.02
2.13

DF
1
22

Total

2.15

23

MS
0.02
0.11

ANOVA

F
0.20

DG

Source of variation
Between groups
Within groups

SS
1.58
15.92

DF
1
22

Total

17.50

23

Source of variation
Between groups
Within groups

SS
2.10
86.30

DF
1
22

Total

88.40

23

MS
1.58
0.80

ANOVA

F
1.99

TG
MS
2.10
4.31

F
0.49

Note 1: SS: sum of squares; DF: degrees of freedom; MS: mean squares
Note 2: If P-value is ≥ 0.05, significant differences between response variables comparing
DOE I and DOE II are found.

By the way, heating the reaction mixture at 50 °C is an interesting option to reduce both
glycerides concentrations and to increase FAME yield for coconut oil BD would be strongly
recommended in any experiment. Additionally, although there is not any significant difference
between FAME conversions, there are also significant differences for MG concentrations in
rapeseed oil BD and MG and DG concentrations in soybean oil BD. In this case, heating the
reaction mixture would be justified in order to reach lower glycerides concentrations and meet
EN 14105 standard. The other hand, palm oil BD does not present any significant differences
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between DOE I and DOE II. In this case, the fact of heating the reaction mixture would not be
considered a solution to achieve a higher BD quality from statistically standpoint. Additionally,
the software used allows the prediction of both FAME and glyceride concentration as a
function of catalyst concentration and US cycle. Table 3.38 shows these equations.

Table 3.38 Predictive equations for each response variable as a function of reaction parameters in
both DOE
RAPESEED OIL BIODIESEL
DOE I
2
FAME = 20.64 + 162.90·(Catalyst) - 23.10·(US cycle) - 70.75·(Catalyst) + 0.91·(Catalyst)·(US cycle)
2
+5.42·(US cycle)
2
MG = 7.01 - 12.57·(Catalyst ) + 0.56·(US cycle) + 6.50·(Catalyst) - 0.72·(Catalyst )·(US cycle)
2
DG = 3.14 - 3.85·(Catalyst) + 2.27·(US cycle) - 2.25·(Catalyst) + 2.32·(Catalyst )·(US cycle) 2
1.09·(US cycle)
2
TG = 31.57 - 63.00·(Catalyst) + 6.835· (US cycle) + 30.75·(Catalyst) - 3.40·(Catalyst)·(US cycle) 2
0.85·(US cycle)
DOE II
2
FAME = 48.86 + 73.99·(Catalyst)- 1.39·(US cycle) - 29.74·(Catalyst) + 0.38·(Catalyst)·(US cycle) +
2
0.77·(US cycle)
2
MG = 2.47 - 2.78·(Catalyst)- 0.23·(US cycle) + 0.93·(Catalyst) + 0.15·(Catalyst)·(US cycle) +
-03
2
8.63·10 ·(US cycle)
2
DG = 12.46 - 19.85·(Catalyst) - 0.23·(US cycle) + 7.59·(Catalyst) + 1.22·(Catalyst)·(US cycle) 2
0.33·(US cycle)
2
TG = 23.55 - 40.02·(Catalyst )+ 1.78·(US cycle) + 17.65·(Catalyst) - 0.70·(Catalyst)·(US cycle) 2
0.38·(US cycle)
SOYBEAN OIL BIODIESEL
DOE I
2
FAME = 71.37 + 33.11·(Catalyst )+ 1.88·(US cycle) - 12.91·(Catalyst) + 0.48·(Catalyst)·(US cycle) 2
0.38·(US cycle)
2
MG = 4.28- 5.95·(Catalyst) - 0.430·(US cycle) + 2.30·(Catalyst) + 0.51·(Catalyst)·(US cycle) 2
0.064· (US cycle)
2
DG = 10.19 - 19.41·(Catalyst) + 1.064·(US cycle) + 8.90·(Catalyst) + 0.26·(Catalyst)·(US cycle) - 0.37·(US
2
cycle)
2
TG = 16.84 - 29.44·(Catalyst) + 0.50·(US cycle) + 13.06(Catalyst) + 0.62·(Catalyst)·(US cycle) 2
0.33·(US cycle)
DOE II
2
FAME = 58.72 + 62.40·(Catalyst) - 2.07·(US cycle) - 26.56·(Catalyst) + 1.00·(Catalyst)·(US cycle) +
2
0.58·(US cycle)
2
MG = 0.90- 0.87·(Catalyst) + 0.46·(US cycle) + 0.18·(Catalyst) + 0.012·(Catalyst)·(US cycle) 2
0.13·(US cycle)
2
DG = 2.01- 1.22·(Catalyst) + 0.49·(US cycle) + 0.031·(Catalyst) - 0.22·(Catalyst) ·(US cycle) 2
0.11(US cycle)
2
TG = 3.70 - 0.85·(Catalyst) + 0.82·(US cycle) - 1.12·(Catalyst) - 0.12·(Catalyst)·(US cycle) 2
0.3·(US cycle)

142

Chapter 3: Ultrasound-assisted biodiesel synthesis of edible vegetable oils

COCONUT OIL BIODIESEL
DOE I
2
FAME = 28.68 + 104.59·(Catalyst) - 2.17·US cycle - 48.13·(Catalyst) + 4.75·(Catalyst)·(US cycle) 2
0.18·(US cycle)
2
MG+DG+ TG = 71.31 - 104.58·Catalyst + 2.16·(US cycle) + 48.12·(Catalyst) -4.75·(Catalyst) · (US cycle) +
2
0.17·(US cycle)
DOE II
2
FAME = 97.38 - 26.58·(Catalyst )+ 3.40·(US cycle) + 16.88·(Catalyst) + 0.50·(Catalyst) ·(US cycle) 2
0.73·(US cycle)
2
MG+ DG +TG = 2.61+ 26.5833·(Catalyst) - 3.40·(US cycle) - 16.88·(Catalyst) 2
0.50·(Catalyst) ·(US cycle) + 0.72·(US cycle)
PALM OIL BIODIESEL
DOE I
2
FAME = 48.05 + 54.83·(Catalyst) + 5.00·(US cycle) - 13.75·(Catalyst) - 5.62·(Catalyst)·(US cycle) +
2
0.45·(US cycle)
2
MG = 5.22 - 6.61667·(Catalyst) - 0.015· (US cycle) + 2.25·(Catalyst) + 0.52·(Catalyst)·(US cycle) 2
0.16·(US cycle)
2
DG = 12.33 - 10.33·(Catalyst) - 1.48·(US cycle) + 1.25·(Catalyst) + 1.50·(Catalyst) ·(US cycle) 2
0.10·(US cycle)
2
TG = 34.42 - 38.79·(Catalyst) - 3.53·(US cycle) + 10.93·(Catalyst) + 3.0·(Catalyst) ·(US cycle) 2
0.16· (US cycle)
DOE II
2
FAME = 53.19 + 46.99·(Catalyst) + 6.49·(US cycle) - 7.95·(Catalyst) - 9.00·(Catalyst) ·(US cycle) +
2
0.81·(US cycle)
2
MG = -5.14+ 12.37·(Catalyst) + 0.83·(US cycle) - 6.02·(Catalyst) - 0.87·(Catalyst) ·(US cycle) +
2
0.054·(US cycle)
2
DG = 19.86 - 26.67·(Catalyst) - 1.914·(US cycle) + 8.92·(Catalyst) + 2.62·(Catalyst)·(US cycle) 2
0.320·(US cycle)
2
TG = 31.84 - 34.56·(Catalyst) - 4.40·(US cycle) + 6.53·(Catalyst) + 6.62·(Catalyst)·(US cycle) 2
0.70·(US cycle)

3.2.5 Conclusions
US-assisted transesterification of four different vegetable oils has been studied by optimization
of US (including stirring with or without heating between consecutive ultrasonic cycles) and
chemical parameters, in which the response variables were glycerides contents and FAME
yield. Significant differences among oils behavior, in terms of optimized transesterification
parameters, were observed. In general, reaction parameters show a positive effect on FAME
formation and a negative effect on glycerides formation. In terms of FAME yield and glycerides
concentrations, the oils can be classified in two groups. Oils with higher content of unsaturated
FA (rapeseed and soybean oils) provided higher yields than coconut and palm oils, with a
higher content of saturated FA. In both experimental designs, FAME yields were higher for
unsaturated rapeseed and soybean oils, even surpassing the requirements of the standard EN
14013. In both experimental designs, glycerides and glycerol concentrations did not meet the
European standards, but the values for rapeseed and soybean oils are very close to those of
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the standards and becoming in an interesting alternative to produce a marketable biofuel. The
physical properties (except the value of flash point in the case of coconut oil BD) were satisfied
by all BD. On the contrary, under similar reaction conditions, the chemical properties of BD
from oils with high content of saturated FA did not meet the European standards. In any case,
the use of US-assisted transesterification means significant savings in reaction time to achieve
similar yields using conventional transesterification. The positive influence of the temperature
on FAME yield and properties, while stirring within each sonication cycle has been stated.
Therefore, stirring and heating the sample at reaction temperature between consecutive US
cycles is more effective for oil conversion than stirring and heating at room temperature, in
fact, glycerol and glycerides concentrations are lower. These compounds, through their
combustion, can produce undesirable soot deposits inside the engine and subsequent
malfunctions. Because of this, heating the reaction mixture at 50 °C is recommended in order
to achieve a better final product in spite of being more energetically expensive.
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4.1 ULTRASOUND-ASSISTED BIODIESEL PRODUCTION FROM Camelina
sativa OIL
4.1.1 Abstract
Biodiesel (BD) is a biofuel that is consolidating as one of the most reliable alternatives to diesel
fuel. The main drawbacks of its synthesis are high reaction temperatures, permanent stirring
and heating during the transesterification, and long reaction time. This may be fixed by aiding
transesterification with alternative sources of energy, one of them is ultrasound (US). In this
study, BD was obtained from Camelina sativa oil provided through two extraction methods,
namely mechanical pressing and chemical extraction. The ultrasonic device employed was an
ultrasonic probe at 20 kHz frequency, 70% duty cycle and 50% amplitude. Design of
experiments (DOE)

included the combination of short sonication cycles with cycles of

agitation, with or without heating at 50 °C. The optimal values in terms of fatty acid methyl
esters (FAME) conversion, 98-99% w/w, meet the minimum limit of 96.5% w/w established by
EN 14103 standard. Moreover, a conventional transesterification was carried out with the
optimum reaction parameters, that mean a greater amount of catalyst and a longer reaction
time at 65 °C. FAME yields were lower than those provided by US-assisted transesterification.
In order to compare the energy demanded by each type of synthesized BD and subsequent
energy cost of the process, power measures were performed. Results show that the USassisted transesterification requires lower amount of energy temperature and catalyst, besides
shorter reaction time compared with conventional transesterification to produce BD.

HIGHLIGHTS
•

Camelina sativa oil presents interesting chemical composition for biodiesel production.

•

The use of ultrasound leads to higher conversion and reduces both reaction time and
glycerides concentration.

•

The collation of stirring and heating cycles between sonication cycles improves FAME
yield compared to simple sonication.

•

Ultrasound-assisted transesterification requires less energy consumption for biodiesel
synthesis compared to conventional one.
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4.1.2 Introduction
Nowadays, BD cannot compete with diesel fuel unless tax exemption is applied or a dramatic
cost reduction is achieved through either the process or the raw materials. On one hand, lowinput consumption oilseed crops are investigated to minimize the cost of raw material used for
BD production. In this context, Camelina sativa is an non-food oilseed plant known as “gold of
pleasure” that contains a high content of unsaturated fatty acids (FA) [1]. Although Camelina
sativa oil is not commonly used for human feeding, it has a very interesting chemical
composition from the nutritional standpoint, it is rich in tocopherols and vitamin E. In addition,
over 50% of the FA obtained by cold pressing are polyunsaturated, the main components being
α-linolenic acid (ω-3 FA, about 35-45%) and linoleic acid (ω-6 FA, about 15-20%) [2]. In this
sense, it is important to mention that unsaturation degree of oils is an important parameter
related to BD properties; the higher the unsaturation degree of the FA esters the lower the BD
viscosity [3], which is a key feature to allow the use of BD as fuel in diesel engines. This plant is
member of the Brassicaceae like rapeseed and can be grown in a variety of climate and soil
conditions [4]. Moreover, it also provides good cold weather behavior, while affecting
negatively cetane number and oxidation stability [5]. In addition, it depicts several benefits
from the agronomic point of view: 1) a short growing season (85-100 days), 2) compatibility
with another agricultural practices, a wide climatic tolerance (cold, dry and semi-arid
conditions) and well adaptation to the northern regions of North America, Europe and Asia [6].
This versatility increases the interest of this oilseed plant as feedstock for BD production.
Figure 4.1 shows Camelina sativa plant and seeds. Reducing the reaction time and decreasing
the energy requirements could also lead to reduce BD production cost. To overcome the first
problem, the mass transfer between two immiscible phases must be improved. In recent
years, several alternative energy sources able to improve the mass transfer, to provide low
reaction time at room temperature and reduced amount of catalyst-consumption
transesterification for BD production have been proposed. Among these auxiliary energies are
US [7] and microwaves (MW) [8, 9], that allow significant reductions in reaction time and
temperature. Another alternative to conventional transesterification consists on the use of
oscillatory flow reactors [10] and supercritical and subcritical methanol [11]. Among these
possibilities, the energy source that allows the use of a wide variety of devices and a suitable
adaptation to large scale production is provided by US. US waves are acoustic frequencies
above the range of human hearing [12] and have been applied in diverse fields as medicine,
industry, environment protection, chemistry and molecular biology [13].
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Regarding chemistry, US has been used to improve the kinetics of chemical reactions because
US application cause the formation of free radicals and various other extremely reactive
species [14]. The key to accelerate chemical reactions is a phenomenon known as cavitation
that is the origin of sonochemical effects. Cavitation is the implosion of the bubbles that are
generated when molecules of the propagation medium begin to vibrate [15]. As a result, high
local temperatures are reached in a few seconds after US application [16]. In the last decade,
the transesterification reaction has been carried out using ultrasonic baths [17], ultrasonic
probes [18] and ultrasonic reactors [19]. The first studies were carried out in ultrasonic baths
at fixed frequencies; these devices had little versatility and do not allow direct sonication of
the reaction mixture. This problem was later fixed by the use of ultrasonic probes, providing
the option of tuning some of the physical characteristics of US (frequency, duty cycle and
amplitude) and allowing more sophisticated DOE. Eventually, a significant enhancement of the
reaction was achieved with the use of ultrasonic reactors, as small-scale industrial working
conditions could be reproduced in the laboratory.

Figure 4.1 Camelina sativa plant [20] (left) and Camelina sativa seeds [21] (right)

The main goal of this work is to study the feasibility of US-assisted transesterification, in
combination with agitation cycles (with or without heating at 50 °C) to produce BD from
Camelina sativa oil. Camelina oils from two extraction methods and the influence on BD
conversion have been studied. The sonochemical parameters involved in the US-assisted
transesterification were firstly optimized by means of DOE in order to maximize the reaction
yield. BD from conventional transesterification was produced and the reaction products were
further compared with those provided by the ultrasonic process. Finally, the demand of energy
by the different BD synthesis processes was measured and compared.
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4.1.3 Materials and methods
4.1.3.1.

Camelina sativa oils

BD production was carried out from samples of Camelina sativa oils obtained by two different
extraction methods: mechanical pressing and chemical extraction with hexane, both given by
Institute of Heavy Organic Synthesis “Blachownia” (Kędzierzyn-Koźle, Poland).

4.1.3.2.

Reagents

Reagents used for transesterifications
For transesterification reactions the reagents used were: methanol (MeOH) and potassium
hydroxide (KOH) as catalyst from Panreac Química (Barcelona, Spain).

Reagents used for biodiesel chromatographic analysis
For FAME determination methyl heptadecanoate was used as internal standard purchased
from Sigma-Aldrich (Steinheim, Germany); for MG, DG and TG and glycerol determination the
reagents used were: methanol, pyridine and n-heptane, supplied by JT Baker (Center Valley,
Pennsylvania, USA) while 1,2,4-butanetriol, 1,2,3- tricaproil glycerol (tricaprine), N-Methyl-N(trimethylsilyl) trifluoroacetamide (MSTFA) also supplied by Sigma-Aldrich.

Reagents used for fatty acid determination, peroxide value and acid value analysis
Firstly, hexane and sodium methylate from Panreac were employed for FA determination.
Secondly, for the determination of acid value the following reagents were used: 2-propanol,
toluene, phenolphthalein, ethanol, benzoic acid and potassium hydroxide; similarly for
peroxide value the following chemicals were employed: glacial acetic acid, water PA-ACS,
starch, potassium iodide, sodium thiosulfate and trichloromethane, all acquired from Panreac
and JT Baker (Center Valley, Pennsylvania, USA).

4.1.3.3.

Devices used in transesterification processes

Sonicated transesterifications
The application US was carried out by a digital ultrasonic probe (Branson 450) made up of a
titanium alloy and provided with a tuner that lets work with a variable amplitude and duty
cycle. The device also includes a thermostated water bath in order to dissipate the heat
produced by US, both the probe and the water bath are introduces into a soundproof
chamber. The frequency of the horn is set to 20 kHz and the maximum power reached 450 W
achieved and was supplied by Branson Ultrasonic Corporation (Danbury, Connecticut, USA).

Conventional transesterifications
Conventional transesterifications was held into a heater-stirrer Ovan MBG05E (500 W)
supplied by Espier Group (Barcelona, Spain).
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4.1.3.4.

Equipment for energy consumption studies

Two Fluke analyzers (Everett, Washington, USA) were used in order to carry out power
measurements. One of them was a Fluke 435 three phase power quality analyzer, its maximum
input voltage being 1000 V rms (root-mean squared voltage), working in a nominal voltage
range of 50-500 V, maximum peak voltage of 6 kV, nominal input current of 0.1-3000 A rms
and nominal frequency range of 40-70 Hz. The other power quality analyzer was a Fluke 43B
with a maximum input voltage of 1250 V rms, a nominal voltage range of 50-500 V, a
maximum peak voltage of 6 kV, a nominal input current of 0.5-40 A rms and a nominal
frequency range of 40-70 Hz.

4.1.3.5.

Instrument employed for chromatographic analysis

The description of the equipment used in the chromatographic analysis is already described in
Chapter 3, section 3.1.3.2.

4.1.3.6.

Analysis conducted to oil and biodiesel samples according to European

and American international standards
The description of both methods and equipments used in order to characterize oil and
biodiesel samples are already described in Chapter 3, in section 3.1.3.2. In addition, carbon
residue determination was held into a micro carbon residue tester model MCRT-160 by PAC
(Houston, Texas, USA) in accordance with EN ISO 10370 standard.

4.1.3.7.

Characterization of Camelina sativa oils

FA determination method has been already described in Chapter 3, in section 3.1.3.2

4.1.3.8.

Biodiesel production. Experimental procedure

BD production was carried out from samples of Camelina sativa oil obtained by two different
methods of extraction: (A) mechanical pressing and (B) chemical extraction with hexane.
Conventional and US-assisted transesterification were carried out as described below.

Conventional transesterification
Experiments were carried out in batch. 40 g of oil were placed into a conical 250 mL flask,
immersed in a methacrylate thermostatic bath filled with water at 65 °C. Then, the methanolpotassium hydroxide solution was added. The reaction mixture was magnetically stirred at 900
rpm and the temperature was monitored after each reaction using a digital thermometer.

Ultrasound-assisted transesterification
Experiments were carried out in batch. 20 g of Camelina sativa oil was weighed into a flask
and then, the methanol-potassium hydroxide solution was added. Each mixture was sonicated
in a water bath for a scheduled time, combined with agitation cycles (heated or not at 50ºC)
according to the DOE described below. At the end of each experiment, BD samples were
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subjected to centrifugation for 4 min at 4000 rpm to separate glycerol from FAME; then, the
latter were stored inside a refrigerator at 4 °C. The optimization of US-assisted BD production
was carried out following three DOE, according to Table 4.1. In the first one, a variable number
of sonication cycles at various catalyst concentrations were carried out. After each sonication
cycle, the temperature in the system was measured and in every case exceeded 43 °C. It is
worth emphasizing that the probe may not work at temperatures above 45 °C without risk of
malfunction due to overheating. For this reason, a stop step of one minute was introduced
between each sonication cycle in DOE I. In the second DOE, between each sonication cycle, a
stirring cycle of five minutes at 900 rpm at room temperature was added. In the third one, a
stirring cycle at 900 rpm while the reaction mixture was heated at 50 °C during five minutes
was added after each sonication cycle.

4.1.3.9.

Power measurements

All the power measurements were carried out by connecting both ultrasonic horn and heaterstirrer device to Fluke 435 analyzer. In order to manage the voltage and frequency from the
electric current outlet, the Fluke 43B analyzer was connected to electric current. The working
voltage and frequency were 229.1 V and 50 Hz, respectively.

4.1.3.10.

Response surface methodology and desirability function approach

During the development of a product, to find a set of conditions or values of input variables
that result in the most desirable product is mandatory. In many experimental optimization
problems, it is unusual to find only one answer that needs to be optimized; usually, several
responses must be considered [22]. Response Surface Methodology (RSM) is a set of
mathematical techniques used to treat problems in which a response or responses of interest
are influenced by several quantitative factors [23-25]. The initial purpose of these techniques
is to design an experiment to provide reasonable values of the response variable, and then
determine an adequate mathematical model. The ultimate objective is to establish the values
of the factors that optimize the value of the response(s) variable(s). In this way, there is an
expected value, α, which takes the considered interest variable. This value is influenced by the
levels of k quantitative factors, X1, X2, ..., Xk, which means there is a function of X1, X2, ..., Xk
(this function is assumed continuous in Xi, ∀ i = 1, ..., k) which provides the corresponding
value of α for any given combination of levels:
α = f (X1, X2,... Xk)
so that the response variable can be expressed as:
Y = α + ε = f (X1, X2,... Xk) + ε
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where ε is the error observed in the response. The function α = f (X1, X2, ..., Xk) which takes
values between η and k levels of factors can be represented by a hypersurface; this response is
called response surface [26]. One useful technique to visualize the shape that may have this
three-dimensional surface response is to represent the contour plot of the surface, normally
called contour lines, which are curves for constant values of the response that are plotted on
X1X2 plane (plane whose coordinate axes are given by X1 and X2 levels of factors).
Geometrically, each contour line is a planar projection of a section X1X2 surface response to
intersect with a plane parallel to the X1X2. The contour plot is useful to study levels of the
factors on which there is a change in the shape or height of the response surface. The
existence of contour plots is not limited to three dimensions, although in the cases where
there are more than three influencing factors is not possible a geometric representation.
However, the fact of representing contour plots for problems that have two or three factors
allows an easier overview of the general situation. The goal of the optimization is the selection
of the best solution regarding well-defined criteria. In this case, the final product is BD that
must meet certain quality parameters. There are a number of products that should be
minimized (glycerides concentration) and maximized (FAME yield) in order to obtain the best
result. Thus, the utilization of a function that collects the influences of individual responses
(output variables) using complex mathematical transformations and estimates the best
solution according to conditions previously imposed is also useful. This function is called
desirability function di(Yi) taking values between 0 and 1 [27], when di(Yi) takes values close to
1, it means that the response is the “most desirable” [28].

4.1.3.11.

Statistical treatment

The Statistical treatment has been already described in Chapter 3, in section 3.1.3.3.

4.1.4 Results and discussion
4.1.4.1 Fatty acid composition and several properties of Camelina sativa oils
FA composition of both Camelina sativa oils some physical and chemical properties included in
EN 14214 standard are summarized in Table 4.1. Regarding the chemical composition of the
oils, it can be seen that the raw material is highly unsaturated, the content of unsaturated FA is
around 90%, as shown by TUD and PUD values.
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Table 4.1: Fatty acid composition and some physical and chemical properties
of Camelina sativa oils
Camelina sativa oils
Camelina sativa A
Camelina sativa B
FATTY ACID COMPOSITION (%)
Palmitic (C16:0)

5.04

5.07

Stearic (C18:0)

2.15

2.22

Oleic (C18:1)

15.65

15.35

Linoleic (C18:2)

18.88

18.90

Linolenic (C18:3)

38.15

38.37

Eicosenoic (C20:1)

15.21

15.04

Behenic (C22:0)

1.50

1.53

Erucic (C22:1)

3.42

3.52

HYDROCARBON CHAIN PROPERTIES
LC

1

TUD

18.40

18.40

2

186.89

186.82

3

152.61

152.91

4

34.28

33.91

PUD

MUD

PHYSICAL AND CHEMICAL PROPERTIES
Acid value (mg KOH/g)

0.95

0.98

Peroxide value (meq de O2/kg)

23.77

17.05

Water content (ppm)

691

687

34.17

41.57

924

925

Kinematic viscosity at 40 °C,
2
µ (mm /s)
Density at 15 °C ,
3
ρ (kg/m )
1

Length of chain (LC); LC = Σ(n·Cn)/100, where n is the number of carbon atoms of each
fatty acid and Cn is the weight percentage of each methyl ester in the given fatty acid
2
Total unsaturation degree (TUD); TUD = (1·%MU + 2·%DU + 3·%TU), where %MU
is the weight percentage of monounsaturated methyl esters, %DU is the weight
percentage of diunsaturated methyl esters and %TU is the weight percentage of
triunsaturated methyl esters
3
Polyunsaturation degree (PUD)
4
Monounsaturation degree (MUD)

4.1.4.2 Experimental procedure
Conventional transesterification
Transesterification was carried out taking into account results of previous optimization studies
[29, 30]. Reaction parameters and FAME yields are shown in Table 4.2. Regarding the chemical
composition of the oils, it can be seen that the raw material is highly unsaturated, the content
of unsaturated FA is around 90%, as shown by TUD and PUD values.

Ultrasound-assisted transesterification
Physical US probe characteristics were selected after a screening study, bearing in mind
previous works [31]. Thus, duty cycle and amplitude of ultrasonic probe were fixed at 70 % and
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50%, respectively. The optimization of US-assisted BD production was carried out following
three DOE. In the first one, a variable number of sonication cycles at various catalyst
concentrations was carried out, according to Table 4.3. After each sonication cycle, the
temperature in the system was measured and in any case the value exceeded 43 °C. It is worth
emphasizing that the probe may not work at temperatures above 45 °C without risk of
malfunction
Table 4.2: Reaction parameters, chemical and physical properties for conventional
transesterification
Methanol-toAmount of catalyst
Temperature
Reaction time
oil-molar ratio
-KOH- (% w/w)
(°C)
(min)
65
6:1
1.5
40
CHEMICAL AND PHYSICAL PROPERTIES ACCORDING TO
EN 14214 AND ASTM STANDARDS
Camelina sativa oil
Camelina sativa
Property
Limits
biodiesel A
oil biodiesel B
MG
EN 14105
0.95
0.78
(% w/w)
Max: 0.8
DG
EN 14105
1.32
1.02
(% w/w)
Max: 0.2
TG
EN 14105
2.56
2.23
(% w/w)
Max: 0.2
GLYCEROL
EN 14105
0.92
0.99
(% w/w)
Max: 0.25
FAME
EN 14103
94.79
94.53
(% w/w)
Min: 96.5
LINOLENIC
EN 14103
ESTER CONTENT
38.02
38.09
Max: 12
(% w/w)
FLASH POINT,
EN ISO 2719
139
133
FP (°C)
Min: 120
HIGH CALORIFIC
VALUE, HCV
ASTM D240
39292
39573
(J/g)
KINEMATIC
EN ISO 3401
VISCOSITY
Max: 3.5;
3.97
4.54
at 40 °C,
Min:
5
2
µ (mm /s)
EN ISO 3675
DENSITY at 15
Max: 860;
830
843
3
°C, ρ (kg/m )
Min:900

For this reason, a stop step of one minute was introduced between each sonication cycle in
DOE I. In the second DOE, between each sonication cycle, a stirring cycle of five minutes at 900
rpm at room temperature was added. In the third one, a stirring cycle at 900 rpm while the
reaction mixture was heated at 50 °C during five minutes was added after each sonication
cycle.
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Table 4.3: Catalyst concentration and US cycles for
the three DOE
EXPERIMENT
KOH (% w/w)
US CYCLE
1
1
2
2
0.8
2
3
1.2
2
4
1.2
1
5
1
1
6
1
2
7
0.8
1
8
1.2
3
9
1
2
10
1
2
11
1
3
12
0.8
3

Table 4.4 summarizes the three DOE. The selected reaction parameters were the amount of
catalyst and US cycle.
Table 4.4: Summary of the three DOE
DESIGN OF
EXPERIMENTS
I
Optimized reaction
parameters

Description

Response variables
Fixed parameters

Total reaction time

II
AC& UC and agitation
at 900 rpm

AC & UC
The reaction is carried
out via discontinuous
sonications where one
minute-stop steps are
added to prevent an
overheating and a
possible malfunction
of the probe
FAME

III
AC, UC & agitation at
900 rpm and heating at
50 °C
The reaction is carried
out via discontinuous
sonications where in
each stop step the
reaction mixture is
stirred at 900 rpm and
heated at 50 °C

The reaction is carried
out via discontinuous
sonications where in
each stop step the
reaction mixture is
stirred
at
room
temperature at 900
rpm
MG, DG, TG & FAME
MG, DG, TG & FAME
US Physical Characteristics:
20 kHz frequency, 70% DC & 50% A
1 UC: 1 min 16 s (one single sonication cycle)
1 UC: 1 min 16 s
2 UC: 7 min 32 s (two sonication cycles and one
2 UC: 3 min 32 s
cycle of stirring between sonication cycles)
3 UC: 5 min 48 s
3 UC: 13 min 48 s (three sonication cycles and two
cycles of stirring between sonication cycles)

AC: amount of catalyst; DC: duty cycle; A: amplitude; UC: ultrasonic cycle

The total reaction time involves the sonication cycles and one minute-stop step between
sonications (DOE I), the different stages of sonication and agitation (DOE II) and the different
stages of sonication, agitation and heating at 50 °C (DOE III), as explained in Table 4.4. The
total reaction time is represented as a function of US cycle applied in each experiment. Thus, it
is possible to evaluate the combined effect of US with the steps of either stirring or stirring and
heating. Figure 4.2 shows a scheme of the three DOE.
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Figure 4.2 Reaction designs in the three DOE. DOE I: simple sonication; DOE II: sonication and stirring
at room temperature; DOE III: sonication and stirring at 50 °C

4.1.4.3 First design of experiments
experiment
A three-level
level response surface DOE was created to study the effects of two parameters,
namely the amount of catalyst and US cycle in 12 runs, including 3 center points per block and
6 degrees of freedom. The response variable was FAME content (%w/w). As may be seen from
Table 4.5,, FAME content for DOE I are lower (excepting experiment number 3) compared to
conventional transesterification (94.53% w/w). Moreover, none of them meets EN 14103
standard for FAME content (96.5% w/w). The effective reaction time of sonicated reactions is
provided by the duration of US cycles, the longest reaction showing a reaction time of 3 min
and 48 s, significantly shorter than the time required by conventional transesterification
reaction (around one hour). As this low reaction time of DOE I was not enough to provide
sufficient yields of Camelina sativa oil BD, a new DOE was designed. Figure 4.3 shows the
ultrasonic probe and a detail of the reaction process.
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Table 4.5: FAME yields (DOE I)
FAME YIELD
EXPERIMENT
Camelina sativa A
(% w/w)
1
90.18

FAME YIELD
Camelina sativa B
(% w/w)
92.66

2

83.12

89.19

3

93.03

95.81

4

91.03

93.84

5

88.57

92.14

6

93.08

90.54

7

82.27

87.04

8

95.08

93.95

9

96.03

92.95

10

93.54

90.54

11

93.02

91.64

12

88.33

90.11

4.1.4.4 Second and third design of experiments
As in the precedent DOE, a three-level response surface DOE was developed to study the
effects of 2 parameters (amount of catalyst and US cycle) in 12 runs, including 3 center points
per block and 6 degrees of freedom. The response variables were MG (% w/w), DG (% w/w),
TG (% w/w) and FAME (% w/w) contents. Results are outlined in Table 4.6. It can be seen that
FAME conversion is much higher than that provided by DOE I. To evaluate the quality of the
synthesized BD, glycerides concentration was also analyzed. In most cases monoglycerides
concentration meet quality standard EN 14105 (0.8% w/w). However, the concentration of
diglycerides and triglycerides do not meet in every case the standard that sets a maximum
value of 0.2 % w/w.

Statistical analysis:
The analysis of variance (ANOVA) allows determining the impact and significance that reaction
parameters have on response variables. As previously mentioned, reaction parameters are the
amount of catalyst and the US cycle (considering the US cycle as the total reaction time where
the sample is divided in cycles of sonication in combination with cycles of agitation or
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Table 4.6: FAME, MG, DG and TG content as weight percent in Camelina sativa oil biodiesel samples (DOE II & III)
Camelina sativa A (DOE II)
Camelina sativa B (DOE II)
Camelina sativa A (DOE III)
FAME

MG

DG

1

98.88

(%w/w)
0.52 0.31

2
3
4
5
6
7
8
9
10
11
12

96.98
93.75
97.72
96.12
95.24
93.07
98.17
96.02
95.00
96.10
94.76

0.63
0.73
0.66
0.77
0.97
0.67
0.74
0.98
0.55
0.44
0.85

0.88
0.98
0.77
1.25
1.37
1.91
0.29
0.85
1.33
0.95
0.88

TG

FAME

MG

DG

1.03

97.32

(%w/w)
0.74
0.78

2.02
3.75
1.80
1.93
2.98
4.55
0.99
3.15
3.58
3.02
3.74

94.17
98.86
97.84
95.92
96.66
93.43
99.37
97.01
98.42
98.01
93.68

0.65
0.31
0.67
0.78
0.88
0.94
0.56
0.74
0.65
0.61
0.88

1.15
0.19
0.47
1.33
0.37
1.13
0.25
1.02
0.48
0.46
1.28

TG

FAME

MG

DG

1.21

93.07

(%w/w)
1.27
1.35

3.33
0.36
0.99
2.34
0.96
4.24
0.40
0.99
0.66
0.89
4.94

95.42
97.32
97.13
96.83
96.13
96.49
99.18
94.37
96.50
94.43
93.68

1.34
0.65
0.54
0.49
0.37
0.65
0.28
0.68
0.77
0.64
0.95

1.98
0.81
0.99
0.96
0.86
1.02
0.19
1.35
0.86
0.99
1.58

TG

Camelina sativa B (DOE III)
FAME

MG

DG

3.85

92.34

(%w/w)
0.65
2.02

4.88

2.53
1.38
1.49
1.53
1.89
1.25
0.34
3.08
1.50
3.88
4.02

94.75
97.18
96.84
97.53
97.02
96.95
99.08
96.15
96.65
92.80
91.73

0.63
0.73
0.88
0.66
0.86
0.78
0.25
0.95
0.55
0.96
0.88

3.02
1.74
1.03
0.78
1.01
0.93
0.37
1.13
1.63
4.31
6.33

1.03
0.86
0.91
0.68
0.77
0.89
0.19
0.86
0.74
1.68
1.36

TG
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Figure 4.3 Ultrasonic probe

or sonicated, combined with cycles of simultaneous agitation and heating, depending on each
DOE). Response variables are the concentration (in weight percent) of MG, DG, TG and FAME.
The impact of the reaction parameters on the response variables are summarized in Table 4.7.
Table 4.7: Effects of reaction parameters on response variables for Camelina sativa oil biodiesel
Camelina sativa A oil biodiesel (DOE II)
MG
DG
Stnd. FPStnd.
FPEffect
Estimate
Effect
Estimate
Error Ratio Value
Error Ratio Value
Average
0.72
Average
0.98
Catalyst
-0.0067 0.18 0.00 0.97
Catalyst
-0.54
0.35 2.36 0.18
US cycles
-0.60
0.35 2.91 0.13
US cycles
-0.023 0.18 0.02 0.90
Lack-of-fit P-Value: 0.69
Lack-of-fit P-Value : 0.68
TG
FAME
Stnd.
FPStnd.
FPEffect
Estimate
Effect
Estimate
Error Ratio Value
Error Ratio Value
Average
2.67
0.63
Average
96.16
0.98
Catalyst
-1.25
1.14 1.21 0.31
Catalyst
1.61
1.76 0.84 0.40
US cycle
-0.17
1.14 0.02 0.88
US cycle
0.71
1.76 0.16 0.70
Lack-of-fit P-Value: 0.28
Lack-of-fit P-Value: 0.30
Camelina sativa B oil biodiesel (DOE II)
DG
Stnd.
FPStnd.
FPEffect
Estimate
Effect
Estimate
Error Ratio Value
Error Ratio Value
Average
0.70
0.043
Average
0.68
0.13
Catalyst
-0.31 0.078 15.97 0.028
Catalyst
-0.88
0.24 13.48 0.035
US cycle
-0.31
0.24 1.70 0.28
US cycle
-0.11 0.078 2.13 0.24
Lack-of-fit P-Value: 0.52
Lack-of-fit P-Value: 0.20
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TG
FAME
Stnd.
FPStnd.
FPEffect
Estimate
Effect
Estimate
Error Ratio Value
Error Ratio Value
Average
0.93
0.10
Average
97.36
0.35
Catalyst
-3.5
0.18 377.62 0.0003
Catalyst
4.93
0.62 62.95 0.0042
US cycle
-0.44
0.18 5.86 0.09
US cycle
1.29
0.62 4.31 0.13
Lack-of-fit P-Value: 0.07
Lack-of-fit P-Value: 0.82
Camelina sativa A oil biodiesel (DOE III)
DG
MG
Stnd.
FPStnd.
FPEffect
Estimate
Effect
Estimate
Error Ratio Value
Error Ratio Value
Average
0.80
0.17
Average
1.15
0.13
Catalyst
-0.49
030 2.58 0.21
Catalyst
-0.86
0.23 13.97 0.033
US cycles
-0.07
0.23 0.09 0.78
US cycles
0.063
0.30 0.04 0.85
Lack-of-fit P-Value: 0.65
Lack-of-fit P-Value: 0.93
FAME
TG
Stnd.
FPStnd.
FPEffect
Estimate
Effect
Estimate
Error Ratio Value
Error Ratio Value
Average
2.63
0.49
Average
95.07
0.73
Catalyst
-1.53
0.88 3.01 0.18
Catalyst
2.68
1.30 4.23 0.13
US cycle
1.32
0.88 2.25 0.23
US cycle
-1.05
1.30 0.65 0.48
Lack-of-fit P-Value: 0.84
Lack-of-fit P-Value: 0.86
Camelina sativa B oil biodiesel (DOE III)
MG
DG
Stnd.
FPStnd.
FPEffect
Estimate
Effect
Estimate
Error Ratio Value
Error Ratio Value
Average
0.76
0.084
Average
1.12
Catalyst
-0.14
0.15 0.91 0.41
Catalyst
-0.44
0.50 0.76 0.45
US cycle
0.25
0.50 0.25 0.65
US cycle
-0.077 0.15 0.26 0.65
Lack-of-fit P-Value: 0.74
Lack-of-fit P-Value: 0.38
TG
FAME
Stnd.
FPStnd.
FPEffect
Estimate
Effect
Estimate
Error Ratio Value
Error Ratio Value
Average
2.26
0.83
Average
95.44
0.99
Catalyst
-2.38
1.50 2.53 0.21
Catalyst
3.22
1.76 3.33 0.17
US cycle
2.75
1.50 3.40 0.16
US cycle
-2.57
1.76 2.12 0.24
Lack-of-fit P-Value: 0.92
Lack-of-fit P-Value: 0.83
If P-value is ≤ 0.05, the reaction parameter is significant at 95% confidence level
If Lack-of-fit P-value ≥ 0.05, the model is consistent with experimental data

The statistical parameter which allows establishing whether a variable influences another one
is the P-value. If this value is below or equal than 0.05 the variable has a significant effect at
95% confidence on observed variable. In the present research, the only significant parameter
at 95% confidence level, from a statistical point of view (see Table 4.7), is the amount of
catalyst in DOE II for Camelina sativa B, on all the responses variables (FAME and glycerides).
Therefore, an increase of the catalyst concentration is expected to provide a positive effect
over FAME content and negative effect on glycerides concentrations. Results of significance
are shown in Table 4.8. On the other hand, the lack of fit of P-value is added to the statistical
data (Table 4.7). This parameter determines whether the selected model is adequate to
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describe the observed data or else a more complicated model should be used. Since the Pvalue for lack-of-fit in the ANOVA table is greater or equal to 0.05, the model appears to be
adequate for the observed data at the 95.0% confidence level. All lack of fit P-values are
greater than 0.05, so the data fit the selected analysis model. Table 4.8 also summarizes the
effects of each reaction parameter on each response variable and its significance.
Table 4.8: Optimization steps of Camelina sativa oil biodiesel production
Camelina sativa A
Camelina sativa B
RANGE
EFFECT
RANGE
EFFECT
DOE II
MG DG
TG
FAME
MG DG TG
Catalyst
(KOH % w/w)
US cycle

DOE III
Catalyst
(KOH % w/w)
US cycle

0.8-1.2
1-3
RANGE

-

-

-

Camelina sativa A
EFFECT
MG DG
TG

+

0.8-1.2

+

1-3

FAME

---

---

---

Camelina sativa B
RANGE
EFFECT
MG DG TG

FAME
+++
+

FAME

0.8-1.2

-

-

-

+

0.8-1.2

-

-

-

+

1-3

+

-

+

-

1-3

-

+

-

-

Note: (+) means that the variable has positive effect but is not significant; (-) means that the variable has negative
effect but is not significant, (+++) indicates that the variable has positive effect and it is significant at 95%
confidence level, (---) indicates that the variable has negative effect and it is significant at 95% confidence.

In this case, the final product is BD that must meet certain quality parameters. There are a
number of products that should be minimized (glycerides concentration) and another one
maximized (FAME yield) in order to obtain the best result. Thus, it is also useful the utilization
of a function that collects the influences of individual responses (output variables) using
complex mathematical transformations and estimates the best solution according to
conditions previously imposed .This function is called desirability function (di) taking values
between 0 and 1 [27], when di takes values close to 1, it means that the response is the “most
desirable” [32]. In Table 4.9 maximum and minimum limits for each response variable are
outlined as a function of the limits established by the regulation of EN 14214. In the case of
FAME yield, the lowest value considered is the minimum conversion value required by EN
14103 (96.5% w/w). In the case of glycerides concentration, the highest values considered
should be the maximum values admitted by EN 14105 standards (0.8% w/w for MG and 0.2%
w/w for DG y TG). However, only for MG concentration could be imposed this condition due to
the minimum values for DG and TG concentrations obtained in the DOE II and III are higher
than 0.2% w/w except DG concentration for Camelina sativa B in DOE II. Therefore, the upper
limits for DG and TG concentration are 0.4, 0.8 and 1% w/w depending on the case.

Table 4.9: Desirability study of response surface for DOE II and III
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Camelina sativa A (DOE II)
Limits of Desirability
Response
Low
High
MG (% w/w)
0.44
0.8
DG (% w/w)
0.29
0.8
TG (% w/w)
0.99
1.0
FAME (% w/w)
96.5
98.88
Camelina sativa A (DOE III)
Limits of Desirability
Response
Low
High
MG (% w/w)
0.28
0.8
DG (% w/w)
0.19
0.8
TG (% w/w)
0.34
0.8
FAME (% w/w)
96.5
99.18

Goal
Minimize
Minimize
Minimize
Maximize

Goal
Minimize
Minimize
Minimize
Maximize

Camelina sativa B (DOE II)
Limits of Desirability
Response
Low
High
MG (% w/w)
0.31
0.8
DG (% w/w)
0.19
0.2
TG (% w/w)
0.36
0.4
FAME (% w/w)
96.5
99.37
Camelina sativa B (DOE III)
Limits of Desirability
Response
Low
High
MG (% w/w)
0.25
0.8
DG (% w/w)
0.19
0.8
TG (% w/w)
0.37
0.8
FAME (% w/w)
96.5
99.08

Goal
Minimize
Minimize
Minimize
Maximize

Goal
Minimize
Minimize
Minimize
Maximize

Figures 4.4 and Figure 4.5 show the response surfaces and contour lines for each BD in DOE II
and DOE III respectively. Response surfaces represent the trends of reaction parameters for
the most desirable possible response. Moreover, contour lines are also represented; these
responses have been bounded by the limits of the EN 14214. As a result, contour lines that
meet conditions previously imposed are observed. Moreover, the optimal parameter values
for each Camelina sativa oil BD was also calculated; the data are outlined in Table 4.10.
Table 4.10: Optimized reaction parameters for Camelina sativa oil
biodiesel (DOE II & DOE III)
DOE II
Camelina sativa A oil biodiesel
Camelina sativa B oil biodiesel
Factor
Optimum
Factor
Optimum
Catalyst (% w/w)
1.2
Catalyst (% w/w)
1.2
US cycle
3.0
US cycle
3.0
DOE III
Camelina sativa A oil biodiesel
Camelina sativa B oil biodiesel
Factor
Optimum
Factor
Optimum
Catalyst (% w/w)
1.2
Catalyst (% w/w)
1.2
US cycle
3.0
US cycle
3.0

The optimal values of reaction parameters, after the desirability study, are the upper bounds
of the DOE II and III. This fact indicates that it might be possible to increase the amount of
catalyst and US cycles to achieve higher yield and lower glycerides concentration. However,
the main objective set in the present work is to save time and energy, so another increase in
reaction parameters was not carried out.

4.1.4.5 Property comparison between optimized Camelina sativa oil biodiesel
considering each experiment
With respect to physical properties of BD optimal value, as can be observed in Table 4.11, most
experimental values meet the standard and no significant differences between the four kinds
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of BD cannot be established. Several remarks can be made. FAME content fulfill the standard
(96.5% w/w) for each optimized BD. However, some glycerides concentrations are above their
corresponding standard (EN 14105). This is the case of TG and DG concentrations for Camelina
sativa oil BD in DOE II. MG and total glycerol concentration also meet the standard. However,
linolenic ester content is above the value set by EN 14103 standard, as Camelina sativa oil
presents a high concentration of linolenic acid (37-40%).

Table 4.11: Several chemical and physical properties of optimal Camelina sativa oil biodiesel
values for DOE II and III according EN 14214 and ASTM standards
Quality parameters
Camelina sativa A
Camelina sativa B
Property
Standard
DOE II
DOE III
DOE II
DOE III
MG
EN 14105
0.52
0.28
0.56
0.25
(% w/w)
Max: 0.8
DG
EN 14105
0.31
0.19
0.25
0.19
(% w/w)
Max: 0.2
TG
EN 14105
1.03
0.34
0.40
0.37
(% w/w)
Max: 0.2
TOTAL GLYCEROL
EN 14105
0.30
0.24
0.26
0.31
(% w/w)
Max: 0.25
FAME
EN 14103
98.88
99.18
99.37
99.08
(% w/w)
Min: 96.5
LINOLENIC ESTER
EN 4103
CONTENT
36.98
37.01
36.21
36.53
Max: 12
(% w/w)
WATER CONTENT
EN ISO 12937
377
403
398
412
(ppm)
Max: 500
CARBON RESIDUE
EN ISO 10370
0.07
0.08
0.08
0.08
REMNANT (% w/w)
Max: 0.3
FLASH POINT,
EN ISO 2719
140
138
139
137
FP (°C)
Min: 120
HIGH CALORIFIC
39267
39588
39107
39224
ASTM D240
VALUE, HCV (J/g)
KINEMATIC VISCOSITY
EN ISO 3401
at 40 ºC,
3.9
4.2
4.1
4.1
Max:
3.5; Min: 5
2
µ (mm /s)
EN ISO 3675
DENSITY at 15 ºC,
870
870
870
870
3
Max: 860; Min:900
ρ (kg/m )

Because of this, Camelina sativa BD cannot meet this regulation. In spite of this, Camelina
sativa BD can be used blended either with petrodiesel or BD from oils with low linolenic acid
content, such as palm oil. Concerning water content and carbon residue remnant, none of
these values exceeded the standard limits.

4.1.4.6 Energy consumption studies
In order to compare the energy consumption during the BD synthesis, measures of power
consumption of each individual auxiliary energy device were carried out. Only the optimal
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values of each sonicated transesterification reaction were considered and compared with
conventional transesterification values. The operation of the ultrasonic transmitter is
discontinuous, activation stage time is approximately 0.7 s and stop stage time is 0.3 s
between each activation stage, corresponding to a 70% of duty cycle. Power measurements for
this device showed two different peaks. As shown in Figure 4.6 minimum power peak is about
30 W (stop stage) while maximum power peak is over 100 W (activation stage). As a result, an
average power consumption value was considered. Each power peak corresponds to the
maximum power required. Figure 4.6 shows the power trend consumption of the probe.
Considering these measures, the optimum values for BD production under DOE II and III
required three cycles of sonication. One single sonication cycle lasts one min and 16 s, as the
sonication phenomenon only takes place 0.7 s each second; considering three cycles of
sonication, the total measuring time was 3 min and 48 s. The optimal Camelina sativa oil BD
values for sonicated reactions also required either two stirring steps or two stirring-heating
steps of five minutes duration each, as previously described. The consumption value of the
heater-stirrer at 900 rpm at room temperature and that of the heater-stirrer at 900 rpm at
50 °C were measured. For conventional transesterification, the same heater-stirrer was used
for both DOE II and III. The reaction conditions were 900 rpm, 65 °C and 40 min. In this case,
the heater-stirrer, comprising an electrical resistance, demanded a continuous power. The
data provided by the device is also the average power required. Results are summarized in
Table 4.12. In order to compare BD from the energy cost point of view, a parameter that
reflects the fuel mass obtained as a function of the energy consumption required for its
synthesis needs to be defined.
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a) Contour lines plot for Camelina sativa A oil biodiesel (DOE II)

b) Response surface for Camelina sativa A oil biodiesel (DOE II)

c) Contour lines plot for Camelina sativa B oil biodiesel (DOE II)

d) Response surface for Camelina sativa B oil biodiesel (DOE II)

Figure 4.4 Response surfaces and contour line plots for DOE II

a) Contour lines plot for Camelina sativa A oil biodiesel (DOE III)

c) Contour lines plot for Camelina sativa B oil biodiesel (DOE III)

b) Response surface for Camelina sativa A oil biodiesel (DOE III)

d) Response surface for Camelina sativa B oil biodiesel (DOE III)

Figure 4.5 Response surfaces and contour line plots for DOE III
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Figure 4.6 Power consumption of the probe registered by Fluke
435 three phase power quality analyzer during sonication cycles

Table 4.12: Power and energy consumption required for each device employed in Camelina sativa oil
biodiesel production

DOE II & DOE III
SONICATION STEP
POWER REQUIRED BY ULTRASONIC PROBE
TIME (min)
-3 SONICATIONS- (W)
1
3
2
OPTIMAL VALUES
MIPV
APV
MAPV
Camelina sativa oil biodiesel
30.4
76.8
98.3
3.8
A & B (DOE II & DOE III)
HEATING-STIRRING STEP
POWER REQUIRED BY HEATER-STIRRER (W)

TIME (min)

Stirring 5 minutes at 900 rpm
15.4
10
Heating at 50°C and stirring 5 minutes at 900 rpm
105.2
10
TOTAL ENERGY CONSUMPTION
Energy
4
Biodiesel
SC
OPTIMAL VALUES
consumption
weight (g)
(g/Wh)
(Wh)
Camelina sativa A DOE II
17.84
2.40
7.43
Camelina sativa B DOE II
17.87
2.40
Camelina sativa A DOE III
18.02
0.80
22.40
Camelina sativa B DOE III
18.24
0.81

ENERGY
CONSUMPTION (Wh)

4.86
ENERGY
CONSUMPTION (Wh)
2.57
17.53

EUI

5

8.35
8.37
24.72
24.65

CONVENTIONAL TRANSESTERIFICATION
POWER AND ENERGETIC STUDIES
Power required by heater-stirrer (W)
Time (min)
Energetic consumption (Wh)
Biodiesel weight (g)
4
Specific consumption (SC) (g/Wh)
Energetic use index (EUI)
1

Camelina sativa A
105.2
40
70.13
32.88
0.47
4.83

2

3

MPV: Minimum power value; MAPV: Maximum power value; APV: Average power value
( )
SC: Specific consumption,
=
;

4

(

5

EUI: Energy use index,

=

%

!

)

!

#
$

"

( )
&
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Camelina sativa B
105.2
40
70.13
33.32
0.48
4.93
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This new parameter, named specific consumption of a fuel (SC), may be defined as the amount
of the produced biofuel mass divided by the amount of energy required for its production (Eq.
1):
( )
(

=

)

Eq. 1

Once these values are compared, it is remarkable that the highest values of SC correspond to
DOE II, where the energy consumption is lower as the reaction mixture is only stirred at room
temperature. In DOE III, the reaction mixture is stirred and heated simultaneously, thus
demanding higher amount of energy. The amount of BD provided by DOE III is not large
enough to overcome the energy efficiency of optimal values achieved by DOE II. Therefore, the
energy saving in the production of BD by DOE II is higher than that of DOE III. In case of
conventional transesterification, energy consumption is significantly higher compared to
sonicated reactions. This fact is also reflected in the SC value, as shown in Figure 4.7.
Conventional transesterifications depicts a value of SC a little lower than 0.50 g/Wh,
significantly lower than those provided by sonicated transesterifications. Another interesting
parameter that reflects the energy efficiency of a fuel is the Energy Use Index (EUI) and may be
defined as the relationship between the amount of energy per mass unit generated after its
combustion obtained from its low calorific value (LCV) divided by the amount of energy per
mass unit required for its synthesis (Eq. 2):
=

!
%

#
$

"

!

' (
&

!

#
$

' (

Eq. 2

LCV is calculated by subtracting the heat of vaporization of water from its HCV [33]. The use of
LCV as available energy in fuel combustion is due to exhaust gases temperature in the
combustion is much higher than room temperature, so the condensation of water vapor must
be considered [28]. In this way, high values of this parameter indicate that a fuel depicts good
energy efficiency and generates a higher amount of energy compared to that required for its
synthesis. It is important to mention that this index is not intended to be used to demonstrate
the energy efficiency of BD from cradle-to-crave, but to compare the conversion of oil into BD
using either different processes or different raw materials. Figure 4.7 depicts EUI for each type
of synthesized BD. When comparing EUI values of Camelina sativa oil BD synthesized by
conventional transesterification with those provided by the optimal values of DOE II and III, it
could be observed that the first one is less efficient. In the first case, EUI value is below 5, while
the optimal values for sonicated BD achieve EUI values around of 8.40 (DOE III) and 24.70
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(DOE II) for both oils.. The higher values of both SC and EUI for US-assisted
assisted BD show that
conventional transesterification is less competitive, from the point of view of energy
consumption, compared to the sonicated reaction.

a)

b)
Figure 4.7 a)Specific Consumption values. b) Energy Use Index
values for both Camelina sativa oil biodiesel. CT: conventional
transesterification; DOE II: sonication and stirring at room
temperature; DOE III: sonication and stirring at 50 °C
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4.1.5 Conclusions
In this paper Camelina sativa oil obtained by different oil extraction systems (mechanical
pressing and chemical extraction) were compared. In accordance with FA composition of both
types of oils, it can be concluded that there are no significant differences regarding the
extraction method, so is possible to extract Camelina sativa oil with solvent without changing
its quality for BD production. On the other hand, conventional transesterification (stirring and
heating) was compared with different designs of US-assisted transesterification. According to
the results, sonicated and non-sonicated transesterification provides similar FAME yields,
although sonication reduces reaction time, amount of catalyst and energy consumption.
Moreover, the use of a combination of sonication and agitation increases significantly FAME
yield while reducing glycerides concentration. Although there are no important FAME contents
differences when sonication is supplemented with agitation cycles, with or without heating,
the first of both designs shows lower glycerides concentration (DG and TG). Moreover, it
cannot be established any significant difference between the physical properties of BD
provided by the last two designs, as all of them meet the standard EN 14214. With regard to
energy consumption, BD produced by conventional transesterification presents worse results
than US-assisted BD. Moreover, BD obtained by combination of ultrasonic and stirring stages
(with or without heating) shows higher quality of the final product (according European
standard EN 14214) than BD produced by conventional transesterification. Therefore, it
concluded that BD produced by sonication requires lower amount of energy for its synthesis
and better fitting of quality standard EN 14214.
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4.2

SYNTHESIS OF BIODIESEL FROM CASTOR OIL: SILENT VERSUS

SONICATED METHYLATION AND ENERGY STUDIES
4.2.1 Abstract
In recent years, BD

is evolving to be one of the most employed biofuels for partial

replacement of petrodiesel. The most widely used feedstocks for BD production are vegetable
oils. Among them, castor oil presents two interesting features as biodiesel raw material; on
one hand, it does not compete with edible oils; on the other, the cultivar does not require high
inputs. In this research, a comparison between conventional and ultrasound-assisted
transesterification was carried out in terms of castor oil methyl ester (COME) yield and energy
efficiency. Results show that sonicated transesterification leads to higher COME yields under
lower methanol-to-oil molar ratio, lower amount of catalyst, shorter reaction time and lower
amount of energy required. US-assisted transesterification parameters were optimized
resulting in the following optimum conditions: 20 kHz fixed frequency, 70% duty cycle, 40%
sonication amplitude, 4.87 methanol-to-oil molar ratio, 1.4 % w/w amount of catalyst and 3
sonication cycles (3 min 48 s) that provided 86.57% w/w COME yield. The energy required
along each type of transesterification was measured leading to the conclusion that sonicated
transesterification consumes a significant lower amount of energy than conventional one, thus
achieving higher COME yield.

HIGHLIGHTS
•

Sonicated transesterification leads to higher conversions than conventional one.

•

Energy

consumption

required

by

conventional

and

ultrasound-assisted

transesterification was compared.
•

Ultrasound-assisted methylation of castor oil is more competitive in energy terms.
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4.2.2 Introduction
The main objective of the search for new raw materials that do not compete with human
feeding is to avoid the potential increase of food costs derived from the use of edible oils to
produce bioenergy. In fact, there are vegetable oils that are not suitable for human
consumption and could suppose a viable alternative for BD production. Jatropha curcas,
Pongamia pinnata, Moringa oleifera and many other oilseed plants are clear examples of these
raw materials [34, 35].
An interesting plant in this field is castor (Ricinus communis), which grows wild in many tropical
and sub-tropical countries without special care, because this plant tolerates very different
climate conditions; temperatures between 20 and 26 °C and low humidity are the most
appropriate conditions to achieve high yields [36]. For this reason, many countries, especially
emerging ones, have increased castor oil production in a continuous way, the three largest
producers being India, China and Brazil [36-38]. The main chemical feature of castor oil is the
presence of a hydroxyl group on carbon-12 in the ricinoleic acid; this FA constitutes between
87 and 95% of the FA composition of this oil. Figure 4.8 shows a image of both plant and beans
of Ricinus communis. Transesterification with ethanol, methanol and 2-propanol have been
carried out and interesting results have been achieved [39-42]. Despite castor oil BD is not
endowed with especially good characteristics to be used as biofuel, owing to its high viscosity
and density [43], it has been blended with diesel fuel for use in combustion engines [44]. In
fact, the presence of ricinoleic acid in higher proportions prevents BD to meet international
standards for BD quality. Moreover, blending diesel fuel with castor oil BD depicted higher
emissions of hydrocarbons and carbon monoxide compared to conventional diesel fuel [45].
For these reasons, the mixture percentage has been limited to 10% [46].

Figure 4.8 Castor plant [47] (left) and castor beans [48] (right)
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The main handicap in the transesterification reaction is the need of a deep contact between
two very different chemical species, namely triglycerides, of non-polar nature and short chain
polar-nature alcohols. The conventional transesterification method involves continuous
heating and stirring and long reaction times to reach satisfactory BD yields. This is the main
reason why several alternative methods for BD production, demanding lower reaction time
and reagent amount, have been studied in recent years. The present study attempts to
conduct the US-assisted synthesis of BD using a non-edible feedstock (castor oil) by optimizing
US parameters. Results are compared with those derived from the optimization of
conventional transesterification. Moreover, a comparison of both reactions in terms of energy
consumption using power quality analyzers has been carried out.

4.2.3 Materials and methods
4.2.3.1 Raw material and reagents
Castor oil was supplied by Guinama (Valencia, Spain). The reagents used in BD production, oil
and BD analysis, and FA determination have been already describes in section 4.1.3.2.

4.2.3.2 Apparatus
The ultrasonic probe, the heater-stirrer device and power quality analyzers have been already
described in sections 4.1.3.3 and 4.1.3.4.

4.2.3.3 Oil and biodiesel characterization analyses
Oil and biodiesel characterization analyses have already described in Chapter 3 in section
3.1.3.2. Additionally, EN 116 standard allowed the determination of cold filter plugging point
(CFPP); tests were performed in an HCP 842 analyzer, by Herzog (Lauda-Königshofen,
Germany). EN 14112 and professional BD Rancimat Metrohom (Herisau, Switzerland) were
used to calculate oxidation stability.

4.2.3.4 Fatty acid determination
FA determination has been already described in Chapter 3, in sections 3.1.3.2

4.2.3.5 Conventional transesterification
A 250 mL flask containing 40 g of castor oil was placed in a methacrylade thermostatic bath
filled with water and heated to 65 °C. Then, a solution of CH3OH-KOH was added. The mixture
was magnetically stirred. At the end of the reaction, BD was separated from glycerol by
centrifuging the final product during 4 min at 4000 rpm. Samples were refrigerated at 4 ºC.

4.2.3.6 Ultrasound-assisted transesterification
The US-assisted transesterification method has been already described in section 4.1.3.8.
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4.2.3.7 Response surface methodology and statistical treatment
RSM and statistical treatment have already described in section 4.1.3.10 and in Chapter 3, in
section 3.1.3.3, respectively,

4.2.4 Results and discussion
4.2.4.1 Characterization of raw material
FA composition and some other properties of castor oil are listed in Table 4.13. As may be
seen, the high value of viscosity prevents the use of straight castor oil as fuel for diesel
engines.

Table 4.13 Fatty acid composition and several
properties of castor oil

FATTY ACID COMPOSITION (% w/w)
Palmitic (C16:0)
1 .1
Stearic (C18:0)
1.3
Oleic (C18:1)
3.6
Linoleic (C18:2)
4.4
Linolenic (C18:3)
0.7
Ricinoleic (C18:1-OH)
88.8
HYDROCARBON CHAIN PROPERTIES
LC1,5
17.96
2,6
TUD
103.3
3
PUD
10.9
4
MUD
92.4
PHYSICAL AND CHEMICAL PROPERTIES
Acid value (mg KOH/g)
0.6
Peroxide value (meq de O2/kg)
35.48
Water content (ppm)
2194
Kinematic viscosity at 40 °C,
298
µ (mm2/s)
Density at 15 °C, ρ (kg/m3)
964
1

2

Length of chain (LC); total unsaturation degree (TUD);
4
polyunsaturation degree (PUD) and monounsaturation
degree (MUD)
5
LC = Ʃ(n·Cn)/100, being n the number of atoms of C of each
fatty acid and Cn the % w/w of each methyl ester comprising
the fatty acid
6
TUD = (1%MU + 2%DU + 3%TU), being %MU the % w/w
monounsaturated, %DU the % w/ diunsaturated and %TU
the % w/w triunsaturated methyl esters
3
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4.2.4.2 Conventional transesterification
Conventional transesterification was carried out according to previous studies considering
base-catalyzed transesterification of castor oil [40, 49]. The reaction parameters were:
methanol-to-oil-molar ratio: 9:1; amount of catalyst: 1.5% w/w; temperature: 50 °C; reaction
time: 3 h; stirring speed: 1100 rpm. Under these reaction conditions, COME yield reached only
54.1 % w/w. One of the major drawbacks to produce castor oil BD is the separation of COME
from glycerol. The presence OH-group in the ricinoleic acid forms hydrogen bonds with
glycerol and water in the reaction mixture. Owing to low BD production and the various
aforementioned experimental handicaps of castor oil transesterification, it was decided to
assist the reaction with US as an alternative energy. In addition, new BD samples were
centrifuged in order to shorten the phases-separation step.

4.2.4.3 Ultrasound-assisted experimental designs
Taking into account previous optimization studies for castor oil transesterification [50-52], two
designs of experiments (as listed in Table 4.14) were performed.
Table 4.14 Summary of the design of experiments (DOE)
EXPERIMENTS
Optimized reaction
parameters
Response variable

First DOE
1.
2.
3.
4.

Methanol-to-oil molar ratio
Amount of catalyst (% w/w)
Duty cycle (%)
Amplitude (%)
COME yield (% w/w)

1. Amount of catalyst (% w/w)
2. Ultrasonic cycle
COME yield (% w/w)

1

1 UC: 76 s

1

2 UC: 212 s

1

3 UC: 348 s

DC (70%) : 76 s
Total reaction time

Second DOE

DC (50%) : 120 s
DC (30%) : 200 s

1

Fraction of second during which US was applied, expressed as %. DC: Duty cycle. UC: US cycle.

In the present work, the final product is BD, while the input variables are the reaction
parameters. Input variables are the amount of catalyst (expressed as weight percentage),
methanol-to-oil molar ratio, duty cycle and amplitude (both expressed as percentage). The
output or response variable to be optimized is BD conversion expressed as weight percentage,
as established by EN 14103 standard.

4.2.4.4 First experimental design: screening step
A half fraction screening design was used in order to evaluate the effect of four reaction
parameters carrying out 11 runs where three central points were introduced and three
degrees of freedom were studied. The design was used to screen two chemical reaction
parameters (methanol-to-oil molar ratio and catalyst concentration) and two US parameters
(duty cycle and amplitude), all of them with potential significant influence on the
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transesterification reaction. The experimental design was chosen bearing in mind previous
results and operational conditions [31]. An experimental design scheme is listed in Table 4.15.
Only One response variable was analyzed in each experiment (COME yield) expressed as %
w/w. Results are also summarized in Table 4.15.
Table 4.15 First design of experiments and subsequent COME yield
EXPERIMENT

Methanol-to-oil
(molar ratio)

KOH
(% w/w)

Duty cycle
(%)

Amplitude
(%)

COME YIELD
(% w/w)

1

4

0.2

70

60

22.15

2

5

0.2

70

40

26.42

3

5

0.2

30

60

23.59

4

4

0.8

70

40

57.06

5

4

0.2

30

40

21.13

6

4.5

0.5

50

50

52.31

7

4.5

0.5

50

50

50.34

8

4

0.8

30

60

54.37

9

5

0.8

30

40

67.15

10

4.5

0.5

50

50

47.13

11

5

0.8

70

60

67.65

As can be observed from the screening step, most COME conversions are, in general, very low
and below 70%. Regarding experiments with the lowest amount of catalyst (0.2% w/w), none
of them reached a conversion higher than 30%. Furthermore, experiments involving the
highest amount of catalyst, molar ratio, duty cycle and amplitude provided yields below 70%.
Thus, results made necessary to carry out a second DOE.

Statistical treatment:
Considering DOE I, the impact of each reaction parameter on COME yield is listed in Table 4.16.
Table 4.16 Effects of each reaction parameter on COME conversions and optimal
values (DOE I)
Effect
Estimate Stnd. Error F-Ratio P-Value
OPTIMAL VALUE
Molar ratio
7.25
1.85
0.80
0.47
4.87
-03
Catalyst (% w/w)
38.24
1.85
427.70 2.30·10
0.8
Duty cycle (%)
1.76
1.85
0.91
0.44
70
Amplitude (%)
-1.00
1.85
0.29
0.64
40
-02
Lack-of-fit
17.89 5.16·10
2
R = 95.77
For P-value ≤ 0.05, the reaction parameter is significant at 95% confidence level;
For Lack-of-fit P-value ≥ 0.05, the model is consistent according observed data

To check if the selected model accurately describes the observed data, a lack-of-fit test is
carried out. The test is performed by comparing the variability of the current model residuals
to the variability between observations at replicate settings of the factors. If the lack-of-fit P181
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value is less than 0.05, a significant lack-of fit exists; therefore, a more complicated model
should be used. Also, as can be observed in Table 4.16, the lack-of-fit P-value is greater than
0.05 (5.16·10-02), thus the model seems to be adequate for the observed data at the 95.0%
confidence level. An analysis of variance (ANOVA) was carried out by considering only a single
response variable (COME yield). According to data from Table 4.16, the amount of catalyst is
the sole parameter with significant incidence and positive effect at a 95% confidence level. The
molar ratio exerts a positive but not significant effect on COME yield, as also do specific US
parameters (duty cycle and amplitude); nevertheless, the latter behave differently between
them: the increase of the duty cycle has a positive influence, while that of amplitude is
negative. As the most important variation was provided by the amount of catalyst, results
forced to increase the amount of catalyst setting constant the rest of parameters. As the
incidence of US specific parameters was not significant, 70% for duty cycle and 40% for
amplitude were selected as fixed values for the next experimental design according; three
were the values allowed by the probe tune nearest to the predicted values in the screening
study. In the same way, 4.87:1 was the selected value for the methanol-to-oil molar ratio in
the next DOE.

4.2.4.5 Second experimental design: response surface
Provided that the amount of catalyst was the sole parameter showing a positive and significant
effect on COME conversion at 95% confidence level, then it was the only parameter from the
first screening design that was included in the second experimental design. The new design
also included a parameter to avoid malfunction of the US probe due to overheating, consisting
the insertion of US stop intervals for one min between sonication cycles. A 3-level factorial
design was considered to study the effects of two reaction parameters (amount of catalyst and
US cycle) in 12 runs including three center points per block and six degrees of freedom. The
response variable was COME content, as % w/w. Table 4.17 lists the second DOE. BD samples
were analyzed using the same methods as in previous experimental design.
It can be observed that the maximum conversion values are provided by experiments 2, 5, 7
and 12. Accordingly, maximum conversion (86.03%) corresponds to the highest amount of
catalyst and number of US cycles, in experiment 7. However, this result is below the minimum
requirement established by the standard EN 14103, which sets this minimum at 96.5% w/w.

Statistical treatment:
As in DOE I, an ANOVA test was carried out considering COME yield as single response variable.
In this case, input variables are the amount of catalyst and number of US cycles. As shown in
Table 4.18, both reaction parameters have a significant positive effect on COME conversion.
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Also, the lack-of-fit P-value is greater than 0.05 (0.28); therefore, the selected model is
consistent with the observed data.
Table 4.17 Second design of experiments
EXPERIMENT

KOH (%w/w)

US CYLE

1
2
3
4
5
6
7
8
9
10
11
12

1.1
1.1
1.1
1.1
1.4
0.8
1.4
0.8
0.8
1.1
1.1
1.4

1
3
2
2
2
2
3
3
1
2
2
1

COME YIELD
(% w/w)
78.77
80.36
77.76
77.37
81.39
77.24
86.03
78.19
77.54
77.69
78.47
80.96

Table 4.18 Effects of reaction parameters on COME conversions and optimal
values after optimization study (DOE II)
Effect
Estimate Stnd. Error F-Ratio P-Value OPTIMAL VALUE
-4
Catalyst (% w/w)
5.14
0.38
183.95
9·10
1.4
-3
US cycle
2.44
0.38
41.39
7.6·10
3
Lack-of-fit
2.11
0.28
2
R = 97.20
If P-value ≤ 0.05, the parameter is significant at 95% confidence level;
If Lack-of-fit P-value ≥ 0.05, the model is consistent with experimental data

Table 4.18 also lists the optimal values provided by the optimization study, namely the upper
bounds of DOE II (1.4 % w/w for amount of catalyst and 3 for the number of US cycle). Results
indicate that the increase of the number of US cycles and the amount of catalyst would lead to
higher COME conversions. Figure 4.9 shows that the maximum COME conversions correspond
to the conditions previously found in the response surface study. As shown, an increase in the
amount of catalyst leads an increase in FAME yield. However, the US cycle reaches a minimum
at two US cycles increasing again from two cycles thereafter.
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Figure 4.9 Main effects of reaction parameters on COME conversions (DOE II)

4.2.4.6 Comparison between biodiesel quality parameters from conventional
transesterification and ultrasound-assisted transesterification
To assess the quality of BD, some of the most significant properties set on the European
quality standard EN 14214 were measured. As can be observed from Table 4.19, the optimal
synthesized BD does not depict totally acceptable quality parameters for its merchandising.
Although linolenic ester content is below 12%, COME conversion only reaches 86.57%, ten
percent below the minimum value required by EN 14103.
Moreover, kinematic viscosity is far above 5 mm2/s, that is the maximum value allowed by EN
ISO 3401 standard. This parameter is of main interest as diesel engines are designed to run
under low kinematic viscosity fuels to avoid malfunction of the engine feeding system. In this
case, BD kinematic viscosity value is over three times higher than the allowed value. Flash
point meets the regulations, the measured value being 40 °C higher than the threshold
established by the standard. HCV is around 32000 J/g. Although ASTM D240 and EN 14214 do
not set a minimum value, the measured value is below that provided by BD from other
vegetable oils, like rapeseed oil BD or soybean oil BD, with HCV around 38000-40000 J/g [31].
With regard to CFPP, the measured values for US-assisted and conventional transesterification
are 6 and 7 °C, respectively. US-assisted BD from castor oil experienced a slight properties
improvement over the conventional method. EN 590 standard classifies diesel fuel in two
groups, according to the climate where it will be used. For temperate climates, the maximum
temperature allowed for CFPP is 5 °C; none of synthesized biofuel meets strictly the standard,
but US-assisted BD is close. Concerning carbon residue, sonicated transesterification provides
a significantly lower value compared to that from the conventional reaction; in any case, both
values meet the standard value according to EN ISO 10370. To establish BD stability, oxidation
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measurements were performed according to the Rancimat method. Again, sonicated BD
provided a value closer to the standard than that of conventional BD, although neither of them
met the minimum time established by EN 14112 standard. In sum, it may be inferred from
Table 4.19 that US-assisted transesterification provided a more complete reaction than
conventional transesterification.
Table 4.19 Physical and chemical properties for optimal sonicated and conventional castor oil biodiesel
US-assisted
Conventional
Parameter
Standard
transesterification transesterification
EN 14103
COME YIELD (% w/w)
54.10
86.57
Min: 96.5
LINOLENIC ESTER CONTENT
EN 14103
0.56
0.55
(% w/w)
Max: 12
EN ISO 2719
FLASH POINT, FP (°C)
151
161
Min: 120
HIGH CALORIFIC VALUE, HCV (J/g)
ASTM D240
31968
32814
EN ISO 3401
KINEMATIC VISCOSITY
19.32
17.97
2
Max: 3.5; Min: 5
at 40 °C, µ (mm /s)
EN ISO 3675
3
DENSITY at 15 °C, ρ (kg/m )
930
920
Max: 860; Min: 900
EN ISO 10370
CARBON RESIDUE (% w/w)
3
0.8
Max:0.3
COLD FILTER PLUGGING POINT, CFPP (°C)
EN 116
7
6
OXIDATION STABILITY, 110°C (h)
EN 14112
1.93
2.47
Rancimat method
Min: 6 h
EN 14112
CETANE NUMBER, CN
63.58*
63.58
Min: 51
*

Calculated from Pinzi et al. method [28], the value depends on the fatty acid composition

Table 4.20 summarizes the impact of each reaction parameter on COME yield in both DOE,
according to the desirability study.
Table 4.20 Qualitative effects of sonicated castor oil biodiesel production in both DOE
FIRST DESIGN OF
SECOND DESIGN OF
REACTION
EXPERIMENT*
EXPERIMENT
PARAMETERS
TESTED RANGE
COME
TESTED RANGE
COME
Molar ratio
4-5
+
Optimized at 4.87
Not evaluated
Catalyst
0.2-0.8
+++
1.1-1.4
+++
(KOH % w/w)
Duty cycle (%)
30-70
+
Optimized at 70
Not evaluated
Amplitude (%)
40-70
Optimized at 40
US cycle
Not evaluated
1-3
+++
*(+) means effect is not significant; (+++) indicates effect is significant at 95% confidence level

The increase in the amount of catalyst and the number of US cycles exert a significant positive
influence on yield. The rest of the reaction parameters behavior was discussed in the statistical
analysis of DOE I.
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4.2.4.7 Energy studies
The study of energy consumption for each type of transesterification (silent versus sonicated
methylation) was performed. Measurements of power consumption of each individual
auxiliary energy device were carried out. The operation of the ultrasonic transmitter is
discontinuous, the activation stage time is approximately 0.7 s and the stop stage time is 0.3 s,
corresponding to 70% value for duty cycle. Power measurements for this device showed two
consumption peaks. As shown in Figure 4.10, the minimum power peak is around 30 W (stop
stage) and the maximum value is over 86 W (activation stage); therefore, the average peak
consumption was considered. The heater-stirrer presents a stable profile of energy
consumption; power demand was about 105 W during the three hours of the experiment, as
can also be observed in Figure 4.10.

a

b

Figure 4.10 Power and energy consumption considering ultrasonic probe (a) and heater-stirrer (b)

Table 4.21 shows the values of power and energy consumption for each device, besides
produced BD mass for each kind of conducted transesterification. As described in section
4.1.4.6, both SC and EUI parameters provide the necessary information in order to assess the
energy efficiency of synthesized biofuels. The values of SC for both sonicated and conventional
castor oil BD are exposed in Figure 4.11. As may be seen, the value of this parameter for USassisted reaction is significantly higher than that of the conventional one, which means,
conventional transesterification demands a greater amount of power during a longer time
(Table 4.21).
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Table 4.21 Power and energy consumption of optimal sonicated castor oil BD as
compared to conventional transesterification
MEASURED AND CALCULATED
DEVICES
PARAMETERS
Ultrasonic probe
Heater
Heater-Stirrer
1
2
3
MIPV
MAPV
APV
Power (W)
105.2
31.80
112.90 76.80
Time (min)
3.80
180
Energy consumption (Wh)
4.90
315.60
1

MPV: Minimum power value;
value 2MAPV: Maximum power value; 3APV: Average power value;
SC: Specific consumption,
;

4

!

5

EUI: Energy use index,

%

!

#
$

"
&

!

#
$

Calculated LCV values for sonicated and conventional transesterification are 30563 and 29717
J/g, respectively. The values of SC and EUI for each type of synthesized biofuel show a
significant difference in terms of energy consumption and EIU depending on the how BD was
synthesized. The higher values of SC and EUI of sonicated castor oil BD (3.41 g/kWh and 38.99,
respectively) compared to those provided by conventional transesterification (0.12 g/kWh and
1.02, respectively) demonstrate that U/S-assisted
U/S assisted methylation is more
mor energetically
competitive than conventional reaction.

a
b
Figure 4.11 a) Specific Consumption, SC (g/Wh); b) Energy Use Index, EUI.
ST: sonicated transesterification; CT: conventional transesterification

4.2.5 Conclusions
In this research, a conventional heating and stirring transesterification and US-assisted
transesterification of castor oil have been compared. Significant reductions in terms of
reaction parameters were achieved, thus, methanol-to-oil
methanol oil molar ratio and reaction time were
187

Chapter 4: Ultrasound-assisted biodiesel synthesis of non-edible vegetable oils and energy studies

drastically decreased when sonicated reaction was selected. However, the amount of catalyst
was only moderately decreased. Considering sonicated reaction, it has been found that both
the amount of catalyst and number of US cycles have a significant influence on COME yield. It
is remarkable that neither duty cycle nor amplitude (physical characteristics of US) were of
paramount importance on BD synthesis, although the sonication phenomenon is crucial in
order to achieve a higher COME conversion by reducing the values of the other reaction
parameters. The synthesized BD from castor oil could not be used as straight biofuel, but
blended with low proportions with either diesel fuel or BD from different vegetable oils. In
addition, energy consumption for conventional transesterification is much higher than that
required by the sonication reaction. Moreover, BD yield provided by the latter is significantly
higher. In summary, it could be concluded that sonicated transesterification from castor oil
leads to higher yields through more favorable reaction conditions and lower energy
consumption than those required by conventional transesterification. Therefore, sonicated
methylation achieves better quality BD parameters according EN 14214 standard that those
provided by conventional transesterification.
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5.1. ABSTRACT
Most of these vegetable oils used in biodiesel (BD) production are also suitable for human
consumption and widely consumed in the world. For this reason, some non-governmental
organizations and social movements controversially pinpoint the making of BD as the main
cause of increased global edible oils prices, especially in developing countries. In this way, nonedible vegetable oils are gaining prominence for BD synthesis. Particularly, in the
Mediterranean climate there is a crop that may have potential as raw material for BD
production, namely white mustard (Sinapis alba). In the present study, this species has been
grown during two consecutive years optimizing two factors, plant density and nitrogen
fertilizer dose. The influence of these factors on biomass yield and fatty acid (FA) composition
is studied. Sinapis alba oil was chemically extracted with hexane providing a yield of 25% (mass
of extracted oil per mass of grain seed). Physical properties and FA profile of Sinapis alba oil
(by gas cromatography) were analyzed. Results show that both plant density and nitrogen
fertilizer dose have influence on concentration of both linoleic acid (C18:2) and linolenic acid
(C18:3). In addition, the presence of erucic acid (C22:1) was significantly high (above 50%).
Important BD properties included in standard EN 14214 were predicted by means of
mathematical models. Results showed that white mustard oil BD may provide a cetane
number (CN) above 60, a density value lower than 900 kg/m3 and a cold filter plugging point
(CFPP) suitable for it use in temperate climates, where this plant mainly grows. However,
viscosity predicted value was above the maximum one allowed by European regulation (5
mm2/s). Finally, two types of transesterification were carried out: i) a conventional one, by
heating and stirring at 900 rpm; ii) a sonicated transesterification at a fixed frequency of 195
kHz in batch mode. Both reactions reached conversions over the minimum required by the
European standard EN 14112 (96.5% w/w). Nevertheless, sonicated transesterification
achieved higher conversions in shorter reaction times under the same conditions (5:1
methanol-to-oil molar ratio and 1.1% w/w catalyst).

HIGHLIGHTS
•

A nitrogen fertilizer dose around 100 kg/ha leads to maximum grain yield.

•

An increase of plant density influences C18:2 concentrations.

•

Sonicated transesterification involves significant time saving for similar FAME

conversion.
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5.2. INTRODUCTION
Bioenergy is defined as the chemical energy contained in the organic material. It can be
transformable into other useful processes, i.e. heat and electricity generation or biofuels
production for internal combustion engines [1]. Thus, the use of biomass resources for biofuel
synthesis has involved the employment of crop/species that are also suitable for human and
animal consumption. In this sense, there is controversy about its influence on the increase of
food prices derived from these crops [1]. However, as traditionally land has been used for
many purposes, including economical interests, there are also economical and environmental
benefits, such as an increase of rural jobs, income taxes, local investments, higher combustion
efficiency and carbon sequestration that should be taken into consideration [2].
The main raw materials for BD synthesis are vegetable oils like rapeseed, soybean, palm, and
sunflower oils. However, in recent years, the interest on alternative oils that do not compete
with human food has been increasing. Thus, transesterification of species like Jatropha curcas,
Pongamia pinnata and Moringa oleifera, among others has been studied [3, 4]. The search of
new raw materials should be in accordance with geographical, economic and climate issues, in
order to produce biofuels without incurring in a significant alteration of both agriculture and
economy, trying to benefit as possible the local community [5]. In this sense, the
Mediterranean climate houses the possibility of growing oilseed crops. This is the case of some
species of wild crucifers. White mustard (Sinapis alba) is among the widest developed wild
crucifers in the Mediterranean areas. In the south of Spain (Andalusia) its use is limited as a
natural bioherbicide in olive grove plantations [6]. Moreover, its spontaneous presence is
associated with abandoned land and they are frequently found in road ditches or not occupied
lots. Sinapis alba is a plant native to the Mediterranean region, currently distributed by
central-southern Europe and western Asia. In other parts of the Mediterranean area, its
cultivation in orchards and vineyards improves the physical condition of the soil, providing
nitrogen fertilizer when used as green manure during its decomposition. Its use, like other
cruciferous species, helps to control weed growth due to its content in sulfurized essential oils
with antifungal properties, and its ability to inhibit the germination of other unwanted species.
The influence of plant density, nitrogen fertilization, tillage and crop rotation under
Mediterranean rainfed conditions in semi-arid areas of southern Spain has already been
studied in several crops. Some research has been focused on the influence of nitrogen
fertilization, plant density and row spacing on growth, grain yield, yield components and fatty
acid composition of several crucifers, including Sinapis alba [7-10]. Additionally, Hassan et al.
[8] concluded that, under rainfed conditions, Sinapis alba should be grown at 15 cm spacing, in
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rows spaced 20 cm, with projected plant population of over 300.000 per hectare to get
significant yields. In Canada, the influence of nitrogen fertilization was studied by McKenzie et
al. [9]. The main conclusion established that white mustard required 95 kg of available
nitrogen to reach an adequate growth.
Although BD production from Sinapis alba has not been deeply studied so far,
transesterification has shown satisfactory results in terms of FAME yield and several
properties. Issariyakul et al. [11] evaluated white mustard oil BD as potential diesel fuel
additive, using KOH as catalyst. The production was held into a reactor fed with 6:1 methanolto oil molar ratio and 1 % w/w KOH. Temperature (60 °C) and stirring speed (600 rpm) of the
reaction mixture were kept constant for 1.5 h. BD properties using methyl, ethyl, propyl and
butyl alcohol during transesterification were reported; conversions ranged from 98 to 99.8 %
w/w. Ciubota-Rosie et al. [12] synthesized fatty acid methyl esters from refined white mustard
oil, reaction times varying from 1.5 to 4 h, providing FAME yields ranging from 98 to 99% %
w/w, respectively. In addition, most of the properties specified in the European (EN 14214)
and USA (ASTM D6751) standards were determined. Results showed that white mustard oil BD
provided FAME yields over 96.6% w/w, thus fulfilling the most important international
standards, excepting kinematic viscosity and oxidation stability.
The present work is divided in three sections. Firstly, an agronomic study including three
parameters of special importance in crops cultivation, i.e. plant density, nitrogen fertilizer dose
and cultivation year on different plots was evaluated. The incidence of these parameters on
grain production per hectare provides an idea of the amount of oil that can be obtained from
Sinapis alba and its viability for producing BD. Secondly, FA composition of each plot and its
relation to the three agronomic parameters were determined. Once established FA
composition, to predict BD properties mathematical models were applied. Finally, in order to
assess the feasibility of white mustard oil for BD production, two kinds of transesterification
(with and without sonication) were carried out.

5.3. MATERIALS AND METHODS
Then, for better understanding of the process, a scheme of each stage is summarized in Figure
5.1. As shown, the work include the processes of growth, grain milling, FA, transesterification,
and BD prediction properties by using mathematical models.
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Seeding
(November)

Harvesting
(June)

Grain milling

Oil chemical
extraction with
hexane

Fatty acid
determination

Conventional
transesterification

Ultrasound-assisted
transesterification

Biodiesel properties
prediction

Figure 5.1 Scheme of the process

5.3.1 Experiment location
The study took place in the experimental field of Rabanales Campus, University of Córdoba
(Spain). The geographical location is 37 ° 54' N, 4 ° 43' W, 135 m above the sea level. The soil
was Vertisol clay, typical of the Mediterranean region, where the dry farming is the usual
practice.

5.3.2

Crop management

Seeding was carried out with a drill machine testing in early November. The seeding dose was
set on 8 kg/ha to ensure emergency and then make thinning to establish fixed density in the
study. The chosen variety of Sinapis alba (white mustard) was from "Albedino" ecotype
selected for re-vegetation and establishment of cover crops by Alcántara et al. [6]. Weeds
were removed by hand. An application of 100 kg/ha P2O5 was conducted at planting and
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nitrogen fertilizer dose was applied before flowering growth stage with NH4NO3. Figure 5.2
shows the location of the experiments in Rabanales Campus within Córdoba University.

Figure 5.2
2 Location of the experiments in Rabanales Campus

5.3.3 Harvesting, measurements
easurements and calculations
The study was carried out in two different seasons (2010-2011
(2010
and 2011--2012). In harvest
season, one meter in one seed line of each
each of the different treatments were sampled in order
to assess the level of branching, branches per plant, pods per branch and yield components
(grain/silique, silique/m2, weight of 1000 grains) and harvest index (HI),, considering HI as the
weight of a harvested
vested product as a percentage of the total plant weight of a determined crop.
To determine the grain yield,
ld, an area of 30 m2 (3 x 10) of each plot was harvested and spacing
of one meter each plot.. Harvesting was done with the combine testing "Nuserymaster elite"
supplied by Wintersteiger (Ried
Ried im Innkreis, Austria)
Austria 1.5 m wide in early June.

5.3.4 Oil extraction process
It comprises
ses two distinct processes: grain milling and oil chemical extraction. For oil extraction,
the seeds of Sinapis alba belonging to each plot were
w
separated and introduced into plastic
bags previously identified. To ease the chemical extraction, the seeds were previously milled
with a mortar. After the milling process, seed oil extraction was conducted through solid-liquid
solid
processing with a Soxhlet extractor using hexane as solvent. Then, the hexane was separated
from the oil by means of a rotary evaporator.
evaporator

5.3.5

Characterization of fatty acid composition

5.3.5.1. Reagents
Hexane
exane used for both extraction and characterization of FA wass supplied by JT Baker (Center
Valley, Pennsylvania, USA). For
or characterization of the FA composition, sodium methylate was
purchased from Sigma-Aldrich
Aldrich (Steinheim, Germany).
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5.3.5.2. Instruments
The conversion of FA into methyl esters has been already described in Chapter 3, in section
3.1.3.2.
5.3.5.3. Determination of fatty acid composition
FA determination has been already described in Chapter 3, in section 3.1.3.2.

5.3.6 Transesterification reactions
5.3.6.1. Reagents
For both types of transesterification, methanol was supplied by JT Baker and potassium
hydroxide was supplied by Panreac Química (Barcelona, Spain).
5.3.6.2. Equipments
The heater-stirrer employed in conventional transesterification has been already described in
Chapter 3, in section 3.2.3.2. The other hand, a multifrequency ultrasound generator
E/805/T/M including transducers with different frequencies (95-578-861-1136 kHz) was used
to carry out sonicated transesterifications. This device allows tuning the amplitude from 10 to
60%. Moreover, a signal amplifier is coupled to transducers. The equipment was supplied by
Meinhardt Ultraschalltechnik (Leipzig, Germany).
5.3.6.3. Conventional transesterification
Experiment was carried out in batch mode. 100 g of Sinapis alba oil were weighed into a flask
and then, the methanol-potassium hydroxide solution was added, stirring at 900 rpm. At the
end of each experiment (conventional and US-assisted transesterification), BD samples were
subjected to centrifugation for 4 min at 4000 rpm to separate glycerol from FAME; then, the
latter was stored inside a refrigerator at 4°C.
5.3.6.4. Sonicated transesterification
The US application into reaction mixture was conducted by direct sonication in batch mode. 15
g of Sinapis alba oil were weighed and placed into the transducers. Then, the methanolpotassium hydroxide solution was added. The selected frequency value was 195 kHz and
amplitude was set to 40%, amplitude values below 40%. Each mixture was sonicated for a
scheduled time, the sample treatment is described in section 5.3.6.3. Figure 5.3 shows the
experimental device.

5.3.7 Analysis performed to oil and biodiesel samples
5.3.7.1. Reagents
To analyze acid value, reagents used were 2-propanol, toluene, a solution of phenolphthalein
in ethanol (10 g/L), benzoic acid and potassium hydroxide, all supplied by Panreac Química.
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a)

b)
Figure 5.3 Experimental device for sonication
transesterification. a) Top view of the batch reactor with
the reaction mixture. b) Experimental set-up

5.3.7.2. Methods
Density and kinematic viscosity were determined in accordance with EN ISO 3675 and EN ISO
3104 standards, respectively. Acid value was determined according to EN ISO 660 standard.
The conversion degree of tryglicerides into FAME was carried out of according to 14103
European standard, as mentioned in section 5.3.5.2.

5.3.8 Biodiesel properties predictions
The determination of several BD properties included in EN 14214 standard was carried out by
using mathematical models according different authors [13-17]. These models are based,
mostly, on the chemical properties of the hydrocarbon chain. In order to apply these models to
the case of Sinapis alba, the determination of the average chain of length (LC) and total
unsaturation degree (TUD) of FA is needed [18]. The average chain length is given by Eq. 1, as
follows:

201

Chapter 5: Evaluation of Sinapis alba as feedstock for biodiesel production in Mediterranean climate

=

Σ( · )
100

.1

where n is the number of carbon atoms of each fatty acid and Cn is the weight percentage of
each methyl ester in the given FA [13]. On the other hand, TUD is given by Eq. 2:

=1

+2

+3

.2

where MU is the weight percentage of monounsaturated methyl esters, DU is the weight
percentage of diunsaturated methyl esters and TU is the weight percentage of triunsaturated
methyl esters.

5.4. RESULTS AND DISCUSSION
5.4.1. Design of experiments
The design of experiment (DOE) was randomized by an split-plot design with three replicates in
order to prevent haphazard results, being the main plot planting density (16, 26, 40 and 80
plants/m2) and subplot the nitrogen fertilizer dose (0, 50, 100 and 150 kg/ha). Subplot size was
50 m2 with a spacing of 25 cm. For each season, the location of each parcel in the plantation
was drawn; Figure 5.4 shows the spatial distribution of the second year of the experiment. In
addition, Table 5.1 shows DOE details.

Figure 5.4 Scheme of the spatial distribution of the plantation
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Table 5.1 Design of experiments
Plot

Replicate

Density (Plants/m2)

Dose (kg/ha)

Plot

Replicate

Density (Plants/m2)

Dose (kg/ha)

1
13
32
8
37
28
45
16
29
44
39
23
4
33
25
43
40
31
48
36
27
41
12
30

1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

16
16
16
16
16
16
16
16
16
16
16
16
26
26
26
26
26
26
26
26
26
26
26
26

0
0
0
50
50
50
100
100
100
150
150
150
0
0
0
50
50
50
100
100
100
150
150
150

7
38
17
5
9
21
3
35
20
47
34
24
6
10
19
42
14
26
46
15
22
2
11
18

1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

40
40
40
40
40
40
40
40
40
40
40
40
80
80
80
80
80
80
80
80
80
80
80
80

0
0
0
50
50
50
100
100
100
150
150
150
0
0
0
50
50
50
100
100
100
150
150
150
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5.4.2. Climate conditions
Some of the parameters that are necessary to measure in order to manage the conditions of
plant growth are the temperature and the annual rainfall.
rainfall According to data provided from the
Spanish State Agency of Meteorology
eteorology (AEMET) during the period 1971-2000,
1971 2000, the average
annual temperature in Córdoba was 17.6 °C (being 24.6 °C the average of maximum values and
10.7 °C the average of minimum values).
values The average annual rainfall was 536 mm for the same
period of time [19].. Figure 5.5 shows the monthly and annual rainfall and the average of
maximum and minimum temperatures
temperatu
during the two seasons of the experiment. It
I may be
seen that the annual rainfall for the 2010-2011
2010
season wass almost double than the average
value. However, the average
age annual maximum and minimum temperatures followed the
expected average value, according to the historical data of the aforesaid period. Figure 5.5 also
shows the monthly and annual rainfall and the average of maximum and minimum
temperatures during the two seasons of the experiment. It
It may be seen that the annual
rainfall for the 2010-2011
2011 season wass almost double than the average value. However,
However the
average annual maximum and minimum temperatures followed the expected average value,
according to the historical data of the aforesaid period.

Figure 5.5 Monthly and annual rainfall and maximum and minimum temperatures
during the experiments
experiment
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5.4.3. Effects of year, plant density and nitrogen fertilizer dose on grain yield,
growth components and harvest index
In order to assess the suitability of Sinapis alba for BD production, three parameters affecting
the growth of the plant and subsequently grain yield were evaluated,
evaluated, namely cultivation year,
plant density and nitrogen fertilizer dose. The effect
fect of these three parameters and their
influence of the amount of grain produced per hectare, growth components, and HI were
studied. In this sense, height per branch, branches per plant, siliques per branch, grains per
silique, siliques per square meter and weight of 1000 grains were evaluated.. Figure 5.6 shows
the incidence of plant density in the number of branches per plant considering the two-year
study. As can be seen there are significant differences between the two years,
years showing higher
values for 2011-2012
2012 season. The highest value was achieved for 16 plants per square meter in
2012. As can be observed from the graph, an increase in plant density
ity implies a reduction of
the number of branches per plant.
plant In addition, Figure 5.7 and Figure 5.8 show the influence of
cultivation year and plant density on two particularly important parameters, the weight of
1000 g of grain and HI, achieving significant differences in both cases. If the stripe of each
figure is observed, different
ifferent letters mean significant differences on response variable.
vari

Figure 5.6. Interactive effect of year and plan density on the
branches/plant for Sinapis alba during two seasons of the
experiment; a and b represent 95% of confidence level (P ≤ 0.05)
after comparison of means between same and different years,
respectively
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Figure 5.7 Interactive effect of year and nitrogen fertilizer dose on the weight of 1000
grains of Sinapis alba during two seasons of the experiment. Different letters represent
significant differences
ces at 95% confidence level (P ≤ 0.05) according to low significant
difference

Figure 5.8 Interactive effect of plant density and nitrogen fertilizer dose on
harvest index of Sinapis alba during two seasons of the experiment. Different
letters represent significant differences at 95% (P ≤ 0.05) accordingg to low
significant difference

As shown, an increase of nitrogen fertilizer dose has a significant positive effect on both the
weight of 1000 grains and HI.
HI This effect is even more clear considering the cultivation year
(Figure 5.7) compared to plant density (Figure 5.8).
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In this way, Table 5.2 shows the analysis of variance (ANOVA) study of the influence degree of
all these parameters and the significance degree in terms of selected P-value. As can be seen,
nitrogen fertilizer dose is the parameter that depicts the greater impact on grain yield per
hectare and HI. The year and plant density also show a significant effect for grain production
but less than nitrogen fertilizer dose.

Table 5.2 Anova study of the influence of year, plant density and nitrogen fertilizer doses on grain yield,
growth components and harvest index of Sinapis alba considering the study of both seasons under rainfed
Mediterranean conditions
Treatment

Grain yield
(kg/ha)

Year (Y)
Density (D)
Nitrogen (N)
YD
YN
DN
YDN

Growth components
Siliques/
Grains/
branch
silique
*
*
ns
ns
ns
***
ns
ns

**
**
***
ns†

Height/
branch
*
*
ns
ns

Branches/
plant
***
***
***
***

ns

ns

ns

ns

ns
ns

*
*

***
***

ns
ns

HI (%)

**
***
***
ns

Weight
(1000 grains)
**
*
***
*

*

**

**

ns

*
ns

***
**

***
*

*
**

2

Siliques/m

* Significant for P-value ≤ 0.05; ** Significant for P-value ≤ 0.01; *** Significant for P-value ≤ 0.001; † ns: not significant
HI: Harvest index (weight of a harvested product as a percentage of the total plant weight of a determined crop)

Moreover, a significant difference in crop year was expected. The annual rainfall for both years
denotes that 2010-2011 season was significantly higher than that of 2011-2012 season.
According to the monthly precipitation data (Figure 5.4) , in December 2010 the rain was so
intense that plots were flooded, thus a subsequent and a significant crop loss was achieved.
Hence, there were significant differences in the grain yield per hectare between both years. If
the annual average rainfall is considered, the most reliable data were provided by 2011-2012
season, as the rainfall data were similar (slightly below the average) to annual average data
and no incident that could have damaged the harvest took place (as described in section
5.4.5.2). As for the interactive effects, no significant effect was observed on either grain yield
or harvest index, only in some growth components, as branches per plant and siliques per
square meter.
Table 5.3 shows the incidence of the evaluated parameters (year, plant density and nitrogen
fertilizer dose) on grain yield, yield components and HI. Two data, namely grain yield (kg/ha)
and HI, could be highlighted. Considering Table 5.3, it can be seen that the 2010-2011 season
gave lower amount of grain yield than 2011-2012 season, due to the aforementioned flooding.
Hence, there are significant differences in the grain yield per hectare between both years.
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Table 5.3 Effect of year, plant density and nitrogen fertilizer doses on grain yield, yield components and
harvest index of Sinapis alba considering the study of both seasons under rainfed Mediterranean conditions
Growth components
Treatment

Grain yield
(kg/ha)

2010-2011

Height/
branch (cm)

Branches/
plant

731 b

31 b

15 b

2011-2012

1822 a

39 a

31 a

16

1034 c

32 b

30 a

26
40
80

1160 bc
1420 ab
1492 a

33 b
37 ab
39 a

24 b
22 b
17 c

0
50

856 b
1232 a

37 a
34 a

100
150

1525 a
1494 a

37 a
37 a

Siliques/
branch
YEAR
19 a

Grains/
silique

Siliques/
2
m

Weight
of 1000
grains (g)

HI (%)

3b

9252 b

3.14 b

12.1 0 a

14 a
DENSITY
17 a

4a

14676 a

4.12 a

14.10 a

3a

7358 c

3.55 bc

13.30 a

3a
3a
3a

9319 c
13679 b
17500 a

3.50 c
3.75 a
3.72 ab

12.80 a
13.10 a
13.10 a

17 c
28 a

17 a
16 a
17 a
NITROGEN
15 a
16 a

2.70 c
3 10 b

7942 c
11164 b

3.35 c
3.66 b

11.10 c
13.20 b

25 ab
24 b

17 a
17 a

3.40 a
3.40 a

14359 a
14392 a

3.65 b
3.87 a

13.90 ab
14 a

Different letters represent significant differences; P-value ≤ 0.05 according to low significant difference
HI: Harvest index (weight of a harvested product as a percentage of the total plant weight of a determined crop)

However, despite grain yield in 2011 was lower than 2012, the HI did not change significantly.
On the other hand, if plant density is observed, significant differences for the four planting
designs were achieved. The higher the plant density the higher the grain yield, but not
proportionally. When 40 plants are grown, grain yield is only slightly lower than when the
number of plants are doubled (80 plants), denoting a minimum difference. Regarding HI, no
significant differences were observed when plant density increased. With respect to nitrogen
fertilizer dose, there is a rise in grain yield when the crop is fertilized. However, a dose above
50 kg/ha provides no statistically significant differences in terms of kilograms of obtained
grain; in fact, values over 100 kg/ha do not guarantee a higher grain yield. Nevertheless, the
higher the nitrogen fertilizer dose the higher the HI. The other growth components showed no
clear trend in terms of influence on grain yield and only small variations were observed (Table
5.3).

5.4.4. Effect of plant density and nitrogen fertilizer doses on total oil production
Another important parameter in this study is the oil mass produced per hectare. In this way,
the total amount of fat produced and the influence of the input variables were statistically
evaluated. Besides, the influence of plant density and nitrogen fertilization doses in the total
amount of oil produced (in kg/ha) was studied. An ANOVA analysis was performed; results of
statistical analysis are shown in Table 5.4.

208

Chapter 5: Evaluation of Sinapis alba as feedstock for biodiesel production in Mediterranean climate

Table 5.4 Analysis of variance of total oil production
FACTORS
DF
SS
MS
Density (D)
3
25792
8597.30
Nitrogen (N)
3
52368
17455.90
DN
9
54453
6050.30

F
2.30
5.57
1.93

P-value
0.1774
-3
4.80·10
-2
9.56·10

DF: degrees of freedom; SS: sum of squares; MS: mean square; F: F-value

The only parameter that has a significant influence (>95%) on total oil production is the
nitrogen fertilizer dose. In order to assess Sinapis alba crop as feedstock option for BD
production, the amount of oil per hectare was estimated. Given the grain production range of
the present research (1000-1500 kg/ha), the total oil production can be estimated. By chemical
extractions the average value obtained was around 25% w/w (considering the mass of
extracted oil divided per the mass of weighed grain before milling). In accordance with this
estimate, the total oil production should be around 250-375 kg/ha. Nevertheless, white
mustard is a wild plant and less domesticated than other plants with higher commercial
interest than rape, soybean, sunflower or palm. To evaluate the feasibility of a BD production
industry based on Sinapis alba, further comprehensive studies should be made to in order to
increase grain yield per hectare and subsequent oil production.

5.4.5. Effect of plant density and nitrogen fertilizer doses on fatty acid composition
FA composition of the raw material determines the most important properties of subsequent
synthesized BD [20]. For this reason, the effect of agronomical parameters, such as nitrogen
fertilization and plant density on FA profile of Sinapis alba oil was studied. The average FA
profile is shown in Table 5.5. LC and TUD of Sinapis alba oil show average values of 20.27 and
126.98, respectively. LC value is greater than those of rapeseed, soybean and palm oils, while
TUD is lower than those of rapeseed and soybean oils, but higher than palm oil [21]. In order
to evaluate the effect of cultivation parameters on FA composition, an ANOVA study was
performed using these average values.
The other hand, Table 5.6 reflects the ANOVA statistical analysis based on the effect of plant
density and nitrogen fertilizer dose on FA composition. As can be appreciated, the only FA that
are affected by plant density and nitrogen fertilizer dose are linoleic acid (C18:2) and linolenic
acid (C18:3). Thus, plant density have positive influence on linoleic acid concentration and
there is also an interactive effect of plant density and nitrogen fertilizer dose on linolenic acid
concentration.
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Table 5.5 Average fatty acid composition under different growth conditions according to DOE

FATTY ACID COMPOSITION (% W/W)
C18:1
C18:2
C18:3
C20:1

C22:1

3.27

17.21

9.22

10.42

5.75

54.13

50

1.95

17.84

7.62

10.55

4.94

57.10

16

100

3.07

18.12

7.36

10.58

4.95

55.91

16

150

2.96

17.42

7.65

10.89

5.06

56.03

26

0

3.03

17.19

8.20

10.63

4.51

56.43

26

50

2.87

17.19

7.02

10.95

5.18

56.78

26

100

3.21

17.75

8.41

10.30

4.86

55.46

26

150

3.22

18.05

7.64

9.63

5.24

56.21

40

0

3.05

17.42

7.73

11.68

3.91

56.21

40

50

2.88

17.32

7.79

10.93

4.88

56.20

40

100

3.01

17.83

7.37

10.67

4.76

56.36

40

150

2.03

17.43

7.18

10.92

4.88

57.56

80

0

2.90

16.67

8.03

12.25

5.91

54.24

80

50

2.10

17.90

7.68

11.13

5.02

56.17

80

100

2.19

18.38

7.65

11.74

4.81

55.22

80

150

3.31

18.10

8.48

12.64

5.33

52.13

TOTAL AVERAGE

2.82

17.61

7.82

10.99

5.00

55.76

Density
2
(plants/m )

Nitrogen
(kg/ha)

C16:0

16

0

16

DOE: design of experiments

Table 5.6 Analysis of variance for each fatty acid
FACTORS
DF
SS
MS
F
P-value
Palmitic acid (C16:0)
Density (D)
3
0.30
0.10
0.80
0.54
Nitrogen (N)
3
0.34
0.11
1.54
0.23
-2
DN
9
0.52
5.8·10
0.79
0.63
Oleic acid (C18:1)
Density (D)
3
6
2
1.13
0.41
Nitrogen (N)
3
7.04
2.34
1.60
0.22
DN
9
14.25
1.58
1.08
0.41
Linoleic acid (C18:2)
-2
Density (D)
3
3
1
5.26
4.08·10
Nitrogen (N)
3
0.63
0.21
0.47
0.70
DN
9
5.27
0.59
1.30
0.29

SS

MS
F
P-value
Linolenic acid (C18:3)
3.72
1.24
0.84
0.52
3.49
1.16
2.16
0.12
-2
10.87
1.20
2.25
4.9·10
Eicosenoic acid (C20:1)
0.18
0.06
0.12
0.94
0.31
0.10
0.34
0.79
0.44
0.44
1.44
0.23
Erucic acid (C22:1)
7.96
2.66
0.35
0.79
4.80
1.60
0.26
0.85
60.07
1.10
1.10
0.40

DF: degrees of freedom; SS: sum of squares; MS: mean square; F: F-value
* Significant for P-value ≤ 0.05; ns: not significant

Figure 5.9 shows the content of linoleic acid as a function of plant density. As can be observed,
the maximum content for this acid is reached when plant density is 80 and Figure 5.10 depicts
the incidence of the interactive effect of plant density and nitrogen fertilizer rate.
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Figure 5.9 Effect of plant density on fatty linoleic acid concentration.
Different letters represent significant differences at 95% (P ≤ 0.05)
according to low significant difference

14

C18:3 (% w/w)

12
10
8

0 kg N/ha

6

50 kg N/ha
100 kg N/ha

4

150 kg N/ha

2
0
16

26

40

80

Plant density (plants/m2)
Figure 5.10 Effect of plant density and nitrogen fertilizer dose on
linolenic acid content

According to Figure 5.9, the highest concentrations of linolenic acid are reached for a 150 kg
N/ha fertilizer dose and 80 plants per square meter. Controlling the concentration of this acid
must be one of the main goals, because linoleic acid methyl ester concentration is limited by
EN 14214 standard to 12% w/w. Anyway, only two runs of the DOE showed a linolenic acid
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concentration slightly higher than 12%. It is a remarkable fact that a nitrogen fertilizer dose of
100 kg/ha leads to maximum quantities in grain yield, without C18:3 concentration exceeding
the limit set by the aforementioned European regulation.

5.4.6. Prediction of biodiesel properties by using mathematical models
As mentioned above, several authors have shown that BD properties may be inferred from oil
FA composition through mathematical models. In this sense, Ramos et al. [14] established
prediction models using a great variability of several vegetables oils in terms of FA composition
(included a variety of rapeseed oil containing more than 20% w/w of erucic acid). Table 5.7
shows the qualitative influence of both TUD and LC on some physical and chemical BD
properties regulated by European and USA BD standards. Besides, some of these properties
are predicted by mathematical models.
High iodine values (IV) indicate an instability increase against oxidation. This parameter is also
related to oxidation stability (OS), a parameter that is also regulated by EN 166 standard
included in EN 14214. TUD value of Sinapis alba oil is lower than those of both rapeseed and
soybean oils; because of this, its susceptibility to be oxidized should be also lower, but higher
than that of palm oil. The oxygen content (OC) is also an important property because it refers
to the amount of available oxygen for combustion. As shown in Table 5.7, both chain length
and unsaturation degree have a negative effect on oxygen content. Compared to rapeseed and
soybean oils, Sinapis alba oil should present similar oxygen content as it depicts lower TUD but
higher LC. Another key parameter is the calorific value, which gives information about the
amount of energy that may be provided by the fuel. Pinzi et al. [13] proposed a mathematical
model to estimate LCV. According this model, LCV is over 38000 kJ/kg. This value is within the
range provided by rapeseed, soybean and palm oil BD, so no improvement is achieved by
Sinapis alba oil. CN is related to the ignition delay time and combustion quality. High CN
improves the ignition properties and engine performance [22]. Using the model developed by
Pinzi et al. [13], predicted CN is 68.10. Nevertheless, higher CN usually correspond to BD from
oils with high content of either palmitic acid (C16:0) [23] or high monounsaturated fatty acids
(FA). In addition, the presence of long LC leads to high CN [24, 25]. According Ramos et al. [14]
palm oil BD presents a CN over 60. Moreover, Sinapis alba LC (20.27) is significantly higher
than those of rapeseed, soybean and palm oils. As a result, it can be concluded that ignition
properties of Sinapis alba BD will be optimal.
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Table 5.7 Predicted physical and chemical values for Sinapis alba oil biodiesel according average fatty acid composition (adapted from Pinzi [26]])
Quality
parameter

Standard
method

IV
(g I2/100g)

EN 14214
Max:120-140*

OS (h)

EN 14214

Unsaturation degree
MUFA

DUFA &TUFA

PUFA

Length
of chain

[27]

[28]

[28]

µ at 40 °C
2
(mm /s)
ρ at 15 °C
3
(kg/m )

EN 14214
Min: 3; Max: 5
EN 14214
Min: 860; Max: 900

LCV (kJ/kg)

ASTM D240

[31]

[31]

CN

En 14214
Min: 51

[23]

[32]

CFPP (°C)

EN 14214

[29]

It implies an increase

[29]

[30]

[33]

Predicted
value

No equation model

-

No equation model

-

No equation model

-

µ = ∑yiµi
Lnµ = ∑yiLnµi

5.73
5.50

[15]

ρ = ∑yiLnρi

878.89

[16, 17]

LCV = 29385.4 + 486.866 LC -387.766

38866.41

[13]

68.10

[13]

-3.64

[13]

-15.91

[14]

Ref.

[28]

OC (% w/w)

[33]

Equation model

[33]

[33]

Significant increase

Increase

Slight increase

Significant decrease

Decrease

Slight decrease

CN = 46.6632 - 1.7357 LC + 12.3976 TUD
2
+ 0.243275 LC -2.64964 LC TUD +
2
5.65655 TUD
CFPP = 82.3069-17.8
17.831 LC + 50.9813 UD
2
+ 0.8584 LC -5.5148
LC UD +
2
11.949 UD
CFPP = 3.1417 LSCF – 16.477

C: Length of chain; TUD: Total unsaturation degree (%); IV: Iodine Value; OS: Oxidation stability; OC: Oxygen content; LCV: Low Calorific Value; CN: Cetane number;
umber;
CFPP: Cold Filter Plugging Point; µ: Kinematic viscosity; ρ: Density; MUFA: Monounsaturated fatty acids; DUFA: Diunsaturated fatty acids; TUFA: Triunsaturated fatty acids;
acids PUFA: Polyunsaturated fatty acids;
LSCF: Long chain saturated factor, LSCF = 0.5 C18 (% w/w) + 1 C20 (% w/w) + 1.5 C20 (% w/w) + 1.5 C22 (% w/w) + 2 C24 (% w/w)) where % w/w is the weight percentage of considered methyl ester
*140 for Spain according to Real Decreto 1700/2003 where the specifications for petrol, diesel, fuel oil and liquefied petroleum gas, and the use of biofuels are established (Spain
(
renewable fuels Decree)
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Kinematic viscosity is also an important property to take into account and it is strongly
regulated in the EN 14214. Kinematic viscosity may affect fuel atomization and further
injection into the combustion chamber. High viscosity values can lead to deposit problems and
engine malfunction [20]. Predicted kinematic viscosity value was based on individual values of
kinematic viscosity of the fatty acid methyl esters (FAME). Chavarría-Hernández et al. [34]
measured FAME viscosity at different temperatures, and concluded that a weighted average
value of kinematic viscosity can be calculated based on FA composition. The synergistic effect
between different FA is not considered by this model. In this regard, Allen et al. [15] proposed
a different model derived from Grunberg-Nissan equation [15] that takes into account that BD
is a non-associated liquid because FAME chemical structures are very similar to each other
(aliphatic chains). So, the equation can be reduced to the expression of Table 5.7. Both
estimated viscosity values (5.50 and 5.73 mm2/s) are above the maximum value set by the
European regulation (5 mm2/s) but lower than USA standard ASTM D6751 (6 mm2/s).
Density gives information about the amount of fuel that may be introduced into the
combustion chamber. Generally, BD show density values around 5% higher than that of diesel
fuel [33]. Considering white mustard oil FA composition, density can be estimated by
calculating a weighted average value without taking into account possible interactive effects.
Lapuerta et al. [17] and Pratas et al. [16] calculated FAME density at 15 °C (as required in EN
14214 standard) using the aforementioned data. The estimated density value for white
mustard oil BD is 878.89 kg/m3, value within the range established for FAME regulation (860900 kg/m3). In this way, the experimental values of kinematic viscosity and density match
predicted values by mathematical models.
Cold flow properties of fuels determine their versatility and adaptation to different weather
conditions. In the European standard, the only property that is under regulation for better
describing fuel cold weather behavior is CFPP [33]. Current regulations require maximum
values of this parameter depending on the climate, EN:590 standard classifies diesel fuel
according to CFFP, from temperate climate to exclusive use in artic climate. Generally, it can be
stated that CFPP decreases with increasing unsaturation degree and hydrocarbon chain length.
Two models were used to calculate CFPP. After Pinzi et al. [13] model, in which both
parameters are considered, the predicted value is -3.64 °C. On the other hand, Ramos et al.
[14] only took into account the composition of saturated FA, providing higher weight in the
model to FA with long hydrocarbon chain. Thus, they introduce a new parameter, namely long
chain saturated factor (LCSF), to predict CFPP as shown in Table 5.5; the predicted value is over
-15 °C. According to EN:590 standard, white mustard oil BD would be adequate to be used at
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temperate climate. Furthermore, the predicted properties in the present study are similar to
those obtained by Ciubota-Rosie et al.[12].
The other hand, CN and CFPP do not match predicted values by mathematics modeling. CN
predicted value (68) is higher than the experimental one (60), although both values are
significantly above the European standard threshold (51). CFPP experimental value significantly
differs from the predicted value by Ramos et al. [14] equation. Reported datum by CiubotaRosie et al. [12] was -5 °C, 10 °C higher than the aforementioned prediction, while the
predicted value according to Pinzi et al.[13] model was below -3 °C.

5.4.7. Effect of fatty acid composition variation on Sinapis alba oil biodiesel
properties
Taking into account the effects of plant density and nitrogen fertilizer dose on FA composition,
some predictions about the possible variation in BD properties can be stated. An increase in
the C18:2 and C18:3 concentrations would mean a decrease in the concentration of other
more saturated FA (palmitic, oleic, eicosenoic and erucic acids). This increase in unsaturation
degree will involve improving some BD properties and worsening others as shown in Table 5.7.
This fact would imply a negative effect on in both CN and LCV because of a reduction in their
values, as well a major susceptibility to oxidation. On the other side, a decrease in both
kinematic viscosity and CFPP could be achieved, what would suppose an improvement in the
biofuels benefits. As mentioned in section 5.4.5, an excess in C18:3 concentration could
suppose to exceed EN 14103 regulation, so a compromise situation should be adopted in order
to Sinapis alba is a viable feedstock for BD production.

5.4.8. Preliminary study of Sinapis alba oil ultrasound assisted transesterification
In order to assess the viability of white mustard oil for BD synthesis, both conventional and
sonicated transesterifications were carried out. FA composition of transesterified Sinapis alba
oil is shown in Table 5.8. Conventional transesterification conditions of Sinapis alba (methanolto-oil molar ratio value 5, catalyst concentration 1.1% w/w, temperature 45 °C, reaction time
75 min and stirring 900 rpm) were selected taking into account previous studies [11, 21].
Under these conditions, the FAME yield achieved was 97.15% w/w. To evaluate the sonicated
transesterification, a kinetic study was carried out at reaction times of 1, 3, 5, 10, 15, 20, 25
and 30 minutes at a fixed frequency of 195 kHz. Selected methanol-to-oil molar ratio and
amount of catalyst were the same as in conventional transesterification. As shown in Figure
5.11, after 5 minutes of reaction, FAME yield increased to fulfill the EN 14214 standard, which
establishes a minimum of 96.5% w/w for pure BD. Moreover, after 15 minutes of reaction,
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FAME yield value exceeded the value obtained in conventional transesterification reaction,
providing a significant saving in reaction time.
time
Table 5.8 Sinapis alba oil characterization
FATTY ACID COMPOSITION (% w/w)
Palmitic (C16:0)

2.70

Oleic (C18:1)

14.96

Linoleic (C18:2)

7.87

Linolenic (C18:3)

11.99

Eicosenoic (C20:1)

4.72

Erucic (C22:1)

54.43

Nervonic (C24:1)

3.33

HYDROCARBON CHAIN PROPERTIES
1

LC

TUD

20.41
2

129.15

3

51.71

PUD

4

MUD
77.44
PHYSICAL AND CHEMICAL PROPERTIES
Acid value (mg
(
KOH/g)
2.63
2

Kinematic viscosity at 40 °C (mm /s)
3

Density at 15 °C (kg/m )

33.16
911

1

Length of chain, LC = Σ(n·Cn)/100, where n is the number of carbon atoms of
each fatty acid and Cn is the weight percentage of each methyl ester in the given
fatty acid
2
Total unsaturation
nsaturation degree, TUD = (1 MU + 2 DU + 3 TU), where
MU is the weight percentage of monounsaturated methyl esters, DU is the
weight percentage of diunsaturated methyl esters and TU is the weight
percentage of triunsaturated methyl esters
3
Polyunsaturation degree (PUD)
4
Monounsaturation degree (MUD)

Figure 5..11 Kinetic study for sonicated transesterification
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5.5. CONCLUSIONS
In the present work, the feasibility of oilseed species Sinapis alba for BD production in the
Mediterranean climate was evaluated. Through cultivation studies, the effect of plant density
and nitrogen fertilizer dose on the amount of grain produced, besides HI and FA composition
of the extracted oil were evaluated. It was found that nitrogen fertilizer dose has a higher
influence than plant density on both the amount of grain produced and HI. The total amount
of oil extracted per hectare was lower than other oilseed leading crops in BD market, such as
rapeseed and soybean. In addition, a positive effect of nitrogen fertilizer dose on total oil
obtained was found. The other hand, both plant density and nitrogen fertilizer dose influence
FA composition. In this sense, linoleic acid and linolenic acid contents depend on these two
parameters, so that an increase of linoleic acid and linolenic acid concentrations imply an
increase of unsaturation degree. This makes the improvement of some properties such as
kinematic viscosity and CFPP and the worsening of others as CN, LCV and oxidation stability.
Moreover, the prediction of BD properties based on oil FA composition through mathematical
models showed a high CN, density values within the regulation and a CFPP suitable for its use
in temperate climates. However, predicted viscosity value was above the maximum limit
established by European regulation, though below the limit set by the USA standard.
Finally, preliminary BD production studies showed that sonicated transesterification produces
significant savings in reaction time over conventional reaction, when similar values of
methanol-to-oil molar ratio and amount of catalyst are used.
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CONCLUSIONS
In this PhD thesis, different configurations of ultrasound-assisted transesterification to
enhance mass transfer during biodiesel production have been evaluated. Different raw
materials has been evaluated and optimized. The most important conclusions of this work are
stated below.
According to the literature, the use of ultrasound to assist biodiesel production
involves milder reactions conditions than those requested by conventional
transesterification. Thus, it has been possible to reduce alcohol-to-oil molar ratio,
amount of catalyst, reaction temperature and time; being reaction time the parameter
showing the highest decrease.
The influence of fatty acid chemical composition in the synthesis of ultrasoundassisted biodiesel was assessed. It was found that there exits a length chain-effect. Oils
with long chain fatty acid (rapeseed, soy and palm oils) provide higher yields than
those with short chains (coconut).
It was found that the insertion of heating-stirring cycles between sonication cycles
provides a significant increase in biodiesel yield and a decrease in glyceride
concentration, regardless of the raw material used.
The two evaluated ultrasound physical characteristics (duty cycle and amplitude) have
a positive but not significant effect on response variables (biodiesel yield and glyceride
concentration).
The energy consumption required by the ultrasonic probe with respect to a heaterstirrer of similar power was compared. Sonicated transesterification presents
significant energy savings over conventional one.
Finally, it was shown that the species Sinapis alba (white mustard) can be a viable raw
material for biodiesel production due to its seed oil yield, besides the mild reaction
conditions required to achieve conversions above the limit established by international
quality biodiesel standards.
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CONCLUSIONES
En la presente tesis doctoral se ha evaluado el uso de distintas configuraciones de producción
de biodiésel basadas en ultrasonidos como energía auxiliar que mejora la transferencia de
masa durante la reacción. Para ello, se ha producido y optimizado biodiésel de distintas
materias prima. Las conclusiones más importantes de este trabajo son las siguientes:
Considerando el trabajo de revisión realizado, se ha demostrado que el uso de los
ultrasonidos en la producción de biodiésel implica una mejora de las condiciones de
reacción, comparado con la transesterificación convencional. De esta manera, se ha
conseguido rebajar la relación molar (alcohol/aceite), la cantidad de catalizador
empleada, la temperatura y el tiempo de reacción. Este último parámetro es el que
experimenta una disminución más pronunciada.
Se ha evaluado la influencia que tiene la composición química de los ácidos grasos en
la síntesis de biodiésel asistida por ultrasonidos. De este modo, se ha concluido que
existe un efecto longitud de cadena, es decir, los aceites con ácidos grasos de cadena
larga (colza, soja y palma) dan rendimientos superiores a los de cadena corta (coco).
También se ha comprobado que el hecho de intercalar ciclos de calentamiento y
agitación entre ciclos de sonicación proporciona una mejora sustancial tanto del
rendimiento de biodiésel como de la disminución de la concentración de glicéridos,
independientemente de la materia prima utilizada.
Las características físicas de los ultrasonidos evaluadas (ciclo útil y amplitud) tuvieron
un efecto positivo pero no significativo en las variables respuesta (rendimiento en
biodiésel y concentración de glicéridos).
La transesterificación sonicada supone un ahorro energético considerable respecto a la
transesterificación convencional. Esto conduce a una mayor sostenibilidad del proceso
desde el punto de vista energético.
Por último, se ha demostrado que la especie Sinapis alba (mostaza blanca) puede ser
una materia prima viable para la producción de biodiésel, tanto por su rendimiento en
aceite contenido en las semillas, como por las condiciones de reacción suaves que
requiere para llegar a conversiones superiores a las que establecen los estándares
internacionales de calidad del biodiésel.
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FUTURE RESEARCH LINES
To evaluate other ultrasonic devices for biodiesel production, i.e. sonochemical
reactors that can operate under both continuous and batch modes.
To conduct transesterification reactions at frequencies above 100 kHz and to compare
results with those provided by the frequencies evaluated in this PhD thesis, including
comparative studies in terms of FAME yield and energy consumption.
To develop an ultrasound-assisted biodiesel production process that may be
extrapolated to industrial scale, including the necessary automation.
To undertake a deeper study of non-edible species for ultrasound-assisted biodiesel
synthesis.
To optimize both physical and chemical properties of Sinapis alba oil biodiesel
included in the European EN 14214 standard.
To improve Sinapis alba production, to increase the amount of grain per hectare to
provide production figures close to those achieved by other domesticated oilseeed
crops, i.e. canola and soybean.
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LÍNEAS FUTURAS DE INVESTIGACIÓN
Evaluar otros dispositivos ultrasónicos para la producción de biodiésel, como reactores
sonoquímicos que puedan trabajar tanto en modo continuo como en “batch” o lote.
Llevar a cabo reacciones de transesterificación a frecuencias superiores a 100 kHz y
comparar los resultados obtenidos con las frecuencias evaluadas en la presente tesis
doctoral incluyendo comparativas de rendimiento y gasto energético.
Desarrollar un proceso de producción de biodiésel asistido por ultrasonidos de manera
que sea extrapolable a escala industrial incluyendo las automatizaciones necesarias.
Incidir en el estudio de especies vegetales no comestibles para la producción de
biodiésel asistida por ultrasonidos.
Optimizar las propiedades físicas y químicas del biodiésel de Sinapis alba que se
incluyen en la normativa europea EN 14214.
Realizar mejoras en la producción de la especie Sinapis alba de manera que se pueda
aumentar la cantidad de grano obtenido por hectárea y acercar dichas cifras a otras
especias oleaginosas domesticadas como la colza y la soja.

226

Supplementary data

Supplementary data
Información suplementaria

227

Supplementary data

228

Supplementary data

FIGURES RELATING TO CHAPTER 5: Growth components
of Sinapis alba cultivation study

Figure A Interactive effect of plant density nitrogen fertilizer dose on height per
branching for Sinapis alba during two seasons of the experiment. Different letters
represent significant differences at 95% (P≤0.05) according to low significant
difference.

Figure B Interactive effect of density and dose of nitrogen fertilizer dose on the
branches/plant plant of Sinapis alba during two seasons of the experiment. Different
letters represent significant differences at 95% (P≤0.05) according to low significance
difference.
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Figure C Interactive effect of year and nitrogen fertilizer dose on
siliques/m2 of Sinapis alba during two seasons of the experiment.
Different letters represent significant differences at 95% (P ≤ 0.05)
according to low significant difference.

Figure D Interactive effect of plant density and nitrogen fertilizer dose on siliques/m 2 of
Sinapis alba during two seasons of the experiment. Different letters represent
significant differences at 95% (P ≤ 0.05) according to low significant difference.
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Figure E Interactive effect of year and nitrogen fertilizer dose on
grains/silique of Sinapis alba during two seasons of the
experiment. Different letters represent significant differences at
95% (P ≤ 0.05) according to low significant difference.

Figure F Interactive effect of plant density and nitrogen fertilizer dose
on grains/silique of Sinapis alba during two seasons of the experiment.
Different letters represent significant differences at 95% (P ≤ 0.05)
according to low significant difference.
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Figure G Interactive effect of year and nitrogen fertilizer dose on weight of 1000 grains
of Sinapis alba during two seasons of the experiment. Different letters represent
significant differences at 95% (P ≤ 0.05) according to low significant difference.

Figure H Interactive effect of plant density x nitrogen fertilizer dose on the weight of 1000
grains Sinapis alba during two seasons of the experiment. Different letters represent
significant differences at 95% (P ≤ 0.05) according to low significant difference.
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h i g h l i g h t s
 The use of ultrasound reduces the transesteriﬁcation reaction time.
 Lengths of chain and unsaturation degree have a special relevance on ultrasound assisted fatty acid conversion.
 RSM provides the optimal values of the reaction parameters to maximize FAME yield and minimize glyceride concentration.
 Unsaturated oils reach higher FAME yield than saturated ones, under US-assisted transesteriﬁcation.
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a b s t r a c t
Ultrasound is considered as one of the most attractive energies to assist biodiesel transesteriﬁcation. The
objective is to reduce the reaction time while saving energy. In the present study, four oils showing a
wide range of fatty acid composition have been transesteriﬁed using ultrasound as auxiliary energy. Samples included unsaturated fatty acids (rapeseed and soybean) oils and saturated fatty acids (coconut and
palm) oils. Transesteriﬁcation reactions were conducted in batch and an ultrasound probe working under
a ﬁxed frequency of 20 kHz was used to facilitate the overall process. According to the design of experiments, variable duty cycle and amplitude, besides different concentrations of basic catalyst (KOH) and
methanol-to-oil molar ratio were studied. The optimal fatty acid methyl ester (FAME) values were
95.03% for rapeseed biodiesel, 94.66% for soybean biodiesel, 81.37% for coconut biodiesel and 93.08%
for palm biodiesel. A response surface methodology (RSM) was applied to determine the reaction parameters with a signiﬁcant impact on response variables. Results showed that the length of chain and in a
lower extent unsaturation degree of fatty acids have a signiﬁcant effect on ultrasound assisted transesteriﬁcation. In this sense, oils with higher unsaturation degree and long hydrocarbon chains provide higher
FAME yields and lower glyceride concentrations than those with saturated fatty acids and short hydrocarbon chains.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
The steady increase in fossil fuel prices and the dependence on
oil from producing countries invite to search viable fuel alternatives to combustion engines. Biodiesel (BD) is a biofuel produced
from vegetable oils or animal fats with some advantages over its
counterpart from petroleum. It has lower toxicity, emits less
greenhouse gases [1] and substantially lower noise pollution as
compared to those emitted by diesel engines fueled with
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petroleum-derived fuel [2]. Triglycerides in BD raw materials are
converted into fatty acid monoalkyl esters through a reaction
called transesteriﬁcation. This process has two main drawbacks:
(1) slowness as it requires long time to achieve signiﬁcant yields;
(2) the need for continuous stirring and heating of the reaction
mixture to ensure contact between the two immiscible reactants
(methanol and oil). Although, petrodiesel is economically more
competitive than BD, the production cost of the latter can be reduced by working more effectively while optimizing the synthesis
process. For this reason, in recent years, to accelerate the reaction
different alternative energies have been studied. In order to solve
these problems, the transesteriﬁcation assistance by microwave
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been quantiﬁed together. In short, four US cycle provided the best
results.
4. Conclusions
The main objective of this study was to establish the inﬂuence
of the saturation degree and chain length of different vegetable oils
on FAME yield and BD properties when transesteriﬁcation is assisted by US. The study was also aimed at evaluating the effect of
US on MG, DG and TG. In terms of conversion to FAME, oils including mainly either unsaturated fatty acids (rapeseed oil, soybean oil)
or saturated ones (palm oil) provide similar yields. Coconut oil
(with short chain length) experienced a particularly low yield, far
from that of saturated oils with longer chains lengths (palm oil).
This fact demonstrated the inﬂuence of mainly the chain length
and in a lower extent the saturation degree. In this sense, although
extensive research is needed, it may be inferred that the shorter
the saturated chain (below 14 atoms of C) the lower the FAME conversion. Moreover, the surface response study shows no signiﬁcant
differences between oils due to the effect of reaction parameters on
response variables. The effects of duty cycle and amplitude, and
their signiﬁcance in the response variables have been established.
The only reaction parameter that has a noticeable effect on FAME
yield in both experimental designs is the amount of catalyst. A
kinetics study of US-assisted transesteriﬁcation for each oil conversion has shown that the increase of reaction cycles up to four signiﬁcantly improve FAME conversion while decreasing glycerides
content. Beyond that number, the improvement is not signiﬁcant.
We can conclude from this ﬁeld trial that US-assisted transesteriﬁcation will always shorten the reaction time while providing similar performance than traditional transesteriﬁcation.
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h i g h l i g h t s
 Ultrasound has become an attractive alternative energy for biodiesel production.
 Combinations between cycles of sonication and cycles of stirring were carried out.
 Desirability function shows the optimal values for each reaction parameter.
 Unsaturated oils achieved conversions over UNE EN 14013 standard.
 Heating at reaction temperature within sonication cycles shows a positive inﬂuence over FAME yield and properties.
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a b s t r a c t
Ultrasound-assisted synthesis of biodiesel is a well known process that has been widely used in recent
years. A reduction of the processing time and the amount of required catalyst as well as the possibility
to work at room temperature have been achieved in most cases. Normally, the use of ultrasound replaces
the conventional agitation and heating required to establish close contact between the two immiscible
phases involved in this reaction (triglycerides and methanol). However, it may be not sufﬁcient depending on the type of oil. In the present study, transesteriﬁcation of oils with very different fatty acids composition has been conducted by combination of sonication and agitation cycles either at room
temperature or at 50 °C. Application of ultrasound was carried out with an ultrasonic probe at 20 kHz frequency, 70% duty cycle and 50% amplitude. The experimental designs were planned by using the
response surface methodology intended to ﬁnd optimal values allowing a signiﬁcant saving in the
amount of catalyst and total reaction time required. Thus, oils with high content of unsaturated fatty
acids (e.g. rapeseed and soybean oils) were found to reach biodiesel yields higher than the minimum
value provided by the standard EN 14103 in shorter reaction times (below 15 min) compared to traditional transesteriﬁcation. On the contrary, oils with high content of saturated fatty acids (e.g. coconut
and palm oils) did not reach the required yield of 96.5% w/w. Finally, it may be concluded there is a positive inﬂuence of stirring and heating at reaction temperature between consecutive ultrasonic cycles on
FAME yield and properties.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
The foreseeable future exhaustion of oil resources in the word
and the high present price of oil barrels make advisable to seek
for alternatives to obtain fuels for internal combustion engines.
One of these alternatives is biodiesel (BD) that, from the chemical
point of view, is constituted by fatty acid monoalkyl esters from
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vegetable oils, animal fats or microbial oil. The reaction for BD production is transesteriﬁcation, in which one mol of triglycerides
reacts with three moles of alcohol resulting in three moles of fatty
acid monoalkyl esters and one mol of glycerol. The advantages of
BD as compared to petrodiesel are that the former is a renewable
source of energy [1], emits less greenhouse gases [2] and may
recycle an environmentally challenging residue such as waste oil.
The main factor that contributes to the ﬁnal price of BD is the
raw material [3], the price of which is variable and depends on
the type of oil used and the ﬂuctuations of the market, a factor that
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h i g h l i g h t s
 Camelina sativa oil presents suitable chemical composition for biodiesel production.
 US leads to higher conversion, reduced reaction time and glyceride concentration.
 Stirring and heating cycles between sonication cycles improves FAME yield.
 US-aided transesteriﬁcation consumes less energy for biodiesel synthesis.
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a b s t r a c t
The main drawbacks of biodiesel production are high reaction temperatures, stirring and time. These
could be alleviated by aiding transesteriﬁcation with alternative energy sources, i.e. ultrasound (US). In
this study, biodiesel was obtained from Camelina sativa oil, aided with an ultrasonic probe (20 kHz,
70% duty cycle, 50% amplitude). Design of experiments included the combination of sonication and
agitation cycles, w/wo heating (50 C). To gain knowledge about the implications of the proposed
methodology, conventional transesteriﬁcation was optimized, resulting in higher needs on catalyst
concentration and reaction time, compared to the proposed reaction. Although FAME content met EN
14103 standard, FAME yields were lower than those provided by US-assisted transesteriﬁcation.
Energy consumption measurements showed that ultrasound assisted transesteriﬁcation required lower
energy, temperature, catalyst and reaction time.
 2015 Elsevier Ltd. All rights reserved.

1. Introduction
In recent years, the consumption of biodiesel (BD) has been
increasing in the world and particularly in Europe. According to
ASTM speciﬁcations, BD is deﬁned as mono-alkyl esters of long
chain fatty acids (FA) derived from vegetable oils or animal fats.
The increase in BD production implies new challenges to the
scientiﬁc community, including the use of raw materials respecting
natural ecosystems and the constant search of beneﬁts for the
surrounding local population in terms of job generation.
Probably, one of the most important challenges is to increase
biofuel production using land unsuitable to grow food plants, so
there will not be a competition between land for food and for energy (Pinzi et al., 2009). BD is produced through a chemical process
called transesteriﬁcation that involves the reaction between one
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mol of triglycerides and three moles of a short chain alcohol, being
the most widely used methanol. The most common oils used in the
production of BD are from vegetable origin. Rapeseed, soybean,
palm, coconut, sunﬂower and other oils have been widely used
as raw material for ﬁrst-generation BD; this type of biofuels has
already reached the stage of commercial production. On the other
hand, there are oleaginous crops that do not compete with human
food, like Ricinus communis (castor), Pongamia pinnata, Jatropha
curcas and other non-edible oil-crops, which provide the so-called
second-generation BD.
Nowadays, BD cannot compete with diesel fuel unless tax
exemption is applied or a dramatic cost reduction is achieved
through either the process or the raw materials. On one hand,
low-input consumption oilseed crops are investigated to minimize
the cost of raw material used for BD production. In this context,
Camelina sativa is a non-food oilseed plant known as ‘‘gold of pleasure’’, depicting a high content of unsaturated FA (Moser and
Vaughn, 2010). Although C. sativa oil is not commonly used for
human feeding, it shows a very interesting chemical composition
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a b s t r a c t
In recent years, biodiesel is evolving to be one of the most employed biofuels for partial replacement of
petrodiesel. The most widely used feedstocks for biodiesel production are vegetable oils. Among them,
castor oil presents two interesting features as biodiesel raw material; on one hand, it does not compete
with edible oils; on the other, the cultivar does not require high inputs. In this research, a comparison
between conventional and ultrasound-assisted transesteriﬁcation was carried out in terms of castor oil
methyl ester (COME) yield and energy efﬁciency. Results show that sonicated transesteriﬁcation leads
to higher COME yields under lower methanol-to-oil molar ratio, lower amount of catalyst, shorter
reaction time and lower amount of energy required. Ultrasound-assisted transesteriﬁcation parameters
were optimized resulting in the following optimum conditions: 20 kHz ﬁxed frequency, 70% duty cycle,
40% sonication amplitude, 4.87 methanol-to-oil molar ratio, 1.4% w/w amount of catalyst and 3
sonication cycles (3 min 48 s) that provided 86.57% w/w COME yield. The energy required along each
type of transesteriﬁcation was measured leading to the conclusion that sonicated transesteriﬁcation consumes a signiﬁcant lower amount of energy than conventional one, thus achieving higher COME yield.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
The most consumed energy sources during the major part of the
twentieth century were petroleum-based fuels and coal. Provided
that fossil resources are ﬁnite and their price follow an increasing
trend along the years, new sources of energy compatible with our
life style have been sought. Much of this energy consumption deals
with road trafﬁc that requires combustion engines in most occasions; thus, biodiesel (BD) is emerging as an alternative to diesel
fuel and can be used either straight or mixed with conventional
diesel fuel in different proportions showing some environmental
beneﬁts such as nontoxicity and biodegradability [1]. Chemically,
BD is constituted by fatty acid methyl esters (FAME) from vegetable oils, animal fats, microbial oil and oils from microalgae.
BD is synthesized through a well-known process called transesteriﬁcation, in which one mole of triglycerides reacts with three
moles of a short chain alcohol, yielding glycerol as by-product.
The main objective of the search for new raw materials that do
⇑ Corresponding author. Tel.: +34 957218332; fax: +34 957218417.
E-mail address: pilar.dorado@uco.es (M.P. Dorado).
http://dx.doi.org/10.1016/j.enconman.2015.03.019
0196-8904/Ó 2015 Elsevier Ltd. All rights reserved.

not compete with human feeding is to avoid the potential increase
of food costs derived from the use of edible oils to produce bioenergy. In fact, there are vegetable oils that are not suitable for
human consumption and could suppose a viable alternative for
BD production. An interesting plant in this ﬁeld is castor (Ricinus
communis), which grows wild in many tropical and sub-tropical
countries without special care, because this plant tolerates very
different climate conditions; temperatures between 20 and 26 °C
and low humidity are the most appropriate conditions to achieve
high yields [2]. For this reason, many countries, especially emerging ones, have increased castor oil production in a continuous way,
the three largest producers being India, China and Brazil [2–4]. The
main chemical feature of castor oil is the presence of a hydroxyl
group on carbon-12 in the ricinoleic acid; this fatty acid (FA) constitutes between 87 and 95% of the FA composition of this oil.
Transesteriﬁcation of castor oil with ethanol, methanol and 2-propanol, including irradiation conditions have been carried out, providing promising results in terms of COME conversion (over 90% w/
w) [5–8]. Despite castor oil BD is not endowed with especially good
characteristics to be used as biofuel, owing to its high viscosity and
density [9], it has been blended with diesel fuel for use in
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